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Executive summary

Results of two years of laboratory and fieldwork are here summarized, divided in 8 chapters, each one
illustrating the different approach applied to WP 4.1 finalities. The last Chapter (Chapter 9) integrates the
results in a common framework, presenting a conceptual model of the relationships between geological
structures and fluid flow in the Las Minas area. This area in fact is the exhumed (active during Neogene)
geothermal analogue of the present geothermal field of Los Humeros. The Las Minas study was promoted
with the aims to get a better understanding of the deep structural levels of a geothermal system, where hot
to super-hot fluids are circulating. The knowledge of the study area before GeMex was basically scarce,
apart from studies on the hydrothermal minerals, due to their economic value. Few data were available
about the geometry of the main geological structures and even the succession of rocks was only roughly
defined (Chapter 1). By this, an intense fieldwork and rock sampling was carried out during GeMex. The
results produced a new stratigraphic knowledge and a new geological map. As it regards the lithological
succession, this was investigated by petrologic, sedimentologic (Chapter 2) and isotopic analyses (Chapter
3), this latter for age datings. In terms of geothermal exploration, one of the most relevant novelty about
the succession of rocks, is the petrological results indicating an almost complete parental magmatic dioritetonalite evolution, suggesting a continuous magma injections through time during Miocene, at about 4-5
km depth. This is significant for computations of heat transfer. The second significant novelty is the discover
of lacustrine sediments, Plio-Pleistocene in age, testifying a continental environment never considered
before. Dating analyses (U/Pb method) recognized Palaeozoic rocks (never supposed to be there, before
GeMex) and to date the entire succession, thus making more clear the similitude to the Los Humeros
succession. The structural and kinematic survey (Chapter 4) indicated the occurrence of two system of faults,
NNW-SSE and SW-NE oriented respectively. These are different in their kinematics: the first system is
initially dominantly oblique (with right and left component), and then normal, while the second system is
always characterized by a dominant normal component. These movements can be explained in the
framework of extensional tectonics. In terms of geothermal exploration, it is meaningful that the orientation
of the intermediate kinematic axis of both systems is compatible with the channeling of geothermal fluids
from deep to shallow levels (NNW-SSE system) and their later migration (SW-NE system). Fracture
distribution in 3D virtual analogues (Chapter 5) from key-outcrops confirmed the two main fault trends and
permitted estimation on the main path flows, a basic information for numerical flow models. The origin of
geothermal fluids have been studied through fluid inclusions analyses (Chapter 6) and fluid-rock interaction
processes (Chapter 7). Fluid inclusion data highlighted the typical evolution of a magmatic-hydrothermal
system characterized by an early saline to hypersaline fluid (18-60 % NaCl equiv) fluid circulation of hightemperature (up to 650°C), exsolved from a crystalizing melt, and by the presence of a vapor phase
produced at sub-lithostatic or hydrostatic pressure (0.5-1 kbar). The skarn–hydrothermal system then
evolved toward lower temperature and salinity and the residual saline fluid mixed with low-salinity meteoric
fluid (Chapter 6). The metasomatic reaction developed from micro-fractured areas (Chapter 7), favoring a
more efficient transport of fluids. The final stage was dominated by low-temperature (down to 200°C).
These data can be useful to predict the P-T conditions in the super-hot system below the geothermal
system of Los Humeros. Primary porosity (Chapter 8) was estimated by laboratory analyses and compared
to Los Humeros rock-samples. The results indicate very low porosity values (< 1%), thus confirming that
circulation is enhanced through fractures. Finally Chapter 9, based on the obtained results, illustrates the
Las Minas conceptual model on the relationships between geothermal resources and geological structures.
The fluids are channelled along the NNW-SSE structures and laterally migrated, along the SW-NE structures
and bedding foliations, when these latter are hydraulically connected to the NNW-SSE structures. In this
view, one of the main lateral reservoir is determined by the boundary between granitoids and calcareous
rocks.
Concluding, the task 4.1 aims were completely reached, with novelties representing an improvement of our
knowledge both for the area evolution and for the understanding of the hot to super-hot fluids paths within
geological structures. All the milestones were also reached on time.

6

A REPRESENTATIVE GROUP OF THE FRUITFUL MEXICAN AND EUROPEAN COOPERATION

7

Chapter 1 - Knowledge on Las Minas area before GEMex
1.1 Introduc?on
The fossil hydrothermal system of Las Minas is part of the mining district known as Las Minas-Tata9la
Mining District. This area is a mining region for excellence, where exploratory studies were carried out to
assessing the economic poten9al, through geological, geochemical and geophysical surveys for gold, iron
and copper exploita9on.
The bulk of the inves9ga9ons were performed by private companies, interested in the exploita9on of the
resources, and are rarely published. As a consequence, there is not much bibliography, although a few has
been rescued. Diﬀerently, the Mexican Geological Service (SGM in Spanish- formerly the Mining Resources
Council) published some data of the area, including geological maps at 1:50 000 and 1: 200 000 scale. Their
view, however, remains regional and detailed work are s9ll lacking.
Mining in this district goes back to pre-Hispanic 9mes with the extrac9on of gold, having con9nued during
the colonial period and aPer independence, joined with exploita9on of copper. The ﬁrst geological work on
the area is dated at 1904, by the engineer Ezequiel Ordoñez (SGM, 2007a; Castro-Dorantes, 2016) who
ﬁrstly described the mining resources.
Today the mineraliza9on is considered associated to skarn, with economic values for gold and copper,
characterized by low content of base metals (lead and zinc). Thus, the skarn is classiﬁed as Au skarn or Cu
skarn (Mexican Gold Corp. technical report, 2017), with typical paragenesis of copper-magne9te +/- gold
sulﬁdes, and occasional contents of na9ve copper. The non-metallic mineral component presents garnet
type of grossularite, wollastonite, clinopyroxenes and calcite, especially in the marble (Castro-Mora et al.,
2016).

1.2 Lithology
The mapping of the geological-mining district of Las Minas started during 1955 by the Mineral Resources
Council (now SGM). The last edi9on is dated at 2007, from which the following descrip9on mainly derives.
The oldest rocks in the area correspond to the Chililis schist Unit, which consists of muscovite, phyllite,
quartzite and metavolcanite. Their metamorphic minimum age is 280 Ma (lower Permian), obtained by
40Ar / 39Ar method. This unit is the hos9ng rock of granite and granodiorite, with ages of 268.14 ± 0.67 Ma
(Permian), obtained by the 40Ar / 39Ar method. Metamorphic and igneous rocks are overlain by a Mesozoic
carbona9c succession related to the Sierra Madre Oriental basin and Zongolica Basins. Diﬀerently, the
Cenozoic succession includes elements of the Trans-Mexican Volcanic Belt, such as a Pliocene volcanic rocks
(Andesite Teziutlán) and the succession related to the Los Humeros Caldera and the Cofre de Perote and La
Joya volcanic ﬁelds (Fig. 1). The sedimentary evolu9on of the Sierra Madre Oriental Basin is characterized by
the Cahuasas Forma9on, of Bajocian-Bathonian age. It consists of siltstone, sandstone and polymic9c
conglomerate. The Zongolica basin is represented by limestone and dolomite of the Orizaba Forma9on, of
Albian-Cenomanian age. The limestone of the Orizaba Forma9on is the host-rock of a batholith, of
granodiori9c composi9on, dated at about 14 Ma (middle Miocene) by means of the K-Ar method. The
hydrothermal evolu9on of this region is related to this magma9c event (Fig. 1). The oldest unit of the TransMexican Volcanic Belt is the Pliocene Andesite Teziutlán, cons9tuted by andesite and andesi9c tufa,
unconformably lying on the previous units. Above it, the oldest event corresponds to an erup9on of
ignimbrite and tuﬀ of rhyoli9c composi9on, related to the collapse of the Los Humeros caldera, with an age
of 0.56 ± 0.21 Ma, covered by packages of pumicite and ash from 0.08 to 0.04 Ma (Fig. 1); The most recent
volcanic ac9vity is represented by olivine basalt lavas, with an age of 0.02 Ma. More recent volcanic events
aﬀec9ng the surroundings the SE of the Las Minas area, are related to (i) the Cofre de Perote volcanic ﬁeld.
8

It consists of andesite and andesite tuﬀ, of Pliocene-Pleistocene age, and andesite domes of Pleistocene
age; and to (ii) the La Joya Volcanic Field consis9ng of Late Pleistocene-Holocene basalt and basal9c
pyroclas9c deposits.

Figure 1.1 - Geological map of Las Minas mining district (from SGM, 2007b); the green triangle in the middle indicates the locaCon
of Las Minas town.

The mining company Mexican Golden Corp also performed geological mapping ac9vity (Fig. 2) for
explora9on purposes. It was carried out in greater detail, concentra9ng on the surroundings of the town of
Las Minas, near the skarn deposits. It is important to note that, given their economic interests, the ﬁeld
mapping was more accurately performed at the contact between the intrusive bodies and the limestonemarble, where the loca9on of skarns with poten9ally economic concentra9ons can more easily develop.
Thus, following their available reports, the units exposed in the surrounding of Las Minas area can be
described as Cretaceous limestone, Ter9ary intrusive (diori9c composi9on in the area) and Quaternary
daci9c to diori9c pyroclas9c rocks (Fig. 2).
The intrusive body is interpreted as belonging to the upper por9on of a batholith. Near the contact with the
intrusion, the Cretaceous limestone was aﬀected by HT-metamorphism, thus becoming marble which
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deﬁnes a thick metamorphic aureole. The skarn deposits formed at the contact between the igneous and
hos9ng (now marble) rocks (Mexican Gold Corp. technical report, 2017).
This thecnical map has also delineated marble, skarn, intrusive and post-mineral volcanic rocks, exposed in
and immediately adjacent to the project area. Intrusive and skarn are mainly exposed at lower eleva9ons,
near the bonom of Las Minas river canyon, where the original exploita9on took place. These units are also
exposed at somewhat higher eleva9ons in the Santa Cruz area. Ter9ary volcanic rocks occur mainly at
higher eleva9on, surrounding the project area, although some daci9c rocks occur along the river, to the
northeast of the pueblo, presumably occurring in a down-faulted block (Fig. 2- Mexican Gold Corp. technical
report, 2017). It is concluded that a characteriza9on of the geological units, cropping out in the Las Minas
area, is far to be reached.

Figure 1.2. Detail geological map of Las Minas mining district (from Mexican Gold Corp. technical report, 2017).
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Structures
In the Las Minas area, the SGM in its 2007 geological-mining map collected a good number of meso- and
macro-faults, with diﬀerent orienta9ons and kinema9cs. Following their results, the structures of the area
belong to the brinle regime and are represented by normal and strike-slip faults. Normal faults have two
preferen9al orienta9ons: NE-SW and NW-SE trending, respec9vely. The NE-SW trending faults are the Las
Minas, Juan Marcos, San Pedro Tepozoteco, Las Pailas, Rinconada, Santa Rita, Plan del Toro, Plan del Toro I,
Plan del Toro II and Piedra Parada faults (Fig. 1). The NW-SE striking faults are named as Tenepanoya, El
Águila and Plan de Gallos faults. NE-SW oriented strike slip faults were also recognized. These are sinistral
and dextral. The NE-SW trending leP strike-slip faults are El Rincón, Landaco, Pilhuatepec and La Cumbre.
The E-W striking right strike-slip fault is named as Barranca Juan Marcos fault (Fig. 1.1).
In Fig.1.1 it can be seen that the main NE-SW striking structures are normal, dipping to the NW (e.g. Faults
Las Minas and Rinconada). The Las Minas fault is proposed as a large structure of about 10 km in length that
runs along the base of the river with the same name. On the other hand, the main NW-SE striking structures
are also proposed as normal, dipping towards the SW (e.g. Tenepanoya fault).
In the bachelor's degree thesis of Castro-Dorantes, 2016 and the ar9cle by Castro-Mora et al., 2016, it is
men9oned that "the major recognized structures correspond to complex fault systems, with evolu9onary
kinema9cs from right strike-slip to normal movement. These large structures correspond to the Las Minas
and Trinidad perennial rivers and currently are striking in the NNE-SSW direc9on". Even though they talk
about these big structures, these are not reported on the map, indica9ng only meso-structures (< 500m
long) in which they do not clearly show their kinema9cs. In a 2017 report of the mining company Mexican
Gold Corp., it is only men9oned a system of normal faults SW-NE striking, of which the Rio de las Minas
fault is part.

Economic mineraliza?on
As men9oned in the introduc9on, mineral deposits in the area are considered skarn-type which in CastroMora et al., 2016 are described as follows:
"The generated skarn clearly describes a proximal zone, represented by rocks of grain-like texture and
metallic mineraliza9on type IOCG, accompanied by na9ve copper and associa9ons of garnet (grossulariteandradite) -wollastonite-clinopyroxenes and calcite; the distal zone is represented by coarse-grained marble
to ﬁne-grained marble towards the periphery of the intrusive rocks; the same zoning could be corroborated
in samples obtained from drilling ".
The geochemical analysis of trace elements with an emphasis on gold and copper made to boreholes shown
in Castro-Mora et al., 2016 "makes clear a mineralized system with economic values of Cu and Au" (Table 1).
In the internal report of the mining company Mexican Gold Corp. In 2017 the deposits type skarn are
described as:
“Skarn altera9on is dominantly garnet-rich with lesser amounts of pyroxene. The garnet found is described
as grossularite to andradite in composi9on, although it is not clear that is based on actual mineral chemistry
or just color varia9ons. Garnet observed is dominantly red-brown, typical of fairly iron-rich andradi9c
garnet. Pyroxene is pale to medium green color. Locally garnet appears to be replacing pyroxene. Skarn
contains variable amounts of magne9te and sulﬁde. At least some magne9te is usually present and can
range from several percent to massive black metallic magne9te with lesser calc-silicate minerals. In places,
garnet has been observed cuvng magne9te, indica9ng that magne9te is deposited early at high
temperature. This is common in many skarn occurrences. Retrograde altera9on (generally, replacement
garnet and pyroxene by hydrous calc-silicate minerals as temperature decreases) is very minor at Las Minas,
although epidote (occasionally abundant) with quartz does occur, interpreted as being rela9vely late stage.
Sulﬁde deposi9on likely occurred at lower temperatures, which is typical of retrograde skarn stage. Sulﬁde
content is variable, but with lesser volume percent than magne9te. Sulﬁdes usually are associated with
magne9te and are present as rela9vely coarse-grained dissemina9ons; blebs, bands, and veinlets cuvng
magne9te were also observed. Chalcopyrite is dominant sulﬁde. Pyrite occurs as an accessory mineral in
11

the main resource area. Lesser (though sporadically abundant) amounts of bornite also occur. Minor
chalcopyrite with quartz was also observed. Copper carbonate minerals (malachite, azurite) occur at
surface. Within the Santa Cruz skarne zone, calc-silicate mineralogy locally includes olivine and serpen9ne.
This magnesian skarn assemblage probably reﬂects local dolomi9c protolithin the carbonate sequence.
Gold occurs in magne9te and sulﬁde (especially chalcopyrite)-bearing skarn. Examina9on of assays on drill
hole traces indicates a strong correla9on of gold and copper. When viewing Au and Cu as histograms along
the drill trace, they commonly display iden9cal panerns, with spikes in Au accompanied by spikes in Cu.
Strong skarn altera9on without appreciable magne9te or sulﬁde generally does not contain signiﬁcant gold.
There is a tendency for exoskarn to contain more gold than endoskarn. Assays generally trail oﬀ down-hole

Table 1.1 - Gold, silver and cooper values of the samples analyzed from drill cores in the study areas (CastroMora et al., 2016)

into the endoskarn and alterated diorite. Copper occurs dominantly as chalcopyrite and lesser (though
locally abundant) bornite. Silver is also present in mineralized skarn associated with gold and copper; it is
not knonw in what phase silver occurs. Within mineralized skarn, gold grades average about 1 g/t and range
up to 39.3 g/t individual drill samples; copper averages 0.64% with values up to 11.7%; silver average 4.11
g/t and ranges to 127 g/t (though there are only two drill samples greater than 100 g/t and would be
considered outliers)”.
The es9mated mineral resources for Las Minas deposit is shown in Table 2 (Mexican Gold Corp. technical
report, 2017).
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Table 1.2. Las Minas mineral resource esCmate (Mexican Gold Corp. technical report, 2017).
.

By the data from drilling done by the mining company Mexican Gold Corp, it is observed that the skarns are
subhorizontal with a tabular morphology, which could be interpreted as they are controlled by the
stra9ﬁca9on panerns of the carbonate rocks as well as the possible contact between the intrusion that
generated the mineral deposit and the carbonates (Fig. 3).

Fig. 1.3. Figure that illustrates the disposiCon and morphology of the skarn in the Las Minas area (Mexican Gold Corp. technical
report, 2017)
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Geophysics
In 1994, the Mining Resources Council also began with the implementa9on of aero-magne9c maps in
strategic areas. The last edi9on (scale 1:50000) is dated at 1998:
"Magne9c maps from the area have been generated with diﬀerent ﬁlters to help to iden9fy favorable zones
with mineral deposits, and in some cases, the direct detec9on of deposits with magne9c minerals. The
mining district Las Minas-Tata9la is characterized by a posi9ve magne9c anomaly, with higher intensi9es to
the south of this, also in the NE part of the chart, another small posi9ve anomaly is observed (Fig. 1.4). "

Figure 4. MagneCc Chart of Total Field of scale 1: 50 000 where it is possible to observe the posiCve magneCc anomalies of the study
area (SGM, 1998); a green triangle in the center-north part represent the locaCon of the Las Minas town.

In the 2017, within the technical report for the Mexican Gold Corp., there is a map generated from a
magne9c study of the area, carried out from November 2012 to January 2013. This covered an area of 5.5
(E-W) by 2.5 km (N-S) or 13 km2, centered in the town of Las Minas.
“Figure 1.5 shows the total magne9c ﬁeld reduced-to-pole image for the survey area. Numerous zones of
magne9c highs exist throughout the area, including broad zones located northwest and southeast of Las
Minas town. It is likely that, for most part, the magne9c high anomalies are reﬂec9ng underlying (or
outcropping) intrusive. It has been noted, however, that the diori9c and granodiori9c rocks have high
magne9te contents and thus these should give rise to anomalously high anomalies. It is less clear if the
magne9te-bearing skarn bodies are reﬂected in the survey. Intui9vely, the strong magne9te content of the
skarn should produce a strong magne9c response, but it is possible that, due to the narrowness of the skarn
zones compared to the adjacent diorite intrusive bodies, a dis9nct magne9c anomaly anributable to just
the skarn is not produced. However, strongly anomalous zones are present in several mineralized areas,
notably Santa Cruz, Juan Bran, Cinco Señores, Las Boquillas and Changaro, where magne9c highs occur
coincident to known skarn occurrences”.
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Figura 5. It shows the total magneCc ﬁeld reduced-to-pole for the survey area.
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CHAPTER 2 - STRATIGRAPHIC AND PETROLOGICAL FEATURES OF THE LAS
MINAS OUTCROPPING ROCKS
2.1 - INTRODUCTION
The Las Minas mineralized district is made up of a basement
composed by a Paleozoic granodiorite covered by a thick
sequence of mesozoic limestones (Cretaceous), intruded by
tertiary dioritic to granitic rocks and passing to a quaternary
basalt and to a dacitic to rhyolitic pyroclastites. The miocene
intrusions, at the contact with limestones, caused the
development of a thick metamorphic aureole with the
formation of skarns and marble.
Noteworthy, in the study area and in particular above the
olivine basaltic lava (fig.2.1), lacustrine deposits have been
recognized for the first time. These rocks record several
deformation events, thus representing a key formation for the
reconstruction of the post-magmatic tectonics.
The stratigraphic sequence up to the andesite1 (fig.2.1) is
crosscut by a system of post-mineralization mafic to felsic
dykes.
Hereafter the lithologic and petrographic description follows,
starting from the bottom to the top (fig.2.1).
Given the aim of the task 4.1, major attention has been paid for
the miocene intrusive rocks (fig.2.2) and for the skarn and
marble.
2.2. - THE INTRUSIVE ROCKS AT LAS MINAS
Analysed intrusive rocks from the Las Minas area (see
geologic map in the appendix) are represented by diorite,
quartz-diorite, tonalite, leucotonalite and
leucogranodiorite. In diorite to tonalite, amphibole is
always present and biotite occurs in all but one sample
(A15) that instead contains possible relics of pyroxene.
These can be found within amphibole in the shape of
stubby inclusions altered in actinolite (Fig.2.3a) and/or
chlorite. Accessory minerals are mainly represented by
titanite (fig.2.3b), magnetite and apatite. In the more felsic
types, amphibole is absent and biotite is the major mafic
phase. Finally, magmatic muscovite occurs only in the
leucogranodiorite sample, whereas in the others more
felsic sample, white mica seems to be post-magmatic.

Fig.2.1: stratigraphic column of
the Las Minas outcropping rocks.
For the lithologic and
petrographic descriptions see
the text. Int1= main Paleozoic
intrusive rock body; Int2= main
Miocene intrusive rock body;
Sk=skarn; Mar=marble;
Lim=limestone; OlB=olivinebasalt; Lac=lacustrine sediments;
La=lahar deposit; And1=
andesite; Co-Ig=co-ignimbrite;
Ig1=ignimbrite; And2=andesite;
Pyr=pyroclastic fall deposits;
Ig2=ignimbrite
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Fig.2.2: Intrusive rock body crosscut by mafic dyke (b) and felsic dyke (c, d) and affected by
fractures and faults (e-g).
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Fig.2.3: Petrographic features of the Las Minas intrusive rocks in PPL (plane polarized light) and CP
(crossed polars) micrograph. a) amphibole oikocrystal enclosing smaller plagioclase in qtz-diorite (CP); b)
Euhedral large titanite in qtz-diorite; c) zoned plagioclases with more deeply altered cores in qtz-diorite,
(CP); d) typical texture of hornblende-biotite tonalite characterized by the abundance of euhedral zoned
plagioclases; e) biotite with incipient chloritic alteration along cleavage traces in tonalite (PPL); f) typical
texture of biotite leucotonalite with subhedral plagioclase and anhedral quartz grains (CP); g) euhedral

plagioclase affected by widespread sericitic alteration in leucogranodiorite h) anhedral quartz
grains and turbid Karlsbad twinned orthoclase (close to the bottom) in leucogranodiorite (CP).
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Concerning rock texture, a doleritic type is dominant in the more mafic rocks. It is
characterized by the presence of randomly oriented elongated plagioclases, showing
oscillatory zoning (Fig.2.3c,d), and by amphibole oikocrystals enclosing smaller
plagioclases (Fig.2.3a).
Plagioclase is often affected by sericitic alteration, mostly within the core (Fig.2.3c) and
more rarely is partly substituted by epidote. Moreover, amphibole appears altered, along
the cleavage traces, where chlorite and ± calcite occur. A chlorite alteration affects also
biotite along the cleavage traces (Fig.2.3e).
In the felsic types a typical ipidiomorphic textures is developed with a mostly euhedral to
subhedral albite-twinned plagioclase (Fig.2.3f, g), that anticipated crystallization of biotite
and then of quartz and K-feldspar (Fig.2.3h), sometimes involved in a graphic texture.
Finally, both plagioclase and K-feldspar appear turbid and sericitized (Fig.2.3g, h).
Similarly to the more mafic samples, epidote has not a magmatic origin and represents a
typical alteration product of plagioclase.
Although the study of
dykes has not been dealt
in detail, on the basis of
outcrop
and
p e t r o g r a p h i c a l
observations, they can be
divided in felsic and maficintermediate types. Locally,
cross cutting relationships
allow to infer that felsic
dykes are older than mafic
ones (Miocene). Felsic
dykes show a composition
encompassed between
granodiorite to granite up
to aplite (fig.2.4a, 2.5a).
Mafic and
Fig.2.4: a) Faulted felsic dyke
crosscutting qtz-diorite; b)
Fractured mafic dyke
crosscutting qtz-diorite; c)
Basaltic dyke crosscutting a
monogenetic volcano; d)
Altered greenish andesitic
dyke crosscutting marble; e)
Basaltic dyke crosscutting the
main intrusive body; f) Dioritic
dyke cross cutting an
endoskarn.
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intermediate dykes are gabbrodioritic to dioritic (fig.2.4b, 2.5b, d) and in the study area
they are more abundant to respect the felsic dykes. Both kind of dykes, often exhibit a

Fig.2.5: Micrographs of dykes, crossed polars. a) Aplite with quartz, K-feldspar, sericitized
plagioclase, altered biotite and intergranular white mica; b) Zoned plagioclase in mafic dyke
within a matrix mainly composed of smaller plagioclase, amphibole and pyroxene; (c, d) Mafic
dyke with olivine dispersed in matrix mainly composed of smaller plagioclase, amphibole and
pyroxene.

high fracture frequency and are cross cut by minor normal faults.
The granodiorite dykes are medium grained and show abundant plagioclase, rarely Kfeldspar, with hydrothermal alteration in sericite (fig.2.5a), and altered biotite. White mica,
if present, is commonly intergranular, testifying its late- to post-magmatic origin (fig.2.5a).
Sometimes quartz clusters occur. The granitic dykes show more abundant turbid Kfeldspar and quartz. Similarly to the granodiorite dykes, they show late- to post-magmatic
white mica in intergranular position (fig.2.5a). The aplitic dykes are typically fine-grained
and are composed only by (of) altered K-feldspar, quartz and late- to post-magmatic white
mica.
Mafic dykes appear greenish-grey when altered and blackish when devoid of alteration.
They are typically fine to medium grained with rare occurrence of coarse zoned
plagioclase (fig.2.5b) and orthopyroxene. Mineral composition is dominated by
plagioclase, pyroxenes and amphiboles with minor amounts olivine and biotite (fig.2.5b,
d).
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2.2.1 - The emplacement level of the
intrusive rocks
The level of emplacement of the magma was
determined on 4 hornblende-bearing
samples of qtz-dioritic to tonalitic
composition. To this purpose, it was adopted
t h e A l - i n - h o r n b l e n d e b a ro m e t e r b y
Anderson and Smith (1995) coupled with the
amphibole-plagioclase thermometry by
Holland and Blundy (1994). By using rim
compositions of hornblende and plagioclase
(Table 1), the simultaneous solution of the
two calibrations allowed to obtain nearsolidus P-T values at the emplacement level
for each sample. It was found a pressure ranging
from 0.98 to 1.35 bar (at c. 700 °C),
corresponding to a depth of 4.4 ± 0.7 km (Fig.
2.6).

Fig. 2.6 - Results of thermobarometry performed
on qtz-dioritic to tonalitic samples. P- T values
were obtained by combining Al-in-hornblende
barometry (Anderson and Smith, 1995) and
amphibole-plagioclase thermometry (Holland
and Blundy, 1994). Tonalite and granodiorite wet
solidi are from Schmidt and Thompson (1996).

2.2.2 - Chemical composition and
trends of the intrusive rocks
Major oxides
Trends in Harker diagrams (Fig.2.7)
indicate that the most analyzed samples
(Table 2) can be genetically related by
magmatic differentiation. With the
exception of Na2O and K2O, affected
also by a wider dispersion of points, all
major oxides are negatively correlated
with silica. Indeed, a clear positive
correlation can be deduced only for K2O.
The Peacock index (Fig.2.8) indicates a
calc-alkaline to calcic nature of the
series, and therefore a syn-orogenic
timing of the magmatism.
The alumina saturation index ASI
(molecular ratio Al2O3/[CaO + Na2O +
K2O]), points to a metaluminous nature of
the rocks with the exception of two felsic
rocks that can be classified as
peraluminous. The diagram of Fig.2. 9

Fig.2.7: Major oxides harker diagrams for diorites
and quartz-diorites (closed circles), tonalites (closed
squares), leucotonalites (open squares) and
leucogranodiorite (open triangle).
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Fig.2.8: Scatter diagram of CaO/
(Na2O+K2O) vs. SiO2 for the
quantification of the Peacock Index. An
off-trend leucotonalite sample has been
omitted. Symbols as in Fig.2. 6.

indicates that the ASI increases with
differentiation. This can be explained as an
effect of the fractionation of a mineral
having a low value of the ASI. Amphibole
can be the right candidate for this
role.

Fig.2.9 - Scatter diagram showing the
increase of the alumina saturation index (A/
CNK = Al2O3/[CaO+Na2O+K2O]) during
magma differentiation. This trend can be
produced by horn- blende fractionation.
Close diamond represents average hornblende composition in Qtz-diorite sample

Trace elements
W h e n c o m p a re d t o m a j o r
oxides, trace elements (Table 2)
generally show a lower
correlation with silica (Fig.2.10).
V, Dy and Yb decrease during
differentiation whereas Rb and
Ba increase. A negative trend
seems to be followed by Sr,
except for two leucotonalite
samples. A bell-shaped trend
can be deduced for Zr, reflecting
zircon saturation reached during
magma differentiation in
correspondence of a silica
content of c. 67 wt.%. A
behavior similar to Zr seems to
be followed by Th and U. Finally,
Ce does not display a significant
variation with silica increase.
Fig.2. 10 - Trace elements Harker diagrams for diorites and quartz-diorites (closed circles),
tonalites (closed squares), leucotonalites (open squares) and leucogranodiorite (open triangle).
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REE patterns (Fig.2.11) are moderately fractionated in diorite to tonalite (CeN/YbN

Fig.2. 11 - REE patterns for the distinct rock types. Chondrite normalizing values after Boynton
(1984).

between 4.19 and 7.33), slightly concaveup towards the HREE with absent or
weakly negative Eu anomaly. In the more
felsic intrusive rocks, the leucogranodiorite
displays the typical spoon-shaped pattern
from the MREE to HREE. Instead, strongly
fractionated patterns can be observed in
two leucotonalites (CeN/YbN up to 33.28).
This feature makes these rocks different
from the other ones.
Multi-element patterns, normalized to
primitive mantle, show a pronounced
subduction - related negative anomaly of

Fig.2.12 - Multi-element spider diagram for the diorite
and Qtz-diorite samples of the Las Minas area.
Primitive mantle normalizing values after McDonough
and Sun (1995).
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Ta and Nb in all analyzed rocks. In Fig.2.12 it is shown the pattern for dioritic and qtzdioritic compositions. In addition to the deep Ta and Nb anomaly, negative spikes of Th,
Nd, P and Ti and positive spikes Ba, U, La, Sr, Zr, Tb can be also observed (Fig.2.12).

2.2.3 - Crystal fractionation of the former dioritic magma
Modelling crystal fractionation by least-squares method with major oxides allowed to
simulate differentiation of diorite - qtz-diorite to tonalite magma (Table 3a). An acceptable
solution is obtained by crystal fractionation of hornblende, plagioclase (XAn= 0.75) in
approximately equal amounts and minor quantities of magnetite, titanite and apatite,
leaving a residual tonalitic melt of c. 66%. A further evolution from a tonalitic magma
down to a leucogranodiorite can be reproduced with a major plagioclase content (XAn=
0.44) with respect to hornblende and involving also biotite (Table 3b). The residual melt
amounts in this case to c. 40%.

Modelling of REE patterns by using Rayleigh equation for crystal fractionation and
mineral-melt partition coefficients appropriate for andesitic magma requires the necessary
involvement of REE-bearing accessory phases such as titanite and apatite in the first
differentiation step and of zircon and monazite in the second one. The results for the first
differentiation step are graphically provided in Fig.2.13.

26

Fig.2. 13 - Results of the fractional crystallization model from a Qtz-dioritic parent (A15 sample)
to a tonalitic daughter (A 7 sample) by using the Rayleigh equation. The composition of the
tonalitic magma was satisfactorily reproduced by fractionation of plagioclase (47 %), hornblende
(48 %), magnetite (4 %), titanite (0.7 %), and apatite (0.2 %). In addition, a fraction of residual
magma of 0.75 is required. Mineral / melt partition coefficients are from Fujimaki et al. (1984) for
plagioclase and hornblende, from Luhr and Carmichael (1980) for magnetite and titanite, from
Fujimaki (1986) for apatite.

2.3. WALL ROCKS AND OLIVIN BASALT
SKARN and MARBLE
Skarn occurs as isolated bodies or in narrow band in structurally weak zones of the study
area. Generally, skarn orientation is flat-lying because they develop following the former
limestone stratification.
In several historic working caves, they appear weathered and crosscut by several faults
and fractures (fig.2.14a).
The boundary with the underlying intrusive magmatic rocks is often irregular and marked
by a possible endoskarn, developed within the intrusive body having the original igneous
texture almost totally obliterated. Instead, the contact with the host marble is sharper
(fig.2.14b).
Sometimes, the exoskarn shows bands of different color and composition, probably
linked to the original stratification of the limestone (fig.2.14c, d).
In order to better define the mineralogical assemblage of the Las Minas skarn bodies and
to classify them, SEM/EDS and electron microprobe (EMPA) analyses have been
performed (Tab.04-Tab.05) at the University of Bari and at laboratory of the Institute of
Geoscience and earth Resources (IGG) – National Research Council (CNR) of Italy in
Florence (Italy), respectively.
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Fig.2.14: a) Weathered
skarn observed in a
historic working cave.
Malachite and azurite
mineralization on the
outcrop surface; b) Sharp
contact between skarn
and marble; c) Brown
garnet bands in skarn; d)
Skarn made up of darker
and greenish bands
probably reflecting the
previous limestone
stratification; e) Garnetrich skarn; f) Iridescent
pyrite within a garnetdominated exoskarn; g)
C h a l c o p y r i t e
mineralization; h)
magnetite and Fe-Oxide
mineralization.

On the whole, two kinds of skarn have been recognized on the basis of the main
constituent mineral phase:
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1) Grt +Ab+Qtz+Mag+Cal±Py±Cpy±Sp (fig.2.14e-h, fig.2.15a, b).
2) Cpx+An+Qtz+Amph (Mg-Ca rich) +Mag±Ap±Sph±Py±Cpy (fig.2.15c-f)
In the latter type, amphibole grown at the expense of former clinopyroxene can be often
observed. This indicates a retrogression during cooling (fig.2.15c).

29

Amphibole, commonly, is represented by pargasite, Mg-hastingsite and actinolite. Often,
actinolite is mixed with epidote minerals (fig.2.16a, b) or included in the garnet.
Clinopyroxene is augite/diopside, while garnet is represented by grossular and andradite
(fig.2.16c), which can be found from pure to andradite-rich terms. This variability reflects
in the crystal coloring changing from dark to light grey in Al-rich terms (fig.2.16d-f).
Quartz, sometimes, has a hexagonal habit with a well evident growth zoning (fig.2.15g).
Moreover, locally a polysynthetic twinning (fig.2.15h) occurs between garnet and quartz,
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Fig.2.15: Petrographic features of the Las Minas skarn in CP (crossed polars) and PPL
(plane polarized light) micrograph. (a, b) Grossular-dominated skarn with magnetite
in (a); c) clinopyroxene- dominated skarn with Mg-Ca-rich amphibole; d)
clinopyroxene-dominated skarn with plagioclase and pyroxene core replaced by alt
amphibole; e) Calcite alteration in clinopyroxene-dominated skarn; f) anorthite
minerals in clinopyroxene-dominated skarn; g) hexagonal quartz with growth zoning;
h) polysynthetic twinning between garnet and quartz.

