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RESUMEN

La Sierra de Chiapas localizada en el Sureste de México, se caracteriza por la presencia de descargas de gas y agua. La
mayoria de los manantiales termales se asocian a rocas volcanicas Terciarias a lo largo de fallas regionales con orientacion NO-
SE.

Las descargas termales se dividen en cuatro grupos: i) aguas con composicion Na-Cl y Solidos Disueltos Totales (SDT)
>3000 mg/L; ii) aguas con composicion Ca-SO, y valores de SDT entre 1400 y 2300 mg/L; iii) aguas con composicion Na-Cl,
bajos contenidos de SDT (800 2400 mg/L) y un contenido de sulfato alto (hasta 650 mg/L) y iv) aguas con una composicion Ca-
HCO, y salinidad baja (SDT <250mg/L). La mayoria de estas aguas estin asociadas con descargas de gas compuestas por N,
(hasta 93 % en vol.), CO, (2.4-31.2 % en vol.) y Ar (hasta 1.25 % en vol.) con origen predominantemente metedrico. H,S aparece
Gnicamente en las muestras de gas colectadas en El Azufre (hasta 1.1 % en vol.). Los valores de "°C-CO, comtinmente inferiores
a-9.7%0 (PDB) sugieren un origen parcialmente biogénico del CO,.

Los parametros quimicos e isotopicos de los manantiales indican que la circulacion de fluidos en la Sierra de Chiapas se
regula principalmente por la infiltracion de aguas metedricas en rocas carbonatadas del Cretacico medio-tardio hasta las formaciones
evaporiticas del Jurasico tardio-Cretacico temprano. Estas Gltimas representan la fuente principal de las especies en solucion de
las aguas.

No se encontraron evidencias de la presencia de sistemas con entalpfas medias a altas por debajo de la Sierra de Chiapas.

PALABRAS CLAVE: Isotopos, quimica de manantiales, Chiapas, México.

ABSTRACT

Thermal water and gas discharges south-east of El Chichon volcano, Mexico are associated mainly with NW-SE oriented
fault systems. Spring discharges include i) waters with Na-Cl composition and TDS>3000 mg/L; ii) waters with Ca-SO, compo-
sition and TDS values between 1400 and 2300 mg/L; iii) waters with Na-Cl composition and TDS of 800 to 2400 mg/L and
sulphate content up to 650 mg/L and iv) waters with Ca-HCO, composition and low salinity (TDS <250mg/L). Most of these
waters are associated with free-gas discharges of N, (up to 93 % by vol.), CO, (2.4 to 31.2 % by vol.) and Ar (up to 1.25 % by vol.)
with a predominant meteoric origin. H,S is present only in gas samples collected at El Azufre (up to 1.1 % by vol.). The §"°C CO,
values are always below -9.7%o0 (PDB) and suggest a partially biogenic origin for CO,.

Chemical and isotopic features of spring discharges indicate that fluid circulation in the Sierra de Chiapas is mainly regu-
lated by meteoric waters that tend to infiltrate the upper and middle-Cretaceous carbonate units up to the lower Cretaceous-upper
Jurassic evaporitic formations (by Lopez-Ramos, 1982). The latter provide the main source of the species in solution.

No evidence for high-to-medium enthalpy systems at depth beneath the Sierra de Chiapas has been found.

KEY WORDS: Isotopes, chemistry, thermal springs, water, Chiapas, Mexico.

1. INTRODUCTION

The Sierra de Chiapas is a NW-SE elongated area
transected by regional faults (Meneses Rocha, 1991; Garcia-
Palomo er al., 2004). It is located in the northern-central part
of Chiapas State (Southeastern Mexico), where thermal wa-
ter and gas discharges occur (Figure 1). They are often used
as spas and for therapeutic purposes. Despite the economic
interest of these manifestations, their chemical characteriza-
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tion and origin are still poorly constrained. On the other hand,
the thermal discharges located in the area of El Chichon vol-
cano, after the violent eruption occurred on March 1982, have
been extensively investigated (e.g. Taran et al., 1998; Tassi
et al., 2003; Capaccioni et al., 2004; Rouwet et al., 2004).

This work presents the results of chemical and isotopic
analyses of water samples of 9 thermal springs and 5 cold
springs and gas discharges collected in November 1999. The
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sites are located in a region that includes the cities of
Pichucalco, San Cristobal de Las Casas, Venustiano Carranza
and Tuxtla Gutiérrez in the Chiapanecan Volcanic Arc (CVA),
where several Cenozoic volcanoes occur (Figure 1). The main
goals of this paper are to: i) establish the origin of thermal
spring discharges; ii) determine the chemical processes gov-
erning the composition and circulation of these fluids and
iii) assess their possible relations with Cenozoic volcanism
in the area.

2. TECTONICS AND GEOLOGICAL SETTING

The Sierra de Chiapas is a folded and faulted chain of
Mesozoic and Tertiary sedimentary rocks located in the cen-
tral and northern portions of Chiapas State (Figure 1). The
fold axes trend north-west and generally plunge north-west-
wards beneath the Pliocene and younger sediments of the
coastal Tabasco plain of the Gulf of Mexico, as observed in
the northern part of El Chichon volcano (Duffield et al., 1984;
Macias et al., 1997; Garcia-Palomo et al., 2004). Nixon
(1982) proposed that an extensional tectonic regime was act-
ing in the area probably related to the presence of a triple
junction between the North American, Caribbean and Cocos
plates. However, it is widely accepted that the volcanism in
the region is related to the subduction of the Cocos plate
beneath Mexico and Central America (Havskov ef al. 1983;
Burbach et al. 1984; Luhr et al., 1984; Macfias et al., 2003).
According to Damon and Montesinos (1978), El Chichon is
the youngest volcano in the north-western part of the 150
km long CVA, a NW-SE volcanic belt within the Chiapas
State. Capaul (1987) described the CVA as a Quaternary chain
composed of low profile, small volume volcanoes (3 to 4
km?®) that have erupted alkali-and-incompatible-rich andes-
itic rocks with respect to the Trans-Mexican Volcanic Belt
and the Central America Volcanic Arc rocks.