31

probably linked to the quartz
transition phase from α to β, which
could indicate a temperature of
573°C.
In almost of the analyzed samples,
magnetite is sparse around the
sections with variable size (fig.
2.16g).
Where present, fractures are filled
with sulphide minerals, Sulphide
minerals, analysed by EDS (fig.
2.17), consisting on sphalerite,
chalcopyrite and pyrite associated
to calcite and quartz (fig. 2.16d, h).
Commonly, copper carbonate
minerals (malachite and azurite)
occur at the skarn surface (fig.
2.14a), testifying a later
mineralization phase.
The garnet-dominated skarn (fig.
2.14c, e; fig.2.15 a, b, h) can be
located closer to the intrusion
where the temperature is higher
(Meinert et al., 2005), whereas the
clinopyroxene-dominated skarn
(fig.2.15c-f) can be associated to
the lower temperature zone where
a gradual passage to marble and
then to the hosting limestone can
be observed.
Both of the two skarn types are
interested by later fluid circulation
that promoted the genesis of lower
temperature hydrate minerals such
as epidote, chlorite and white mica
Fig.2.16: SEM/BSE microphotographs. a) Actinolite (spots 2, 3, 7) mixed with epidote (spots
1,4) and magnetite (spots 5, 6) minerals; b) Actinolite (spot 1) included in garnet (spot 2); c)
Andradite (spot 1) with no zonation, calcite (spot 2) and quartz (spot 3) fill fractures in the
garnet; d) Zoned garnet (andradite) (spot 7, 8) with different sulphide minerals filling the
fractures (chalcopyrite spot 1,6, sphalerite spot 2, pyrite spot 3). Quartz (spot 4) and calcite
(spot 5); e) Zonation in garnet (andradite) characterized by variable concentrations of Fe and
Ca. f) Zoned garnet (andradite) (spot 3-8) with included calcite (spot 1) and quartz (spot 2);
g) Large crystal of magnetite (spot 1), quartz (dark grey), actinolite (spots 2, 5, 6) and
epidote (spots 3, 4). h) Vein in the garnet filled with quartz (spot 1), calcite (spot 2) and
pyrite (spot 3).
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Fig.2.17: EDS spectra of sulphurs, chalcopyrite (a), sphalerite (b), pyrite (c), and calcite (d).

in association with quartz (fig.2.18a-d) and locally epidote also occurs within quartz
crystals. In particular, the presence of epidote and chlorite testifies later oxidant
conditions and in general a retrograde alteration process, partially masking the prograde
skarn zoning. Under oxidizing conditions, the assemblage epidote-quartz is preferred to
pyroxene-plagioclase and andraditic garnet tend to be more abundant. These two kinds
of skarns can be classified as Copper skarn, following the Einaudi and Burt (1982)
classification. Water infiltration was favoured by permeability increase related to postmagmatic fracturing and faulting. Similar features are observed also within the magmatic
body, where epidote, quartz, chlorite and calcite veins (fig.2.18e, f) are present. They can
be linked to the deformation in the brittle domain occurring during the cooling of the
pluton.
A former fracture system, possibly generated during the emplacement of the magmatic
body, should be also present. It could favour the fluid flow in higher temperature
conditions compatible with the genesis of the skarn peak assemblage. Although rarely,
skarn also includes olivine, serpentine and talc, probably linked to the more dolomitic
composition of the carbonate protolith. Marbles are widely outcropping in the area and
often the best exposition are located in the exploited quarries (fig.2.19a). These rocks are
from grey to white in color and their grain size vary from very fine to coarse with
granoblastic texture (fig.2.19b). The composition varies from pure calcic marble to
dolomitic marble. Often, they show wollastonite and Fe-Oxide (fig.2.19c) and locally are
affected by intense brittle deformation (fig.2.19d) that favored the late fluid movement
during the previously described retrograde alteration phase within the skarn system.
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Fig.2.18: Petrographic features of lower temperature hydrate minerals in CP (crossed polars)
and PPL (plane polarized light) micrograph. a) Epidote in garnet-dominated skarn; b)
Euhedral epidote along a fracture; c) Epidote and calcite at the edge of a quartz vein; e)
Hydrothermal epidote within a fracture crosscutting a pyroxene; f) Intrusive rock with
plagioclase crosscut by later hydrothermal epidote vein; g) Intrusive rock crosscut by later
white mica, epidote and calcite veins.
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Fig.2.19: a) marble crosscut by a small mafic dyke in a quarry; b) CP (crossed polar) micrograph
of coarse grained marble; c) dolomitic marble with wollastonite and Fe-oxide; d) mineralized
fracture system in marble.
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LIMESTONE
Jurassic to Cretaceous limestones extensively
outcrop in the study area, reaching 700m ca.
of thickness, even if in the neighborhood of
the magmatic intrusions they are transformed
in marble and skarn as a consequence of
contact metamorphism and metasomatism,
respectively. Therefore, the remnant
unmetamorphosed rocks are exposed
exclusively in the eastern side of the area and
can be attributed only to the Tamaulipas
Inferior fm. (Early Cretaceous).
Limestone, generally mudstone and
wackestone, appears pale grey to yellowish in
color and locally fossiliferous. Commonly they
are massive and affected by intense
fracturing.2. Where preserved, the strata, are
up to one meter thick (fig.2.20 a, b). Often
marls and black cherty limestones (fig.2.20c)
are intercalated in the upper part of the
sequence and sometimes karst features occur.
Locally, limestones are slightly affected by the
Laramide deformation (Jurassic-Paleocene) of
the Sierra Madre Oriental, mainly consisting
of a sequence of folds with gentle dips to the
NW and NE (fig.2.20d). On the whole, the
sedimentary sequence appears subhorizontal
with dips up to 15 degrees.
Limestone in the neighborhood of the
magmatic intrusions are transformed in
marble and skarn as a consequence of
contact metamorphism and metasomatism,
respectively.

Fig.2.20: a) Yellowish limestone with strata
thickness up to 1 m; b) Grey limestone with strata
thickness up to 80 cm and crosscut by an altered
mafic dyke; c) Cherty limestone; d) Limestone
affected by Laramide deformation folds.

OLIVIN BASALT
Olivine basalt (Miocene) were sampled from lava deposits with a maximum thickness of 30
m (fig.2.21a). Commonly, the outcrops are well preserved and locally are associated to
volcanic breccias. These lavas are often vesicular and typically host spherulites (fig.2.21b,
c). In particular, close to the Rinconada village (see the geologic map in the appendix),
olivine-basalts intruded the lacustrine deposit (fig.2.21d) forming a system of dykes
characterized by the occurrence of ialoclastites close to the dyke walls.
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Fig.2.21: a) Olivine basalt lava; (b, c) Vesicular olivine-basalt sample; d) olivine basalt dyke
intruded within lacustrine sediments.

2.4 LAHAR AND LACUSTRINE SEDIMENTS
Lacustrine deposit (Pleistocene) was identified in several outcrops to the SW and S of the
Las Minas town and generally it reaches 50 m of thickness (fig.2.22b). From the bottom to
the top, the deposit begins with laminated levels continuing with diatomite and varve
layers passing to final laminated levels with interlayering of volcanic ash deposits.
The general grainsize varies from silt to sand and, locally, levels of organic matter have
been recognized.
In these deposits, sin-sedimentary features, such as unconformities, slumps and paleocanals were found, as well as structures associated with tectonic activity such as
microfaults, tilting, sismites, silt dykes and injections veins (fig.2.22d-f) probably linked to
liquefaction processes.
However, lacustrine sediments appear structurally controlled due to their proximity with
the main faults which might have generated a former basin filled by vulcano-sedimentary
deposits.
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A lahar outcrop is localized
in the southern part of the
study area (close to the
Rinconada village). This
deposit 20 m thick, is
heteropic with the
lacustrine sediments and it
is made up of fine particles
and also of large marble
and basalt blocks (fig.
2.22a) with diameter up to
2 m. In particular, the
occurrence of the basaltic
blocks testifies that the
lahar generating event,
probably linked to a
pyroclastic flow, took place
after the basaltic lava flow.
In the area, the contact
with the underlying marble
is clearly erosive (fig.2.22a).

Fig.2.22: a) Lahar deposit with

marble and olivine-basalt
blocks. Erosive contact with
the underlying marble; b)
Lacustrine sediments covered
by andesitic lava; c) diatomite
level; d) e) Seismites in
lacustrine deposits; f) injection
vein; g) whitish ash levels
within the lacustrine
sediments; h) Syn-sedimentary
slump with pop-up structures.
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2.5 VOLCANIC SEQUENCE
The volcanic sequence (Micene to Pleistocene) is made up of two different levels of
andesitic lavas (fig.2.23) and ignimbrite (fig.2.24) related to several eruptive events.
More in detail, between the andesite 2 and ignimbrite 2 a thick pyroclastic fall deposit,
characterized by the abundance of pumice and lithics, covers the whole volcanic
sequence (fig.2.25). Moreover, above the andesite 1 (fig. 2.1) a co-ignimbrite deposit
occurs, representing a lag breccia. It can be observed here the occurrence of coarse

Fig.2.23: (a-c) Blackish andesite lava 1 onto the lacustrine sediments;
Andesite lava 2 with an intercalated volcanic breccia; e) Geode of
quartz amethyst within andesite at Piedra Parada locality.
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lithics testifying an accumulation synchronous with the formation of ignimbrite, but
confined to a proximal, near-vent location (fig.2.24e, f).
Often, these rocks are linked to monogenetic volcanoes and sometimes they are crosscut
by late mafic dykes. On top, a thick pyroclastic fall deposit, mainly characterized by
pumice and lithics, covers the whole volcanic sequence (fig.2.25).

Fig.2.24: (a, b) co-ignimbrite lag breccia; c) Ignimbrite 1; (d, e) Ignimbrite 1 with a
red altered base (e); f) Ignimbrite 2 with columnar joints
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Fig.2.25: (a, b) Pyroclastic fall deposit with pumice and lithic clasts.
Generally, the lavas appear, on the outcrop scale, black or dark grey and have a
composition varying from basalt to andesite with minor dacite. These rocks have a
porphyritic to seriate texture with phenocrysts of plagioclase (fig.2.26a-c) and in minor
amount of clinopyroxene, orthopyroxene and hornblende (fig.2.26d). The matrix is
microlithic with small amount of tiny olivine crystals, rounded plagioclase, minor Kfeldspar and cryptocrystalline material (fig.2.26a-d). Opaque minerals are represented
mainly by magnetite. Often these rocks are altered and phenocrysts are partly fractured
(fig.2.26a).
At Piedra Parada locality, andesite is characterized by geodes dominated by quartz
amethyst probably linked to the later degassing event of the lava (fig.2.23e). Rarely,
fractures within the lava exhibit a hydrothermal mineralization mainly made up of quartz
amethyst and pyrite.
Ignimbrite 1 differs from ignimbrite 2 because is more welded and darker, even if the
composition of both varies from rhyolitic to dacitic. Commonly, the deposit is massive (fig.
2.26a-c) and locally flow structures and the typical hexagonal columnar joints (fig.2.26d)
can be recognized. Ignimbrite is made up of (fig.2.26e, f) large crystals of pyroxene,
amphiboles, clast with a microlithic texture and lithics. Secondary minerals are
represented by epidote, quartz and some magnetite. Matrix is composed of
cryptocrystalline and glassy material (fig.2.26g-i). and it shows a chaotic texture (fig.2.26eh) even though a flow-related preferential orientation of clasts and minerals can be
sometimes recognized.
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Fig.2.26: Petrographic
features of the Las
Minas volcanic
sequence in CP
(crossed polars)
micrograph. (a-d)
porphyritic texture of
andesite lava with
phenocrysts of
plagioclase locally
fractured (b) and
altered with epidote in
(c).
Minor
clinopyroxene and
o r t h o p y ro x e n e a n d
amphibole in (d).
Microlithic matrix with
tiny olivine, smaller
plagioclase, minor kfeldspar
and
cryptocrystalline
material; e) f) Ignimbrite
with lithics, microlithic
clasts in (e), amphibole
and pyroxene in (f). (g-i)
Chaotic matrix
composed of glass,
small epidote, quartz
and cryptocrystalline
material.
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APPENDIX 1 - LIST OF THE SAMPLES COLLECTED DURING THE FIELDWORK
AND STUDIED IN LABORATORY
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CHAPTER 3 - DATING THE SUCCESSION OF ROCK

3.1 INTRODUCTION
Major contribution of the Polish Geological Institute – National Research Institute (PGINRI) in the GeMEX project was related to the Work Package 4 ( 4.1 and 4.2), with
scientific activities focused on the U-Pb geochronology, petrography/petrology and
magnetostratigraphy of volcanic and plutonic rocks. Our studies were inspired by good
experience coming from zircon datings used to recognition of high temperature

geothermal systems architecture elsewhere in the world, for example: the Taupo Volcanic
Zone in New Zealand, Quaternary volcanic sequences in Japan (Toya Terfra), France
(tephras from Massif Central) and Greece (Kos Plateau Tuff). Methodology for the
collection of geological dataset included: (i) preliminary analyses of previous research,
literature and archive data concerning regional geology, isotope geochronology (U-Pb-Th,
K-Ar, Ar-Ar) and petrography, (ii) one field work in Mexico (in February 2018) devoted to
collect rock samples from exhumed system of the Las Minas (Perote, Veracruz) and
Acoculco region, (iii) laboratory, preparatory works, incl.: zircon separation, CL photos,
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preparation of thin sections and small drill cores, followed by final (iv) laboratory
measurements and analysis (SHRIMP II-e U-Pb isotope zircon datings, petrographic and

Fig.3.2.b. Enlargement of the sampling area shown in fig.3.2.a.

petrologic studies, paleo-magnetic measurements).
PGI-NRI main task on geochronology was executed with a use of the Sensitive HighResolution Ion MicroProbe (SHRIMP) IIe facilities in Warsaw. Pb-U isotope analysis on
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zircons are complementary with the magneto-stratigraphy studies performed on the same
set of collected magmatic rocks. Detailed goals of the PGI-NRI working group were
determined to provide new materials for comparison with other studies undertaken so far
and used to supplement existing regional geology data set. Further analysis of the
gathered data was supposed to recognize in more detail the geological evolution of
exhumed systems linked to Los Humeros an Acoculco calderas and to produce an
improved lithostratigraphic schemes and 3D model of both geothermal sites.
The Las Minas exhumed system is located ca 15 km east of the main Los Humeros caldera
complex (Fig.3.1). From the Las Minas system PGI-NRI has gathered a set of 38 rock
samples. Except of three samples (TMG-17, TMG-10 and TMG-8) selected and sent to
Poland in 2017 by Eduardo González-Partida from UNAM, the rest of rocks were collected
personally by PGI-NRI team during field trip in February 2018. Location of the sampling
points, on the background of a new geological map, are shown in Figs 3.2.a &b. Names
of locations presented in these figures are given with PL prefix and a number, while a list
of samples, which were taken from every location point is shown in the Table 3.1.,
together with basic information on the type of analyses performed for each of the
sampled rock. As indicated in the Table .3.1., a total number of thin sections produced for
Las Minas rocks is 26, EPMA analyses – 10, zircon separates – 30, SHRIMP U-Pb analyses –
23 and paleomagnetic measurements – 26. Analysis of rocks and interpretation of results
is arranged from the oldest to the youndest - following position of the rocks presented in
the lithostratigraphic scheme for the Las Minas exhumed system (Fig.3.3)
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3.2 PETROGRAPHIC DESCRIPTION OF COLLECTED ROCK SAMPLES
Methods
Almost all investigated type rocks of the Las Minas system were petrographically examined by
study of thin sections using Nicon Eclipse E600PL polarised microscope. Only for two samples LM-27 and “Toba 5 senores” - representing unconsolidated volcano-clastic rock (ignimbrite), thin
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section were not prepared. For all samples were made photo documentation, including macro
photographs, showing general fabric of rocks (Figs: 3.4, 3.5, 3.6, 3.7) and microphotographs (Figs:
3.8.a,b,c,d,e,f,g). Rocks are described from the oldest (basement) rocks to the youngest volcanics
of the Las Minas volcano-sedimentary succession following their lithostratigraphic position shown
in Fig. 3.3. For selected samples (see Table.3.1) electron probe micro-analysis (EPMA) were
performed with a use of the CAMECA SX-100 device. The chemical measurements enabled to
identify accessory minerals (incl. magnetite, ilmenite, rutile, titanite, apatite, spinel, epidote) and
composition of plagioclases, olivines, pyroxenes, amphiboles to define their specific type.
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Short petrographic characteristics for each of collected sample is presented below. Explanations
of the abbreviations used in the microphotographs are as follow:
Pl - plagioclase
Fsp - feldspar
Q - quartz
B - biotite
Mi - mica
Px - pyroxene
A - amphibole
RF - rock fragments
Ol – olivine
C – carbonate
Ti - titanite
TMG 8 Gabbro (Fig.
3.4 photo A, Fig.3.8.a,
photos A&B)
Coarse-grained, darkgray magmatic
intrusive rocks with
holocrystalline,
medium – crystalline
and hipidiomorphic
texture
Mineral composition:
• plagioclase
(mostly
calcium-rich,
eu-anhedral
and anhedral
crystals,
multiple
twinning, two
directions of
perfect
cleavage,
sometimes
alteration to
sericite)
• amphibole
(mostly
hornblende - dark to light brown, sometimes with greenish tint, clear pleochroism, two directions of
perfect cleavage, sometimes alteration to chlorite)
• pyroxene (mostly augit and very small amount of ortopyroxene, crystals are very similar to
amphibole but they are colorless, do not show of pleochroism, and are more cracked and altered)
• accessory minerals ( opaque minerals, zircon, probably olivine)
TMG 10 Granite (Fig.3.4 photo C, Fig.3.8.a, photos C&D)
Coarse and even– grained, grey to light grey, intrusive igneous rock
60

Mineral composition:
• feldspar (colourless, white, light – grey,eu-anhedral and anhedral crystals, mostly multiple twinning
plagioclase and subordinate K-feldspar, alteration to sericite and muscovite);
• quartz (colourless, unaltered, anhedral crystals);
• pyroxene (colourless to pale – green, do not show of pleochroism, sometimes twinning, alteration
to sericite and calcite)
• mica (mostly colourless to brown with greenish tint biotite, and small amount of muscovite);
• accessory minerals ( opaque minerals, zircon )
TMG 17 Granodiorite (Fig.3.4 photo B, Fig.3.8.a, photos E&F)
Holocrystalline, medium – crystalline, hipidiomorphic texture
Mineral composition:
• feldspar (colorless, white, light – grey, eu-anhedral and anhedral crystals, mostly with multiple
twinning, sometimes zoned plagioclase and subordinate K-feldspar)
• quartz (small, colorless, unaltered, anhedral crystals)
• pyroxene (eu-anhedral, colourless to pale – green crystals, do not show pleochroism, alteration to
chlorite)
• biotite (colorless - green to brown, perfect cleavage in one direction, it is surrounded by quartz and
feldspars, sometimes with zircon inclusions)
• accessory minerals ( opaque minerals, zircon )
LM 28 - PL Q-Diorite (Fig.3.4 photo D, Fig.3.8.a, photos G&H):
Coarse-grained, intrusive igneous rock of typical dioritic composition,
Mineral composition:
• feldspar (colorless, white, light – grey, eu-anhedral and anhedral crystals, mostly multiple twinning
plagioclase – oligoclase - labrador and subordinate K-feldspar – often microcline with characteristic
twinning- cross-hatched pattern, most feldspars show alteration to sericite);
• amphibole - ( mostly hornblende, green to brown with clear pleochroism, Fig.3.8.a/H) ,
• mica (small amount biotite – colorless to green with clear pleochroism )
• accessory minerals (titanite, apatite, epidote)

LM 25 – PL Microgranite / Aplite (Fig.3.4 photo E, Fig.3.8.b, photos A&B)
Holocrystalline, very fine grained crystalline rock.
Mineral composition:
• feldspar (mostly colourless, white, light – grey, K- feldspar, subordinate plagioclase – albite –
oligoclase some feldspars show alteration to sericite - Fig.3.8.b/B);
• quartz (colorless, unaltered, anhedral crystals, with undulating extinction);
• mica (small amount muscovite – colourless, silvery flakes, sericite)
• accessory minerals (pyrite)
LM 24 - PL Granite (Granitoide) (Fig.3.4 photo F, Fig.3.8.b, photos C&D)
Holocrystalline, fine to medium grained crystalline plutonic rock with hipidiomorphic texture (Fig.3.8.b/C)
Mineral composition:
• feldspar (colorless, white, light – grey, eu-anhedral and anhedral crystals, mostly multiple twinning
plagioclase and subordinate K-feldspar – often microcline with characteristic twinning- crosshatched pattern, some feldspars show alteration to sericite );
• quartz (colorless, unaltered, anhedral crystals, with undulating extinction);
• mica (mostly colourless to brown with greenish tint biotite, with clear pleochroism, perfect clevage
in one direction, part of the grains show alteration to chlorite )
• accessory minerals ( titanite - Fig.3.8.b/D, epidote, rutile, zircon )
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LM 23 - PL Granite (Granitoide) (Fig.3.4 photo G, Fig.3.8.b, photos E&F)
Holocrystalline, medium to coarse-grained crystalline plutonic rock with hipidiomorphic texture (Fig.3.8.b/
E)
Mineral composition:
• feldspar (colorless, white, light – grey, eu-anhedral and anhedral crystals, mostly multiple twinning
plagioclase – andesine - oligoclase and subordinate K-feldspar – often microcline with characteristic
twinning- cross-hatched pattern, most feldspars show alteration to sericite);
• quartz (colorless, unaltered, anhedral crystals, with undulating extinction);
• mica (mostly colorless to brown with greenish tint biotite, with clear pleochroism, perfect clevage in
one direction, part of the grains show alteration to chlorite - Fig.3.8.b/F )
• accessory minerals ( magnetite, apatite, titanite, epidote, rutile, hematite )
LM 22 - PL Granite
(Granitoide) (Fig.3.4
photo H, Fig.3.8.b, photos
G&H)
Holocrystalline, medium to
coarse-grained crystalline
plutonic rock with
hipidiomorphic texture
( Fig.3.8.b/G) .
Mineral composition:
• feldspar (colorless,
white, light – grey,
eu-anhedral and
anhedral crystals,
mostly multiple
twinning
plagioclase andesine and
subordinate Kfeldspar – often
microcline with
characteristic
twinning- crosshatched pattern,
most feldspars
show alteration to
sericite - Fig.3.8.b/
H);
• quartz (colorless,
unaltered,
anhedral crystals,
with undulating
extinction);
• mica (small amount
muscovite –
colourless, silvery
flakes)
• accessory minerals ( magnetite, apatite, titanite, ilmenite, goethite, rutile, zircon)
LM 26-PL Mafic dyke II (Fig.3.5 photo A, Fig.3.8.c, photos A&B)
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Mafic dyke is a fine grained volcanic rock (Fig.3.8.c/A).
Mineral composition:
• feldspar (mostly plagioclase, small amount K-feldspar)
• amphibole (Fig.3.8.c/B)
• accessory minerals – (epidote, titanite, apatite)
• other, microscopically non-identifiable components
LM 21-PL Mafic dyke I (Fig.3.5 photo B, Fig.3.8.c, photos C&D)
Sample is very similar to the sample LM 20-PL. Minerals are better developed and preserved than LM 21-PL
(Fig.3.8.c/C)
Mineral composition:
• plagioclase (mostly anorthite –bytownite, small eu-anhedral crystals, colourless, white, light – grey,
some multiple twinning, part of the grains show alteration to mica (Fig.3.8.c/D)
• pyroxene (eu-anhedral crystals, do not show of pleochroism, colourless, part of the grains show
alteration – especially within the rims)
• amphibole ( mostly hornblende, green to light brown with clear pleochroism, fibrous crystals, very
strong alteration)
• Biotite – (colorless to brown, with clear pleochroism, perfect cleavage in one direction, part of the
grains show alteration to chlorite)
• accessory minerals – (epidote, Cr-magnetite, hematite)
• other, microscopically non-identifiable components
LM 20-PL Mafic dyke I (Fig.3.5 photo C, Fig.3.8.c, photos E&F)
Mafic dyke is a fine grained volcanic rock (Fig.3.8.c/E)
Mineral composition:
• plagioclase (mostly anorthite –bytownite,, small eu-anhedral crystals, colourless, white, light – grey,
some multiple twinning, part of the grains show alteration to mica (Fig.3.8.c/F)
• pyroxene (do not show of pleochroism, colorless, part of the grains show alteration)
• amphibole ( mostly hornblende, green to light brown with clear pleochroism , fibrous crystals, very
strong alteration)
• biotite (colorless to brown, with clear pleochroism, perfect clevage in one direction, part of the
grains show alteration to chlorite)
• accessory minerals (epidote, Cr-magnetite, hematite)
• other, microscopically non-identifiable components
LM 30-PL Sialic dyke (Fig.3.5 photo D, Fig.3.8.c, photos G&H)
Dyke shows micro to cryptocrystalline groundmass with single bigger grains (quartz, feldspar, rock
fragments) - (Fig.3.8.c/G)
Mineral composition:
• quartz – (colourless, unaltered, anhedral, sharp edged, mono and poli-crystalline grains)
• feldspar – (small eu-anhedral crystals, colourless, white, light – grey (Fig.3.8.c/H)
• groundmass ( microcrystalline to cryptocrystalline texture) composition: quartz, feldspar,
amphibolite, volcanic glass, a large amount of iron oxides, non-identifiable components
microscopically (Fig.3.8.c/G&H)

LM 5 –PL Basalt (Fig.3.5 photo E, Fig.3.5 photo E, Fig.3.8.d, photos A&B)
Fine –grained volcanic rocks with porphyritic texture (phenocrysts and fine grain groundmass). (Fig.3.8.d/A)
Mineral composition:
Phenocrysts:
• olivine - (eu- anhedral crystals, rounded crystals, colorless, strongly fractured and alteration , do not
show of pleochroism) (Fig.3.8.d/B)
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• plagioclase (mostly
andesine,
subordinate
anorthite colorless,
white, light – grey,
eu-anhedral,
oscillatory zoning,
multiple twinning,
of very different
size, single grains
show alteration to
sericite)
Groundmass
(holocrystalline,
microcrystalline to
cryptocrystalline texture,
composition:
• feldspar (small
euhedral crystals)
• olivine ( strongly
fractured, colorless)
• pyroxene (occurs in
minor amounts)
• amphibole (very
small amounts)
• carbonate (as a
filling of amygdales
with a radial
structure, and as a
result of the
transformation of
pyroxenes, more
than in previous
samples),
• chlorite (probably,
very small
amounts )
• accessory minerals ( small amount: Ti-magnetite, ilmenite)
• volcanic glass
• other, microscopically non-identifiable components
LM 6 –PL Basalt (Fig.3.5 photo F, Fig.3.8.d, photos C&D)
Fine –grained volcanic rocks with porphyritic texture (phenocrysts and fine grain, inter-granular texture
groundmass), (Fig.3.8.d/C)
Mineral composition:
Phenocrysts:
• olivine - (eu-anhedral crystals, rounded crystals, colorless, strongly fractured and alteration, do not
show of pleochroism) (Fig.3.8.d/D)
• plagioclase (mostly andesine - anorthite, colorless, white, light – grey, eu-anhedral, oscillatory
normal zoning, multiple twinning, of very different size, single grains show alteration to sericite)
Groundmass (holocrystalline, microcrystalline to cryptocrystalline texture, composition:
• feldspar (small euhedral crystals)
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• olivine ( strongly
fractured, colorless)
• pyroxene (occurs in
minor amounts)
• carbonate (as a filling of
amygdales with a radial
structure)
• chlorite (probably, very
small amounts, partially
altered )
• accessory minerals
( small amount: Timagnetite, ilmenite)
• volcanic glass
• other, microscopically
non-identifiable
components
LM 7 –PL Basalt (Fig.3.5 photo
G, Fig.3.8.d, photos E&F)
Fine –grained volcanic rocks
with porphyritic texture
(phenocrysts and fine grain,
inter-granular texture
groundmass). (Fig.3.8.d/E)
Mineral composition:
Phenocrysts:
• olivine - (eu -anhedral
crystals, rounded
crystals, colorless,
strongly fractured and
alteration , do not show
of pleochroism)
• plagioclase (mostly
labrador - anorthite,
colorless, white, light –
grey, eu-anhedral, multiple twinning, of very different size, single grains show alteration to sericite )
Groundmass (holocrystalline, microcrystalline to cryptocrystalline texture, composition:
• feldspar (small eu-anhedral crystals)
• olivine ( strongly fractured, colorless)
• pyroxene (occurs in minor amounts)
• carbonate (wypełniające pory, o strukturze promienistej) (Fig.3.8.d/F)
• volcanic glass
• accessory minerals ( small amount: Ti-magnetite, ilmenite)
• other, microscopically non-identifiable components

LM 31 –PL Piroclastics / volcanoclastic rock / (Fig.3.6 photo C, Fig.3.8.d, photos G&H)
Very fine grain rock with very fine bedding ? (Fig.3.8.d/G)
Micro to cryptocrystalline groundmass consists mostly of
• Quartz (sharp-edged crystals)
• Feldspar
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• opaque minerals, a large amount of iron oxides
• Non-identifiable components microscopically
• Volcanic glass?

LM 4 –PL Lacustrine I series / volcanoclastic rock / ( Fig.3.6 photo D, Fig.3.8.e, photos A&B)
Very fine grain rock (Fig.3.8.e/A)
Micro to cryptocrystalline groundmass consists mostly of:
• Feldspar (mostly plagioclase multiple twinning, show alteration to sericite and sieve texture)
• Quartz (sharp-edged crystals)
• amphibole
• opaque minerals, a large amount of iron oxides
• Non-identifiable components microscopically
• Volcanic glass?
LM 8 –PL Lacustrine I
series / volcanoclastic rock /
(Fig.3.6 photo E, Fig.3.8.e,
photos C&D)
Very fine grain volcanogenic
rock (Fig.3.8.e/C)
Micro to cryptocrystalline
groundmass consists mostly
of:
• Feldspar (mostly
plagioclase multiple
twinning, show
alteration to sericite
and sieve texture)
• Rock fragments
(basalts)
• Quartz (sharp-edged
crystals with
undulating extinction)
(Fig.3.8.e/D)
• amphibole
• opaque minerals, a
large amount of iron
oxides
• Non-identifiable
components
microscopically
• Volcanic glass

LM 33 –PL Lacustrine I
series/ volcanic rock/ (Fig.3.6
photo F, Fig.3.8.e, photos
E&F)
Fine –grained volcanic rocks
with porphiritic texture
(phenocrysts and fine grain groundmass) (Fig.3.8.e/E)
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Mineral composition:
Phenocrysts:
• plagioclase ( colorless, white, light – grey, eu-anhedral, oscillatory zoning, multiple twinning, of very
different size, single grains show alteration to sericite and small inclusions);
• pyroxene (probably augite, euhedral and eu-anhedral colorless, do not show of pleochroism, two
directions of perfect cleavage, sometimes twinning, more cracked and alteration, strongly fractured
Groundmass (holocrystalline, microcrystalline, inter-granular texture) composition:
• feldspar
• pyroxene
• olivine (occurs in minor amounts, strongly fractured, colorless) (Fig.3.8.e/F)
• amphibole
• opaque minerals
• other, microscopically non-identifiable components
LM 9-PL Dacites (Fig.3.6 photo G, Fig.3.8.e, photos G&H)
Fine –grained volcanic rocks with porphyritic texture (phenocrysts and fine grain groundmass. (Fig.3.8.e/G)
Mineral composition:
Phenocrysts:
• plagioclase - ( colorless, white, light – grey, eu-anhedral, oscillatory zoning, multiple twinning, of
very different size, single grains show alteration to sericite, sieve texture)
• pyroxene - (probably augite, euhedral and eu-anhedral colorless, do not show of pleochroism, two
directions of perfect cleavage, sometimes twinning, more cracked and alteration, strongly fractured)
(Fig.3.8.e/H)
• quartz – ( small anhedral colorless monocrystaline grains)
Groundmass – (microcrystalline to cryptocrystalline texture) composition:
• feldspar
• pyroxene
• amphibole
• other, microscopically non-identifiable components
LM 10-PL Dacite (Fig.3.6 photo H, Fig.3.8.f, photos A&B)
Fine –grained volcanic rocks with porphyritic texture (phenocrysts and fine grain groundmass. (Fig.3.8.f/A)
Mineral composition:
Phenocrysts:
• plagioclase - ( colorless, white, light – grey, eu-anhedral, oscillatory zoning, multiple twinning, of
very different size, single grains show alteration to sericite, sieve texture) (Fig.3.8.f/B)
• pyroxene - (probably augite, euhedral and eu-anhedral colorless, do not show of pleochroism, two
directions of perfect cleavage, sometimes twinning, more craced and alteration, strongly fractured
• amphibole ( mostly hornblende, euhedral and eu-anhedral, brown with clear pleochroism crystals,
two directions of perfect cleavage, sometimes twinnings)
Groundmass – (microcrystalline to cryptocrystalline texture) composition:
• feldspar
• pyroxene
• amphibole
other, microscopically non-identifiable components
LM 36 –PL Lacustrine II / volcanoclastic rock/ (Fig.3.7 photo A, Fig.3.8.f, photos C&D)
Very fine grain rock – similar to LM 34-PL (Fig.3.8.f/C)
Micro to cryptocrystalline groundmass consists mostly of:
• Feldspar (mostly plagioclase multiple twinning, show alteration to sericite and sieve texture) (Fig.
3.8.f/D)
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• Rock fragments
(basalts)
• Quartz (?)
• Accessory minerals (
very small amount:
epidote, pyroxene,
amphibole)
• opaque minerals
• Non-identifiable
components
microscopically
• Volcanic glass?
LM 35 –PL Lacustrine II /
volcanoclastic rock/ (Fig.3.7
photo B, Fig.3.8.f, photos
E&F)
Very fine grain rock (Fig.
3.8.f/E)
Micro to cryptocrystalline
groundmass consists mostly
of:
• Feldspar (mostly
plagioclase) (Fig.
3.8.f/F)
• Quartz (?)
• opaque minerals
• Non-identifiable
components
microscopically
• Volcanic glass?

LM 34 –PL Lacustrine II /
volcanoclastic rock/ (Fig.3.7
photo C, Fig.3.8.f, photos
G&H)
Very fine grain rock with fine bedded and in places fluidal texture. (Fig.3.8.f/G)
Micro to cryptocrystalline groundmass consists mostly of:
• Feldspar (mostly plagioclase)
• Rock fragments (basalts)
• Quartz (?)
• Accessory minerals ( very small amount: epidote, pyroxene, olivine?) (Fig.3.8.f/H)
• opaque minerals
• Non-identifiable components microscopically
• Volcanic glass?
LM 1-PL (Las Minas – andesites I flow) (Fig.3.7 photo D, Fig.3.8.g, photos A&B)
Fine –grained volcanic rocks with porphiritic texture (phenocrysts and fine grain groundmass) (Fig.3.8.g/A)
Mineral composition:
Phenocrysts:
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• plagioclase (mostly andesine, colourless, white, light – grey, eu-anhedral, oscillatory zoning, multiple
twinning, of very different size, single grains show alteration to sericite and sieve texture) (Fig.3.8.g/
B); in comparison to sample LM2-PL and LM3-PL, phenocrystals are larger and better preserved
• rock fragments (mostly volcanic rocks – basalts)
• pyroxene (probably augite, euhedral and eu-anhedral colorless, do not show of pleochroism, two
directions of perfect cleavage, sometimes twinning, more craced and alteration, strongly fractured )
• quartz (occurs in minor amounts, strongly fractured, undulatory extinction)
Groundmass (holocrystalline,
microcrystalline to
cryptocrystalline texture,
composition:
• feldspar
• pyroxene
• olivine (occurs in minor
amounts, strongly
fractured, colorless)
• accessory minerals
(zircon - mostly as
inclusions in feldspars)
• other, microscopically
non-identifiable
components

LM 3-PL (Las Minas – andesites
I flow) (Fig.3.7 photo E, Fig.
3.8.g, photos C&D)
Fine –grained volcanic rocks
with porphiritic texture
(phenocrysts and fine grain
groundmass) (Fig.3.8.g/C)
Mineral composition:
Phenocrysts:
• plagioclase (mostly
andesine, colourless,
white, light – grey, euanhedral, oscillatory
zoning, multiple
twinning, of very
different size, single
grains show alteration to
sericite)
• rock fragments (mostly volcanic rocks – basalts)
• pyroxene (probably augite, euhedral and eu-anhedral colorless, do not show of pleochroism, two
directions of perfect cleavage, sometimes twinning, more craced and alteration, strongly fractured )
(Fig.3.8.g/D)
• olivine (occurs in minor amounts, strongly fractured, colorless)
• quartz (occurs in minor amounts, strongly fractured, undulatory extinction)
Groundmass (holocrystalline, microcrystalline to cryptocrystalline texture, sometimes fluidal texture
composition:
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• feldspar
• pyroxene
• olivine
• other, microscopically non-identifiable components
LM 2-PL (Las Minas – andesites I flow) (Fig.3.7 photo F, Fig.3.8.g, photos E&F)
Fine –grained volcanic rocks with porphiritic texture (phenocrysts and fine grain groundmass) (Fig.3.8.g/E)
Mineral composition:
Phenocrysts:
• plagioclase (mostly andesine, colourless, white, light – grey, eu-anhedral, oscillatory zoning, multiple
twinning, of very different size, single grains show alteration to sericite) (Fig.3.8.g/F)
• rock fragments (mostly volcanic rocks – basalts)
• pyroxene (probably augite, euhedral and eu-anhedral colorless, do not show of pleochroism, two
directions of perfect cleavage, sometimes twinning, more craced and alteration, strongly fractured )
• olivine (occurs in minor amounts, strongly fractured, colorless)
Groundmass (holocrystalline, microcrystalline to cryptocrystalline texture, sometimes fluidal texture
composition:
• feldspar
• pyroxene
• olivine
• non-identifiable components microscopically
• a large amount of iron oxides
LM 11-PL (Las Minas – andesites II flow) (Fig.3.7 photo G, Fig.3.8.g, photos G&H)
Fine –grained volcanic rocks with porphiritic texture (phenocrysts and fine grain groundmass) – very similar
to LM12-PL(Fig.3.8.g/G)
Mineral composition:
Phenocrysts:
• plagioclase (mostly andesine, colourless, white, light – grey, eu-anhedral, oscillatory zoning, multiple
twinning, of very different size, single grains show alteration to sericite)
• rock fragments (mostly volcanic rocks – basalts) (Fig.3.8.f/g)
• piroxene (probably augite, euhedral and eu-anhedral colorless, do not show of pleochroism, two
directions of perfect cleavage, sometimes twinning, more craced and alteration, strongly fractured)
Groundmass (holocrystalline, microcrystalline to cryptocrystalline texture) composition:
• feldspar
• pyroxene
• accessory minerals (zircon – mostly as inclusions in feldspars)
• non-identifiable components microscopically
• other, microscopically non-identifiable component

LM 12-PL (Las Minas – andesite II flow) (Fig.3.7 photo H, Fig.3.8.h, photos A&B)
Fine –grained volcanic rocks with porphyritic texture (phenocrysts and fine grain groundmass) (Fig.3.8.h/A)
Mineral composition:
Phenocrysts:
• plagioclase (mostly andesine, colourless, white, light – grey, eu-anhedral, oscillatory zoning, multiple
twinning, of very different size, single grains show alteration to sericite)
• rock fragments (mostly volcanic rocks – basalts (Fig.3.8.f/B)
• pyroxene (probably augite, euhedral and eu-anhedral colorless, do not show of pleochroism, two
directions of perfect cleavage, sometimes twinning, more craced and alteration, strongly fractured )
• olivine (occurs in minor amounts, strongly fractured, colorless)
Groundmass (holocrystalline, microcrystalline to cryptocrystalline texture) composition:
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• feldspar
• pyroxene (these small crystals have a compositions similar to the phenocrysts)
• non-identifiable components microscopically
• a large amount of iron oxides
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3.3. RESULTS OF THE U-Pb ISOTOPE ZIRCON DATINGS
Methods
The 27 sample of lava flows, pyroclastic rocks, dykes and granitic rocks were chosen for
zircon separation (Table 3.2). Those samples were collected during field trip in March 2018,
additionally four samples sent in 2017 were analysed.
Table 3.2 List of analyzed samples for U-Pb zircon datings from Las Minas exhumed system
No

Sample
name

Rock type /
Lithostratigraphy

Separation

Zircons

Mount

SHRIMP

LM-12

Andesites III flow

x

x

GE01

x

LM-11

Andesites II flow

x

x

GE01

x

LM-2

Andesites I flow

x

x

GE01

x

LM-3

Andesites I flow

x

x

GE01

x

LM-1

Andesites I flow

x

x

GE01

x

LM-34

Lacustrine II

x

x

GE01

x

LM-35

Lacustrine II

x

x

GE01

-

LM-36

Lacustrine II

x

x

GE01

x

LM-10

Dacites

x

x

GE01

x

LM-9

Dacites

x

x

GE01

x

LM-33

Lacustrine I

x

x

GE01

x

LM-8

Lacustrine I

x

x

GE02

-

LM-4

Lacustrine I

x

x

GE01

x

LM-31

Pyroclastics

x

x

GE01

x

LM-27

Ignimbrite

x

x

GE01

x

Toba 5
senores

Ignimbrite

x

x

MP16

x

LM-7

Basalts

x

x

GE01

x

LM-6

Basalts

x

x

GE01

x

LM-5

Basalts

x

-

-

-

LM-30

Sialic dyke

x

-

-

-

LM-20

Mafic dyke I

x

x

GE01

x

LM-21

Mafic dyke I

x

x

GE01

x

LM-22

Granites

x

x

GE02

x

LM-23

Granites

x

x

GE02

x

LM-24

Granites

x

x

GE02

-

analyse
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LM-25

Granites/aplites

x

x

GE02

-

LM-26

Mafic dyke II?

x

x

GE01

x

LM-28

Q-Diorite

x

x

GE02

x

TMG-17

Granodiorite

x

x

MP16

x

TMG-10

Granite

x

x

MP16

x

TMG-8

Gabbro

x

x

MP16

x

Zircons were separated using conventional heavy liquid and magnetic techniques. Two
samples of basaltic rocks (LM-5) and mafic dyke (LM-30) were out of zircons. Hand-picked zircons
from the studied other samples, and several grains of the TEMORA standard and two grains of the
91500 zircons standard were cast into two epoxy mounts. These were polished and observed
using optical (reflected and transmitted light) then imaged by cathodoluminescence (CL) using a
Hitachi SU3500 scanning electron microscope. The CL images were used to characterize the
zircon grains and select locations for isotope analyses. The outer rims and inherited zircons were
analyzed. All samples were analyzed using the SHRIMP IIe/MC ion microprobe in the Micro-area
Analysis Laboratory of Polish Geological Institute – NRI. The applied analytical procedure was
based on those described by Williams and Claesson (1987).
Analytical conditions used for investigation was as follow: 3 nA negative O2ˉ primary ion
beam focused to ca. 25 µm diameter spot; mass resolution ca. 5500; isotope ratio measurement
by single electron multiplier and cyclic peak stepping. The selected spots were analysed over
seven scans (196Zr2O - 2s; 204Pb - 5s; 204.1background - 5s; 206Pb - 20s; 207Pb - 15s; 208Pb 15s; 238U - 10s; 248ThO - 5s; 254UO - 5s). The TEMORA standard was measured every three
spots.
The data for the zircons were reduced in a manner similar to that presented by Williams
(1998, and references therein), using the SQUID Excel Macro of Ludwig (2000). Diagrams and
conventional concordias were prepared using ISOPLOT/EX (Ludwig 2003). Ages (206Pb/ 238U)
were calculated using the constants recommended by the IUGS Subcommission on
Geochronology (Steiger & Jäger 1977).
Three samples will be repeated according to wrong TEMORA results. The results of our
studies are listed in Appendix 3.1.

Results
Granites
The zircon populations recovered from sample LM-22 is homogenous (Fig.3.9.a). The size of
zircon grains varies between 80 and 250 μm in length, and 40 up to 60 μm in width with an aspect
ratio ranging from 1.75 up to 3.2. Generally, they are transparent, pale-coloured, doublyterminated prismatic crystals (Fig. 3.9.a-B). Almost all crystals are characterized by presence of
well-developed growth zoning. Some of them contain inherited cores. There are noticed single,
unzoned in CL images, elongated prismatic crystals. The zircons with evidence of dissolution are
not observed.
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Most of the analysed crystals have Permian/Caroniferous ages, where two intervals of
highest frequency (c.a. 290 Ma and 320 Ma) can be observed (Fig. 3.9.a-A). The SHRIMP results
are concordant for each population and form two clusters (Fig. 3.9.C). The mean age calculated
for younger population is 289.4±5.3 Ma (MSWD=0.3, probability = 0.59; n=7; Fig. 3.9.a-D),
whereas that for older is 320.2±4.8 Ma (MSWD=0.49, probability = 0.49; n=8; Fig. 3.9.a-E).
Evidently younger (two crystals) and older ages were defined only for single crystals. They
correspond to c.a. 12.7, 14.0, 624, 962 and 980 Ma. The youngest zircon are euhedral, unzoned
crystals, without inherited cores. The oldest ages are characterized for rims of inherited crystals,
rarely for cores.
The zircons from sample LM-23 are also euhedral, prismatic crystals without evidence of
dissolution. Most of them have inherited cores (Fig. 3.9.a-G). The zircons are very similar to the
previous sample as well as SHRIMP results. The obtained dates are concordant and form two
clusters (Fig. 3.9.a-F). The mean age calculated for younger population is 285.4±3.2 Ma
(MSWD=0.00065, probability = 0.98; n=4; Fig. 3.9.a-H), whereas that for older is 321.2±3.6 Ma
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(MSWD=0.003, probability = 0.96; n=6; Fig. 3.9.a-I)). The inherited zircons as well as cores gave
much higher ages of c.a. 480 Ma, 778 Ma, 948 Ma, 1052 Ma, 1165 Ma, 1244 Ma. Only one
analyzed zircon grains has younger age – 13.9 Ma.

Q-diorites
The zircons recovered from Q-diorite (sample LM-28) are very uniform population. The size
of zircon grains varies between 120 and 600 μm in length, and c.a 120 μm in width with an aspect
ratio ranging from 1 up to 5 (Fig. 3.9.b-B). Typically, the zircons are transparent, pale-coloured with
inclusions of opaque minerals. The zircons are elongated, prismatic with weak concentric zoning.

Most of them have euhedral terminations. The inherited zircons or cores are not observed.
The calculated mean age is 16.97±0.86 Ma with very high MSWD and very low probability
(Fig. 3.9.b-A). However, the obtained results define a discordia line that yields a lower intercept
age of 17.18±0.83 Ma with low, slightly overestimated MSWD.
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Mafic dyke
Three samples (LM-20, LM-21 and 26) from mafic dykes were analyzed. Only few zircons
from each sample were recovered (Fig. 3.9.b –E,F). The size of zircon crystals varies between 50
and 80 μm in length, and c.a 40 μm in width. The crystals are transparent, weakly oscillatory zoned
on CL images (sample LM-20 and LM-21). Some of them have inherited cores. The zircons from
sample LM-26 are slightly differ. Most of them are anhedral with cores (Fig. 3.9.b-D).
The obtained ages of single zircons are 11.2 and 16.5 Ma (LM-20) and 14 Ma (LM-21)
whereas the analyzed core has Carboniferous age (332 Ma). The calculated mean age for zircons
from mafic dyke (LM-26) is 15.39±0.35 Ma (Fig. 3.9.b-C).
Basalts
The zircons were separated from three samples of basalts: LM-5, LM-6, LM-7. The first zircon
grain was found in sample LM-6 (inherited, anhedral, without any zonation, 40 μm in length
zircon), the second from sample LM-7 (euhedral with growithing up zonation, 70 μm in length
zircon was recovered from sample LM-7. The obtained age of zircon from sample LM-6 is 1337 Ma
whereas for the zircon from the second sample is 11.1 Ma.
Ignimbrites
The zircons recovered from non-welded ignimbrite (LM-27) are very uniform population
containing transparent, pale-coloured crystals. Almost all crystals have sharp euhedral
terminations and oscillatory zonation very well visible on CL images (Fig. 3.9.c-B). The crystals
were not destroyed during the eruption. They range from 120 up to 160 μm in length and 40-60
μm in width, with average aspect ratio about 3.
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The calculated mean age is 16.23±0.57 Ma with very high MSWD and very low probability
(Fig. 3.9.c-A). However, the obtained results define a discordia line that yields a lower intercept
age of 15.69±0.23 Ma with low, slightly overestimated MSWD.

Pyroclastic rocks
The zircons separated from volcanoclastic (pyroclastic; LM-31) rocks are homogenous
population. Typically, the zircons are transparent, pale-coloured and contain inclusions of opaque
minerals.. Most of them are anhedral, unzoned to weakly zoned (Fig. 3.9.c-D). Only few crystal are
elongated. The size of zircon grains varies between 60 and 120 μm in length and 40 up to 60 μm
in width with an aspect ratio ranging from 1 up to 3 for elongated crystals.
The SHRIMP results are not concordant. A discordia line through results of analyses of
volcaniclastic zircons yields lower intercepts of 2.34±0.26 Ma (Fig. 3.9.c-C).

Lacustrine sediments I
The zircons were separated from three samples of lacustrine sediments containing
volcaniclastic/pyroclastic material: LM-4, LM-8 and LM-33. However, only sample no LM-4 and
LM-33 were analysed. The sample LM-4 contain only few zircons which are not uniform population
(Fig.3.9.d-B). The size vary from 40 up to 160 μm in length, some of them are rounded. There are
observed the whole spectrum of texture from zoning crystal, crystals with inherited cores as well
as grains with opaque inclusions. Generally the grains appear to be colourless and transparent.
The second sample (LM-33) contain also not homogenous population of zircon crystals and
fragments of crystals (Fig.3.9.d-D). The zircon grain range form 60 up to 280 μm in length. There
are observed rounded as well as euhedral, prismatic crystals. Some of them are elongated.
According to presence of inherited grains and cores, the textures of zircon are variable.
The obtained SHRIMP results are not concordant. A discordia line through results of analyses
of sample LM-4 yields lower intercepts of 1.63±0.21 Ma ((Fig.3.9.d-A). The second sample was
divided into two clusters. The intercept age calculated for young zircons is 2.06±0.14 Ma (Fig.
3.9.d-C), whereas for inherited zircons and cores is 276.5±1.6 Ma (Fig.3.9.d-E). Some of inherited
zircons are older c.a. 948 or 1044 Ma (Fig.3.9.d-D).

Dacites
Two samples of dacite (LM-9 and LM-10) were separated. The recovered zircons are not
uniform populations. The first sample (LM-9) contains transparent, anhedral, zircons or fragments
of zircons up to 200 μm in length (Fig.3.9.e-B). Some of these zircons are slightly rounded. There
are observed the whole spectrum of texture e.g. oscillatory or sector zoning crystal as well as
crystals with inherited cores. The second sample contain even bigger crystals, even up to 400 μm
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in length. There are a lot of inherited grains or crystals with cores with evidence of
dissolution (Fig.3.9.e-D). Some of them have growing up zoning visible on CL images.
A discordia line through results of analyses of first sample yields lower intercepts of
1.39±0.79 Ma, whereas for the second sample it was possible to construct discordia line only for
inherited crystals, which yields lower intercept of 314.5±4.3 Ma.
Lacustrine sediments II
The zircons were separated from three samples of lacustrine sediments containing
volcaniclastic/pyroclastic material: LM-34, LM-35 and LM-36. However, only sample no LM-34 and
LM-36 were analysed. The sample LM-34 contain only few, anhedral, relatively small (up to 80 μm
in length) zircons. The zircons recovered from sample LM-36 are euhedral, double-terminated,
prismatic, colour-less crystals with oscillatory zoning. Some of them contain inclusions, rarely
inherited cores.
The calculated mean age for zircons from sample LM-36 is 1.39±0.09 Ma (Fig.3.9.d-F).
Andesitic lava flows
The five samples of andesitic lava flows from the upper part of profile were analysed: 3
samples from the first lava flow (LM-1, LM-2; LM-3), one sample form the second lava flow (LM-11)
and from the third lava flow (LM-12). The zircons were separated from all chosen samples.
All zircon populations (LM-1,2,3) from the first lava flow are homogenous (Fig. 3.9.f-B,D,E).
The size of zircon grains varies between 80 and 120 μm in length, rarerly up to 200 μm in length
and 40 up to 60 μm in width with an aspect ratio ranging from 1.4 up to 2.5. Typically, the zircons
are transparent, pale-coloured. Most of them are anhedral, unzoned to weakly zoned. Only few
crystal from samples LM-1 and LM-3 are inherited or has cores.
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The zircons recovered from second (LM-11) and third (LM-12) lava flow are not numerous
populations. The crystals from second lava flow are homogenous, from 60 up to 160 μm in length,
and about 60 μm in width with an aspect ratio ranging from 1.2 up to 2 (Fig. 3.9.f. G). Those

zircons are transparent, anhedral, rarely elongated, with weakly noticed growing up zoning
texture. There are not observed inherited zircons and even cores (only one zircon from 51
separated has inherited core). The four zircons separated form upper most andesitic lava flows are
80-90 μm in length, 50-60 μm in width with average aspect ratio about 1.5.
The SHRIMP results are not concordant for each population. The mean age calculated only
for one zircon population (LM-3) from the first andesitic lava flow is 1.17±0.50 Ma (MSWD – 4.5,
probability – 0.034; Fig. 3.9.f-F). Zircons analyses for samples LM-1 and LM-2 define a discordia
line that yields a lower intercept age of 1.48±0.23 Ma and 1.43±0.5 Ma respectively (Fig. 3.9.f-
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B,D). The inherited zircons or cores found within the first lava flow provide ages of c.a. 320-327
Ma, 340 Ma, 693 Ma (for detail see appendix 3.1).
A discordia line through results of analyses of second andesitic lava flow yields lower
intercepts of 1.47±0.32 Ma (Fig. 3.9.f-H). The ages for single crystals from the third andesitic lava
flows vary from 1.2 up to 3.1 Ma.

Additional samples
Four additional samples were analysed: TMG-8 (gabbro), TMG- 10 (granite), TMG-17
(granodiorite) and TOBA-5 (ignimbrite). According to very small volume of sample, only few zircon
grains from each was possible to recovered. The calculated mean age for gabrro (TMG-8; Fig.
3.9.g-A) is 14.75±0.96 Ma, whereas for silica rich samples: TMG-10 and TMG-17 – 4.98±0.87 Ma

and 3.79±0.73 Ma, respectively (Fig. 3.9.g-B,C). The ignimbrite from Toba contains discordant
zircons of 2.4 Ma, 2.7 Ma, 3.1 Ma, 3.6 Ma as well as inherited zircons of age c.a. 165 and 327 Ma.
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3.4. RESULTS OF THE PALEOMAGNETIC INVESTIGATIONS

Material and methods
14 hand samples oriented to the geomagnetic north were taken from the volcanogenic
rocks and lacustrine sediments cropping out along the road to Las Minas. This samples
set was supplemented by six cores drilled in the field by a portable drill (Tab. 1).
Moreover, nine hand samples were extracted from underlying granites, q-diorites and
dykes. All samples were cut to cylindrical specimens one inch in diameter and 22 mm
long. The andesites and dacitic lavas forming upper part of the studied section (Fig.
3.10a) were dated in other localities of the Los Humeros geothermal field at 1.55 – 3.5 Ma
(Carrasco-Núñez et al., 2017). This volcanic succession was defined as the Upper pre-
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Caldera Unit of the Pre-Caldera Group (op. cit.). The basalts underlying andesites and
dacites could be correlated with the Basal pre-Caldera unit compared with the Miocene
rocks of Cerro Grande volcanism (8.5 – 11 Ma) (op. cit., Carrasco-Núñez et al., 1997) but
this correlation is not so evident because they are cut by the mafic dykes known from the
pre-volcanic basement. This basement is composed of Mesozoic carbonates
accompanied by the intrusions of diabase rocks and granodiorite. Both types of rocks
regarded as younger than the Mesozoic were sampled for palaeomagnetic studies. The
stratigraphic position of granites from the Las Minas section is not well constrained. They
are overlying by the Mesozoic carbonates and shales metamorphosed to different grades.
The natural remanent magnetization (NRM) was measured using a JR-6A spinner
magnetometer (AGICO Brno) with a noise level of about 0.3 x 10-5A/m. 18 specimens
were subjected to stepwise alternating field (AF) demagnetization with amplitude up to
100 mT. The rest of them were demagnetized thermally in the non-magnetic furnace
MMTD1 of Magnetic Measurements (UK). The AF demagnetizations were conducted
using a Molspin device. After each thermal demagnetization step the magnetic
susceptibility signal was monitored. The NRM measurements and demagnetizations were
carried out in the MMLFC shielded room of Magnetic Measurements. Demagnetization
results were analysed using orthogonal vector plots (Zijderveld 1967), and directions of
linear segments were calculated using principal component analysis (Kirschvink 1980). The
magnetic susceptibility and its anisotropy were measured by means of a MKF1-FB bridge
(AGICO Brno) and resulting AMS fabrics were computed using the ANISO program
(Jelinek 1977). The obtained magnetic polarity pattern was drawn along the sections and
compared with the global polarity-time scale (GPTS) of Gradstein et al. (2012). As tie
points of this correlation the U-Pb isotope ages od zircon grains separated from the same
hand samples were used.
The main goal of this work was to refine the chronostratigraphy of magmatic rocks from
the Las Minas section at Los Humeros geothermal field using a combination of SHRIMP UPb (Table 3.3) isotope ages and magnetostratigraphic data. Magnetostratigraphy was
used here as a control tool for isotope data because U-Pb ages can somethimes come
from the zircon grains that crystalized significantly earlier than the magma emplacement.
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Results of AF and thermal demagnetizations
Almost all studies samples were strongly magnetized. The intensity of NRM ranged from 0.97 to
13.2 A/m for andesitic rocks, from 1.2 to 7.1 A/m for dacites, from 0.79 to 5.12 A/m for basalts,
from 2.6 to 21.8 A/m for mafic dykes, and reached only 0.68 A/m in the granites. In most of
samples,

the NRM was demagnetized in temperatures of about 550oC or alternating field of

amplitude not higher than 100 mT, where more than 80% was removed (Appendix 3.2). The
structure of NRM of these samples is very simple. After removing of low coercivity/temperature
magnetization in the fields/temperatures not higher than 20 mT and 200oC, respectively, only one
distinct characteristic component with shallow inclination remained. This component has a
negative inclination and declination close to 180o or a positive inclination and declination near 0o
(Fig. 3.10b). It should be stressed, however, that part of samples displays different
demagnetization behavior. In spite of this fact, some of them contains the same characteristic
component as these with unblocking temperatures of about 550oC. Two samples of granite reveal
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the presence of complex magnetization. One NRM component with reversed polarity was
removed in the field of about 20 mT or temperature as high as 350oC (Appendix 3.2, samples
LM23A, LM23B, LM22). The second component with unblocking temperatures between 550 and
600oC is of normal polarity but similar location on the sphere. Both components corresponds to
the directions of magnetization noted in the samples with single-component nature of NRM. The
same demagnetization behavior can be observed in the sample LM28B taken from q-diorite.
Another sample from the granite (Appendix 3.2, sample LM24A) contains medium-temperature
component but with very steep inclination (75o) that is not in agreement with general frames of
paleogeography of this part of Mexico during the last 350 Ma. Anomalous direction with the
declination of about 270o was also isolated from the sialic dyke (Appendix 3.2, samples LM30 and
LM30B). Two magnetic carriers of the same component occur in the samples LM26A and LM26B
taken from the mafic dyke. In these samples about 90% of NRM was removed at temperatures
300 – 350oC but the rest of magnetization was eliminated at 550oC. Two andesite samples
(LM1A, LM12A) contain a high-coercivity magnetic carrier. In the alternating field of amplitude as
high as 100 mT they lost 40 – 60% of their initial magnetization only. A very unstable
magnetization was observed in the sample LM5B from basalt (Appendix 3.2). It lost 95% of NRM
at temperatures of about 300oC and stable palaeomagnetic direction was observed up to 200oC
only.

Anisotropy of magnetic susceptibility
Results of measurements of anisotropy of magnetic susceptibility (AMS) are
summarized in Appendix 3.3. The axes of AMS presented in Fig. 3.10c-1 are extremely
dispersed because they were calculated for different type and structure of rocks i.e.
magma flows, dykes and pluton. It should be stressed, however, that in most of
specimens the values of magnetic susceptibility and anisotropy parameter are enclosed in
quite narrow interval (Fig. 3.10c-2). The values of shape parameter T in most of samples
are positive reflecting dominance of foliation parameter (Fig. 10c-3). Significantly higher
values of magnetic susceptibility and extremely high foliation are characteristic for the
sample LM21 that was taken from the mafic dyke.
The AMS axes from limited number of andesite and dacite samples are grouped well.
The maximum susceptibility axes have the mean azimuth directed to the SSW and shallow
inclination. The minimum susceptibility axe with moderate to steep inclinations are
imbricated in the opposite direction (Fig. 10.3c-1). This indicates that the lava flows
moved generally to the north and their source were south or south west of the sampling
localities. For more precise estimation of position of magmatic centre, additional studies
of AMS involving more samples and localities should be undertaken.
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Interpretation of palaeomagnetic directions and correlation of magnetic polarities with the GPTS
The unblocking temperature of ca. 550oC suggests that magnetite is the main carrier of
characteristic component of NRM in most of studied samples. The second, medium temperature
component that occurs in some samples is carried by pyrothite or titanomagnetite.
According to the U-Pb isotope data the granitic rocks from Las Minas were emplaced ca. 320 –
285 Ma ago. In spite of complex nature of NRM there is no evidence for Permian - Carboniferous
palaeomagnetic component in the studied samples. Such a component, characteristic for this part
of N America, should have palaeodeclination significantly (ca. 40-50o) rotated with respect to the
direction of present-day north (e.g. Torsvik et al., 2012). The Apparent Polar Wander Path for N
America in its Cenozoic segment displays a very short relocation of paleopole only. The
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paleopoles from the last 30 Ma recalculated to the palaeodirections in the Las Minas coordinates
are presented in Fig. 3.10d. The characteristic directions of both polarities isolated from the
andesites, dacite and mafic dyke that cut the basalts were averaged to the mean palaeodirection
that was compared with the apparent palaeodirection wander path characteristic for N America
during the last 30 Ma (Fig. 3.10d). Our mean paleodirection fits quite well to the presented
segment of the reference path. It means that all characteristic directions isolated in this work

reflect the real geomagnetic field from that time. All specimens from andesites, dacite and
lacustrine sediment were magnetized during reversed polarity geomagnetic field. They form one
consisted reversed polarity magnetozone (Fig. 3.10a). Bearing in mind the magnetic polarity and
U-Pb ages of zircons from these rocks, their emplacement should be constrained to the reversed
polarity zones of the Matuyama polarity chron, enclosed between 0.78 and 1.8 Ma (Fig. 3.10e).
However, if we take into consideration the concordia and intercept ages only, then this age
interval can be narrowed to 1.38 ± 0.12 Ma. Only reversed polarity noted in all samples can speak
for relatively short time of magmatic activity.
The mafic part of the Las Minas section was magnetized by the normal polarity geomagnetic
field. The normal polarity characteristic directions of NRM were isolated here from the basalt flows
and are also typical for the mafic dyke (Fig.3.10a). It cannot be excluded that both magmatic
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bodies were emplaced during the same normal polarity zone. The mean (concordia) age
calculated for the mafic dyke (15.41 Ma) fits with limits of error to the normal polarity zone that
occur inside predominantly reversed polarity chron C5B (Fig. 3.10e). A single zircon grain from the
topmost part of basalts gave ca. 4 Ma younger age. Frequent changes of geomagnetic polarities
in the Miocene and not so consistent U-Pb data, based on very limited zircon crystals, make
unable any precise correlation of mafic rock from the Las Minas section with the GPTS. A normal
polarity record and Miocene U-Pb ages are also characteristic for the q-diorite sampled near the
zone of skarns and overlying Cretaceous carbonates. Because of large error of U-Pb age, this
record cannot be unequivocally correlated with the GPTS (Fig. 3.10e). On the other hand, a single
polarity record characteristic for all samples from studied dark rocks can suggest a short time for
this phase of magmatic activity in the Miocene when changes of magnetic polarity are very
frequent.
Palaeomagnetic properties of samples taken from the granites and aplite that form the basement
of the Las Minas succession differ from these found in the rest of samples. Sample LM25 from the
aplite contains reversed polarity direction but with abnormal high inclination. This reversed

93

polarity with the U-Pb age of aplite (c.a. 306 Ma) is not, however, in disagreement with almost fully
reversed Late Carboniferous part of the GPTS. The medium temperature component from two
samples of granite (LM22, LM23) is also of reversed polarity but its declination close to 180o
speaks rather for a secondary, most probably Miocene origin of this magnetization. In these
samples the single zircon grains of Miocene U-Pb age were found (Fig. 3.10a). The high
temperature component that occurs in all samples of granite and was also disclosed in the sample
LM28 from diorite is of normal polarity. The U-Pb age of diorite (14 – 17 Ma) and declination not
rotated with respect to the N-S direction can speak for its Miocene age. The same normal polarity
of the high temperature component isolated from granites and diorite can indicate that
emplacement and magnetization of diorite, and total remagnetization of granites could take place
in Miocene during relatively short event.
3.5 SUMMARY
The geochronology of pre-caldera volcanic rocks, mafic dykes, diorites and granites of the regional basement from the
Las Minas exhumed system was studied using the U-Pb single-grain zircon analyses performed on a SHRIMP IIe device
and magnetostratigraphy. The SHRIMP II-e U-Pb analyses were conducted on 23 zircon populations extracted from
these rocks and interbedded lacustrine sediments. Studies of 26 independently oriented palaeomagnetic samples gave
the characteristic directions and magnetic polarities in all types of magmatic rocks. Additionally the anisotropy of
magnetic susceptibility of samples from the lava flows was analyzed in order to define the direction of magma transport.
Mineralogical content of sampled rocks was studied using optical microscope (26 thin sections) and EPMA (10 mounts).
Three stratigraphic units of the pre-caldera basement rocks from the Las Minas exhumed system were studied using
the U-Pb isotope dating of single zircon grains and magnetostratigraphy. The granites forming the regional basement
known as the Teziutlán Massif with K-Ar maximum age of 246 Ma (Yáñez and García, 1982, see Carrasco-Núñez et al.,
2017a) in fact were intruded during the Carboniferous (new U-Pb ages: 321 ± 3.6 M, 320 ± 4.8 Ma, 305.8 ± 3.1 Ma). The
Early Permian population of zircons (U-Pb ages: 289 ± 5.3 Ma, 285.4 ± 3.2 Ma) is also characteristic for these rocks.
This may indicate that they were affected by high-temperature processes forming new zircon grains.
The Mesozoic sedimentary sequence of the Las Minas area is intruded by younger granite and granodiorite, and in
some places cut by the mafic dykes. The U-Pb zircon data for these granites gave an age of 15.12 ± 0.64 Ma (CarrascoNúñez et al., 2017a). The new U-Pb age estimation of q-diorite (16.97 ± 0.86 Ma) presented in this report is a bit older.
On the other hand, the mafic dyke that cut the granites, Mesozoic carbonates and overlying basalts gave a very similar
U-Pb age (15.41 ± 0.36 Ma). All these rocks and overlying basalts are exclusively of normal magnetic polarity and
because of this it cannot be excluded that they represent a very narrow time interval when the Miocene magmatic activity
took place. However, a significant error of U-Pb ages and frequent changes of magnetic polarity at that time make more
precise stratigraphic correlation impossible.
The pre-caldera andesites and dacites of the Las Minas section that can be correlated with the unit named Teziuylán
andesitic lava flows with 40Ar/39Ar ages varying from 1.46 ± 0.31 Ma to 2.61 ± 0.43 Ma (Carrasco-Núñez et al., 2017b)
were as a whole magnetized in reversed polarity direction. The concordia/intercept U-Pb mean age of these rocks and
the reversed polarity allow to constrain their emplacement to the Matuyama reversed polarity chron and even to more
narrow time interval enclosed between 1.26 and 1.5 Ma.
The minimum and maximum magnetic susceptibility axes calculated for the andesites and dacites group very well.
The mean direction of maximum susceptibility axes and direction of imbrication of minimum susceptibility axes indicate
that the magma was transported to the studied localities from the SSW direction.
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3.6 CONCLUSIONS
1.

The andesites and dacites crooping out in the upper part of the Las Minas section were

emplaced during the Matuyama reversed polarity chron. Comparing reversed polarity with the
concordia/intercept ages of these rocks, the exact time of their emplacement can be constrained
to 1.26 – 1.40 Ma.
2.

The location on the sphere of minimum and maximum magnetic susceptibility axes,

measured for andesites and daites, indicate that eruption providing the magma flows was located
somewhere SSW from the sampling sites.
3.

The mafic dykes, basalts and diorites from the Las Minas section were magnetized by the

normal polarity geomagnetic field in the Miocene. However, frequent changes of geomagnetic
polarities in this epoch and not so consistent U-Pb data based on very limited zircon crystals cause
any precise correlation of mafic rock from the Las Minas section with the GPTS as impossible.
4.

Palaeomagnetic properties of granites from the basement of the Las Minas succession

differ from these noted in the rest of samples. These rocks revealed the presence of a complex
structure of NRM with high temperature component of normal polarity that was acquired most
probably during extensive Miocene remagnetization. Single zircon grains of Miocene U-Pb age
that were found in these Carboniferous/Permian granites can come from the micro-fissures cutting
them.

References
Carrasco-Núñez G., Gómez-Tuena, A., Lozano, V.L.,1997. Geologic map of Cerro Grande volcano
and surrounding area, Central Mexico. Geological Society of America, Map Chart Ser. MCH
081, 10 p.
Carrasco-Núñez, G., López-Martínez, M., Hernanández, J., Vargas, V., 2017. Subsurface
stratigraphy and its cortrelation with the surficial geology at Los Humeros geothermal field,
eastern Trans-Mexican Volcanic Belt. Geothermics, 67: 1-17.
Gradstein, F. M., Ogg, J. G., Schmitz, M. & Ogg, G., 2012. The Geologic Time Scale 2012.
Elsevier B.V., Oxford, U.K., 1144 pp.
Fisher, R.A., 1953. Dispersion on a sphere. Proceedings of the Royal Society, London. A 217:
295-305.
Jelinek, V., 1977. The statistical theory of measuring anisotropy of magnetic susceptibility of rocks
and its application. Brno, Geofyzika: 1-88.
Kirschvink, J.L., 1980. The least square line and plane and the analysis of paleomagnetic data,
Geophysical Journal of the Royal Astronomical Society, 62: 699-718.
Torsvik, T.H., Van der Voo, R., Preeden, U., Mac Niocaill, C., Steinberger, B., Doubrovine, P.V., Van
Hinsbergen, D.J.J., Domeier, M., Gaina, C., Tohver, E., Meert, J.G., McCausland, P.J.A.,
Cocks, L.R.M. 2012. Phanerozoic polar wander, palaeogeography and dynamics. Earth Sci.
Rev., 114: 325-368.
Zijderveld, J.D.A., 1967. A.C. demagnetisation methods. In: S.D. Runcorn and D.W. Collinson
(eds.), Methods in Palaeomagnetism, pp. 254–286. Elsevier, Amsterdam.

95

APPENDIX 1 - GEOCHRONOLOGICAL RESULTS

96

97

98

99

100

101

APPENDIX 2 - PALEOMAGNETISM

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

APPENDIX 3.3
Results of measurements of anisotropy of magnetic susceptibility carried out
for selected samples of igneous rocks from the Las Minas section (F12, F23 half-angular uncertainty in the directions of Kmax and Kmin, respectively; E12,
E23 - half angular uncertainty in the direction of Kmax and Kmin, respectively;
L, F, P, Pj, T, U, Q, E - anisotropy factors; D, I - declination and inclination
of anisotropy of magnetic susceptibility axes).
*********************************************************************************
Sample
LM6A
ANISOTROPY OF SUSCEPTIBILITY Program Safyr6
****
Azi 355

O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

32

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
13.15E-03
13.10E-03
13.16E-03
13.16E-03
13.11E-03

13.12E-03
13.12E-03
13.12E-03
13.13E-03
13.13E-03

Residuals [%]

13.14E-03
13.15E-03
13.13E-03
13.15E-03
13.16E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

11.94E-03

0.0346

+- 0.0002

43.9

E12
0.9974

0.0002

F12

F23
24.0

30.7

95% confidence angles

susceptibilities
1.0001

Tests for anisotropy
F

Normed principal

1.0025

-0.05 -0.01 -0.01
-0.04 -0.03 0.01
0.00 0.03 -0.03
0.01 0.01 0.04
0.01 0.03 0.02

E23
11.9

E13

10.6

5.6

0.0002

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.002 1.003 1.005 1.005
Principal directions

U

Q

E

0.062 0.061 0.614 1.000
Normed tensor

Specimen D
system I

337 133 246
1.0016 0.9982 1.0002
11
78
5
-0.0019 0.0000 0.0005

Geograph D
system I

324 162
62
1.0004 0.9985 1.0010
40
49
9
-0.0018 -0.0010 0.0008

161

LM6B
****

ANISOTROPY OF SUSCEPTIBILITY

Program Safyr6

Azi 355

O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

32

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
11.52E-03
11.49E-03
11.52E-03
11.53E-03
11.50E-03

11.52E-03
11.51E-03
11.51E-03
11.52E-03
11.52E-03

Residuals [%]

11.52E-03
11.54E-03
11.52E-03
11.52E-03
11.54E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

10.47E-03

0.0591

+- 0.0004

7.8

E12
0.9980

0.0004

F12

F23
3.5

6.6

95% confidence angles

susceptibilities
1.0002

Tests for anisotropy
F

Normed principal

1.0018

-0.11 0.00 0.03
-0.08 -0.02 0.02
0.00 0.06 -0.05
0.05 0.00 0.03
0.02 0.02 0.03

E23
28.7

E13

21.9

13.1

0.0004

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.002 1.002 1.004 1.004

Principal directions

U

Q

E

0.154 0.153 0.537 1.001

Normed tensor

Specimen D
system I

332 150 241
1.0003 0.9987 1.0009
43
47
1
-0.0013 -0.0003 0.0007

Geograph D
system I

293 154
59
0.9997 0.9989 1.0014
67
18
14
-0.0010 -0.0010 0.0000
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LM1A
****

ANISOTROPY OF SUSCEPTIBILITY

Program Safyr6

Azi

53

O.P. : 6 0 6 0

Nom. vol. 10.00

Dip

90

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
16.77E-03
16.73E-03
16.96E-03
16.84E-03
16.77E-03

16.41E-03
16.90E-03
16.62E-03
16.40E-03
16.91E-03

Residuals [%]

16.89E-03
16.82E-03
16.70E-03
16.90E-03
16.82E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

15.24E-03

0.1318

+- 0.0008

F12
164.9

E12
0.9784

0.0008

F23
10.5

247.7

95% confidence angles

susceptibilities
1.0078

-0.02 0.04
-0.03 0.05
0.13 -0.10
-0.03 0.10
-0.01 0.09

Tests for anisotropy
F

Normed principal

1.0138

-0.24
-0.14
-0.05
0.15
0.05

E23
17.6

E13
3.8

3.1

0.0008

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.006 1.030 1.036 1.039

Principal directions

U

Q

E

0.663 0.658 0.187 1.024

Normed tensor

Specimen D
system I

161
47 270
1.0123 0.9902 0.9975
23
43
38
-0.0016 0.0150 -0.0021

Geograph D
system I

60

15

195 285
1.0072 0.9805 1.0123
30
0
0.0076 0.0007 0.0025
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LM1B
****

ANISOTROPY OF SUSCEPTIBILITY

Program Safyr6

Azi

53

O.P. : 6 0 6 0

Nom. vol. 10.00

Dip

90

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
16.16E-03
16.01E-03
16.21E-03
16.20E-03
16.05E-03

15.79E-03
16.20E-03
16.02E-03
15.80E-03
16.21E-03

Residuals [%]

16.23E-03
15.99E-03
16.00E-03
16.27E-03
16.00E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

14.61E-03

0.1228

F12
163.1

E12

0.9996

0.9827

0.0008

F23
108.4

95.6

95% confidence angles

susceptibilities

+- 0.0008

Tests for anisotropy
F

Normed principal

1.0177

-0.15 -0.05 -0.08
-0.14 -0.06 0.03
-0.06 0.10 -0.06
0.10 0.00 0.19
0.09 0.01 0.09

E23
5.7

E13

6.0

2.9

0.0008

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.018 1.017 1.036 1.036

Principal directions

U

Q

E

-0.023 -0.031 0.695 0.999

Normed tensor

Specimen D
system I

148
40 278
1.0089 0.9954 0.9957
32
27
46
-0.0049 0.0127 -0.0079

Geograph D
system I

46

12

182 277
1.0077 0.9834 1.0089
43
5
0.0037 0.0034 0.0087
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LM12A
*****

ANISOTROPY OF SUSCEPTIBILITY

Azi

5

O.P. : 6 0 6 0

Dip

85

Program Safyr6

Nom. vol. 10.00

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
19.57E-03
19.66E-03
19.54E-03
19.62E-03
19.70E-03

19.82E-03
19.80E-03
19.76E-03
19.83E-03
19.82E-03

Residuals [%]

19.69E-03
19.74E-03
19.88E-03
19.70E-03
19.73E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

17.93E-03

0.0796

+- 0.0005

108.0

E12
0.9901

0.0005

F12

F23
36.3

104.5

95% confidence angles

susceptibilities
1.0016

Tests for anisotropy
F

Normed principal

1.0084

-0.14 -0.03 0.00
-0.12 -0.04 0.04
0.03 0.08 -0.03
0.07 0.02 0.03
0.06 0.03 -0.01

E23
9.7

E13

5.8

3.6

0.0005

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.007 1.012 1.018 1.019

Principal directions

U

Q

E

0.263 0.259 0.455 1.005

Normed tensor

Specimen D
system I

334
79 169
0.9905 1.0012 1.0083
86
1
3
0.0021 -0.0003 0.0011

Geograph D
system I

8

187
95 313
1.0078 1.0013 0.9909
11
76
0.0011 0.0019 -0.0028
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LM12B
*****

ANISOTROPY OF SUSCEPTIBILITY

Azi

5

O.P. : 6 0 6 0

Dip

85

Program Safyr6

Nom. vol. 10.00

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
19.33E-03
19.37E-03
19.27E-03
19.35E-03
19.39E-03

19.53E-03
19.56E-03
19.48E-03
19.53E-03
19.56E-03

Residuals [%]

19.42E-03
19.48E-03
19.62E-03
19.41E-03
19.47E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

17.68E-03

0.0484

F12
301.2

E12

1.0007

0.9903

0.0003

F23
146.2

233.4

95% confidence angles

susceptibilities

+- 0.0003

Tests for anisotropy
F

Normed principal

1.0090

-0.06 0.00 0.04
-0.08 -0.01 0.04
0.02 0.07 -0.03
0.00 -0.01 0.00
0.02 0.00 0.01

E23
4.9

E13

3.9

2.2

0.0003

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.008 1.011 1.019 1.019

Principal directions
50

Q

E

0.121 0.116 0.567 1.002

Normed tensor

Specimen D
system I

82

Geograph D
system I

179
88 338
1.0084 1.0007 0.9909
10
4
79
0.0000 0.0008 -0.0032

6

266

U

5

175
0.9905 1.0007 1.0088
0.0010 0.0008 0.0015

166

LM10A
*****

ANISOTROPY OF SUSCEPTIBILITY

Program Safyr6

Azi 230

O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

22

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
9.694E-03
9.682E-03
9.690E-03
9.699E-03
9.688E-03

9.666E-03
9.608E-03
9.700E-03
9.671E-03
9.610E-03

Residuals [%]

9.582E-03
9.691E-03
9.582E-03
9.583E-03
9.699E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

8.778E-03

0.0399

+- 0.0003

431.9

E12
0.9895

0.0003

F12

F23
45.6

598.1

95% confidence angles

susceptibilities
1.0033

Tests for anisotropy
F

Normed principal

1.0071

-0.05 -0.03 0.01
-0.04 -0.02 -0.02
0.00 0.05 -0.02
0.01 0.02 0.03
0.01 0.01 0.06

E23
8.7

E13

2.4

1.9

0.0003

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.004 1.014 1.018 1.019

Principal directions

U

Q

E

0.570 0.567 0.243 1.010

Normed tensor

Specimen D
system I

324
55 154
1.0035 1.0040 0.9925
24
4
66
-0.0006 -0.0031 0.0058

Geograph D
system I

184 289
35
1.0009 1.0010 0.9981
41
16
45
-0.0031 -0.0041 -0.0075
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LM10B
*****

ANISOTROPY OF SUSCEPTIBILITY

Program Safyr6

Azi 330

O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

22

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
10.49E-03
10.47E-03
10.49E-03
10.50E-03
10.48E-03

10.50E-03
10.41E-03
10.49E-03
10.50E-03
10.41E-03

Residuals [%]

10.43E-03
10.50E-03
10.43E-03
10.42E-03
10.49E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

9.515E-03

0.0503

+- 0.0003

126.3

E12
0.9933

0.0003

F12

F23
51.4

110.8

95% confidence angles

susceptibilities
1.0008

Tests for anisotropy
F

Normed principal

1.0059

-0.08 -0.01 0.03
-0.07 -0.02 0.04
0.01 0.07 -0.03
0.03 -0.01 0.01
0.02 0.01 0.01

E23
8.2

E13

5.6

3.3

0.0003

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.005 1.008 1.013 1.013

Principal directions

U

Q

E

0.193 0.190 0.508 1.002

Normed tensor

Specimen D
system I

312 220 124
1.0019 1.0017 0.9964
30
3
60
-0.0011 -0.0043 0.0033

Geograph D
system I

269
11 115
1.0001 1.0004 0.9995
42
14
44
0.0015 -0.0059 0.0015
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LM11A
*****

ANISOTROPY OF SUSCEPTIBILITY

Program Safyr6

Azi 325

O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

21

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
19.81E-03
19.88E-03
19.84E-03
19.83E-03
19.89E-03

19.90E-03
19.72E-03
19.89E-03
19.89E-03
19.74E-03

Residuals [%]

19.85E-03
19.75E-03
19.75E-03
19.85E-03
19.75E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

18.02E-03

0.0475

+- 0.0003

130.4

E12
0.9941

0.0003

F12

F23
92.3

71.4

95% confidence angles

susceptibilities
0.9997

Tests for anisotropy
F

Normed principal

1.0062

-0.08 0.02 0.02
-0.06 -0.04 0.01
0.01 0.05 -0.04
0.03 -0.02 0.02
0.01 0.04 0.03

E23
6.1

E13

7.0

3.3

0.0003

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.006 1.006 1.012 1.012

Principal directions

U

Q

E

-0.061 -0.064 0.725 0.999

Normed tensor

Specimen D
system I

240 150
57
1.0007 1.0028 0.9965
27
2
63
0.0017 -0.0041 -0.0025

Geograph D
system I

199 293
68
1.0050 0.9996 0.9953
15
17
67
0.0015 -0.0024 -0.0023
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LM11B
*****

ANISOTROPY OF SUSCEPTIBILITY

Program Safyr6

Azi 325

O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

21

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
20.46E-03
20.51E-03
20.45E-03
20.49E-03
20.53E-03

20.50E-03
20.36E-03
20.56E-03
20.51E-03
20.37E-03

Residuals [%]

20.45E-03
20.32E-03
20.31E-03
20.46E-03
20.32E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

18.58E-03

0.0576

+- 0.0004

141.6

E12
0.9919

0.0004

F12

F23
59.9

120.8

95% confidence angles

susceptibilities
1.0009

Tests for anisotropy
F

Normed principal

1.0072

-0.10 -0.02 0.01
-0.08 -0.01 0.04
0.00 0.05 -0.05
0.05 0.02 0.05
0.03 0.01 0.02

E23
7.6

E13

5.4

3.2

0.0004

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.006 1.009 1.015 1.015

Principal directions

U

Q

E

0.177 0.174 0.521 1.003

Normed tensor

Specimen D
system I

251 156
31
1.0004 1.0055 0.9940
19
14
66
0.0011 -0.0035 -0.0035

Geograph D
system I

211 302
57
1.0053 1.0022 0.9925
11
5
78
0.0025 -0.0021 -0.0020
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Azi 294

O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

90

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
31.14E-03
30.90E-03
31.43E-03
31.01E-03
30.87E-03

30.91E-03
30.35E-03
30.48E-03
30.96E-03
30.33E-03

Residuals [%]

31.19E-03
31.11E-03
30.85E-03
31.24E-03
31.10E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

28.11E-03

0.1329

+- 0.0008

167.9

E12
0.9796

0.0008

F12

F23
66.8

148.5

95% confidence angles

susceptibilities
1.0025

Tests for anisotropy
F

Normed principal

1.0179

0.24 -0.13 -0.05
0.08 -0.02 0.05
-0.12 0.03 0.03
-0.18 0.04 0.11
-0.02 -0.07 0.01

E23
7.2

E13

4.8

2.9

0.0008

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.015 1.023 1.039 1.039

Principal directions
Specimen D
system I

3

Geograph D
system I

234 143
85
0
5

U

Q

E

0.206 0.197 0.502 1.008

Normed tensor

175 270
84
1.0175 0.9853 0.9971
61
29
-0.0030 -0.0096 -0.0017
53
0.9944 0.9880 1.0175
-0.0108 -0.0028 -0.0021
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O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

90

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
17.92E-03
17.57E-03
17.89E-03
17.96E-03
17.52E-03

17.80E-03
17.19E-03
17.55E-03
17.80E-03
17.20E-03

Residuals [%]

17.54E-03
17.81E-03
17.44E-03
17.55E-03
17.83E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

16.03E-03

0.1036

+- 0.0007

505.0

E12
0.9746

0.0007

F12

F23
359.1

274.1

95% confidence angles

susceptibilities
0.9988

Tests for anisotropy
F

Normed principal

1.0266

-0.05 -0.01 0.00
0.19 -0.05 -0.01
-0.13 -0.07 -0.03
0.14 0.00 0.05
-0.10 0.03 0.05

E23
3.1

E13

3.6

1.7

0.0007

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.028 1.025 1.053 1.053

Principal directions

U

Q

E

-0.054 -0.067 0.728 0.997

Normed tensor

Specimen D
system I

328 223
88
1.0158 0.9955 0.9888
23
31
50
-0.0111 -0.0172 0.0078

Geograph D
system I

166 343
74
1.0071 0.9771 1.0158
51
39
2
-0.0090 0.0026 -0.0133
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Azi 310

O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

63

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
28.15E-03
28.52E-03
28.30E-03
28.15E-03
28.52E-03

27.97E-03
28.17E-03
28.35E-03
27.96E-03
28.18E-03

Residuals [%]

28.21E-03
27.89E-03
27.77E-03
28.21E-03
27.90E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

25.59E-03

0.0295

F12
2017.3

E12

1.0027

0.9840

0.0002

F23
638.5

2011.2

95% confidence angles

susceptibilities

+- 0.0002

Tests for anisotropy
F

Normed principal

1.0133

0.01 0.02 0.01
0.00 0.00 0.00
-0.05 -0.02 -0.04
0.01 -0.01 0.02
0.01 0.01 0.04

E23
2.3

E13

1.3

0.8

0.0002

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.011 1.019 1.030 1.030

Principal directions
Specimen D
system I

2

Geograph D
system I

36

U

Q

E

0.286 0.279 0.440 1.008

Normed tensor

227 136 323
1.0057 1.0074 0.9869
23
67
0.0066 0.0037 -0.0057
15

266 149
1.0022 1.0006 0.9972
25
44
0.0060 -0.0035 0.0128
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O.P. : 6 0 6 0

Dip

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

63

Nom. vol. 10.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
28.33E-03
28.25E-03
28.45E-03
28.37E-03
28.27E-03

27.96E-03
28.38E-03
28.17E-03
27.96E-03
28.37E-03

Residuals [%]

28.59E-03
28.03E-03
28.16E-03
28.60E-03
28.02E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

25.69E-03

0.0447

+- 0.0003

763.0

E12
0.9871

0.0003

F12

F23
651.8

321.0

95% confidence angles

susceptibilities
0.9984

Tests for anisotropy
F

Normed principal

1.0145

-0.08 0.01 -0.01
-0.05 0.02 0.01
0.00 0.01 -0.02
0.07 0.00 0.02
0.04 -0.01 0.00

E23
2.3

E13

3.3

1.4

0.0003

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.016 1.011 1.028 1.028

Principal directions

U

Q

E

-0.169 -0.175 0.832 0.995

Normed tensor

Specimen D
system I

159
56 304
1.0066 0.9967 0.9967
34
18
50
-0.0016 0.0073 -0.0101

Geograph D
system I

291
42 175
0.9937 1.0098 0.9964
26
37
42
-0.0038 -0.0064 0.0078
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70

O.P. : 6 0 6 0

Nom. vol. 10.00

Dip

20

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
107.3E-03
102.0E-03
103.3E-03
107.6E-03
101.9E-03

106.4E-03
107.2E-03
106.1E-03
106.4E-03
107.2E-03

Residuals [%]

104.6E-03
106.5E-03
107.5E-03
104.6E-03
106.5E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

96.07E-03

0.0889

F12
1173.7

E12

1.0184

0.9607

0.0006

F23
4.2

2102.7

95% confidence angles

susceptibilities

+- 0.0006

Tests for anisotropy
F

Normed principal

1.0209

-0.12 -0.04 0.07
0.04 0.00 0.09
-0.10 0.07 -0.09
0.08 0.00 0.06
-0.07 -0.04 0.04

E23
26.8

E13
1.3

1.2

0.0006

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.003 1.060 1.063 1.071

Principal directions

U

Q

E

0.917 0.915 0.044 1.057

Normed tensor

Specimen D
system I

310 111 212
0.9784 1.0037 1.0179
41
47
9
-0.0258 0.0040 0.0088

Geograph D
system I

52

2

197 102
1.0170 0.9640 1.0189
37
8
0.0112 -0.0073 0.002
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Azi

70

O.P. : 6 0 6 0

Nom. vol. 10.00

Dip

20

Demag. fac. : NO Holder -873.E-12 Act. vol. 11.00

T1

F1

L1

T2

F2

L2

00

0/0

0/0

00

0/0

0/0

Directional Total Susc.
108.9E-03
104.1E-03
106.2E-03
109.1E-03
104.1E-03

106.2E-03
109.3E-03
106.7E-03
106.3E-03
109.3E-03

Residuals [%]

106.1E-03
109.6E-03
108.9E-03
105.8E-03
109.6E-03

Field

Mean

Standard

[A/m]

susc.

err. [%]

200 F1

97.58E-03

0.1040

F12
874.6

E12

1.0150

0.9607

0.0007

F23
39.8

1366.8

95% confidence angles

susceptibilities

+- 0.0007

Tests for anisotropy
F

Normed principal

1.0243

-0.05 -0.08 0.17
0.04 -0.03 0.07
-0.17 0.04 -0.06
0.09 0.00 -0.04
0.00 -0.04 0.07

E23
9.3

E13

1.6

1.4

0.0007

Anisotropy factors (principal values positive)
L

F

P

Pj

T

1.009 1.057 1.066 1.072

Principal directions
22

U

Q

E

0.716 0.709 0.157 1.047

Normed tensor

Specimen D
system I

67

Geograph D
system I

149
20 290
1.0092 0.9675 1.0234
81
5
7
0.0168 0.0066 -0.0033

8

130 223
0.9911 0.9935 1.0154
22
-0.0229 0.0140 0.0168
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CHAPTER 4 - GEOLOGICAL MAP AND STRUCTURES

4.1 - INTRODUCTION
The Las Minas area is located few kilometers to the SW of Los Humeros in a morphological
depression determined by intense erosional processes occurred through time (Fig.4.1). This
caused exhumation of those geological bodies, now representing the basement of the Los

Fig. 4.1 - location of the Las Minas and Los Humeros Areas. The map (from the Geological Survey of
Mexico) shows their proximity. The colors close to violet and brownish are volcanic rocks and volcanic
deposits. The light and deep blue color is referred to calcareous rocks.

Humeros area. Thus, the field mapping activity here described represents a contribute to the
understanding of the Los Humeros deep structures. Here, rocks ranging in age from Paleozoic to
Neogene crop out. Hydrothermal mineralization is quite diffuse at the boundary between
crystalline and sedimentary rocks, along the calcareous main foliations and shear zones.
The area is characterized by altitudes between 2400 m and 1000 m, determining deep incised
valleys and high mountain picks. Acclivity is therefore significant. Furthermore, the area is
intensely vegetated and the viability is scarce, limited to roads connecting small villages.
The Las Minas area is exploited for metals since centuries and the historical mining activity is
concentrated along the central valley where the main village is located. The area is presently
under the study of a Canadian agency, with the aim to renew the mining activity.
The fieldwork activity during Gemex covered about 60 km2, encompassing the historical mining
area and its surroundings. The geological map is reported in Fig. 4.2 and in the Appendix 2
(attached to this Report), where the original size is respected.
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Fig. 4.2 - geological map performed in WP4.1. This map is also reported at the end of the Report, as
attached document

178

The field mapping was carried out at 1:10000 scale, integrating pre-existing maps with new
observations and analyses. The fieldwork activity was joined with sampling of rocks (see the
Appendix) for dating, petrographic and mineralogical characterization, as reported in the other
chapters.
Furthermore, when possible, kinematic data on recent fault planes were collected in order to have
information on the main structural trend and on the orientation of the intermediate kinematic axis,
influencing permeability and geothermal fluid paths.

4.2 - DESCRIPTION OF THE GEOLOGICAL MAP
Six main units can be recognized in the map: 1) intrusive magmatic complex (Palaeozic-Miocene);
2) Jurassic-Cretaceous limestone and marble, hosting Neogene magmatic rocks; 3) Skarn
(Miocene); 4) Lacustrine sediments (?Pliocene-Pleistocene); 5) magmatic effusive deposits
(Pleistocene-Holocene); 6) magmatic dykes (Neogene-Quaternary).
The intrusive magmatic complex mainly crops out to the North of the Las Minas valley, from
Zomelahuacan to La Pahua localities, occupying the left side of the Las Minas valley and the area
encompassed between Rinconada (to the West) and Tatatila (to the East). This complex includes
felsic rocks, previously considered exclusively of Miocene age, and now referred, at least pro-part,
to the Carbonifeous-Permian time interval. Some samples in fact, collected in the deep Las Minas
Valley, provided this Paleozoic age by U/Pb method (see chapter 3). This suggests that crystalline
basement rocks are exposed in the study area, although on the basis of the present survey, the
geometry of the boundary separating the Paleozoic from the younger, similar, rocks was not
investigated due to the lack of time. Therefore, all the magmatic intrusive rocks are (in the
attached geological map) indicated by the same pattern. These intrusive rocks are overlain by
Mesozoic limestone and marble, and by volcanic rocks, in the southeastern sector.
The Jurassic-Cretaceous limestone is affected by contact metamorphism induced by the cooling
of the Miocene intrusive bodies. Thus, the marble defines the thermo-metamorphic aureole.
Marble is widespread exposed along the boundaries of the Las Minas valley, and in the
southeastern part of the study area. It is often exposed as patches above the intrusive magmatic
unit, cropping out in the morphological reliefs. Limestone is differently exposed in the western
side of the map, thus suggesting that the Neogene magma body was located in the central and
eastern part of the area, only.
The skarn (see chapter 2) is mainly located along the boundary between the magmatic rocks and
the Jurassic-Cretaceous limestone, and along the main cataclastic zones, associated to the main
faults, and finally, along the main foliations affecting the limestone. The largest outcrop of skarn is
located close to the Las Minas village. Minor outcrops are exposed along the main valley and
limited exposures are close to Zomelahuacan village. Another minor outcrop is close to
Rinconada-Tenexpanoya area.
The lacustrine sediments crop out in the southwestern part of the study area to the West and to
the East of Rinconada village. The occurrence of these sediments is a novelty. Their thickness is
laterally variable, reaching a maximum value of about 60 m. Sediments are deformed by sismites,
induced by tectonic activity contemporaneous to sedimentation. Magmatic dykes intrude the
lacustrine succession indicating a sin-to post-magmatic activity with respect to sedimentation. A
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coeval magmatic activity is also supported by the geometric relationships between the lacustrine
sediments and the lahar deposits.
The effusive succession is mostly cropping out in all the study area, although with different
stratigraphic settings. In the southern part, it represents a 500 m thick succession made up of
different volcanic products (see chapter 2). The lateral continuity of these volcanic deposits, being
controlled by the volcanic processes and paleo-morphology, is often interrupted. The maximum
thickness is recorded in the Tenexpanoya area, above the lacustrine sediments, thus suggesting
the occurrence of a morphological depression filled up during volcanic events. The last volcanic
event determined the deposition of ignimbrite cropping out in isolated patches along the Las
Minas valley and in the Rinconada-Tenexpanoya area.
Finally, magmatic dykes: these independently by their composition, are NW-SE and SW-NE
oriented. The bulk of the dykes is oriented parallel to the Las Minas valley. Their thickness is up to
three meters and their length is up to 500 m, at least.

4.3 - STRUCTURES AND KINEMATICS
Deformation is indicated by the attitude of the limestone bedding, gently dipping, and by faults
crosscutting the entire succession of Las Minas rocks, apart from the latest volcanic product (Fig.
4.2 and Appendix 4) that is not affected by deformation, apparently. Faults were mapped on the
basis of outcrop observations and on geometric considerations deriving during the mapping
activity. Two families of faults have been recognized, NW-SE and NE-SW oriented, respectively.
The maximum estimated fault length is of about 1.5 km, at least.
The SW-NE faults are mostly recognizable in the southwestern part of the study area, where the
lithological differences permit to constrain their geometry. This system is pointing to the Las Minas
valley, that it is explained as being structurally controlled. However, differently from what was
reported in previous geological maps, the Las Minas valley does not correspond to the trace of a
kilometer-long fault trace. The valley is induced by fault segments with a SW-NE trending of which
survey is even difficult due to the blooming vegetation and scarcity of outcrops.
The SW-NE trending faults often controlled the emplacement of dykes (Fig.4.3), indicating that
the magmatic fluid was channeled and driven by the permeability induced by the faults.
Nevertheless, fault activity continued
even after dyke emplacement, as
indicated by the cataclastic zones also
involving the magmatic dykes (Miocene).
Since faults dissect Pleistocene lacustrine
and volcanic units, their activity is
encompassed between Miocene and
Quaternary, at least. The maximum
vertical throw is about 70 m, developed
a fter the lacustrine deposits. N o
information about the total throw, gained
from Miocene.
The NW-SE faults are mostly

Fig. 4.3 - rose diagram illustrating the dykes azimuth
in the study area. Two main families are distinguished:
NNW-SSE and SW-NE oriented.
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concentrated in the western side of the geological map. Two main groups can be distinguished:
the first, is located in the most western side of the map, in the Romerillos area. Here, the NW-SE
faults are dipping to the NE and are mostly interrupted by the SW-NE trending system.
The second group is exposed in the Zomelahuacan and Tenexpanoya areas. These are dipping to
the SW, differently from the previously described group. Significantly, the volcanic center, located
in Pueblo Nuevo, is aligned along this fault system.
For both groups, the maximum vertical throw is up to hundreds of meters, considering the
thickness of the geological bodies involved in the deformation. Similarly to the NW-SE trending
faults, the age of the SW-NE faults can be referred to Miocene-Quaternary time span.
As it regards kinematics of the study faults, data related to each structural station are given in the
Appendix 1 of this chapter. Here therefore a synthesis of the kinematic results, grouping data
related to both fault systems.
As it regards the NNW-SSE trending faults, their kinematics is represented by two oblique
movements and one with a dominant normal component (fig. 4.4). In structural stations where the
relationships are visible (e.g.: LM4, LMC1, LMC2, LMC8 and other structural stations, see also
Appendix 1) the normal component is always overlapping the oblique component. This latter can
be both with a right lateral or left component.
Concluding, along this structural trend, the first movement is oblique, implying, independently by
the sense of shear, a vertical to close vertical intermediate kinematic axis (Fig. 4.3) while the
second movement is mainly normal, although an oblique component is always present.
As it regards the SW-NE trending faults, in general their movement is dominantly normal (Fig.
4.5), although an oblique component, both right and left lateral is often present. In all cases, the
orientation of the intermediate axis is from horizontal to oblique.
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Fig. 4.4 - stereonets (lower hemisphere, equal-area projection) illustrating the kinematic data from the NNWSSE trending faults and their interpretations in terms of kinematic axes. The location of the intermediate axis
is prominent for channelling the fluid flow from deep to shallow levels.
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Fig. 4.5 - stereonets (lower hemisphere, equal-area projection) illustrating the kinematic data from the SWNE trending faults and their interpretations in terms of kinematic axes. The location of the intermediate axis
is prominent for channelling the fluid flow from oblique to horizontal.
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4.4 - DISCUSSION AND CONCLUSIONS
The first point is about the mapping of the supposed Paleozoic rocks cropping out in the Las
Minas area. The occurrence of these rocks is a novelty and represents an achievement of this
Project. By the way, based on the present knowledge, it is not possible to distinguish Miocene
granitoids from the Paleozoic ones, directly in the field. To reach this, further studies and efforts
are necessary to dedicate to this aim. However, the positive implication od this discovery, in terms
of geothermal explorations, is that the basement of the Los Humeros area is now better
constrained, helping the understanding the framework in which the fluid-rock interaction took
place. A further achievement is about the geological setting of the area, highlighting a complete
section from the basement to the cover, showing what it is expected below Los Humeros, with
fallouts for every geothermal consideration, from properties of rocks to compositional features.
The geological survey shows the occurrence of lacustrine sediments. Even this evidence is a
novelty, never indicated in the previous existing geological maps. The lacustrine sediments
implies a morphological depression that, in the tectonic framework we are dealing, is determined
by the interplay between NNW-SSE and SW-NE trending faults. The sediments, dated at ?
Pliocene-Pleistocene, show textural and sedimentological features indicating a significant water
column, thus suggesting a large and wide lacustrine environment. In this depression several
different volcanic deposits rest on. This feature indicates: (a) the tectonic depression controlled
also the flux of the volcanic deposits; (b) the sismites and the lahar deposits, both characterizing
the lake sediments, indicate the coeval development of sedimentation, volcanism and tectonic
activity deforming the sediments during their deposition; (c) the proximity of volcanic centers is
also indicated by the occurrence of co-ignimbrite. Then, lacustrine sediments are tilted toward
SW, suggesting NW-SE oriented listric normal faults, acting in the SW boundary of the geological
map.
As it regards the fault systems: (a) the SW-NE oriented faults are typified by a dominant normal
component, although with an oblique movement. These faults, being well constrained in the
western sector of the map, point to the Las Minas valley, where small fault segments are
interpreted to be hidden by vegetation and water river. It is therefore concluded that the Las
Minas area can correspond to a brittle shear zone where fractures are SW-NE commonly oriented.
The general dip direction of the SW-NE fault system is toward SE, as indicated by the geographic
distribution of the lacustrine sediments with respect to their substratum. Finally, mostly of these
faults interrupt the lateral extension of the NNW-SSE trending faults, although, in some cases, the
geometrical relationships are reversed, suggesting contemporaneity between the two systems. (b)
The NNW-SSE fault system is characterized by two main corridors that, together with the other
fault system previously described, controlled the structural depression where the lacustrine
sediments and the volcanic deposits fell down. By this, these corridors and the SW-NE oriented
faults should act in the same time period, contemporaneously.
The age of activity of NNW-SSE and SW-NE faults is encompassed between Miocene (age of the
dykes) and Pleistocene, age of the youngest volcanic deposits affected by their induced
deformation.The kinematic relation between these two fault systems should be therefore
explained in the same framework and stress field. Noteworthy, the two systems are perpendicular
to each other. This can be explained in the extensional framework, assuming that the NNW-SSE
fault system played the role of transfer faults, dissecting and transferring the movement from a
SW-NE oriented normal faults. Transfer faults in fact can have different kinematics, depending by
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the sector of fault on which these are observed (Fig. 4.6). This can be an explanation for the
different oblique kinematics we have observed along the NNW-SSE trend. Contemporaneously,
the SW-NE faults played the role of normal faults, although with a lateral component. The last
kinematic event is however characterized by a dominant normal component in both fault systems.
This is explained as a consequence of regional uplift, where the preexisting fractured rock-volume,
representing weakened sectors, played the role of normal faults.
In this framework, permeability is controlled by the orientation of the intermediate kinematic axis
and, obviously, by the fractures developed at the intersection between the two fault systems. As it
regards the intermediate axis, the NNW-SSE faults might therefore channel the deep geothermal
fluids up to shallow levels, then laterally migrating along SW-NE normal faults and along the
limestone bedding, when these are hydraulically connected to the permeable structures. In this
context, it is worth to note that the Las Minas mining area is in fact located where the two fault
systems encountered each other. Here the skarn is also laterally diffuse, following the original
bedding. A view on the key-role given by the pre-existing foliation is also highlighted by the
occurrence of skarn at the boundary between the granite and the calcareous rocks.

Fig. 4.6 - conceptual model illustrating the structural and kinematic relationships between the two
recognized fault systems. Diﬀerences in the kinematics along the NNW-SSE structures are induced by the
evolution of the transfer zone and subsequent regional uplift.
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APPENDIX - LIST OF STRUCTURAL DATA AND STEREONETS
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CHAPTER 5 - Fracture measurements for use in reservoir models

5.1 Summary
Detailed studies of fracture systems were made in the Las Minas valley, in strata analogous to the
reservoir levels in the Los Humeros geothermal field. The purpose of the studies of the
distribution of fractures was data for modelling the reservoir fluid flow systems. In this sense the
focus was on the limestones (now marble) and overlying strata up through andesitic lavas and into
overlying ignimbrites (e.g. Carrasco et al. 2017).
5.2 Introduction
The strata exhumed in the Las Minas Valley represent the system at Los Humeros before the
caldera collapsed. Thus here we learn about the pre-caldera rocks, which are the most important
parts of the reservoir. We also see that, where the rocks of pre-caldera age (or younger) are

Figure 5.1: Las Minas geological map showing locations of detailed fracture data as red circles if
presented herein, otherwise grey. For details on map and lithologies see Chapter 4.
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Table 1. Outcrop Analogs (bold where discussed here)
Reservoir Analog

Location

Structural setting & comments

Lava

Juan Marcos

massive,discrete faults

Lava

Romerillos area

over ignimbrite over lacustrine

Ignimbrite

Romerillos area

under lava over lacustrine

Lacustrine

Romerillos area

under ignimbrite; small faults

Lacustrine

Juan Marcos

fractured

Limestone

San Antonio Tenextepec

Laramide thrust; paleokarst

Marble

Pueblo Nuevo

not near major fault; small faults,
paleokarst

Marble

La Cumbre / Granados
quarry

small faults, significant dyke, paleokarst

Marble

Rinconada (Hydro)

near fault, near scarn

Marble scarn

Rinconada (Banco)

fault

Marble Scarn & Exoscarn

El Dorado

fault system

Endoscarn & intrusive
scarn

Boquillas

fault system

plutonic Intrusive

Las Minas town (3 rivers)

small faults

Dyke

Las Minas town (3 rivers)

small faults

fractured, we are looking at fractures which likely formed due to deformation after the collapse,
thus present in the Los Humeros reservoir today. These studies were accomplished using 1D
scan-line measurements of outcropping fracture systems, using tape and compass. In cases a
Schmidt hammer was used along the scan line to chart rock stiffness, with an interest in whether
stiffness was different adjacent to fractures, which could indicate small fractures, corrosion by
fault-related fluids, or cementation due to the same. Fractures were also measured from "virtual
outcrop models" which are 3D digital models of the outcrop surface built from5.2 Introduction
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Furthermore, the distribution and textural features of fractures at the outcrop scale are under
study by scan lines including orientation, frequency and size data, together with mechanical
properties of the fractured blocks. This ground-level data is extrapolated to the fracture geometry
captured in 3D models built from drone photography. These datasets are already collected in keyoutcrops,
5.3 Significance for the Los Humeros Reservoir
The results of the fracture studies in the larger tectonic context can be applied improve
understanding og fluid flow in the Los Humeros reservoir. Very few elements in the reservoir have
matrix porosity; fluid flow from injector to producer wells depends on flow through fractures, as
does recharge from rain or rivers.
This is where the study of the relationships between brittle geological structures and fluid flow in
fossil, analogue, geothermal systems becomes a key for understanding the deep structures in Los
Humeros. The fracture network and reservoir permeability, stress field, fluid/rock interaction and
measurements necessary to understand self- sealing are studied. Large scale (regional) tectonic
features will be characterised and their control on fluid flow and magma emplacement will be
determined. Key areas will be studied in detail to improve understanding of active and exhumed
geothermal systems.

5.4 Marble Quarry at Pueblo Nuevo
The quarry at Pueblo Nuevo, on the north side of the Las Minas valley at the ridge crest (Fig. 5.1)
was investigated using traditional geological methods such as with tape-and-compass scan lines.
Ground and low aerial photographs (drone) (Fig. 5.4.1) were taken and processed to a 3D model

Figure 5.4.1 Location of quarry. Left: Airphoto (google), 550 m wide, showing quarry location (white
circle) in relation to Pueblo Nuevo village. Right: Geologic map (see Fig. 5.1) showing airphoto area
(square) and quarry (circle). Lower right: scalebar 500 m, and Las Minas town.
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Figure 5.4.2 Quarry, looking west. Left: photograph from drone. Cut faces in middle left are 3 m high,
note seeps. Right: 3D photogrammetric virtual outcrop model. Distances and attitudes can be measured
directly.

(Fig. 5.4.2) at the office. Further
interpretation of the 3D model in the
software LIME , allowed the sub-m to 100 m
scale structures to be compared to the scan
line data.
The resulting dataset included 2D & 3D scan
lines, fracture orientations & kinematics,
outcrop and fracture size and extent (vertical
and horizontal), aperture / fluid flow

Figure 5.4.3 Virtual model with pink planes fitted to
exposed fracture traces. Below: Fracture frequency
from scanline across floor.

indicators and connectivity and in-situ
geomechanical measurements (Schmidt hammer).
The 3D virtual-outcrop model keys the larger
structures to the scan lines, hand photos and
sketches, and measurements. One Hyper-Spectral
image was collected (processing expected in 2019)
for subtle outcrop lithology and mineralization.
Figure 5.4.4 Stereonet (lower hemisphere
Schmidt, n=50) showing seven distinct families
of great-circle traces.

The outcrop has cemented zones consistent with
hydrofracturing and karstifcation along fracture
traces. There are also open karst cavities interpreted
consistent with phreatic dissolution, inferred to
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significantly pre-date the present level of erosion. This has significance for the unroofing and
thermal history.
The Fracture Statistics shown are derived from more recent, presently-open fractures, from the
outcrop and scan-line and consistent with the 3D model.
7 fracture families are recognized. The attitudes of the fractures in the sets colored in black, green
blue and pink show fair internal consistency. We observe NE-striking sets dipping SE (blue) and
NW (orange), and a NW-trending, set dipping moderately to steeply NE. The virtual model
facilitates extending outcrop fractures to study networking geometries, determining fractures per
unit volume, and the relevance to reservoir facies.

5.5 Lacustrine section N of Las Minas, near Juan Marcos.
About 10 km northwest of Las Minas a 30-m long roadside exposure of flat-lying, competent, silty
carbonate sedimentary strata was identified. The exposed thickness reached 5 m locally and the
lower 2 to 3 meters recorded clean fractures. 2 team members took hand-held photographs for a
3D photogrammetric model (Fig. 5.5.1) while the other members logged fractures on the outcrop.
The few that had unequivocal kinematic indicators are shown in a stereonet in Figure 5.5.3 The
model was used to generate a point cloud (Fig. 5.5.2, top), which was computationally analysed
for points which defines planes (Fig. 5.5.2 bottom). The software for this is open source "Cloud
Compare", with a plug-in for identifying the planar elements ("Facets") developed by the BRGM.
photogrammetric 3D model
Examining the photo-realistic outcrop model (Fig.5.5.1) the upper, brown-colored layers are
weathered and eroding while the lower half, white strata are competant. The point could used for
the analysis includes both stratigraphic elements.
The stereonets in Figure 5.5.3 show the data divided into three classes by the size (area) of the
planar element computationally identified. Below 0.25 m2, 0.25-0.5 m2, and larger than 0.5 m2.
The smallest class of facets shows great scatter in the orientation of the planes, which is not
reflected in the two larger size categories, which are largely similar. The stereonet on the right side

Figure 5.5.1: The 30 m long outcrop of lutitic, silty carbonate in the next valley north of Las Minas.
3D virtual outcrop model.
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Figure 5.5.2. Above, point cloud. Below, facets determined from planar elements in the point
cloud colours indicate orientation. Note different sizes.

facet < 0.25 m2

facet = 0.50 m2

facet >0.50 m2

kinematic indicators

Figure 5.5.3 Stereonets showing poles to fractures and great circles for three size classes. To the right,
fractures with reliable kinematic indicators. (Kinematic data from C. Bianco)
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of the figure, showing small faults, shows the basic orientations recorded in the two larger size
categories.
For fluid flow through these fine-grained sediments that lie between different reservoir facies, the
fracture system and kinematic indicators are significant. The dextral slip on the NW-trending
fractures will maintain open fluid pathways. fractures The small faults show dextral oblique slip on
the steep NW trending fractures,

5.6 Boquillas mine, Las Minas
The Boquillas mine across the river from the town of Las Minas (Fig. 5.6.1) is typified by highly
fractured oxide-rich skarn developed in the 30 Ma granodioritic intrusions not many meters

Figure 5.6.1.Location figures for Boquillas. Geologic map to right, oblique google-earth on the left.
The mine is in the circle.

Figure 5.6.2 Boquillas mine, east side, oblique southeast-looking view of 3D model. Light blue lines are
interpreted fractures. Large white plane is aligned along a long steep NW-trending fracture.
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Skarn
Skarn
Skarn

Granodiorite

Figure 5.6.3 Overview picture of the Boquillas east-side outcrop of skarn and granodiorite. Stereonets
are measured from the scan lines crossing the outcrop. The fracture families observed are shown on the
upper stereonets: NE-SW, N-S, E-W. The two lowermost stereonets indicate cement filled fractures: The
red great circles indicate oxide fill and the black great circles indicate quartz. All fractures have oxide
coatings, whereas only the NE-SW and E-W trending fractures have quartz.

beneath the contact with the overlying limestone /marble. It is within a few hundred meters of
the El Dorado mines, developed in the marble rich higher stratigraphic level. The fluids associated
with the skarn clearly passed through fractures.
Helicopter drone and handheld photographs were used to construct a virtual outcrop model used
for fracture interpretation, extending hand and scan-line observations, and for most the figures
herein.
Figure 5.6.3 is based on a photograph of the east side of the mine including the skarn on the left
side and the granodiorite on the right. While fractures appear fewer in the granodiorite, the
scanline (Fig. 5.6.5) shows the spatial frequency is similar to fractures in the skarn. The upper
stereonets show little similarity in fracture families. In the granodiorite four distinct families are
seen. In the skarn one can determine two families, each with significant scatter. The rough
distribution in the skarn appears rotated 60° anti clockwise from that in the granite. distribution
pattern fracture orientations are more scattered in the skarn.
The lower two stereonets on Figure 5.6.3 address the material that coats, fills or cements the
fractures. The red lines indicate fractures with oxide coating. All fractures had oxide coating. The
black great circles represent fractures that also had quartz growths on the fracture surfaces. Hence
there are many fractures that did not carry the fluids that deposited quartz. These fractures are
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N
Scarn

fracture
Scan Line
Figure 5.6.4 Oblique view of the 3D model looking east. Scan line is shown, (pink) and fracture traces
(blue).

Figure 5.6.5 Histogram displaying the fracture frequencies per meter along the Boquillos scanline. The
range of 5 to 22 fracture per meter is indicative of a fault/fracture zone close to outcrop. The granodiorite
and scarn have similar fracture frequencies.

likely younger; from a post-skarn deformation and important to compare to other areas for fluidflow prediction.
Figures 5.6.4 and 5.6.5 show, respectively, the highly-fractured outcrop and the trace of the scan
line used to quantify the fracture density. The typical "low" value is 10 fractures per meter. Every
third meter or so the density jumps to 18-22. In the granodiorite the fracture density is ply slightly
lower than in the skarn. The granodiorite is highly fracture and within meters of the metal rich fluid
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Figure 5.6.6 View looking directly down at the Boquillos 3D outcrop model. The largest longest most
closely spaced fractures are the NW trending system, here mapped.as 3D planes. These are inferred to
carry most of the vertical and horizontal flow.NE-trending fractures are fewer and mostly joints, These
connect across the NW fractures. The NE-trending system shows the largest apertures in field.

circulation. It is possible the fracture system in the granodiorite was coeval with that in the scarn,
just not connected, or sealed. We infer it is a younger fracture set, since it was invaded by the
oxide-bearing waters.
Figure 5.6.6 extrapolates the present fracture systems to reach a qualitative conclusion about
present fracture permeability. In the granodiorite and in the skarn, it is the NW-trending, steeplydipping fractures that are longest and most closely spaced. These are inferred to offer the best
connectivity and carry the greatest part of fluid flow. This flow will be effective in the directions
northwest, southeast, up or down. The Ne-trending fractures are much shorter, and serve to
hydraulically connect the long fractures to each other. The short fractures appeared, in the field, to
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have significantly larger apertures than the long NW trending fractures. With respect to vertical
flow pathways the transmissivity along intersections between steeply-dipping fractures is likely to
higher than along the plane of a given fracture. A last point about the skarn is that its highlyfractured nature gives it a greater storativity than other lithologies.

5.7 San Antonio Tenextepec, Limestone in thrust fault footwall
The San Antonio outcrop is on a 5 km NW-trending limestone ridge south og Perote and 15 km
SW of Las Minas. There are several active cement mines on the ridge; the study here is in an
abandoned area. The limestone in the Las Minas valley is typically recrystallized (marble) and lacks
outcropping trust faults otherwise typical of the Sierra Madre Cretaceous and Jurassic basement

LH

LM
P
SAT

Figure 5.7.1 Google earth view looking north.San Antonio is the yellow pin in the near middle (SAT &
yellow arrow) LH, Los Humeros; P, Perote; LM, Las Minas. Inset: San Antonio quarry (red dot) and thrust
fault.
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Figure 5.7.3 San Antonio Tenextepec, looking NE. White line is scan line and Schmidt hammer profile
along base of outcrop.

Figure 5.7.4 Fracture frequency (top) and strength and density curves (below). Note correspondence
between high spatial frequency and low stiffness / low density.
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20 m
Figure 5.7.5 Interpreted 3D model of Quarry at western limb of the thrust. Orange blobs: Karst collapse
breccia, blue lines: fracture traces. Blue arrows: proposed flow direction, in this case limited to the
fractured zones in the hangingwall and footwall of the thrust. The ENE-WSW trending fracture corridors
are sites of karst dissolution, they are open and continuous. Thrusts and NW-SE trending fractures and
faults are filled with calcite, shorter and more isolated.

underlying both Los Humeros and Acoculco.
The San Antonio Tenextepec outcrops consist of fossiliferous limestone megabeds of Cretaceous
age that are faulted by a NNW-SSE trending fold-propagation-fault system. The southern limb
and footwall dip towards southeast, and the northern limb and hanging wall dip towards the
northwest, indicating the first folded and thereafter thrusted sequence of a typical fold
propagation fault. Fractures consist of thrust parallel calcite veins and smaller calcite coated
reverse faults in some cases bed parallel. Near fault a dense network of calcite veins is observed.
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A prominent ENE-WSW to NE-SW trending fracture set cross-cuts the bedding and calcite veins.
These fracture are open, long and appear to be arranged in corridors. Significant karst was also
found in the outcrop mostly along and adjacent to the NE-SW trending fracture set. Collapsed
caves indicated by the presence of speleothems and increased fracturing consistent with collapse.
Filling in the fractures was mostly clay and brownish calcite similar to materiel found in karst. We
therefore conclude that the NE-SW trending fractures were reopened and reactivated by later
tectonic and dissolution events. The main flow pattern indicated in the figure is therefore mostly
following the NE-SW trend. The trend parallel, NW-SE, to the thrust front has significantly lower
Testo
flow potential due to cementation and little indication
in the field of any particular aperture. The
conductive fractures appear confined to the immediate hanging wall and footwall of the thrust,

thus are not inferred to locally contribute to vertical flow except along the dip of the fault.

5.8 Las Minas "Three Rivers"
From Las Minas town the road towards the
northeast crossed the Las Minas River to the NE
side. This outcrop is just west of the bridge
(upstream). The dioritic intrusive is exposed, as are
some basaltic dykes. It is here that pyrite in the
diorite is hosted by small fractures, rather than
being disseminated in the crystalline matrix
(D.Liotta, pers. comm).
The 3D model covers far more of the riverbank
exposures than are accessible with dry shoes. The
fractures interpreted from the model are in four
sets, trending N, NE, E and SSE (Fig. 5.8.5 and -.
6). The NE trending set may also terminate the
basaltic dyke prominent in the outcrop.

500 m
Figure 5.8.1 Location of "three rivers" is
shown by the black circle.
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A

10 m

Figure 5.8.2 3D model of the three rivers locality just NW of Las Minas town (Fig. 5.8.1). Granodiorite
intruded by basaltic dyke(s). Water and trees have been removed from the image. Downstream to right..

B

10 m
Figure 5.8.3 Interpretation of fracture traces (blue lines) and surfaces in the 3D model. Fracture
interpretation shows mainly four sets; N-S. NE-SW, E-W, NNW-SSE.
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C

2,5 m
Figure 5.8.4 Close up of the basaltic dyke., looking NW. The character of the dyke margin indicates that
this location shows the lateral extent of the dyke. Inset stereogram

Down looking

D

D

N

E

N
10 m

Bulk
Permeability

Figure 5.8.5 Birds-eye view of fracture interpretation. Longest fractures are steep, most trend NE and are
inferred to control permeability, favoring NE-SW and vertical flow especially along intersections.
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E

10 m

Figure 5.8.6 A 3D box model showing the potential for the data to be used as a deterministic DFN
model.

The 3D model covers far more of the riverbank exposures than are accessible with dry shoes. The
fractures interpreted from the model are in four sets, trending N, NE, E and SSE (Fig. 5.8.5 and -.
6). The long, subparallel fractures are inferred to have greater effective aperture and thus control
the groundwater flow. The NE trending set may also terminate the basaltic dyke prominent in the
outcrop.

5.9 Discussion and conclusions
The outcrops presented in this chapter are a selection of the best exposed outcrops displaying
fractured reservoir rocks in the Las Minas area. A range of parameters are mapped including
spacing, fracture fill, orientations, length and geometries, through both traditional scan-line
methods and by using drone imaging and 3D photogrammetry models. The latter offers a unique
overview of the outcrops that can be brought into the office for more careful interpretations and
testing of in-the-field hypotheses. Such interpretations of "virtual outcrop models" are useful
input to DFN models.
We suggest for each outcrop a pseudo flow direction based on the most prominent and longest
fracture sets investigated. But in each of the settings it should be kept in mind that these fractures
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will carry vertical flow as well. Moderately dipping fracture systems will also facilitate recharge and
discharge from deep aquifers, such as in the case of normal faults and in cases thrust systems. In
the intrusive of the "Three Rivers" outcrop in Las Minas we found the flow direction to be
controlled by sets of NE-SW and NW-SE fractures, with the NE trend the most prominent. 1000 m
to the southwest, in Boquillas, it is the NW-trending fractures that appear well-connected and
long (although the NE-trend had the best apertures). These spatial relationships, with the added
value of regional tectonic understanding, are the basic input for mathematical modelling and
simulation of geothermal fractures reservoirs.
In limestones and marble the flow is mostly controlled by NE-SW trending fractures. In non
metamorphic limestones these, and especially the apertures and thus transmissivity, are controlled
by opening-mode fracture corridors formed normal to the thrust faults, in the direction of tectonic
transport and Sigma 1. These are likely a result of tension normal to largest principal stress axis
during Laramide Thrusting, and re-opened in later deformation episodes with fluid dissolution,,
potentially near the onset of volcanism. In both marble and limestones these sets are opened
further by later karstification which manifests their role as flow conductors.
The 3D structural mapping has the advantage of, in detail, addressing features such as length,
connectivity and cross cutting relationships between fractures. This is normally a difficult feature to
measure and characterize although fundamental for the performance of a flow model. The
presented methodology is currently novel and the software used, Lime, required rewriting to allow
for fracture interpretation. A major hurdle has now been overcome by making a workflow for
measuring in 3D space. The next challenge is to export properly all the fracture data for flow
modelling purposes and to decide the most appropriate data set to be used in flow models. We
will perform a test based on the three river example making a smaller box where almost all
fractures from the exposure are included.The model will be used as a first step in discrete fracture
modelling of outcropping fracture sets a collaboration with WP6.
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CHAPTER 6 - FLUID INCLUSION STUDIES AND RADIOGENIC AND STABLE
ISOTOPE ANALYSES

6.1 Introduction
The main goals of fluid inclusion studies and isotopic analyses on the samples from Las Minas area
are: 1) to define the physical-chemical properties of the paleo-fluids stored in the exhumed
reservoirs; 2) to investigate the evolution, the processes (i.e. boiling and/or mixing and/or waterrock interaction) which characterized the paleo-fluids; 3) to get information on the origin(s) of the
paleo-fluids;
To these purposes several analytical methods have been applied for the analyses on skarn and
hydrothermal mineralization, and igneous and contact-metamorphic rocks. The list of the analysed
samples and the type of analyses performed on each sample is shown in Table 6.1.
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6.2 Fluid inclusions studies
Fluid inclusions can record the fluid present in hydrothermal systems and their study can provide
information on the physical-chemical characteristics of the fluid which circulated in the systems.
6.2.1 Analytical methods
Optical studies of fluid inclusions were performed by using transmitted light microscopes. These
studies allowed to distinguish the different types of fluid inclusions. Optical observations, also
permitted to recognize fluid inclusions which trapped two phases (i.e. heterogeneous trapping
processes) or affected by necking-down processes and, in some cases, to get information on fluid
inclusion origin (i.e. primary, secondary, pseudosecondary).
Microthermometric analyses were performed on double polished thin sections with Linkam
THMSG600 heating-freezing stages coupled with ZEISS POL-BK microscope (at CNR) and
Olympus BX53P microscope (at University of Bari) and with Olympus BX51 microscope (at UNAM).
Fluid inclusions belonging to Fluid Inclusion Assemblages (FIAs of Goldstein and Reynolds, 1994)
were selected for such type on analyses. The Linkam stages were calibrated by using pure H2O
with critical density, and mixed H2O-CO2 (CO2 25% M) synthetic fluid inclusions. Accuracy was
estimated to be ±0.1°C at temperatures <31.1°C (i.e. the critical temperature of CO2) and ±1°C
for temperature >100°C. Salinity (expressed in wt.% NaCl equivalent) and isochores of aqueous
fluid inclusions have been computed from microthermometric data by using HOKIEFLINCS_H2ONACL Excel spread sheet (Steele-MacInnis et al., 2012) by using the data of Bodnar (1993),
Atkinson (2002); Bodnar and Vityk (1994); Bodnar (1983), Sterner et al. (1988) and LecunberriSanchez et al. (2012). Molar volume, salinity and molar fractions of H2O, CO2 and NaCl of
aqueous-carbonic inclusions were obtained from the Q2 software (Bakker et al., 1996; Bakker,
1997; Bakker, 1998) by using microthermometric and Raman data, and the visual estimate of the
volume fraction of the carbonic phase. Whereas, isochores of these inclusions were computed by
ISOC software (Bakker, 2003) using the information obtained from the Q2 software.
Micro-Raman spectroscopy analyses of fluid inclusions were performed with confocal
spectrometer (mod. Jobin Yvon LabRAM HR Evolution, at UNIBA), equipped with a binocular
Olympus microscope with 50/100x objective lens, a suitable Ultra-Low Frequency (ULF) filter and
a Peltier-cooled CCD detector. This non-destructive technique was applied in order to
characterize the solid and gas phases occurring in the fluid inclusions through spectra acquisition
at room temperature using an excitation wavelengths of 633 nm from a He-Ne laser. The
analytical settings included a 100-1000 μm confocal hole, 600-1800 grooves/mm spectrograph
gratings, whereas acquisition time (40-120 s) and number of accumulations (2-3x) were optimised
to have the maximum spectrum intensity and to improve the signal-to-noise ratio. The standard
wavelength calibration was performed before each acquisition using the silicon wafer spectrum.
The incident beam perpendicular to the plane of the sample was focused through the microscope
lens, which also collects the Raman-scattered radiation in back-scattering geometry. Spectral
manipulation (i.e. baseline subtraction, peak fitting and band area determination) was performed
using the LabSpec 6 software package.
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) analyses on single fluid
inclusions were performed by using a Teledyne/PhotonMachine G2 LA device equipped with a
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Two-Volume ANU HelEx 2 cellcoupled with a Thermo Scientific quadrupole-based iCAP Q ICP-MS
at the Department of Physics and Geology, University of Perugia (Italy).

The following elements: Li, B, Na, Mg, Al, Cl, K, Ca, Mn, Fe, Cu, Zn, Sr, Ag, Ba, Au, Pb,
and U have been analysed in thirteen inclusions. Concentrations of the elements detected
in single inclusions by LA-ICPMS were calculated according to Leisen et al. (2012).
LA-ICP-MS operating conditions were optimized before and after each analytical session by
continuous ablation of NIST SRM 612 glass reference material (Pearce et al., 1997) to provide
maximum signal intensity and stability for the ions of interest (Petrelli et al., 2016). Precision and
accuracies were evaluated on the USGS BCR2G reference material. The beam diameter used was
of 20-40 microns according to the size of the fluid inclusion with a 5 Htz signal intensity.

6.2.2. Samples
Four samples from skarn-hydrothermal mineralization were selected for fluid inclusion studies from
the Las Minas area (Tab. 6.1, Fig. 6.1). In addition, one sample from a hydrothermal mineralization
of the Piedra Parada was also selected for fluid inclusion analyses (Table. 6.1, Fig. 6.1).
The LM1 sample was collected from a large vein of about 30 cm, of massive cataclastic quartz
(Fig. 6.2A) with minor sulfides (mainly pyrite) dispersed within the quartz. Quartz crystals are
usually anhedral. A network of fractures filled by late-stage micro-crystaline quartz occur between
the anhedral crystals (Fig. 6.2A). The massive quartz vein is associated to a skarn assemblage
(quartz + garnet + magnetite ± albite ± calcite ± pyrite ± calcopyrite).
The LM10 sample (Fig. 6.2B) is formed by a skarn assemblage consisting of pyroxene (diopside),
wollanstonite, magnetite, quartz and minor opaque minerals (sulphides). In addition, late-stage
epidote is also present and was likely produced by a hydrothermal event that altered the skarn
assemblage. Fluid inclusions were examined in the quartz of the skarn assemblage.
The LM11 sample is also a skarn mainly formed by garnet (with andradite composition) and
amphibole (actinolite). Small pyroxene (diopside) crystals are also included in garnets. The skarn is
characterized by a cataclastic texture. The skarn assemblage is partially overprinted by a latestage hydrothermal assemblage mainly consisting of quartz and epidote. Euhedral to subeuhedral quartz crystals, which include small epidote crystals, fill fracture and cavities (Fig. 6.2C).
Epidote also occurs dispersed within the skarn assemblage likely replacing the early phases. A
large cavity (few cm) partially filled by quartz crystals characterizes a fragment of this sample (Fig.
6.2D). Fluid inclusions were analysed in quartz crystals from this cavity. Epidote is also dispersed in
garnets/amphibole-rich zone. Moreover, plagioclase (labradorite-albite) crystals are also found at
the contact of quartz.
In the LM19 sample (Fig. 6.2E) fluid inclusions were examined in garnet. Such phase almost totally
constitutes the mineralogy of this sample. Garnet has a mainly andradite composition (see paragr.
Caterina) and contain minor amount of quartz, pyroxene, sphalerite, chalcopyrite, pyrite and
calcite as inclusions or in fractures.
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Fig. 6.1 - Sample locations in the different study areas
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The D-23 sample is formed by a skarn assemblage consisting of garnet, tremolite and quartz
located in the El Dorado area. Late stage hydrothermal calcite is also present in this sample.
The LM-QA sample is constituted by amethyst quartz crystals (Fig. 6.2F) collected in the Piedra
Parada area about 9 Km NE from the Las Minas area. The quartz crystals (up to 10 cm long) at
Piedra Parada occur within fractures in altered andesite (Lieber and Frenzel, 2003). The
hydrothermal minerals reported by Lieber and Frenzel (2003) in the host rocks are: quartz, albite,
illite, muscovite, epidote, chlorite, titanite, hematite and Fe-hydroxides.

Fig. 6.2: Samples selected for fluid inclusion analyses from Las Minas (LM1, LM10, LM11, LM19) and Pedra Parada
(LM-QA) areas. A) Fragment of a quartz cataclasite vein with late hydrothermal quartz veinlets from Las Minas area;
B) three pieces of skarn constituted by magnetite (dark mineral), diopside, quartz and epidote (green mineral) from
Las Minas area, C) photomicrographs (plane light) of late stage quartz, epidote hydrothermal assemblage
associated to early garnet (skarn) from Las Minas area; D) cavity within skarn covered with euhedral late stage
quartz crystals from Las Minas area, E) garnet crystals from skarn from Las Minas area, D) amethyst quartz from
Piedra Parada.
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6.2.3 Optical observations
The following fluid inclusions types have been distinguished on the basis of the phases (i.e. liquid,
v a p o r, s o l i d ( s ) ) p r e s e n t a t r o o m
temperature and on their relative
volumetric proportion:
•Two-phase (aqueous liquid+vapor)
liquid-rich, aqueous fluid inclusions (Ltype) (Fig. 6.3A, B, C, D, F, G, H). This
inclusion type is present in all the
examined samples and minerals. In
hydrothermal quartz (LM-11 and LMQA samples) and calcite (D-23
sample) the vapour bubble in L
inclusions in general occupies 5-10 to
up 30% of the total inclusion volume.
Whereas, in quartz, garnet and
tremolite of skarn assemblages the
vapor bubble of L inclusions usually
occupies from 10-15% to up 50% of
the total inclusion volume. In
hydrothermal quartz, L inclusions are
often associated with vapor-rich
inclusions (V-inclusions, see below)
(Fig. 6 D, E, F), in such cases twophases inclusions with variable
degree of filling also occur (6.3 D). L
inclusions in hydrothermal quartz are
often associated to growth zones of
the crystal (Fig. 6.3 G) and they can
be considered primary following the
Roedder’s (1984) criteria. Within skarn
quartz, garnet, calcite and tremolite L
inclusions usually occur along trails. In
general, it is not clear if they are of
secondary or pseudosecondary origin
but in some cases the inclusion trails
in quartz reach the crystal rim and
they can be classified as secondary
inclusions (Roedder, 1984).

Fig. 6.3: Photomicrographs of the different fluid inclusion
types found in the examined samples. A) group of L
inclusions in quartz, B) group of L inclusions in garnet, C)
group of L inclusions with relatively large bubble in
quartz, D) group of L inclusions associated with V
inclusions in quartz, some inclusions shows intermediated
features due to heterogeneous trapping, E and F)
associated L and V inclusions in quartz, G) L and V
inclusions within a growth zone in a hydrothermal quartz,
H) L inclusion in calcite.

•Three-phase (aqueous liquid+vapour+halite) and multi-phase (aqueous liquid+vapour+halite
+ one or more solids) inclusions (LH-type) (Fig. 6.3 I, J, K, L, M). LH inclusions usually occurs in
small groups with a three dimensional distribution (primary inclusions?) in quartz of the skarn
assemblage, whereas they were not observed in hydrothermal quartz and in in the other skarn
minerals. LH inclusions are distinguished in two sub-types on the basis of the final phase
transition observed during microthermometry (see below): i) LH1 inclusions, they show halite
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Fig. 6.3 Cont.: I) LH1 inclusion in quartz (H: halite, S unknown solid), J) LH1 inclusions in quartz (H:
halite, M: magnetite detected by Raman analyses), K) LH2 inclusion in quartz (H: halite, He: hematite,
M: magnetite detected by Raman analyses) , L) LH1 inclusion associated with V inclusion, M)
associated LH1 and VCO2 inclusion, N) V inclusion in quartz, O and P) VCO2 inclusions in quartz (L:
liquid, V:vapour), Q) Vs inclusion in quartz containing a halite crystal, R) associated Vs and V inclusions
in quartz , S) Vcov inclusion in quartz containing an hexagonal crystal likely covellite as suggested by
Raman analyes..

•
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•melting temperature below the final homogenization trough bubble disappearance; ii) LH2
inclusions, are characterized by final homogenization trough halite dissolution. LH1 inclusions
are sometimes associated with vapour-rich inclusions or aqueous-carbonic inclusions (V and
VCO2 inclusions, see below).
•Two-phase (aqueous liquid+vapor) vapor-rich fluid inclusions (V-type) (Fig. 6.3 D, E, F, L, R). V
inclusions include also apparently one-phase (vapor) inclusions which likely contain a thin layer
of liquid (not visible at the optical microscope) wetting inclusion walls. V inclusions occur in
both hydrothermal quartz and in quartz associated to skarn minerals. As for L inclusions, V
inclusions in hydrothermal quartz often show primary features (i.e. they are associated to
growth zones). Whereas in skarn quartz they occur along trails or, more rarely, they form
groups with an apparently three dimensional distribution (primary inclusions?) and large size
(>20 m). V inclusions can coexist with L inclusions and LH1 inclusions (Fig.6.3 L).
•Two-phase (aqueous liquid+carbonic vapour) and three-phase (aqueous liquid+carbonic
liquid+carbonic vapour) fluid inclusions (VCO2-type) (Fig. 6.3 M, O, P). This inclusion type was
found only within quartz of skarn. VCO2 inclusions occur along trails or in clusters. VCO2
inclusions are in some cases associated with LH1 inclusions (Fig. 6.3 M).
Moreover, fluid inclusions with intermediate features were also observed. In particular, when L and
V coexist, fluid inclusions with variable degree of filling also occur (Fig. 6.3 D). The association of L
and vapor-rich inclusions is interpreted as an indication of the coexistence of liquid and vapor (i.e.
fluid immiscibility or “boiling”) at trapping conditions (see below). Consequently, the coexisting
inclusions with variable liquid-to-vapor ratios likely reflect heterogeneous trapping (i.e. liquid +
vapour trapping). V inclusions are sometimes characterized by the presence of a small halite
crystal or halite and hematite and/or magnetite (the latter two minerals were detected by Raman
spectroscopy) (Fig. 6.3 Q, R). Such inclusions likely reflect the contemporaneous trapping of a
vapour-phase and of a hypersaline fluid in a single inclusion (vapour-rich inclusions with solid(s):
Vs-type) in a single inclusion.
The coexistence of LH and V inclusions and the presence of Vs inclusions can be related to
immiscibility processes that produced the hypersaline fluid and the vapour phase from a
homogenous moderate salinity fluid exsolved from a silicatic melt, or directly during the
exsolution process (Bodnar, 1995).
Finally, a peculiar type of vapour-rich inclusions containing a green or black solid with a typical
hexagonal habitus has been also sporadically observed (Fig. 6.3 S). In most of these inclusions a
liquid phase could not be observed at room temperature although a layer of liquid, not visible at
the optical microscope, could be present on wall inclusion. On the basis of Raman analyses (see
below) and of the morphological and colour features we suggest that such solid is covellite (see
below) and such sub-type of V inclusions are named Vcov.
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Table 6.2 cont. TmCO2: CO2 melting temperature; Tmclatr: clathrate melting temperature; ThCO2: CO2
homogenization temperature (always into the vapor phase or critical)

Location

North Las Minas

Mineral

F.I. type

Th range (°C)

LM1

quartz

V

250/521 [67]

LM10

quartz

V

300/384 [9]

Tmclatr
ThCO2
Th range Salinity range
(wt% NaCl
range (°C) range (°C)
(°C)
eq.)

Mineral

F.I.
type

TmCO2 range
(°C)

LM1

quartz

VCO2

-59.4/-56.5
[73]

5.3/9.8
[44]

LM10

quartz

VCO2

-56.5 [1]

6.8 [1]

Location Sample

North Las
Minas

Sample

12.3/31.1 240/421
[58]
[33]
27.9 [1]

nd

0.0/9.3 [22]
nd

Fig. 6.4: Frequency histograms of fluid inclusions microthermometric data for the different inclusions types
of of samples from the examined areas. A, B, C, D, E, F: Th and Tmice data of L inclusions. Th:
homogenization temperature (i.e. disappearance of the vapour phase), Tmice: ice melting temperature, qz:
quartz, grt: garnet, trem: tremolite, cc: calcite.
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6.2.4 Microthermometric analyses
Final ice melting temperature (Tmice), homogenization temperature (Th) and computed salinity of L
inclusions are summarized in Table 6.2 and Fig.6.4 A, B, C, D, E, F. In particular, fluid inclusions in
quartz from North Las Minas are characterized by low to moderate salinity values (0.2-16.7 wt.%

Fig. 6.4: Cont. G, H, I, J: Th and Tmh data of LH (LH1 and LH2 subtypes) inclusions. Tmh: halite melting
temperature. K, L, M, N: TmCO2, Tmclatr, ThCO2 and Th of VCO2 inclusions. TmCO2: CO2 melting
temperature; Tmclatr: clathrate melting temperature; ThCO2: CO2 homogenization temperature (always
into the vapor phase or critical)
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NaCl eq.) and Th mostly between 200 and 400°C; whereas fluid inclusions in garnet, tremolite and
quartz from EL Dorado area Las Minas showed comparatively lower Tmice and higher salinities
(8.4-27.4 wt.% NaCl eq.). Such inclusions in many cases display Tmice below the eutectic
temperature of the H2O-NaCl (-21.1°C) system indicating that dissolved CaCl2 and/or MgCl2 and/
or FeCl2 are also present in the aqueous solutions (Sheperd et al., 1985). Moreover, in some L
inclusions from Las Minas it possible to observe the initial melting, which occurred at temperature
(-30/-45°C) well below the eutectic temperature of the H2O-NaCl system, confirming the presence
of dissolved divalent cations at in these inclusions. In garnet of D23 sample from El Dorado area L
inclusion are characterized by high T h values (around 550-560°C) and near critical
homogenization, in some cases they actually homogenize into the vapour phase. A number of L
inclusions in quartz and tremolite of D23 sample also showed very high Th (>500°C) (Table 6.2,
Fig. 6.4 C), with some inclusions in quartz showing near critical homogenization or vapour
homogenization. On the other hand, fluid inclusion in quartz from Piedra Parada (LM-QA) showed
relatively low Th (183-233°C) and high Tmice indicating low salinity values (0.2-1.9 wt.% NaCl eq.)
(Table 6.2, Fig. 6.4 E, F). The temperature of two phases transitions was detected in LH inclusions:
final melting temperature of halite (Tmh) and the temperature of the disappearance the vapour
bubble (Th) (Table 6.2, Fig. 6.4 G, H, I, J). For LH1 inclusions Th is also the total homogenization
temperature whereas in LH2 inclusions the total homogenization occurred at Tmh. Both LH1 and
LH2 inclusions are characterized by wide Th and Tmh ranges (Table 6.2). In general, LH1 and LH2
inclusions from North samples showed Th and Tmh ranges shifted at lower values compared to the
same inclusion sub-types of the El Dorado area (Table 6.2, Fig. 6.4 G, H, I, J). This is reflected by
the salinities of LH1 and LH2 of the El Dorado samples which are characterized by the highest
values (Table 6.2).
In V inclusions it was possible to observe only one phase transition: the homogenization to vapour
phase. During low-temperature experiments at least one solid phase (likely ice) formed, but
because the small size of this phase it was not possible to record its melting temperature.
Homogenization temperature (Th) could be observed only in few large V inclusions of the North
samples and it varies between 250 and 521°C (Table 6.2). These values must be taken with
caution both because the observation of Th in vapour-rich is difficult in this type of inclusions
(Sterner et al, 1988) and because some V inclusions could have actually resulted by
heterogeneous trapping process. VCO2 inclusions were principally found in quartz of LM1 sample.
The melting temperature of the carbonic phase (TmCO2) mostly occurred between -56.5 and
-57.5°C (Fig. 6.4 K). Such values are close to the triple point of pure CO2 suggesting that the
volatile phase is essentially composed by this phase. Few lower TmCO2 data (down to -59.4°C,
Table 6.2) indicate that such inclusions contain some amount of another volatile phase(s). This
phase is H2S as indicated by Raman analyses (see below). Clathrate melting temperature (Tmclat)
was observed between 5.3 and 9.8°C, whereas the homogenization temperature of the CO2
phase (ThCO2) occurred between 12.3 and 31.1°C (Table 6.2, Fig. 6.4 L, M). CO2 homogenized to
the vapour phase although some critical homogenizations were observed. Total homogenization
was between 240 and 421°C with a peak of frequency in the 325-375°C range (Fig. 6.4 N).
The compositions of VCO2 inclusions, in terms of xH2O, xCO2 and xNaCl, were computed from
microthermoemtric data and the visual estimate of volume of the carbonic phase by Q2 software
(see methods) and they are shown in Table 6.3.
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During microthermometric analyses vapour-rich inclusions containing covellite (Vcov) do not show
any phase transition although during heating experiments covellite has significantly shrunk at
580°C (Fig. 6.5).
In addition to the data of D23 samples reported in this report, a number of microthermometric
data on fluid inclusions from other samples of different localities of the Las Minas area (5 Senores,
Santa Cruz and Aurora mine) are reported in the final report of Task 4.1. of UNAM (by Edoardo
Gonzalez Partida). These data are essentially from L and LH1 inclusions trapped in different
minerals (quartz, garnet, amphibole and calcite) and are similar to those of L and LH1 inclusions of
the samples of this report.

Inclusion
N°

Salinity (wt%
NaCl eq.)

Th (°C)

Ph (bars)

xH2O

xCO2

xNaCl

1

2.9

350

368

0.792

0.194

0.015

2

0.0

344

328

0.759

0.241

0.000

3

9.3

290

224

0.717

0.238

0.045

4

2.0

270

113

0.778

0.213

0.010

5

0.0

300

425

0.598

0.401

0.000

6

3.9

240

221

0.585

0.401

0.014

7

1.6

318

489

0.593

0.401

0.006

11

4.8

370

769

0.553

0.430

0.017

9

4.8

370

734

0.472

0.514

0.015

10

1.4

248

139

0.687

0.307

0.006

2.5

250

236

0.502

0.490

0.008

12

3.9

353

381

0.717

0.266

0.018

13

1.0

350

515

0.632

0.364

0.004

14

2.0

350

437

0.674

0.317

0.008

15

2.0

350

537

0.618

0.374

0.008

16

1.0

350

535

0.622

0.374

0.004

17

1.6

350

600

0.593

0.401

0.006

18

5.7

355

368

0.728

0.245

0.027

19

0.9

256

120

0.761

0.234

0.004

20

7.8

326

303

0.746

0.216

0.039

22

8.4

329

309

0.721

0.239

0.040

23

1.4

326

287

0.756

0.237

0.007

Table 6.3: Salinity, Th, Ph and computed compositions of selected VCO2 inclusions in terms of molar fractions of H2O,
CO2 and NaCl
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10 µm

Fig. 6.5: Photomicrographs (plane light) of Vcov inclusions at different temperature. A) at room
temperatrure, B) at high temperature covellite is significantly smaller.

6.2.5 Raman spectroscopy analyses
A total of sixteen fluid inclusions were
selected in quartz of LM1, LM10 and D23
samples to determine the composition of
the vapour and liquid phases and for
mineral identification which were not
recognizable at optical microscope and/or
during microthermometric analyses (Fig.
6.6). No solid phases and/or gases were
recognized in fluid inclusions of LM11
sample.
Concerning VCO2 type fluid inclusions,
Raman analyses confirmed the presence of
CO2 in all inclusions. CO2 represents the
only volatile phase in most of these
inclusions (Fig. 6.6 A). In few VCO2 inclusions
H2S, N2, and very rarely O2 were also
detected as minor component in the volatile
phases (Fig. 6.6 B). The occurrence of such
phases can explain the TmCO2 values below
the triple point for CO2 displayed by some
VCO2 inclusions.

Fig. 6.6: Results of the Raman spectroscopy
analyses: A) peaks of CO2 in a VCO2 inclusion, B)
peak of H2S in a VCO2 inclusion.
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Fig. 6.6: Cont. : C) peaks of orthoclase and hematite
in LH1 inclusion, D) peaks of halite and of metaboric
acid in LH1 inclusions.

Fig. 6.6: Cont.: E) peaks of hematite in V
inclusion, F) peak of covellite in Vcov inclusion

Raman analyses also detected the occurrence of low-density CO2 with minor amount of N2 also in
V and Vs inclusions.
Raman analyses of the solids in LH inclusions confirmed that the squared solid with a pale
greenish color entrapped is halite, as expected by its optical features (Fig. 6.6 D). Moreover, the
spectra of blackish and reddish-brown phases, often coexisting in single LH inclusions of D23
sample, indicate that they are magnetite (FeFe2O4) and hematite (Fe2O3), respectively (Fig. 6.6 E).
Moreover, hornblende (Ca2(Mg,Fe2+,Fe3+,Al)5(Si,Al)8O22(OH)2) and orthoclase (KALSi3O8) (Fig. 6.6
C) were also sporadically detected within LH inclusions of D23 sample. In one LH inclusion
tourmaline ((Na,Ca)(Mg,Fe2+,Fe3+,Ti4+, Cr, Al, Li+)3Al6(BO3)3[Si6O18](OH)4)
bands were also
recognized. Rarely, Raman analyses highlight the presence of metaboric acid (HBO2) (Fig. 6.6 D).
The presence of red-brownish hematite (usually associated with halite) were also detected in Vs
inclusions (Fig.6.6 E). More rarely magnetite was also recognized in these inclusions.
The Raman spectra of the black or green solids with hexagonal shape in Vcov inclusions are in large
part coherent with the covellite (CuS) spectra, although in some cases it cannot be excluded a
mixing of covellite and chalcocite (Cu2S) (Fig. 6.6 G). In the gas phase of Vcov inclusions it was also
detected CO2 and H2S. Raman analyses also indicated that green solid inclusions within quartz are
covellite.
Finally, Raman analyses showed that a solid phase present within the quartz showing high
birefringence at crossed-polars and not detectable at optical microscope is a mixing of anhydrite
(CaSO4) and gypsum (CaSO4*2H2O).
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6.2.6 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) analyses
LA-ICPMS were performed on ten L inclusions, two LH inclusions and one Vcov inclusion. The
calculated concentrations are reported in Table 6.4.

Due to the small sizes of multi-phase LH inclusions compared to the laser beam, the data provide
information of the bulk content (i.e. in the solid(s) and in the liquid phase) of the analysed element
within the inclusions.
Analyses of L inclusions show that Na, Ca, and K are the most abundant elements, followed by Fe,
Mn and Mg in variable proportions in distinct inclusions (Table 6.4, Fig. 6.7). Among trace
elements, Cu, Zn, B and Li are present in significant amounts in most inclusions, whereas the other
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Fig. 6.7: Results of LA-ICPMS analyses on single L and LH1 inclusions. elements concentrations are expressed in
mg/kg

elements show comparatively lower concentrations (Table 6.4). In sample LM11, the two analysed
L inclusions are characterized by different Ca and Na concentrations, these are also the most
abundant elements in all the L-type inclusions.
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Compared to the L inclusions, the LH1 fluid inclusions analysed are relatively rich in Na, K and Fe.
This is consistent with the presence of halite in the inclusions and of Fe-rich phase (i.e. hematite
and/or magnetite) and K-bearing phase (K-feldspar) detected by Raman spectroscopy. Moreover,
it can be also hypothesised the occurrence of K-Fe-bearing chlorides.
As expected VCOV inclusion analysed shows high concentrations of Cu (Table 6.4), since the solid
included in this inclusions, is likely covellite (or covellite+calchocite) as indicated by Raman
analyses.

Fig. 6.8: Binary diagrams showing relation between different elements (A, B, C, D) analysed by LA-ICPMS in single
fluid inclusions, and between the ratios of different elements and Cl (E, F)

In general, Na, K, Pb, Zn show a good positive correlation with Cl contents in L and LH1
inclusions, whereas Fe, Ca, Mg are less or not correlated at all with Cl (Fig. 6.8 A, B, C, D). The Pb
and Zn concentrations also displayed a good positive correlation. A fair correlation is showed by
Sr/Cl and Ca/Cl concentration ratios of most L+LH1 inclusions, whereas the Fe/Cl and Ca/Cl ratios
are correlated for most L inclusions (Fig. 6.8 F, G).
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6.2.7. Information obtained from fluid inclusion data
The different types of fluid inclusion found in the examined samples reflect a complex
hydrothermal fluid evolution related to the emplacement of intrusive rocks in the Las Minas area
with the circulation of fluid with different origins.
Pressure-temperature conditions, fluid composition and origin, processes
LH1 and LH2 fluid inclusions present in
quartz samples from Las Minas skarn are
characterized by high to very high-salinity
(30.3-68.6 wt.% NaCl eq. for LH1 and
34.7-72.5 wt.% NaCl eq. for LH2
inclusions), variable final homogenization
temperature (279-650°C for LH1 and
275-600°C for LH2 inclusions) (Table 6.3).
Moreover, LA-ICPMS analyses on LH1
inclusions (Table 6.4) showed that these
inclusions, besides Na and Cl, contain high
amount of Fe (up to 50000 mg/kg), K (up
to 70000 mg/kg), Ca (up to 49000 mg/kg)
and significant amount of Zn (up to 5400
mg/kg) and Pb (up to 432 mg/kg). Such
features are typical of inclusions found in
porphyry copper and skarn systems
(Roedder, 1984; Bodnar, 1994; Wilkinson,
2001) suggesting that the trapped fluids

Fig. 6.9: A) Pressure-temperature diagram showing isochores
of LH2 inclusions of North Las Minas area characterized by
decreasing salinities (numbers indicated on some isochores
are wt.% of NaCl). Light blue circle are the maximum T
conditions for a P of about 1.8 kbar. The arrow indicate the
evolution of the system assuming isobaric condition.

exsolved from a siliceous melt. However,
the variable salinities and final
homogenization temperature of both LH1
and LH2 inclusions and the different types
of final homogenization (LH1 inclusions homogenized by vapour disappearance, whereas LH2
inclusions by halite melting) suggest that P-T-salinity changes occurred during fluid exsolution
and/or the evolution of the hydrothermal system.
Since LH2 inclusions homogenized by halite melting, a vapour phase was not present during their
trapping (Bodnar, 1994). Hypersaline fluid can be directly exsolved from a melt at moderate to
high-pressure (>1 to 2 kbar) (Bodnar, 1994). The possible temperatures of trapping of LH2
inclusions in LM1 and LM10 samples are showed in Fig. 6.9 A. This Figure reports the isochores of
LH2 inclusions of LM1 and LM10 sample (north samples). Isochores start at total homogenization
(Thtot) and Phtot (i.e. the internal pressure of fluid inclusions at Thtot). A pressure constrain is given by
the pressure of intrusion emplacement (1-1.35 kbar, corresponding to 4.4 ± 0.7 km, see paragr.
X.Y.Z Caterina). However, in some LH2 Phtot exceeds such values (in one case Phtot is about 1.8
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Fig. 6.9: Cont.: D) Pressure-temperature diagram
showing isochores of VCO2 inclusions from North Las
Minas area, the possible P-T range of trapping (light
green area)

kbar). Thus, LH2 inclusions should be trapped
at least at 1.8 kbar, indicating that LH2
inclusions trapped a fluid exsolved from an
intrusion emplaced at higher depth compared
Fig. 6.9: Cont.: B) Pressure-temperature diagram
showing isochores of LH1 inclusions from North Las
Minas area, the possible P-T range of trapping (light
blue area) and the possible processes that
characterized LH1 inclusions during their trapping, C)
Pressure-temperature diagram showing isochores of
LH1 and L inclusions from EL Dorado area, the
possible P-T range of trapping (light blue area for LH1
inclusion and light brown for L inclusion of garnet and
part of tremolite inclusions) and the possible
processes that characterized LH1 inclusions during
their trapping.

to the depth of the intrusive rocks examined in
this study. This points out that at least two
intrusive events occurred in the Las Minas
area. Since the salinity of the exsolved
aqueous fluid increases with pressure (Cline
and Bodnar, 1991) a high-pressure of
emplacement agrees with the high-salinity of
LH2 inclusions (up to 62 wt% NaCl in LM10
sample). At 1.8 kbar the LH2 inclusions with
highest salinities (56-62 wt.% NaCl) are
characterized by the highest trapping

temperature (550-600°C) (Fig. 6.9 A). Other
LH2 inclusions display lower salinity and Thtot, these inclusions could have been trapped during
progressive dilution and temperature decrease of the starting fluid. It is unlikely that a low-salinity
meteoric fluid could have penetrated at relatively high-depth under high-temperature and
lithostatic conditions as those during the circulation of the hypersaline fluid. A possible
explanation for the occurrence of low-salinity fluid is an input of H2O originated from dehydration
reactions involving OH-bearing silicates of the basement rocks during contact-metamorphism. For
examples, dehydration reactions could have interested clay minerals present in shale beds
included in the limestone rocks. Phyllites within the basement could also occur below the Las
Minas area, and can have contributed to H2O production if they were affected by contact
metamorphic event. Thus, the input of such fluid together with the cooling of the intrusion can
account for the temperature and salinity decrease evidenced by LH2 inclusions (Fig. 6.9 A).
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On the other hand, LH1 inclusions can be trapped at lower pressure compared to LH2 inclusions.
In particular, the coexistence of LH1 and V displayed by some fluid inclusion assemblages and the
occurrence of vapour-rich inclusions containing a small halite crystal (i.e. documenting the
contemporaneous trapping of a vapour phase and of a brine) (Fig.6.3 L, Q, R), testify the presence
of two immiscible phases likely exsolved from a melt at relatively low-pressure or derived from
immiscibility processes that interested a magmatic saline fluid subject to decompression (i.e.
during up-flow). The whole possible P-T trapping conditions of LH1 inclusions (light blue field) in
two sampled areas are displayed in Fig. 6.9 B, C. This Figure reports the representative isochores
(i.e. isochores computed from minimum, maximum and medium Th) of LH1 inclusions of LM1,
LM10 and D23 samples. The upper P limit is 1 kbar since hypersaline fluids derived from
immiscibility process in magmatic-hydrothermal environment are usually produced at <1kbar
(Bodnar, 1994). This P also agrees with the minimum P of intrusion emplacement. The lower P limit
is constrained by the Phtot of fluid inclusions. For LH1 inclusions trapped during immiscibility their
trapping conditions correspond to Thtot and Phtot. In this case they were trapped at relatively low
pressure (i.e. 0.46 kbar for the highest Thtot and 0.04 kbar for the lowest Thtot) (Fig. 6.9 B, C). P of
0.35±0.1 kbar are compatible with a hydrostatic regime at a depth of about 3.7-4.4 km (i.e. in
agreement with intrusion emplacement). However, it cannot be excluded that part of LH1
inclusions were trapped above their Phtot since self-sealing may have locally increased the pressure
above hydrostatic values. We, therefore, suggest that during LH1 inclusions P oscillated between
hydrostatic and lithostatic (within the light blue field of Fig. 6.9 B, C) as consequence of repeated
fracturing/brecciation and self-sealing processes.
However, only pressure changes cannot explain the wide Th variation displayed by LH1 inclusions.
In fact, pressure variations are constrained by the maximum pressure during LH1 trapping (1 kbar)
and the minimum pressure of trapping (0.04-0.45 bars). Pressure variation of about 0.9 kbar would
cause a Th variation of ≤80°C for an inclusions trapped at constant temperature (in the Th and
salinity range of LH1 inclusions). Thus, pressure changes have a limited influence on the wide
range of Th displayed by LH1 inclusions. Considering the Th vs. salinity diagram for LH1 inclusions,
which shows a correlation between salinity and Th (Fig. 6.10 A), the best explanation for such
correlation is a progressive mixing between the hypersaline fluid exsolved from the melt with a
fluid of lower temperature and salinity. This low-salinity fluid could be either water derived from
dehydration reactions which involved OH-bearing minerals in the basement and meteoric fluid
penetrated at depth.
VCO2 inclusions were also found only in quartz associated to skarn mineralization. They are
characterized by the presence of CO2 (xCO2: 0.194-0.490) and low to moderate salinity or
absence of dissolved salts (0.0-9.3 wt.% NaCl). The significant amount of CO2 present in these
inclusions together with the presence of carbonate rocks of Cretaceous age hosting the skarn
mineralization suggest that this volatile phase derives from the carbonate minerals. CO2 can be
either a product of contact-metamorphism (for example CaMg(CO3)2 → CaCO3 + MgO + CO2) or
was produced during the metasomatic reactions between carbonate and Si-rich fluid exsolved
from the melt which produced Ca-bearing silicates (CaCO3 + SiO2 → CaSiO3 + CO2). As VCO2
inclusions contain also significant amount of H2O (xH2O: 0.502-0792) an aqueous phase was
present during CO2 production. A modest contribution from the hypersaline fluid of magmatic
origin can be supposed for the inclusions with higher salinities. However, the relatively low-to242

moderate salinity of VCO2 inclusions suggests that the aqueous phase present in these inclusions
could be mostly originated from dehydration reactions involving OH-bearing silicates. For
examples, dehydration reactions could have interested clay minerals present in shale beds
included in the limestone. Phyllites within the basement could also occur below the Las Minas
area, and can have contributed to H2O production if they were affected by a contact metamorphic
event.
In few VCO2 inclusions, usually showing relatively low TmCO2 (down to -59.6°C) H2S was also
detected within the volatile phase by Raman analyses. H2S present in these inclusions could be
originated by sulphides occurring in the black shales during contact-metamorphism and/or could
also testify a sporadic inflow of magmatic H2S which mixed with aqueous-carbonic contactmetamorphic/metasomatic fluids.
P-T conditions during the trapping of VCO2 inclusions are constrained by their representative
isochores and a maximum P of 1 kbar similar to that of LH1 inclusions (Fig. 6.9 D). At 1 kbar the
temperature of trapping is in the 470-650°C range. Whereas, the minimum pressure of trapping
corresponds to a Phtot range of 0.33-060 kbar the highest values indicate supra-hydrostatic
condition. Trapping temperature of VCO2 inclusions of north samples exceed the maximum
trapping temperature of LH1 inclusions of the same area. Also, the minimum trapping P of VCO2
inclusions is above the P of trapping of LH1 inclusions trapped during immiscibility. For this
reason, we think that at least part of VCO2 inclusions were trapped earlier than LH1 inclusions,
possibly during to contact-metamorphism and/or an early stage of skarn formation. However,
after this stage aqueous-carbonic fluid may have also circulated together with the hypersaline
fluid. In fact, the moderate salinity displayed by some VCO2 inclusions could be related to mixing
processes between the two fluids.
L inclusions were found in all the examined minerals and they are characterized by a wide range
of Th (144-580°C) and salinities (0.2-27.4 wt% NaCl eq.) suggesting variations of the physicalchemical parameters during their trapping. Fig. 6.10 B shows the Th and salinity data of L
inclusions in garnet, quartz and tremolite in D23 sample. In addition, isobars at Th (i.e. the
pressure at homogenization), the critical curve and halite solubility curve are also shown. L
inclusions in garnet of D23 sample display relatively homogeneous high Th (550-561°C) and
salinities (17.8-18.6 wt% NaCl eq.) (Table 6.2, Fig. 6.10 B). A number of L inclusions in tremolite
and in quartz also showed high Th (500-580°C) and salinity values (18-49 wt% NaCl) similar to
those in garnet, whereas other inclusions displayed lower Th and salinities (Table 6.2, Fig. 6.10 B).
The high Th values of these L inclusions, coupled with their relatively high-salinity suggest that the
trapped fluid can be also of magmatic origin. In this case, however the salinity is not as high as in
LH1 inclusions. We, therefore, propose that L inclusions in garnet and tremolite record a stage of
fluid exsolution from the magma at P-T conditions for which immiscibility did not occurred. The
possible P-T conditions of trapping of such L inclusions (0.5-1 kbar, 500-600°C) are shown in Fig.
6.9 C. A large number of L inclusion in quartz of D23 sample have lower Th values (mostly
between 340 and 480°C), and variable salinities (Fig. 6.10 B). A number of these inclusions were
likely trapped at boiling as suggested by the occurrence of coexisting V inclusions and evidence
of heterogeneous trapping processes. Continuous boiling and mixing processes can explain the
Th and salinity variation displayed by L inclusions in this sample (Fig. 6.10 B). Such processes
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occurred during a
p r o g r e s s i v e
decompression of the
system from about 500 to
100 bars (Fig. 6.10 B)
L inclusions in LM1 and
LM10 samples are
characterized by
comparatively lower
salinity values and in part
also by lower Th values
with respect to L inclusion
in quartz of D23 sample.
In particular, L inclusions
showing Th<400°C and
moderate to low-salinity
l i k e l y re c o rd a f l u i d
originated in part or
totally from meteoric
water infiltrated at depth.
In these samples
coexisting L and V
inclusions suggest
boiling. Thus, in this case
mixing between fluid with
similar Th and different
salinities and boiling
process
(with
decompression from 200
to bars) can explain the
salinity and Th variation
showed by L inclusions (Fig.
6.10 C).
Boiling is also evidenced by L
and V inclusions in quartz of
l a t e - s t a g e h y d ro t h e r m a l

Fig. 6.10: Th vs. salinity diagrams for the different type of fluid
inclusions. A) diagram for LH1 inclusions showing a positive
correlation between of Th and salinity, B) diagram for L inclusions in
garnet, tremolite and quartz from El Dorado area showing the
possible evolution of the system from early magmatic fluid input,
cooling, boiling and finally mixing (see text for details).

assemblages (i.e. LM11 and
LM-QA samples) (Fig. 6.3 D). However, Th vs. salinity values of L inclusions in LM11 quartz are
positively correlated (Fig. 6.10 D) indicating dilution of a saline relatively high-temperature fluid
with low-temperature, low-salinity meteoric fluid. This process thus has the greatest influence on
the Th and salinity variations in LM11 sample. Fluid mixing was also evidenced by calcite of D23
sample.
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Fig. 6.10: Cont.: C) diagram for L inclusions in quartz from skarn assemblage showing the
possible evolution of the fluid due to mixing and boiling processes , D) diagram for L
inclusions from late hydrothermal quartz showing fluid mixing trend.
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V inclusions record the vapour phase present during fluid immiscibility process. Fluid inclusion
textural relationships and heterogeneous trapping evidence indicate that this process occurred
during the trapping of both LH1 and L inclusions. However, there is no evidence that all LH1 and L
inclusions were trapped during fluid immiscibility. Raman analyses, detected CO2 in V inclusions;
however neither clathrate nor solid/liquid CO2 were observed during microthermometric analyses
indicating that CO2 is likely present as a low-density gas phase. Also in this case CO2 in V
inclusions could be derived from reactions involving carbonates. Considering the low-density of
this phase, it cannot be excluded that CO2 derived from magma.
Vcov are peculiar inclusions in the Las Minas system as they are characterized by a Cu-sulphide
(covellite or covellite+chalcite) trapped with a vapour-phase. Two possible explanation can be
proposed for the origin of such inclusions: 1) during the trapping of a vapour phase (as that
present in V inclusions) already crystallized Cu-sulphide crystals were accidentally trapped and 2) a
vapour-like phase of magmatic origin, enriched in Cu and S, was trapped at very high temperature
and the Cu-sulphide nucleated during subsequent cooling. The behaviour of Vcov inclusions
during heating (Fig. 6.5) seems to favour second hypothesis.

6.3 Radiogenic isotopic analyses
Radiogenic isotopes are excellent tracers of magmatic processes and show specific signature of
their different ratios for different type of rock and minerals linked to their genesis and/or age of
formation. They thus represent a tool to potentially discriminate among different source
contributions.
The specific aim of our study is to apply a multi isotope approach to the study of the skarn
exhumed hydrothermal system of Las Minas. In detail the main target is to combine the
radiogenic isotope ratios of Sr, Nd and Pb in order to define the isotopic features of rocks and
different hydrothermal phases to get information on:

¥ fluid origin(s) (i.e. magmatic, meteoric or resulting from metasomatic processes)
¥ fluid/rock interaction processes

The final goals within the whole project will be also to compare the characteristics of the paleofluids with those deriving from the active system.

6.3.1. Method
The samples selected for Sr, Nd and Pb isotope analyses have been powdered and chemically
processed in a high-purity laboratory. Selections have been made accordingly to the colleagues of
CNR and UNIBA involved in the petrological and fluid inclusion studies.
The chemical digestions have been performed using classical digestion procedure for rocks and
silicates mineral phases by combining specific amount of concentrated HF (35%) and HNO3 (65%)
acid plus diluted HCl (6N), of suprapure quality for Sr-Nd analyses and ultrapure quality for Pb
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analyses, on a hot plate. Carbonatic materials have been dissolved by adding to the sample some
amount of diluted HCl (6N) on hot plate. Once digested the samples have been eluted in diluted
HCl (2.5N) into specific columns prepared with specific cationic resins for the sequential
separation of Sr and REE and successively Nd. The Pb selection has been obtained using a
specific, ultra-clean stick-no stick resin having high-recovery properties, using variably diluted
HNO3 acid.
Once selected, for each sample, each element was purified and recovered and was measured to
determine the specific isotopic ratios. Measurements have been performed using a thermal
ionization mass spectrometer (TIMS) for Sr isotopes and a multi-collector inductively coupled
plasma mass spectrometer (MC-ICPMS) for Nd and Pb. Instrumental calibration and analytical
accuracy and reproducibility have been tested on international standard (NIST-SRM987 for Sr,
JNd-1 for Nd and NIST-SRM987 for Pb).
For Sr isotope measurements using TIMS samples have been dried, properly diluted and loaded
on a Re-filament to be then heated by a current and ionized into the spectrometer.
For Nd and Pb isotope measurements using MC-ICPMS on the contrary samples have been just
diluted and directly injected into the instrument. In particular, for Pb isotope measurements each
samples was spiked with a Tl solution of specific concentration. All data have been corrected for
fractionation and interference.

6.3.2. Samples
The samples processed for Sr-Nd-Pb isotope determination have been carefully selected among
the collected rocks from Las Minas exhumed complex and one sample from the Los Humeros area
(Tables 6.1, 6.5, Fig. 6.1).
They consist of:
1.Igneous rocks (LM3, LM4, LM13, LM20, LMC1B and LMC13) which comprise qz-diorite and
diorite dikes, a leuco-tonalite belonging to an intrusive body and a leuco-granodiorite dike
(Table 6.1, see also paragr. for the description CATERINA);
2.Carbonatic rocks: limestone of Mesozoic basement (Rugg12C, sample in the Los Humeros
area), marble produced during contact-metamorphism on the Mesozoic limestone (LM12A),
calcite vein crosscutting the marble (LM12B) and a calcite hydrothermal (CH3, sampled in the
San Miguel Tenango area consists of calcite vein affecting breccia deriving from a diatrema;
3.Skarn mineralization: bulk skarn (LM10: quartz+pyroxene+wollanstonite), separated
fragments of fuchsite from one vein mainly consisting of fuchsite and quartz (LM22), separated
fragments of garnet from skarn (LM14G, LM18), separated grains of magnetite (LM14M).
6.3.3. Results
Results are reported in Table 6.5 and shown in Figures 6.11, 6.12 and 6.13.
The samples LMC13 (i.e. a leuco-tonalite from an intrusive body) and Rugg12C (a limestone of the
Mesozoic carbonatic basement) are considered as representative of the two principal reservoirs in
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Figure 6.11: 87Sr/86Sr vs. 143Nd/144Nd vs. diagram

which the circulation of hydrothermal fluids took place, and they should represent the two
possible end-members of our system.
Analyzed samples have been roughly age corrected assuming a general age of 12.5 Ma (see final
report of Task 4.1 of Edoardo Gonzalez Partida - UNAM). Further age correction will be also after
the end of this task by using specific ages which will be provided by 39Ar/40Ar age measurements
planned in task 4.1. These ages will be available as addendum in the next months.
Age correction on carbonate is negligible with respect to the measured values, magmatic and
hydrothermal phases show only small variation. The only exception is represented by the mica
sample LM22, which yields a very high measured 87Sr/86Sr of 0.74135. Age correction for this
sample is strongly dependent from an accurate determination of Sr and Rb contents, eventually
by isotope dilution method.
All data described from this point refer to age corrected values (i.e. initial values).
Among the analyzed samples LM3 and LM20 (diorite dikes) exhibit the lower 87Sr/86Sr and higher
143Nd/144Nd (0.7039-0.7043 and 0.51279-0.51281, respectively), which are representative of
unaltered igneous rocks with pristine origin (Fig.6.11). Slightly higher Sr and lower Nd values are
found in LM4 and LM13 (qz-diorite dikes), which show a slightly higher alteration degree, with
epidote in the paragenesis (0.70506-0.70537 and 0.51253) (Fig. 6.11). The 87Sr/86Sr and 143Nd/
144Nd of the two unaltered samples are comparable with the data of magmatic rocks of Las Minas
reported in the report of task 4.1 of UNAM (by Edoardo Gonzalez Partida).
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Marble samples have Sr isotope values ranging from 0.7073 to 0.7075, retaining the typical values
of Mesozoic seawater that is Mesozioc marine limestones represented by the sample RUGG12C
(87Sr/86Sr: 0.707468). This is in agreement with the regional stratigraphy, and it is also indicative
that during contact-metamorphic event no significant isotope shift did occur. Noteworthy, the
calcite vein is in full equilibrium with the host marble. Nd have not been yet determined for such
samples except for the sample representative of the undisturbed carbonatic basement obtaining
143Nd/144Nd of 0.51230, which is slightly higher than the Nd isotopic range of variation for
Mesozoic seawater. (Fig. 6.11).
The three skarn samples have comparable Sr isotope ratios, ranging 0.70636 and 0.707256, being
more similar to the carbonatic rocks than magmatic ones. On the contrary Nd isotopes show a
decupling of the isotopic composition between the bulk skarn sample and the two separated one.
The two samples composed by single hydrothermal phases (garnet and magnetite) define a small
range (0.51258-0.51262) similar to the values of qz-diorite rocks, whereas the bulk sample

Figure 6.12: 206Pb/204Pb vs. 87Sr/86Sr diagram.

(composed by quartz, wollastonite and pyroxenes) retains a value totally overlapping that of the
carbonatic Mesozoic basement (0.51231). (Fig.6.11).
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Pb isotope results show that carbonate samples have remarkable higher 206Pb/204Pb (19.70-19.94)
than igneous rocks (18.701-18.723) and slightly higher 207Pb/204Pb (15.66-15.69 versus
15.64-15.54) whereas 208Pb/204Pb they partially overlap (38.4-38.56 versus 38.3-38.42). Combined
to each other and with the Sr isotopes they defined a variable but well defined compositional field
well distinguished from the magmatic sample variation (Figs. 6.12, 6.13). The only exception is the
sample CH3 which is a calcite taken from a hydrothermal vein in the breccia of a diatrema.

Figure 6.13: A) 206Pb/204Pb vs. 207Pb/204Pb diagram, B) 208Pb/204Pb vs. 207Pb/204Pb diagram, C) 207Pb/204Pb vs. 208Pb/
204Pb diagram.

Dike samples show quite homogenous fields of composition with slightly lower 208Pb/204Pb and
higher 207Pb/204Pb values for the leuco-granodiorite (Table 6.5). The leuco-tonalite sample shows
even lower 208Pb/204Pb and higher 207Pb/204Pb values compared to dikes (Fig. 6.13). Among the
hydrothermal skarn samples, the sample LM14G has absolutely the higher age corrected 206Pb/
204Pb

value (20.23), whereas the other two skarn samples (LM14M and LM10) are similar to dikes
overlapping their variation field (Fig. 6.13). This behavior is also confirmed by 207Pb/204Pb values
whereas 208Pb/204Pb values are similar and the three skarn samples cluster within the dikes
compositional field (Fig. 6.13). This evidence is similar to the scatter observed for Nd isotope
ration but seems to reverse the behavior of samples LM10 (the bulk skarn sample) and LM14G
(garnet in skarn) (Figs. 6.12, 6.13).
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6.3.4. Information on element origins
The two reservoirs (i.e. “magmatic” and “carbonatic”) defining the principal end-member of the
hydrothermal exhumed system at Las Minas are well distinguished from the isotopic point of view,
as expected as regard to their different origin. Moreover, within the magmatic rock samples Sr-Nd
isotopes are inversely correlated spreading along the classical trend of typical mantle-derived
melt with variably enriched sources.
In particular, the leuco-tonalite isotopic composition (i.e. of the intrusive body) is similar to the
leuco-tonalite and shows higher 87Sr/86Sr and lower 143Nd/144Nd with respect to the qz-diorite and
diorite dikes, showing a possible different magmatic source or the presence of some secondary
processes which altered the isotopic signature.
Contact metamorphic marble samples point to the limestone isotope signature, which is also in
equilibrium with the calcite sample of the vein, possibly indicating that the related circulating
fluids inherited their isotope fingerprint from carbonate host rocks.
From Sr isotopes only it seems that skarn and consequently skarn-derived fluids are strongly
dominated by the carbonatic isotopic signature implying a major role of this reservoir as principal
fluid circulation environment with limited contribution from the magmatic component. However,
Nd and Pb isotopes seem to balance this trend toward a more important contribution of the
magmatic component. Also, from our results it is evident that the magmatic component/reservoir
cannot be identified in the leuco-tonalite intrusion instead in the diorite and qz-diorite dikes.
The scattered composition of sample LM14-G (and LM10) should be further evaluated, but
confirm the possibility of a contrast between the competence of different elemental origin to the
isotopic signature of this hydrothermal fluids linked to their origin.
Combining Sr with Nd and Pb our data points to two main evidences:
- skarn samples show variable isotopic ratios, spanning from carbonatic dominated to magmatic
dominated signature especially using 143Nd/144Nd and 206Pb/204Pb, 207Pb/204Pb values combined
to Sr isotope Fig. 6.12, 6.13).
- dikes seems to represent the more suitable source of magmatic derived components for the
whole skarn, magnetite and fuchsite of skarn and one garnet from the skarn. Whereas, one garnet
from skarn (LM14G) show very different values in terms of Pb isotopic values compared to the
other skarn samples (Fig. 6.13, Table 6.5). These anomalous values together with the relatively
high content of U in this sample (Table 6.5) suggest the presence of U-bearing phase included
within the garnet. In this case, the Pb isotopic values of garnet are uninformative.
- mixing between two different hydrothermal fluids can explain the variation of skarn isotopic
signature possibly related to temporal evolution during the hydrothermal event. This translates
into different behavior of elemental distribution in the hydrothermal fluids from different reservoirs
(Fig. 6.13 C).
It is important to point out the critical role of the calculation on the basis of ages on the obtained
initial isotopic values. Our conclusions can be slightly modified or reviewed (especially in the
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evaluation of the contribution of the two main components, carbonatic/magmatic, to the
hydrothermal fluid/s signature) when radiometric ages will be available.

6.4 Evolution of the hydrothermal system of Las Minas
In general, fluid inclusion data from Las Minas evidenced the typical evolution of the magmatichydrothermal system starting from the input of high-temperature hypersaline fluids exsolved from
a crystallizing melt toward a circulation dominated by water of meteoric origin with relatively lowtemperature and low-salinity.
The progressive evolution of the aqueous fluid that circulated in the Las Minas skarn-hydrothermal
system (except those trapped in LH2 inclusions) is displayed in Fig. 6.14. This Figure report the Th

Fig. 6.14: Th vs. salinity diagram for all L and LH1 inclusions

and salinity data of all the examined L and LH1 inclusions. This Figure also reports the isobars at
boiling (i.e. immiscibility) conditions. If fluid inclusions were trapped during immiscibility their Th
and Ph correspond to the P-T of trapping. In our samples, immiscibility conditions likely occurred
during the trapping of L and LH1 coexisting with V inclusions. However, it cannot be
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demonstrated that immiscibility always occurred during the trapping of L and LH1 inclusions.
Thus, Th and Ph in Figure 6.14 give only an approximate estimate of T and P of trapping.
Nevertheless, a Figure 6.14 clearly evidences the progressive evolution of the fluid in term of Th
and salinity from the high-temperature hypersaline magmatic fluid to the low-temperature, lowsalinity meteoric fluid. This evolution pointed out to a progressive input of the meteoric fluid
which mixed with the magmatic derived fluid. Fluid mixing (dilution) is also evidenced by the
composition of fluid inclusions analysed by LA-ICPMS. In particular, Na and Cl are positively
correlated (Fig. 6.7 A). K is also correlated to Cl. Since these elements do not enter in skarn and
hydrothermal minerals (Na-and K-bearing phases are in fact minor phase in skarn-hydrothermal
mineral assemblages) their correlation can be related to fluid dilution. We cannot however
exclude, at least for L inclusions, that fluid boiling produced the trend of Fig. 6.7 A. Similar trends
are also evidenced by Pb vs. Cl and Zn vs. Cl (Fig. 6.7 B, D). However, since these elements can
be present in the fluid in Cl-complexes, dilution destabilized the Cl-complex and Pb and Zn could
have precipitated contributing to the decrease of their concentrations. Fluid mixing is not the only
process, which influenced the composition of fluid inclusions. In fact, Ca vs. Cl diagram showed
that these elements are poorly correlated (Fig. 6.7 C). In particular, Ca is commonly present in
skarn minerals and likely entered in the fluid during the reaction between magmatic derived fluid
and carbonates. Thus, its concentration in the aqueous solution is controlled by fluid-rock
interaction and mineral precipitation processes. Fig. 6.7 E shows fairly good correlation between
Ca/Cl and Sr/Cl. Such ratios cancel the effect of dilution on Ca and Sr variation; therefore, this
correlation can be explained considering a common origin or precipitation of this elements. In
particular, the common occurrence of Sr in carbonates lattice, suggests that the correlation is
related to the dissolution of carbonates. The influence of carbonates concerning Sr in the
hydrothermal fluid is also confirmed by the 87Sr/86Sr values of two skarn samples (bulk skarn and
magnetite) which are shifted toward the 87Sr/86Sr composition of the marble compared to the qzdiorite and diorite dikes (Fig. 6.11, 6.12). A moderate contribution from carbonates is also shown
by 207Pb/204Pb vs. 208Pb/204Pb values although in general Pb isotopic composition indicate a
“magmatic” (i.e. from a fluid exsolved from a melt or from the leaching of magmatic rocks) (Fig.
6.13).
Also Ca/Cl and Fe/Cl of L inclusions show a quite good correlation (Fig. 6.7 F). However, in this
case we propose that such correlation is probably related to epidote crystallization (which
incorporate both elements in different sites), in fact L inclusions are related to a late-stage
hydrothermal circulation during which epidote formed.
The four cartoons in Fig. 6.15 show the evolution of the hydrothermal circulation in the Las Minas
depicted from fluid inclusion and isotopic data.
The first stage was characterized by presence of high-temperature, hypersaline fluid exsolved
from a melt that was trapped at P of at least 1.8 kbar. This fluid then mixed with a less saline fluid,
possibly issued during dehydration reaction and cooled (Fig. 6.15 A).
During the second stage a new input of high-temperature (up to 650°C), hypersaline fluid
occurred (Fig. 6.15 B, C). However, in this case the hypersaline fluid exsloved from the melt,
formed during immiscibility process, and was trapped at P ≤ kbar. Also in this case the hypersaline
fluid was subject to mixing with a fluid with lower salinity. More or less contemporaneously with
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Stage 1 El Dorado and North Las Minas areas

Fig. 6.15: Cartoons showing the evolution of the skarn – hydrothermal system of the Las Minas area. A)
Early event characterized by the input of magmatic-derived fluid at relatively high pressure and
subsequent cooling and dilution of the fluid.

the circulation of the hypersaline fluid, also an aqueous carbonic fluid was present in the system.
Such fluids, likely formed during contact-metamorphic and/or metasomatic process involving
carbonates, were trapped in fluid inclusions at P of 0.5-1.0 kbar. A subsequent input of magmaticderived fluid with high-temperature but moderate salinity likely formed the skarn assemblage
comprising garnet + tremolite in the El Dorado area of Las Minas (Fig. 6.15 C).
The third stage of fluid circulation was characterized by the progressive input of meteoric fluid in
the deep system, which caused the dilution and cooling of the residual magmatic derived fluid
(Fig. 6.15 D). However, during the early phase of the third stage T could be still relatively high (up
to 450°C). Throughout the third phase, besides fluid mixing, also fluid boiling occurred and
influenced the salinity of the fluid. The sample LM-QA, collected far away from the Las Minas
skarn, records only the circulation of relatively low-temperature, very low-salinity fluid, indicating
that this was a distal area, with respect of the focus of the magmatic-hydrothermal system, in
which only meteoric fluid circulated (Fig. 6.15 D).
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Fig. 6.15: Cont.: Second input event of magmatic-derived fluid. B) evolution in the North Las Minas area
characterized by the circulation of both magmatic-derived fluid and fluid issued during metamorphic
reactions, C) evolution in the El Dorado area of Las Minas area characterized by the circulation of two
types of magmatic-derived fluid.
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Fig. 6.15: Cont.: Late stage evolution. D) Evolution in the Las Minas area characterized by the mixing of magmaticderived and meteoric fluid and far from the Las Minas area (Piedra Parada( characterized by fluid of essentially
meteoric orgin.

6.5 Information on the super-hot deep geothermal reservoir of Los Humeros from fluid
inclusion and isotopic data
A large number of fluid inclusion of the skarn assemblage of Las Minas record a fluid circulation
related to presence of both high-temperature fluids (470-650°C) exsolved from a melt and formed
during metamorphic reactions. At Los Humeros, present-day exploited geothermal reservoirs are
characterized by lower temperature (300-400°C) and mostly recharged by meteoric water
(Arellano et al., 2003; Pinti et al., 2017). Such conditions at Las Minas occurred during the late
stage of fluid circulation (third stage, Fig. 6.15 D) when a large amount of meteoric fluid
penetrated in the skarn - hydrothermal system.
The P-T conditions of the Las Minas fossil hydrothermal system could be more similar to those
occurring within the super-hot system present below the present-day geothermal exploited
reservoirs at Los Humeros. Thus, fluid inclusions and isotopic data could predict some of the
features of the super-hot system. However, due to the uncertainty on the physical conditions of
the magmatic system present below Los Humeros two different scenarios can be proposed:
1.If a partially crystallized intrusive body is present below Los Humeros (geophysical data can
help to identify the state of the intrusion) the P-T conditions of the super-hot system can be
comparable to those during the second stage of fluid circulation of Las Minas. Thus, it could
be expected the presence of high-temperature (470-650°C) saline or hypersaline fluid
(depending on the pressure of exsolution). If P is sufficiently low a vapour phase coexists with
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the hypersaline fluid within the super-hot reservoir. The presence of saline fluid would favour
the production of HCl due to brine/plagioclase reaction:
anorthite + 5quartz + 2NaCl + H2O 2 albite + wollanstonite + 2HCl0
If a vapour phase coexisted with the brine, HCl would be preferentially partitioned in the
vapour. The latter could migrate at shallower depth because of its low-density, whereas the
high-density brine would remain at depth. This process could explain the presence of HCl
(and low-pH fluid) in some part of the Los Humeros system. In fact, low-pH fluid at Los
Humeros were interpreted to be related to the migration of deep magmatic volatile
species (including Cl) induced by the extraction of fluids from the reservoir (Izquíerdo et
al., 2009).
Moreover, a CO2 phase issued during metamorphic reactions involving carbonate rocks
could also be present in the deep system and eventually rise at shallower depth together
with aqueous vapour.
If the intrusive body is almost totally crystallized the P-T conditions at Los Humeros could
more likely reflect those present during the early third stage of fluid circulations, during
which residual saline magmatic-derived fluid can also occur and eventually mixed with
meteoric fluid penetrated at depth. T could be also rather high (up to about 450°C). The
presence of residual saline fluid can also produce HCl as in the previous scenario.
The distal hydrothermal system (with respect of the deep system of Las Minas) is represented by
the quartz amethyst of Piedra Parada area. The characteristics of this system (T: 190-230°C, very
low-salinity fluid) are comparable with conditions of wells located in the margin of the Los
Humeros system (for example H-25) (Arellano et al., 2003).
Finally, a comparison between fluid inclusion data of the skarn – hydrothermal system of Las Minas
and those from Los Humeros has been made in the report of UNAM (by Edoardo Gonzalez
Partida). The main conclusion is that at Los Humeros fluid inclusions record a fluid circulation
similar to that of the late-stage (third stage) of Las Minas characterized by moderate to low-salinity
fluid (<15% NaCl), moderate T (<380°C) and P (< 200 bar).
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CHAPTER 7 – Petrographic description of selected samples from
the skarn system of Las Minas, showing geochemical reactions
related to the formation of high temperature metasomatic veins
and their retrograde alteration.

1. Summary
This following presents a detailed petrographical description of six isolated skarn samples from two
quarries located on the outskirts of Las Minas, collected during 2017 and 2018 field visits. The rocks
are barren (do not carry appreciable metallic mineralisation) exo-skarns. However, the barren skarns
do provide essential information on the evolution of the carbonate-silicate system. It is stressed that
these samples represent only a snap-shot of the processes in the system and are not a complete set
of eventualities.
Most of the rocks analysed here, are dolomitic marbles and their metasomatic-transformation
counterparts. The metasomatic reactions are dominantly represented by the transformation of
dolomite into olivine + calcite or talc + calcite assemblages but other phases, such as diopside,
tremolite and phlogopite have been observed, locally. These mineral assemblages are often
overprinted by later retrograde processes at lower temperatures, normally involving hydration of
the originally anhydrous phases, e.g. olivine → serpentine. The metasomatic assemblages and their
alteration products are largely enclosed in metasomatic veins that might have been areas of
weakness in the host rock. These, perhaps originally micro-fractured areas, would have allowed for
a more efficient transport of fluids. Since, all the rocks in this study are exo-skarns, the
metasomatism involved transport of silica-dominated fluids from the magmatic body towards the
dolomitic marble.
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7.1 - Sampling
Six samples have been analysed in this study. The samples were collected from two quarries on the
outskirts of Las Minas (Fig 1), separated by ca 2 km in a straight SSE - NNE line:
1. Quarry 1. Latitude 19.696985 Longitude -97.137144
2. Quarry 2. Latitude 19.685558 Longitude -97.145313

Figure 1 Map showing two the quarries on the outskirts of Las Minas from which the samples for this study were extracted.

Table 1 Sample list and location

BGS Sample no

Quarry

Respective to Las
Minas

Latitude

Longitude

MPLV 930

Quarry 1

NNE of Las Minas

19.696985

-97.137144

MPLV 931

Quarry 1

NNE of Las Minas

19.696985

-97.137144

MPLV 932

Quarry 1

NNE of Las Minas

19.696985

-97.137144

MPLV 934

Quarry 1

NNE of Las Minas

19.696985

-97.137144

MPLV 945

Quarry 2

SSE of Las Minas

19.685558

-97.145313

MPLV 946

Quarry 2

SSE of Las Minas

19.685558

-97.145313
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Figure 2 Field sampling images, quarry 2. In the red circle - metasomatic vein from brucite marble (sample MPLV 946)
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7.2. Methods

Table 2 List of abbreviations

Samples were prepared as 30 µm thick polished thin sections and
were

analysed

by

petrographic

and

scanning

electron

microscopy.
The optical (petrographic) study was performed using a researchgrade Zeiss Axioplan 2 polarising microscope with bespoke highresolution digital camera facility, Zeiss AxioVision software for
basic image capture and processing and labelling of images.

Abbreviations
BSE
Backscattered electron
HV
High vacuum mode
VP
Variable pressure mode
Dol
Dolomite
Cal
Calcite
Tlc
Talc
Phl
Phlogopite
Di
Diopside
Tr
Tremolite
Mgt
Magnetite
Brt
Barite
Sp
Spinel

Scanning electron microscopy was performed using an FEI Quanta 600 SEM with silicon drift (SDD)
energy dispersive detector. The system was operated at 20kV accelerating voltage, in either high
vacuum (HV) (1x10-6Torr) for carbon-coated samples or variable pressure (VP) mode (0.4 Torr) for
un-coated samples. Quantitative analysis of olivine (in sample MPLV 931) was done in HV mode,
using ca 1 nA beam current and 60 s acquisition time. Instrument performance on the day was
verified by monitoring of beam current stability and analysis of two secondary standards: hortonolite
and clinopyroxene. The olivine crystal formula was calculated from stoichiometry using 4 oxygens.

7.3 Definitions
!

Metasomatism - is a metamorphic process by which the chemical composition of a rock or
rock portion is altered in a pervasive manner and which involves the introduction and/or
removal of chemical components as a result of the interaction of the rock with H2O-CO2
fluids. During metasomatism the rock remains in a solid state. The mineral transformation
takes place on the scale of individual grains by a coupled dissolution-precipitation
mechanism (Putnis & Austrheim, 2010; Zharikov et al, 2007)

!

Skarn - is a metasomatic rock formed at the contact between a silicate rock (or magmatic
melt) and a carbonate rock. It consists mainly of Ca-Mg-Fe-Mn silicates, which are free of/ or
poor in water.

!

Skarns can be metal-bearing or barren containing high proportion of Ca-Mg-Al silicates. The
latter provide information of the reactions resulting from the infiltration of metasomatic
fluid into the exo- and/or endo-zones, and are the subject of this report.
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7.4. Detailed description of samples
Rock description
Dolomitic marble with
metasomatic veins

Locality

BGS no

NNE of Las Minas village, Quarry 1

MPLV 930

Sample Summary: Dolomitic marble cross-cut by sub-parallel and diagonal metasomatic veins.
The veins are mineralogically banded and of varying thickness from 0.5 mm to >5 cm (overall
thickness was difficult to establish as the sample contains only a fragment of the vein). The narrow
veins contain the products of SiO2 +H2O +FeO metasomatism in dolomite, characterised by the
presence of calcite, talc, silica and magnetite. Talc here is probably primary. The thicker vein displays
a more complex composition and is mineralogically zoned. A more detailed study on the zoning is
required but the general trend starting from the contact with host dolomitic marble include:
!

talc

!

finely crystalline calcite-magnetite

!

coarse calcite with patches of talc and forsterite olivine ±magnetite

!

hieroglific forsterite, diopside and tremolite ± talc ±magnetite

!

hieroglific forsterite, diopside, and phlogopite ± talc ±magnetite.

Hand specimen description:

hard creamy grey with several patchy zones, Fe

oxide/oxyhydroxide staining and a red discolouration in a cross-cutting metasomatic vein. The
specimen analysed contains a fragment of the vein only.

Hand specimen

Polished Thin Section location

Polished section scan
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Optical microscopy imaging
Plane polarised light

Crossed polarised light

Narrow metasomatic veins of calcite, talc, silica +- magnetite cross-cutting dolomitic marble

Details of the thick vein, with calcite, patches of chlorite (earthy green) and stringers of forsterite olivine.
The black opaque minerals are magnetite.
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HV scanning electron microscopy imaging (backscattered electron images)

Metasomatic vein in dolomitic marble.

Details of metasomatic vein margin with
calcite fingering into the host rock, along the
dolomite crystal boundaries

Contact between the narrow metasomatic vein
and dolomitic marble host. Talc has grown in
expansion cracks that have likely formed due to
volume
change
related
to
mineral
transformation

Locally, patches of talc within the thick vein
contain MnO with trace Ni and Cu

Details of magnetite from the thick
metasomatic vein with BSE bright inclusions
of pyrite. Magnetite is altered to Fe oxide
with trace of Cu in the central part of the
crystal
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Patches and stringers of forsteritic olivine
(dark) in coarse calcite in the central part of
thick metasomatic vein. BSE bright are
magnetite crystals

Details of olivine stringers (dark BSE contrast)
in coarse calcite

Details of hieroglific forsterite (Fo) in calcite.
Fo is partially altered to serpentine (Srp),
predominantly on the crystal margin. < 10
µm inclusions of diopside (Di) are scattered in
calcite. Tremolite (Tr) is present locally as
< 50 µm crystals. Trace amount of BSE bright
fracture infill is late-stage barite

Phlogopite-rich zone within the thick
metasomatic vein, in association with olivine,
diopside and talc. Dolomite is found as a
trace phase and forms late rims around some
talc patches. BSE bright areas are magnetite
crystals

267

Rock description
Dolomitic marble cross cut by
calcite-forsterite vein

Sample Summary:

Locality

BGS no

NNE of Las Minas village, Quarry 1

MPLV 931

granoblastic dolomitic marble cross-cut by parallel to sub-parallel

metasomatic veins of coarsely-crystalline calcite and forsterite. The spatial distribution of the two
minerals varies in places, from randomly scattered olivine crystals to olivine aggregates, irregular
trails to well-defined bands of olivine within calcite. The latter bands are normally < 500 µm wide
and their parallelism and positioning are consistent with geochemical self-organisation. The olivine
bands are. Magnetite and trace amounts of Bi telluride, as well as Cu, Zn and Pb are observed,
normally associated with zones of olivine to talc±serpentine/idingsite alteration. The alteration is not
pervasive but suggests that metallic mineralisation is late and of lower temperature than the
formation of skarn within the host dolomite. Locally olivine-calcite occur as scallop-shaped reaction
fronts extending into the host dolomitic marble. Microcrystalline calcite also occurs as trace
interstitial domains within the host rock. The boundary between host dolomite and coarse calcite is
irregular, commonly embayed but following a general parallel trend.

Hand specimen description: hard, white to light beige dolomitic marble, cross-cut by < 2 cm
veins, yellow-brown-green stained. In places, reaction fronts are fingering from the veins into the
host-rock.

Hand specimen

Polished Thin Section location

Polished Thin Section scan
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Optical microscopy imaging
Plane polarised light

Crossed polarised light

Granoblastic dolomitic marble with interstitial calcite (left of the images) cross cut by calcite-forsterite
metasomatic vein. Locally, the central parts of the vein contain magnetite. Darker patches within the host
dolomite are interstitial calcite

Details of calcite-forsterite banding inside the metasomatic vein. Magnetite (black-opaque) is mostly
associated with altered olivine bands. The alteration resulted in the formation of serpentine-talc

Scallop-shaped reaction front of calcite and forsterite extending into dolomitic marble
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Details of the contact between calcite (reaction front) and dolomitic marble

Dolomitic marble with interstitial calcite

Details of interstitial calcite in granoblastic host dolomite
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HV scanning electron microscopy imaging (backscattered electron images)

Granoblastic dolomite with interstitial calcite
(BSE bright). <20 µm crystals of apatite are
scattered (brightest BSE signal)

Boundary between calcite dominated
metasomatic vein and dolomite marble.
Calcite crystals are notably ‘cleaner’
inclusion-free in the central part of the vein
and containing significant amount of
inclusions/relics of dolomite towards the
boundary with host rock. Olivine-forsterite is
largely fresh in the central part of the vein,
only locally displaying alteration to talc and
serpentine

Some olivine bands display complex alteration to talc and serpentine. This alteration is also
associated with metallic mineralisation and Bi telluride, native Bi and Cu + Zn have locally
been detected. The alteration of Dol to Cal+Mg silicate in the vein might have been now
overprinted by late dolomite, as indicated by euhedral dolomite crystals grown into the
secondary Mg silicate
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Rock description
Dolomitic marble cross cut by
calcite vein

Sample Summary:

Locality

BGS no

NNE of Las Minas village, Quarry 1

MPLV 932

granoblastic dolomitic marble with trace amount of calcite (possibly Mg-

bearing). Dolomite commonly exhibits triple 120 degrees junctions, typical metamorphic feature of
recrystallisation. However, <1 mm domains of patchy dolomite have also been observed. Some
dolomite crystals contain <5 µm inclusion of calcic dolomite or Mg-bearing calcite or calcite. Several
apatite inclusions (5-60 µm) were found within dolomite and on its grain boundaries. Calcite is a
trace component and occurs as <100 µm round domains within dolomite, filling in interstices
between dolomite as well as within the cross-cutting <250 µm vein. The domains are scarce and
some contain Zn-bearing phases, largely associated with Fe oxide, possibly magnetite. This kind of
mineralisation is also associated with the late cross-cutting vein. The pink-discolouration in and
around the vein is likely associated with trace amounts of Fe oxide/oxyhydroxide.

Hand specimen description:

white, dense marble with local pink-discolouration associated

with cross-cutting vein. The rock contains scattered yellowish-brown patches.

Hand specimen

Polished Thin Section location
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Triple junctions

VP scanning electron microscopy imaging (backscattered electron images):

Granoblastic dolomite with triple point 120°
crystal junctions

Inclusion of calcite in dolomite. The BSE bright
specs within calcite contain Zn

Details of Zn-bearing phase within calcite
inclusion in dolomite

Calcite vein cross-cutting the sample

(left) Details of the Zn-bearing particles.
Complex zonation, dominantly Fe bearing,
locally Fe sulphide/ ±Zn and Cu. Detailed
analysis is still required
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Rock description

Locality

BGS no

Diopside-calcite skarn with a
talc-rich zone along the crosscutting fracture

NNE of Las Minas village, Quarry 1

MPLV 934

Sample Summary:

partially altered diopside-calcite skarn. The sample comprises <1 mm

rosette-like aggregates of elongate, stem-like crystals of diopside tightly inter-grown, replacing and
overgrowing calcite. Diopside also occurs as a mass of granular, fine (<50 µm) crystals, in a crosscutting vein and randomly distributed patches. Calcite also displays textural variety from finely
crystalline to lenses and irregular domains of coarse crystals. Significant alteration of the host skarn
is evident from assemblages observed in zones adjacent to the fracture (“bleached zone”). Here, the
diopside rosettes were altered to talc. This altering fluid appears to have carried fluorine, as
indicated by the distribution of F X-rays coinciding with the talc. The bleached zone displays
compositional banding, with the central part associated with the Fe oxide/hydroxide staining
dominated by calcite and gradually changing into calcite-talc assemblage in the vicinity of the
contact with host skarn. Calcite displays further textural and compositional variation that requires
further investigation. However, preliminary results suggest that the fracture was re-activated and
filled in with coarse “clean” crystals. This calcite contains trails of inclusions (parallel to the main
fracture system) and shows evidence for fracturing and sealing at its marginal extent, suggesting
multiple re-activation. This calcite also exhibits tabular twinning that can be used as a tool to
estimate the temperature of the strain (Ferrill et al, 2004).

Polished Thin Section scan
Hand specimen

Hand specimen description:

Polished Thin Section location

Moderately brittle, colour-banded skarn with the mineralogy

varying between the different bands but being dominated by calcite and diopside. Generally, redyellow discolouration is related to the presence of Fe oxide/oxyhydroxide i.e. magnetite (black) and
its alteration products; the white-creamy zones are calcite-dominated, whilst light green, fibrous in
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hand specimen is diopside. Diopside occurs as < 7 mm rosette-like aggregates of elongate crystals.
hand specimen is diopside. Diopside occurs as < 7 mm rosette-like aggregates of elongate crystals.
The sugary grey phase observed in hand specimen is silica/quartz.
The sugary grey phase observed in hand specimen is silica/quartz.
The PTS for analysis was prepared from a fragment containing a fracture. The fracture has been filled
The PTS for analysis was prepared from a fragment containing a fracture. The fracture has been filled
by coarse calcite. The host skarn has been altered along the fracture to talc+calcite assemblage
by coarse calcite. The host skarn has been altered along the fracture to talc+calcite assemblage

Optical microscopy imaging:
Optical microscopy imaging:

(left)
Annotated
polished
thinthin
section
scan.
TheThe
hosthost
(left)
Annotated
polished
section
scan.
diopside
(Di)
–
calcite
(Cal)
skarn
was
altered
diopside (Di) – calcite (Cal) skarn was altered
(“Bleached
zone”)
along
thethe
fracture,
withwith
diopside
(“Bleached
zone”)
along
fracture,
diopside
being
pseudomorphically
replaced
by
talc
(Tlc).
TheThe
being pseudomorphically replaced by talc (Tlc).
fracture
has
possibly
undergone
multiple
fracture has possibly undergone multiplere- reactivation events and filled with pure calcite.
activation events and filled with pure calcite.

Plane
polarised
Plane
polarised
lightlight

Crossed
polars
Crossed
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Round
domains
of dolomite
surrounded
by elongate-like
diopside
crystals
normally
arranged
in rosette-like
Round
domains
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surrounded
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aggregates
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16

Rosette-like aggregate of diopside crystals

Mass of granular, finely crystalline diopside inter-grown with calcite, possibly in a vein

Elongate crystals of talc within the “bleached zone” associated with alteration along the fracture crosscutting the skarn. Talc is likely a pseudomorph after diopside
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(left) Boundary between “old” (top) and “new”
(bottom) generations of calcite. The “new” younger
calcite is blocky and occupies the fracture reactivated zone. Locally trails of inlusions are
observed, that together with the observed tabular
twinning suggest a degree of strain that can be
correlated with the temperature of the deformation
(Ferrill et al, 2004)

HV scanning electron microscopy imaging (backscattered electron images):

Elongate stem-like crystals of diopside

Boundary between diopside (BSE bright
crystals) and talc (BSE dark crystals)
dominated zones

Talc rosettes with relics of diopside, both in
calcite

A mosaic of finely crystalline diopside and
calcite from vein
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Rock description

Locality

BGS no

Brucite marble

SSE of Las Minas village, Quarry 2

MPLV 945

Sample Summary:

Brucite marble. The sample comprises calcite (dominantly)-dolomite

groundmass and numerous scattered euhedral to subhedral, locally hexagonal 50-300 µm domains
of brucite. Brucite is likely a pseudomorph after periclase, as indicated by the characteristic onionskin alteration observed optically as well as the fractured texture of the rock. The fractures are
clearly aligned and of stepped-angular nature, likely indicating pressure cracking and microbrecciation upon mineral transformation related solid volume change. The moderately well-defined
cleavage suggests that the mineral transformation occurred under stress (Phasemap in Fig 4). The
origin of fractures might be two-fold, and resulting from:
(1) Initial formation of periclase and calcite upon contact metamorphism of dolomitic protolith. This
temperature induced mineral re-equilibration is associated with the release of CO2 that might have
caused carbo-fracturing. However, the reaction is associated with a decrease in volume that would
most likely result in a more compact texture devoid of fracturing
(2) Hydration of periclase to brucite. It has been reported that this reaction is associated with a
positive volume change of the solids of about 100%, i.e. swelling by a factor of two with respect to
the initial volume of periclase (Kuleci et al, 2013). The cracks are filled with brucite also.
Dolomite is present locally as (1) domains with straight contact with calcite and encompassing
periclase-brucite pseudomorphs, probably representing remnants of non-reacted protolith as well as
(2) infill in late veins and patches within brucite (retrograde carbonation). Dolomite in veins displays
chemical zonation (Ca-enriched) coinciding with crystals growth patterns.

Hand specimen description: highly porous, yellow rock with white patches and cross-cut by
<5 cm thick mineral-banded metasomatic veins.
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Optical microscopy imaging:
Plane polarised light

Crossed polars

Brucite in calcite-dolomite marble

Onion-skin texture in brucite in crossed-polarised light.
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HV scanning electron microscopy imaging (backscattered electron images):

BSE
dark
domains
calcite/dolomite marble

of

brucite

in

Details of brucite-filled fractures

Brecciated texture of brucite marble,
brecciation related to volume expansion as
periclase is altered to brucite

Calcite with relics of dolomite, fractures filled
with brucite

Late veins of dolomite, and local carbonation
of brucite

Details of local carbonation-dolomitisation of
brucite along the dolomite vein.
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Figure 2 Phase map showing the distribution of brucite in relation to calcite and dolomite. Note the linear texture defined by
Figure -2filled
Phase
map showing
thelines
distribution
of brucite in relation to calcite and dolomite. Note the linear texture defined by
brucite
fractures
(parallel
for guidance)
brucite - filled fractures (parallel lines for guidance)
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1cm

Rock description

Locality

BGS no

Altered brucite marble with
thick metasomatic veins

SSE of Las Minas village, Quarry 2

MPLV 946

Sample Summary: “leached” brucite marble cross-cut by compositionally-banded metasomatic
vein. The host rock resembles samples MPLV 945 both with regards to the rock texture and
compositions. The exception being that the brucite domains are largely absent in the sample
described here. The vein comprises calcite (replacing dolomite) on the margin and an assemblage of
olivine, spinel, talc, qandilite, trace pyrite, calcite and dolomite in the central parts of the vein. Talc
and calcite occur as interlocking mosaic with the remaining minerals being unevenly scattered
throughout. Both the spinel and olivine display evidence for alteration, with the latter being partially
serpentinised. The timing and the exact products of the alteration, the formation of talc and
complex dissolution-reprecipitation-replacement textures and associated volume changes observed
locally within the entire specimen require further investigation. Chemically zoned dolomite fills
interstices and possibly some secondary porosity within the central part of the metasomatic vein.
The red discolouration, as observed in the hand specimen is related to the presence of finely
crystalline magnetite and its oxidation product, likely hematite.

Hand specimen description:

yellow, highly porous rock cross-cut by several <10 cm thick

veins. The veins show compositional zonation, with white calcite-dominated margins and in the
centre a light green with dark speckles assemblage of minerals.

Hand specimen

Polished thin section location
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HV scanning electron microscopy imaging (backscattered electron images)

Boundary between calcite at the vein margin and
silicate-rich central part of the vein. Locally, patchy
relics of dolomite is observed in the calcite

Details of partially serpentinised olivine, partially
altered spinel in calcite. The BSE bright is Fe oxide

High magnification image of partially altered spinel,
serpentinised olivine enclosed in talc and calcite

Crystal of qandilite in calcite surrounded by a complex
inter-growth of talc and altered olivine

Euhedral magnetite surrounded by Fe oxides, likely an
alteration product (possibly hematite) that causes the
red-discolouration clearly observed in the hand
specimen. The surrounding phase is dolomite with
localised, BSE brighter calcite

Details of the host “leached” brucite marble. The
black domains are now largely empty holes. All the
brucite was leached out. Both dolomite (BSE dark) and
calcite (BSE bright) are still present
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7.5. Summary of geochemical reactions
The reactions observed therefore include the transformation of limestones to Mg silicates, chiefly.
3.1. Reactions in dolomitic marble
In dolomitic marble, the metasomatism involved ingress of SiO2 (+/-Fe) fluids leading to the
transformation of dolomite into calcite and forsterite (as observed in MPLV 931):
2CaMg(CO3)2 + SiO2 → 2CaCO3 + Mg2SiO4 + 2CO2
This reaction is associated with ca 9% decrease in solids volume. The same reaction but involving
hydrous fluids led to the formation of talc instead of olivine (as observed in MPLV 930):
3CaMg(CO3)2 + 6SiO2 +H2O → 3CaCO3 + Mg3Si4O10 (OH)2 + 3CO2 + 2H2O
The volume change associated with this reaction is much greater, ca 28% increase in the volume of
solids. This is likely the reason behind the extensive set of micro-fractures observed in sample MPLV
930. Both, the micro-fracturing and the presence of talc has got implication for the rock integrity. If
Fe was present in the fluids then magnetite precipitation may also be expected.
3.2. Brucite marble
Brucite marble (as observed in MPLV 945) has formed from dolomitic protolith that has undergone
contact metamorphism and transformation of dolomite to calcite and periclase:
CaMg(CO3)2 → CaCO3 + MgO + CO2
This reaction is associated with 25% solid volume increase. The temperature of this transformation
depends on the mole fraction of CO2 in the binary H2O-CO2 fluid phase, being higher at higher CO2
proportion (Muller et al, 2009). Since, we don’t have any data on fluid composition in this study, we
can’t establish this temperature however, the minimal temperature can be bracketed between
605°C and 800°C (Figure 3).
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Figure 3 Phase diagram for the system CaO-MgO-H2O-CO2 at 1 kbar. XCO2 is the mole fraction of CO2 in a binary H2O-CO2
fluid phase (from Muller et al, 2009)

The newly formed periclase is largely unstable when in contact with hydrous fluids and it gets
transformed into brucite:
MgO + H2O → Mg(OH)2
The solids volume increase, for this reaction is relatively high, i.e. ca 45%. This could lead to
significant micro-fracturing of the rock. The micro-fractures in the brucite marble analysed here
(sample MPLV 945) are filled with brucite also. Further, the textural observations revealed parallel to
sub-parallel alignment of the brucite-filled micro-fractures suggesting that the hydration possibly
occurred under differential stress (Fig 4).
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Figure 4 Phase map of brucite marble with a moderately well-defined set of parallel to sub-parallel brucite-filled
microfractures (parallel lines for guidance). Note that some of the fractures appear dolomite – purple in colour, but this is
an artefact of X-ray collection and image processing. All fractures are filled with brucite.

The subsequent metasomatic reactions are observed within < 5cm wide metasomatic veins (Fig 5).
Based on the mineral phases observed in the vein, it is inferred that the metasomatic fluids were
carrying SiO2 (+/- Al, Fe, Ti). The introduction of other than silica components led to a more complex
mineralogy than observed in the dolomitic marble. Namely, the forsteritic olivine and calcite are
accompanied by the presence of spinel (MgAl2O4) and qandilite spinel ((Mg, Fe2+)2(Ti, Fe3+, Al)O4).
Forsterite is partially serpentinised and the host brucite marble is heavily leached
Metasomatic vein

Fo-Srp, Sp,
Cal±Dol
Calcite
Leached
brucite marble

5 cm

Figure 5 Metasomatic vein in brucite marble. The vein displays characteristic compositional zoning, with calcite (white)
present on the contact with the host rock, and the central part being composed of partially serpentinised olivine and spinels.
The red-discolouration is due to Fe-oxide/oxyhydroxide staining. Fo-forsterite, Srp-serpentine, Sp-spinel, Cal-calcite, Doldolomite.
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In conclusion, the petrographic study provides a compelling evidence for:
!

The presence of dolomitic marbles in the area studied, (most of samples analysed).

!

Silica metasomatism, ±H2O, ± Fe, ± Al, ± Mg, (±K), resulting in the formation of anhydrous
(forsterite, diopside) and hydrous Mg silicates (talc, tremolite, phlogopite). Implications:
presence of talc in fractures and metasomatic veins might result in zones of weakness and
slip

!

Mineral transformation-related volume change. The increase or decrease of the volume of
solid phases results in significant micro-fracturing. Implications: enhanced permeability for
initial CO2 escape and subsequent ingress of later H2O-rich fluids, variable degree of
lithological coherency-incoherency. Alteration of diopside along fractures by late
hydrothermal fluids resulting in the formation of talc (low frictional strength).

!

Differential stress during brucite marble formation. Implications: variable properties of the
rock when measured in different direction

The description below contains a short summary of each sample followed by a detail presentation of
compositional and textural features at micro-scale using imaging from optical and scanning electron
microscopy.
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CHAPTER 8 - Neutron and X-ray computed tomographic analyses

8.1 Introduction
Neutron and X-ray computed tomography (NCT and X-ray CT, respectively) can provide
information on the porosity and hydrous phases of the rocks interested by geothermal
circulation. Thus, aiming to explore the porosity of reservoir rocks of exhumed (Las Minas) and
present-day (Los Humeros) systems and the consequence of hydrothermal circulation (i.e.
deposition of hydrous secondary minerals), we investigated the presence and the distribution
of pores and hydrous phases by such methods.
The knowledge of spatial hydrous phase distribution and size, shape and orientation of grains,
ie. the texture of the altered and unaltered hosting rocks will provide glimpses about the
evolution of the reservoir once forced to interact with massive amounts of injected water,
providing data critical to predict the evolution of the geothermal field and eventually its
energetic and economic potential.
X-ray CT has been employed to determine the macro and micro-porosity, as well the internal
fractures of samples of the reservoir rocks before and after hydrothermal alteration. On the
same samples, the hydrous phases present or formed as consequence of hydrothermal
alteration were detected by NCT.
8.2 Samples
Three different types of rocks have been selected for these analyses (Table 8.1):
Table 8.1 Summary of the investigated samples.

•

The LMC13 sample is an intrusive rock (leuco-tonalite) sampled in the Las Minas shows
a moderate hydrothermal alteration related to the circulation of fluid of different origin
(i.e. magmatic, contact-metamorphic and meteoric). This sample may also the represent
a possible reservoir rock of the super-hot EGS geothermal system present below the
exploited system of Los Humeros. The primary minerals of this leuco-tonalite are quartz,
plagioclase, K-feldspar and biotite. Post-magmatic (i.e. hydrothermal) inter-granular
white mica is present in the sample. Hydrothermal alteration also produced partial
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•
•

sericitzation of plagioclase and K-feldspar, and incomplete chloritization of biotite.
Moreover, epidote occur as a typical alteration product of plagioclase.
Rugg12c sample is a limestone manly constituted by carbonates and small amount of
phyllosilicates. This sample represent
Rugg04, Rugg05 and Rugg09 samples are andesites sampled at surface in the Los
Humeros area. These samples are considered to represent the reservoir rocks of the Los
Humeros geothermal systems. Primary minerals in these rocks include plagioclase,
orthopyroxene, clinopyroxene (not present in Rugg05), scarce K-feldspar and minor
oxides and apatite. Glass is present in Rugg9 sample, whereas in Rugg4 sample olivine
occurs. A moderate hydrothermal alteration is evidenced by the occurrence of
carbonates, in Rugg09 sample, and phyllosilicates (chlorite and/or vermiculite) in Rugg4
sample.

8.3 X-ray CT method and results
The measurements have been carried out at the CRIST laboratory using a Micro-CT SkyScan
1172 operating with tungsten X-ray source (100 kV, 100 mA). The instrument spot size is <0.5
μm. All samples were analyzed with the same
instrument operational setup (source Voltage:
100 kV, source current: 100 μA, filter Al+Cu,
Rotaton Step: 0.3 deg) using an image pixel size
of 10 μm. Sample RUGG05 was also analysed
with higher resolution (1 μm). Data were
processed using the modified algorithm of
Felkamp with the software Nrecon 1.6.9.4. The
alignment, the “beam hardening” and the “ring
artifacts” were corrected before reconstructing
each sample image. The software CTan was
used for porosity measurements, and the
s o f t w a r e C Vo x w a s u s e d f o r t h e 3 D
Fig.8.1 - 3D reconstruction of sample RUGG04
reconstruction.
For each sample two cylindrical cores of about
0.5 cm diameter and 1 cm height were sub-sampled. The same cores were used for NCT
measurements. In total eleven samples were scanned with the Micro-CT SkyScan 1172. A 3D
image was reconstructed for all cores (Fig.8.1) and for data analyses the larger volume (total
VOI) of each sample was selected to improve the results. Porosity of samples was calculated by
varying the gray scale threshold of the obtained images (Fig. 8.2).

Andesite samples RUGG04 and RUGG05 were processed using the same threshold
(36), while for one of the duplicates (RUGG05_2) a threshold of 14 provided better
results probably for the small differences in the two sub samples. Sample RUGG05

(RUGG05_HD) was also analyzed at high resolution (1 μm) using a smaller total volume

291

Fig.8.2 - Images of sample RUGG04 showing the grey scale

(total VOI) (6.4 mm3). Results are summarized in Table 8.2 and in the supplementary
results (at the end of the document) all results are shown in detail for each sample.

Table 8.2. Summary of the results obtained by X-ray CT Scan
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8.4. NCT method and results
NCT measurements were performed at ANSTO (Autralian’s Nuclear Science
Technology Organization) at the DINGO neutron beam line using a pixel resolution of
25 μm and 600 angular projections, covering a range of 180°, to realize the
tomographic reconstructions. The data have been processed using the Octopus code
for tomographic reconstruction and then recomposed and analyzed using VGstudio
Max and AVISO software.

Sample LMC13 (leuco-tonalite)
Three different pieces of the LMC 13 sample
(leuco-tonalite) were analyzed. Fig. 8.3 (top)
depicts the 3D rendered image of the sample
n°1 on which the phases, characterized by
higher neutron absorption (hydrous phases),
have been red colored. In the second image
of Fig. 8.3 (bottom), an attempt to
discriminate the hydrous phases particles as
function of their geometry (i.e. regular
geometry: primary hydrated phase; irregular
geometry: secondary hydrated phases from
alteration). The results indicate that in this
portion of the sample the secondary phases
are very abundant (12.6%), whereas primary
hydrated minerals are scarce (0.2%). The same
distinction was made also for the other two
pieces and the results are shown in Tab. 8.3.
Fig. 8.4 and Fig. 8. 5 display the rendered
images of sample LMC13 n°2 and n°3. Fig.
Fig 8.3: Volume rendered image of the hydrated phases (red) detected on the LMC13 (sample n°1) and,
below, false color particles reconstruction as function of their geometry: hydrated regular (primary) phases:
red; hydrated irregular (secondary) phases blue; matrix: white (scale bar 11.58 mm upper picture, 9.88 mm
lower picture)
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Table 8.3 - . Summary of the data collected by X-Ray and Neutron tomography on LMC13 sample. The
% of secondary (S) and primary (P) hydrated phases computed from their geometrical features are
reported below the total % of the hydrated phases

8.5 also displays the false color reconstructed axial section of this samples with
superimposed (bottom portion) the same axial section reconstructed using the X-ray
data. This image highlights
the difference between the
features of the rock detected
by means of these two
complementary techniques;
pores by X-rays and hydrated
phases by neutrons. There is
no apparent direct
relationship between these
features. Quantitative data
collected on the leucotonalite sample are
summarized and compared
with the X-RayCT data in
Table 8.3.

Sample Rugg12C (Limestone)
Also for this type of hosting rock

Fig. 8.4: Volume rendered image of the hydrated
phases (red) detected on the LMC13 (sample n°2),
scale bar 11.9 mm.
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Fig. 8.5 - Left. Volume rendered image of the hydrated phases detected on the LMC13 (sample
n°3). Right, false color reconstructed axial section with superimposed (bottom portion)
reconstructed X-ray axial section.

thee different sample were prepared and analyzed. Figs. 8.6 and 8.7 depicts the 3D
rendered image of these samples. As before the hydrated phases have been red
colored. It is evident as in this rock the amount of detected hydrated phase is nearly
neglectable. Quantitative data, compared with the porosity as determined by X-rayCT
are summarized in Table 8.4.

Samples Rugg04, Rugg05, Rugg09 (Andesite)
Due to the variability of this volcanic rock specimens were sampled in different places
and labeled as Rugg04, Rugg05, Rugg09.
Two pieces for every sample were analyzed the 3D rendered images of these sample
along as an axial section superimposed to the same axial section obtained from the Xray CT dataset are shown in Figs. 8.8, 8.9, 8.10, 8.11, 8.12 and 8.13. Quantitative data,
compared with the porosity as determined by X-rayCT are summarized in Table

295

Figure 8.6: Volume rendered images of the hydrated phases (red) in limestone (sample Rugg12C, n°1 and n°2)

Figure 8.7: Volume rendered image of the hydrated
phases (red) in limestone (sample Rugg12C, n°3)
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8.5. The three samples showed different amount of the hydrated phases, in particular
sample Rugg04 is characterized by high content of hydrated minerals compared to the
other samples. This agree with petrographic observation that showed the widespread
occurrence of a phyllosilicate (likely chlorite and/or vermiculite) in this sample Table 8.5.
Moreover, such sample is also characterized by the highest porosity.

Fig. 8.8: Volume rendered images of the hydrous phases (red) in sample Rugg04 (n°1 and n°2).
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Fig. 8.9: False color reconstructed axial section of the sample
Rugg04 (cut n°2) with superimposed (top portion) the
corresponding reconstructed X-ray axial section.

Fig. 8.10: Volume rendered image of the hydrated phases (red) in sample Rugg05 (cut n°1) and (right) a false
color reconstructed axial section with superimposed the X-ray axial section.
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Figure 8.11: Volume rendered images of the hydrated phases (red) in sample Rugg05 (cut n°2 and n°3)

Figure 8.12 - Volume rendered image of the hydrated phases
(red) in sample Rugg09.
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Figure 8.13: A false color reconstructed axial section of the sample Rugg09; left X-ray , right neutrons.

Table 8.5. Summary of the data collected by X-Ray and Neutron tomography on the Rugg4, Rugg5 and
Rugg9 samples. Av.=average.
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8.5 Information from Neutron and X-ray computed tomographic analyses
The applied techniques indicate that:
1)

The primary average porosity of the presumed reservoir rocks of the Los
Humeros system (i.e. andesite) varies between 0.55 and 1.15%. Whereas, the
leuco-tonalite of Las Minas and the limestone (representing the rock in which
skarn developed) are characterized by rather low average porosity, 0.22 and
0.005% respectively.

2) The distribution of the hydrated phase formed during hydrothermal alteration is
not apparently related to porosity.
3) The relatively high concentration of secondary hydrated phases in the leucotonalite and in one sample of andesite without evidence of secondary porosity
(i.e. fractures > 10 μm) suggests that fluid flow in these samples occurred trough
micro-fractures and/or trough molecular diffusion.
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APPENDIX

Supplementary results of X-Ray CT Scan

LMC13_1
CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 13:02
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:16
Dataset,lmc13_1__rec_voi_
Location,E:\Microtomografia\Guia\LMC13\1\recon\VOI(1)\
Description,Abbreviation,Value,Unit
Number of layers,,406
Lower vertical position,,0.25716,mm
Upper vertical position,,4.99117,mm
Pixel size,,11.68893,um
Lower grey threshold,,24
Upper grey threshold,,255
Total VOI volume, TV,185.98509,mm^3
Object volume,Obj.V,185.37768,mm^3
Percent object volume, Obj.V/TV, 99.67341,%
Total VOI surface,TS,189.55532,mm^2
Object surface,Obj.S,387.00103,mm^2
Intersection surface,i.S,187.64686,mm^2
Object surface / volume ratio,Obj.S/Obj.V,2.08764,1/mm
Object surface density,Obj.S/TV,2.08082,1/mm
Surface convexity index,SCv.I,-90.04815,1/mm
Centroid (x),Crd.X,3.67271,mm
Centroid (y),Crd.Y,3.63289,mm
Centroid (z),Crd.Z,2.56013,mm
Number of objects,Obj.N,4,
Number of closed pores,Po.N(cl),128824,
Volume of closed pores,Po.V(cl),0.58736,mm^3
Surface of closed pores,Po.S(cl),193.45502,mm^2
Closed porosity (percent),Po(cl),0.31585,%
Volume of open pore space,Po.V(op),0.02004,mm^3
Open porosity (percent),Po(op),0.01078,%
Total volume of pore space,Po.V(tot),0.60741,mm^3
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Total porosity (percent),Po(tot),0.32659,%
Euler number,Eu.N,162833,
Connectivity,Conn,-34005,
Connectivity density,Conn.Dn,-182.83724,1/mm^3
LMC13_2
CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 14:13
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:15
Dataset,sezione
Location,E:\Microtomografia\Guia\LMC13\2\Recon\VOI\
Description,Abbreviation,Value,Unit
Number of layers,,384
Lower vertical position,,0.53318,mm
Upper vertical position,,4.87805,mm
Pixel size,,11.34430,um
Lower grey threshold,,15
Upper grey threshold,,254
Total VOI volume,TV, 162.50138,mm^3
Object volume,Obj.V,162.30956,mm^3
Percent object volume,Obj.V/TV,99.88196,%
Total VOI surface,TS,177.15549,mm^2
Object surface,Obj.S,250.35429,mm^2
Intersection surface,i.S,176.49549,mm^2
Object surface / volume ratio,Obj.S/Obj.V,1.54245,1/mm
Object surface density,Obj.S/TV,1.54063,1/mm
Surface convexity index,SCv.I,-46.31961,1/mm
Centroid (x),Crd.X,3.60302,mm
Centroid (y),Crd.Y,3.60771,mm
Centroid (z),Crd.Z,2.62963,mm
Number of objects,Obj.N,1,
Number of closed pores,Po.N(cl),71887,
Volume of closed pores,Po.V(cl),0.18804,mm^3
Surface of closed pores,Po.S(cl),72.44338,mm^2
Closed porosity (percent),Po(cl),0.11572,%
Volume of open pore space,Po.V(op),0.00378,mm^3
Open porosity (percent),Po(op),0.00233,%
Total volume of pore space,Po.V(tot),0.19182,mm^3
Total porosity (percent),Po(tot),0.11804,%
Euler number,Eu.N,85263,
Connectivity,Conn,-13375,
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Connectivity density,Conn.Dn,-82.30699,1/mm^3
RUGG04_1
CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 12:43
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:21
Dataset,sezione2_con buco2
Location,E:\Microtomografia\Guia\RUGG04_2\1\Recon\VOI(3)\
Description,Abbreviation,Value,Unit
Number of layers,,423
Lower vertical position,,0.24201,mm
Upper vertical position,,4.88417,mm
Pixel size,,11.00037,um
Lower grey threshold,,36
Upper grey threshold,,254
Total VOI volume, TV,174.77845,mm^3
Object volume,Obj.V,171.75606,mm^3
Percent object volume, Obj.V/TV,98.27073,%
Total VOI surface,TS,202.60548,mm^2
Object surface,Obj.S,1033.80608,mm^2
Intersection surface,i.S,196.03064,mm^2
Object surface / volume ratio,Obj.S/Obj.V,6.01904,1/mm
Object surface density,Obj.S/TV,5.91495,1/mm
Surface convexity index,SCv.I,-181.29213,1/mm
Centroid (x),Crd.X,3.80590,mm
Centroid (y),Crd.Y,3.62942,mm
Centroid (z),Crd.Z,2.40646,mm
Number of objects,Obj.N,68,
Number of closed pores,Po.N(cl),286335,
Volume of closed pores,Po.V(cl),2.68756,mm^3
Surface of closed pores,Po.S(cl),762.73850,mm^2
Closed porosity (percent),Po(cl),1.54065,%
Volume of open pore space,Po.V(op),0.33483,mm^3
Open porosity (percent),Po(op),0.19157,%
Total volume of pore space,Po.V(tot),3.02239,mm^3
Total porosity (percent), Po(tot),1.72927,%
Euler number,Eu.N,422542,
Connectivity,Conn,-136139,
Connectivity density,Conn.Dn,-778.92328,1/mm^3
RUGG04_2
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CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 11:40
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:16
Dataset,sezione
Location,E:\Microtomografia\Guia\RUGG04_2\2\Recon\VOI\
Description,Abbreviation,Value,Unit
Number of layers,,365
Lower vertical position,,0.24201,mm
Upper vertical position,,4.24614,mm
Pixel size,,11.00037,um
Lower grey threshold,,36
Upper grey threshold,,254
Total VOI volume, TV,157.15812,mm^3
Object volume,Obj.V,156.28250,mm^3
Percent object volume, Obj.V/TV,99.44284,%
Total VOI surface,TS,218.97938,mm^2
Object surface,Obj.S,489.38060,mm^2
Intersection surface,i.S,216.19051,mm^2
Object surface / volume ratio,Obj.S/Obj.V,3.13138,1/mm
Object surface density,Obj.S/TV,3.11394,1/mm
Surface convexity index,SCv.I,-128.14589,1/mm
Centroid (x),Crd.X,3.70551,mm
Centroid (y),Crd.Y,3.70912,mm
Centroid (z),Crd.Z,2.15315,mm
Number of objects,Obj.N,127,
Number of closed pores,Po.N(cl),172553,
Volume of closed pores,Po.V(cl),0.85612,mm^3
Surface of closed pores,Po.S(cl),267.38792,mm^2
Closed porosity (percent),Po(cl),0.54482,%
Volume of open pore space,Po.V(op),0.01950,mm^3
Open porosity (percent),Po(op),0.01241,%
Total volume of pore space,Po.V(tot),0.87562,mm^3
Total porosity (percent), Po(tot),0.55716,%
Euler number,Eu.N,222493,
Connectivity,Conn,-49813,
Connectivity density,Conn.Dn,-316.96103,1/mm^3
RUGG05_1
Date and time,10.05.2018 12:49
Operator identity,C&C2
Computer name,MICROCT-E
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Computation time,00:00:15
Dataset,sezione
Location,E:\Microtomografia\Guia\RUGG05\1\Recon\VOI(1)\
Description,Abbreviation,Value,Unit
Number of layers,,360
Lower vertical position,,0.24957,mm
Upper vertical position,,4.32218,mm
Pixel size,,11.34430,um
Lower grey threshold,,36
Upper grey threshold,,254
Total VOI volume, TV,171.23017,mm^3
Object volume,Obj.V,170.10817,mm^3
Percent object volume, Obj.V/TV,99.34474,%
Total VOI surface,TS,182.66735,mm^2
Object surface,Obj.S,540.83881,mm^2
Intersection surface,i.S,180.16488,mm^2
Object surface / volume ratio,Obj.S/Obj.V,3.17938,1/mm
Object surface density,Obj.S/TV,3.15855,1/mm
Surface convexity index,SCv.I,-144.00714,1/mm
Centroid (x),Crd.X,3.67589,mm
Centroid (y),Crd.Y,3.67474,mm
Centroid (z),Crd.Z,2.28469,mm
Number of objects,Obj.N,36,
Number of closed pores,Po.N(cl),221041,
Volume of closed pores,Po.V(cl),1.09076,mm^3
Surface of closed pores,Po.S(cl),353.36148,mm^2
Closed porosity (percent),Po(cl),0.63713,%
Volume of open pore space,Po.V(op),0.03123,mm^3
Open porosity (percent),Po(op),0.01824,%
Total volume of pore space,Po.V(tot),1.12200,mm^3
Total porosity (percent), Po(tot),0.65526,%
Euler number,Eu.N,284835,
Connectivity,Conn,-63758,
Connectivity density,Conn.Dn,-372.35261,1/mm^3
RUGG05_2
CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 14:35
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:17
Dataset,sezione2
Location,E:\Microtomografia\Guia\RUGG05\2\Recon\VOI(1)\
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Description,Abbreviation,Value,Unit
Number of layers,,382
Lower vertical position,,0.24957,mm
Upper vertical position,,4.57175,mm
Pixel size,,11.34430,um
Lower grey threshold,,14
Upper grey threshold,,255
Total VOI volume, TV,172.54662,mm^3
Object volume,Obj.V,172.02338,mm^3
Percent object volume, Obj.V/TV,99.69675,%
Total VOI surface,TS,183.11171,mm^2
Object surface,Obj.S,365.41304,mm^2
Intersection surface,i.S,182.00496,mm^2
Object surface / volume ratio,Obj.S/Obj.V,2.12421,1/mm
Object surface density,Obj.S/TV,2.11776,1/mm
Surface convexity index,SCv.I,-93.92654,1/mm
Centroid (x),Crd.X,3.95046,mm
Centroid (y),Crd.Y,3.70880,mm
Centroid (z),Crd.Z,2.37489,mm
Number of objects,Obj.N,2,
Number of closed pores,Po.N(cl),145958,
Volume of closed pores,Po.V(cl),0.51572,mm^3
Surface of closed pores,Po.S(cl),180.86293,mm^2
Closed porosity (percent),Po(cl),0.29890,%
Volume of open pore space,Po.V(op),0.00752,mm^3
Open porosity (percent),Po(op),0.00436,%
Total volume of pore space,Po.V(tot),0.52325,mm^3
Total porosity (percent), Po(tot),0.30325,%
Euler number,Eu.N,177923,
Connectivity,Conn,-31963,
Connectivity density,Conn.Dn,-185.24269,1/mm^3
RUGG05_HD
CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 15:38
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:37
Dataset,sezione_piccola2_voi_
Location,E:\Microtomografia\Guia\vecchi\RUGG05\RUGG05_HD\Recon2\VOI(1)\VOI\voi\VOI\
Description,Abbreviation,Value,Unit
Number of layers,,433
Lower vertical position,,1.92638,mm
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Upper vertical position,,3.07741,mm
Pixel size,,2.66443,um
Lower grey threshold,,1
Upper grey threshold,,255
Total VOI volume, TV,6.48841,mm^3
Object volume,Obj.V,6.47694,mm^3
Percent object volume, Obj.V/TV,99.82332,%
Total VOI surface,TS,21.47148,mm^2
Object surface,Obj.S,30.43544,mm^2
Intersection surface,i.S,21.38041,mm^2
Object surface / volume ratio,Obj.S/Obj.V,4.69904,1/mm
Object surface density,Obj.S/TV,4.69074,1/mm
Surface convexity index,SCv.I,-189.27451,1/mm
Centroid (x),Crd.X,1.34275,mm
Centroid (y),Crd.Y,1.34306,mm
Centroid (z),Crd.Z,2.50191,mm
Number of objects,Obj.N,1,
Number of closed pores,Po.N(cl),23401,
Volume of closed pores,Po.V(cl),0.01112,mm^3
Surface of closed pores,Po.S(cl),8.79740,mm^2
Closed porosity (percent),Po(cl),0.17140,%
Volume of open pore space,Po.V(op),0.00034,mm^3
Open porosity (percent),Po(op),0.00529,%
Total volume of pore space,Po.V(tot),0.01146,mm^3
Total porosity (percent), Po(tot),0.17668,%
Euler number,Eu.N,24562,
Connectivity,Conn,-1160,
Connectivity density,Conn.Dn,-178.78036,1/mm^3
RUGG09
CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 14:44
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:19
Dataset,sezione
Location,E:\Microtomografia\Guia\RUGG09\Recon\VOI\
Description,Abbreviation,Value,Unit
Number of layers,,728
Lower vertical position,,1.48505,mm
Upper vertical position,,9.48232,mm
Pixel size,,11.00037,um
Lower grey threshold,,39
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Upper grey threshold,,254
Total VOI volume, TV,183.62559,mm^3
Object volume,Obj.V,183.59366,mm^3
Percent object volume, Obj.V/TV,99.98261,%
Total VOI surface,TS,191.89150,mm^2
Object surface,Obj.S,198.38441,mm^2
Intersection surface,i.S,191.60879,mm^2
Object surface / volume ratio,Obj.S/Obj.V,1.08056,1/mm
Object surface density,Obj.S/TV,1.08037,1/mm
Surface convexity index,SCv.I,-2.50359,1/mm
Centroid (x),Crd.X,2.76623,mm
Centroid (y),Crd.Y,2.92724,mm
Centroid (z),Crd.Z,5.48365,mm
Number of objects,Obj.N,1,
Number of closed pores,Po.N(cl),5615,
Volume of closed pores,Po.V(cl),0.02433,mm^3
Surface of closed pores,Po.S(cl),6.25833,mm^2
Closed porosity (percent),Po(cl),0.01325,%
Volume of open pore space,Po.V(op),0.00760,mm^3
Open porosity (percent),Po(op),0.00414,%
Total volume of pore space,Po.V(tot),0.03193,mm^3
Total porosity (percent), Po(tot),0.01739,%
Euler number,Eu.N,5939,
Connectivity,Conn,-323,
Connectivity density,Conn.Dn,-1.75901,1/mm^3
RUGG09_2-1
CT Analyser, Version: 1.15.4.0
Date and time,24.05.2018 12:00
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:07
Dataset,rugg09_rec_voi_
Location,E:\Microtomografia\Guia\RUGG09\2\Recon\VOI\
Description,Abbreviation,Value,Unit
Number of layers,,293
Lower vertical position,,0.78103,mm
Upper vertical position,,3.99314,mm
Pixel size,, 11.00037,um
Lower grey threshold,, 1
Upper grey threshold,,255
Total VOI volume,TV,65.71704,mm^3
Object volume,Obj.V,65.00672,mm^3
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Percent object volume,Obj.V/TV,98.91913,%
Total VOI surface,TS,96.14848,mm^2
Object surface,Obj.S,294.44427,mm^2
Intersection surface,i.S,92.18303,mm^2
Object surface / volume ratio,Obj.S/Obj.V,4.52944,1/mm
Object surface density,Obj.S/TV,4.48049,1/mm
Surface convexity index,SCv.I,-137.68012,1/mm
Centroid (x),Crd.X,2.61952,mm
Centroid (y),Crd.Y,2.69408,mm
Centroid (z),Crd.Z,2.38788,mm
Number of objects,Obj.N,3,
Number of closed pores,Po.N(cl),96633,
Volume of closed pores,Po.V(cl),0.66864,mm^3
Surface of closed pores,Po.S(cl),190.76836,mm^2
Closed porosity (percent),Po(cl),1.01809,%
Volume of open pore space,Po.V(op),0.04168,mm^3
Open porosity (percent),Po(op),0.06343,%
Total volume of pore space,Po.V(tot),0.71032,mm^3
Total porosity (percent),Po(tot),1.08087,%
Euler number,Eu.N,113815,
Connectivity,Conn,-17179,
Connectivity density,Conn.Dn,-261.40862,1/mm^3
RUGG12C_1
CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 14:24
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:16
Dataset,sezione
Location,E:\Microtomografia\Guia\RUGG12C\1\Recon\VOI\
Description,Abbreviation,Value,Unit
Number of layers,,413
Lower vertical position,,0.15401,mm
Upper vertical position,,4.68616,mm
Pixel size,,11.00037,um
Lower grey threshold,,32
Upper grey threshold,,255
Total VOI volume, TV,183.58731,mm^3
Object volume,Obj.V,183.56531,mm^3
Percent object volume, Obj.V/TV,99.98802,%
Total VOI surface,TS,190.26275,mm^2
Object surface,Obj.S,197.46144,mm^2
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Intersection surface,i.S,188.58616,mm^2
Object surface / volume ratio,Obj.S/Obj.V,1.07570,1/mm
Object surface density,Obj.S/TV,1.07557,1/mm
Surface convexity index,SCv.I,-4.23535,1/mm
Centroid (x),Crd.X,3.66277,mm
Centroid (y),Crd.Y,3.76661,mm
Centroid (z),Crd.Z,2.42000,mm
Number of objects,Obj.N,1,
Number of closed pores,Po.N(cl),10692,
Volume of closed pores,Po.V(cl),0.01603,mm^3
Surface of closed pores,Po.S(cl),7.06498,mm^2
Closed porosity (percent),Po(cl),0.00873,%
Volume of open pore space,Po.V(op),0.00597,mm^3
Open porosity (percent),Po(op),0.00325,%
Total volume of pore space,Po.V(tot),0.02200,mm^3
Total porosity (percent), Po(tot),0.01198,%
Euler number,Eu.N,11291,
Connectivity,Conn,-598,
Connectivity density,Conn.Dn,-3.25731,1/mm^3
RUGG12C_2
CT Analyser, Version: 1.15.4.0
Date and time,10.05.2018 14:28
Operator identity,C&C2
Computer name,MICROCT-E
Computation time,00:00:14
Dataset,sezione
Location,E:\Microtomografia\Guia\RUGG12C\2\Recon\VOI\
Description,Abbreviation,Value,Unit
Number of layers,,367
Lower vertical position,,0.21554,mm
Upper vertical position,,4.36756,mm
Pixel size,,11.34430,um
Lower grey threshold,,31
Upper grey threshold,,255
Total VOI volume, TV,183.34829,mm^3
Object volume,Obj.V,183.34773,mm^3
Percent object volume, Obj.V/TV,99.99970,%
Total VOI surface,TS,191.38971,mm^2
Object surface,Obj.S,191.62293,mm^2
Intersection surface,i.S,191.38186,mm^2
Object surface / volume ratio,Obj.S/Obj.V,1.04513,1/mm
Object surface density,Obj.S/TV,1.04513,1/mm
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Surface convexity index,SCv.I,0.58213,1/mm
Centroid (x),Crd.X,3.76627,mm
Centroid (y),Crd.Y,3.76632,mm
Centroid (z),Crd.Z,2.29155,mm
Number of objects,Obj.N,1,
Number of closed pores,Po.N(cl),419,
Volume of closed pores,Po.V(cl),0.00048,mm^3
Surface of closed pores,Po.S(cl),0.21995,mm^2
Closed porosity (percent),Po(cl),0.00026,%
Volume of open pore space,Po.V(op),0.00007,mm^3
Open porosity (percent),Po(op),0.00004,%
Total volume of pore space,Po.V(tot),0.00056,mm^3
Total porosity (percent), Po(tot),0.00030,%
Euler number,Eu.N,427,
Connectivity,Conn,-7,
Connectivity density,Conn.Dn,-0.03818,1/mm^3

312

CHAPTER 9 - CONCLUSIONS
Task 4.1 is dedicated to the study of
the exposed, exhumed, geothermal
systems. Its aim is to learn from the
Past in order to have a better
understanding of the Present, that,
in the case of the active geothermal
systems, is at depths ranging
between 3-4 km (Fig.9.1).
In the frame of the GeMex project,
the exhumed geothermal system is
represented by the Las Minas area,
Fig.9.1 - sketch illustrating the relation between exhumed
located a few km far from the present, and active geothermal systems.
active, Los Humeros geothermal field.
Although Las Minas area was interested by mining activity for Cu-Fe exploitation, the knowledge
on its geological setting, structural and tectonic evolution was scarce before GeMex. Then, the
relationships between geological structures and mineralization (a key for the geothermal fluid
path), were never investigated.
Previous studies, in fact, were mainly dedicated to the
geochemical characterization of the ore bodies, and in this view a geological survey finalized to
the location of the mineral resources was carried out (see Chapter 1). Regarding the stratigraphic
and structural setting, the only available geological maps were from the Geological Survey of
Mexico, but their scale is not opportune to our goals.
In this context, the WP4.1 working Group planned a new and complete geological survey which
included a revision of the stratigraphy, a new geological map, mapped at 1:10000 scale, the study
of the geometry and kinematics of the fault zones, new datings analyses (U/Pb method),
distribution of fractures in key-outcrops, and the study of fluid-inclusions and fluid-rock interaction.
The integration of these results brought to a common conceptual model on the relationships
between geothermal fluid flow and geological structures.
In a more detail:
- the petrological and stratigraphic studies (Chapter 2) described the origin and evolution of the
rocks exposed in the study are, as well as their succession;from this specific study two
significant novelties came out, in terms of geothermal analogue: (a) depth of emplacement of
the Miocene granitoids, determined by petrological methods, is estimated at about 4-5 km; this
datum is of crucial importance for the heat transfer modelling; (b) discover of lacustrine
sediments, strongly deformed by earthquakes and dykes emplacements associated with
volcanic events; in terms of geothermal exploration, it implies an impermeable cover, and the
existence of concomitant volcanic and tectonic activity during the lacustrine.
- The dating and joined paleomagnetic analyses (Chapter 3) dated the complete succession of
rocks cropping out in Las Minas, with two important fallout in terms of geothermal exploration:
the discover of Palaeozoic intrusive felsic rocks, bringing new elements for the understanding of
the basement in Los Humeros and for the evolution of the geothermal fluids; and the age of the
volcanic succession, resulting completely comparable with the one drilled in Los Humeros, thus
proposing a new element of analogy between Las Minas and Los Humeros.
- The geological and structural survey (Chapter 4) highlighted two system of faults, NNW-SSE
and NW-SE oriented respectively. Their activity is contemporaneous and developed up to
Pleistocene, on the basis of the age of the rocks involved in the deformation. The kinematics
characterizing both systems has been explained in the framework of the extensional tectonics
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affecting the whole area. In terms of geothermal exploration, the main result is about the
orientation of the intermediate kinematic axis, indicating the preferential direction of fluid flow
within the damage (i.e. permeable) fault zones; in fact, following this indication, the NNW-SSE
faults display an almost vertical to oblique intermediate axis at least during their earlier activity,
channelling of geothermal fluids from deep to shallower levels; the SW-NE system were
characterised by an almost horizontal to slightly oblique intermediate axis, thus allowing the
lateral migration of fluids that were therefore stored within the fault zones and in the
hydraulically connected bedding foliation.
The distribution of fractures in key-outcrops was studied by the 3D virtual analogue outcrops
methodology (Chapter 5). By this, the main fracture systems were identified; the results indicate
that the NNW-SSE fault system is the most favorable path way for the geothermal fluid flow,
although the SW-NE fault system can work similarly.
The properties and origins of fluids have been investigated by analyses of fluid inclusions in
skarn - hydrothermal minerals (quartz, garnet, tremolite, calcite) and by isotopic data (Chapter
6). The data highlighted the typical evolution of the magmatic-hydrothermal system starting
from the input of high-temperature saline to hypersaline fluids, exsolved from a crystallizing
melt, with a contribution of aqueous-carbonic fluid issued during high-temperature
metamorphic reaction of carbonate rocks, toward a circulation dominated by water of meteoric
origin with relatively low-temperature and low-salinity.
Geothermal fluids, passing through rocks, determined a fluid-rock interaction that implies
variation on Ph and chemistry of fluids. This information is crucial for any geothermal goal since
it influences exploitation and the economic budget. Information on the fluid-rock interaction on
Las Minas (Chapter 7) indicates that it was deeply affected by leaching of carbonate rocks.
Primary porosity of rocks have been evaluated through laboratory analyses (Chapter 8), in
comparison with Los Humeros. The results clearly indicate very low values, thus implying that
permeability is controlled by fractures and pre-existing foliations. Lateral geothermal reservoirs
are therefore structurally controlled.
Finally, on the basis of the collected data, a conceptual model illustrating the relationships
between structures and geothermal fluid flow is given in Fig.9.2. Here, the circulation of fluids,
the latter deriving from a cooling magmatic source, is controlled by the NNW-SSE oriented
faults, that channelled the deep fluids to shallower levels. During this pathway, if normal faults
and/or pre-existing discontinuities were encountered, then the fluids laterally migrated,
favoring the rock-fluid interaction and giving rise to the skarn deposits.
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Fig. 8.2 - sketch (not to scale) illustrating the conceptual model to explain the relation between geothermal
fluid flow and geological structures in Las Minas. Original magmatic fluids are channeled along the NNWSSE structures and then these were laterally migrating along: a) the SW-NE oriented normal faults; b) the
boundary between calcareous rocks and granite; c) along the calcareous bedding foliation.
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