The stratigraphic sequence of the sedimentary forma-
tions consists of: i) lower Cretaceous upper Jurassic evapor-
itic formations, which have locally formed salt diapirs, as
resulted from drillings for petroleum explorations; ii) middle
to upper Cretaceous formations of massive dolomite lime-
stone; iii) Tertiary rocks that include Paleocene to Miocene
formations, consisting predominantly of interbedded sand-
stones and siltstones (Lopez-Ramos, 1979; De la Rosa et al.,
1989; Ferrusquia-Villafranca, 1996; and references therein,
Figure 1).

With the exception of El Chichon volcano and Los
Tuxtlas Volcanic Field, a gap in the distribution of the Ho-
locene volcanoes extends 650 km from Tacana, close to the
Guatemala border, to Pico de Orizaba, at the eastern end of
the Trans-Mexican Volcanic Belt. Differently, a large num-
ber of Cenozoic igneous rocks are present in Chiapas, per-
taining to the CVA, and the Chiapas Massif (Damon and
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Montesinos, 1978). The former is mainly composed by: i)
the Santa Fe mining district-Selva Negra region, dated 2.79
Ma, consisting of volcanic and intrusive rocks and ii) the
Cerro Tzontehuitz (2.14 Ma), a >3000 m high volcano close
to San Cristobal de Las Casas; iii) the Cerro Lanza (0.85
Ma), a volcanic plug near Nicol4s Ruiz characterized by con-
spicuous vertical banding and the appearance of a Peléan
spine, iv) the Navenchauc volcano (0.43 Ma) west of San
Cristobal de Las Casas, and the northernmost active Chichon
volcano (0.21 Ma) (Damon and Montesinos, 1978). The
Chiapas Massif consists of two intrusive belts: 1) a Miocene
belt (15-29 Ma) composed of granodiorites, qz-monzonites,
and tonalities, parallel to the Pacific coast to the vicinity of
Motozintla village and 2) a Paleozoic belt composed of gran-
ite to granodiorite rocks, parallel and inland with respect to
the Miocene batholit (Mugica, 1987) (Figure 1).

3. SAMPLING AND ANALITICAL TECHNIQUES

All the water and gas discharges are located in proxim-
ity of the Cenozoic volcanic rocks belonging to the CVA (Fig-
ure 1). Temperature was measured with a H/g thermometer,
pH and HCO, by titration with HCI, and NH,* with the
Nessler method. The SiO, contents in the water samples have
been measured in the field (heteropoly blue method), whereas
the remaining major and trace components were analyzed in
the laboratory.

Gas samples, emerging as gentle small bubbles within
thermal pools, were sampled using a plastic funnel up-side-
down positioned and stored into two pre-evacuated 100cc
thorion tapped tubes, one containing 20 ml of a 4M NaOH
solution (Giggenbach, 1975) to concentrate the non-reactive
gas compounds in the head-space of the tubes. Gas chro-
matographic analyses for CO,, H,S, N, H, He, O, Ar and
Ne contents were measured by a Shimadzu 15A gas-chro-
matograph equipped with a TCD (Thermal Conductivity
Detector), while CO, after its conversion to CH , at 400°C,
and hydrocarbon compounds were analyzed with a Shimadzu
14A gas-chromatograph equipped with a FID (Flame Ion-
ization Detector). Analytical precision was <1% for major
components and <5% for minor and trace compounds.

8"0 and &H values in liquid phase were determined
with a Finningan 250 Delta mass spectrometer after equili-
brating the waters with CO, and after the reaction of 10 w of
water with 0.3 g of pure Zn at 500°C, respectively. The ana-
lytical errors were <10% for the abundance of elements and
a precision of +0.15 and =1.1 %o for oxygen and hydrogen
isotopes, respectively. The C/"*C ratios of CO,, in the gas
phases, were determined using a Finningan 250 Delta mass
spectrometer. Several internationally accepted standards were
used, with an error of £0.05%0 (PDB). He/*He (expressed as
R/Ra, where R is the measured ratio and Ra is that in the air,
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Fig. 1. A Sketch map of southern Mexico showing the location of the Chiapanecan Volcanic Arc (CVA), the Central America Volcanic Arc
(CAVA), and Los Tuxtlas Volcanic Field (TVF). B Regional map of the Sierra de Chiapas region (modified after Lopez-Ramos, 1979) and
location of the water and gas discharge sampling sites. Note the location of springs and their vicinity to the Cenozoic volcanic centers of the CVA.
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1.39x10%; Mamyrin and Tolstikhin, 1984) ratios in the gas
phase were determined with a Map 215-50 magnetic mass
spectrometer, equipped with an ion counting device. Reso-
lution was close to 600 AMU for HD-*He at 5% of the peak.
The He/Ne ratio is measured with a quadrupole mass spec-
trometer (VG-Spectralab 200). Both the spectrometers are
connected to a metal high-vacuum line, where gas samples
are processed to separate noble gases from the gaseous ma-
trix. The reproducibility of R/Ra and He/Ne ratios in air stan-
dard is better than 5 % (Minissale et al., 2000; Magro et al.,
2003).

4. CHEMICAL COMPOSITION OF THE FLUID
PHASES

4.1. Water chemistry

Water samples have temperatures ranging between 11°C
and 38.5 °C and pH varying from slightly acidic (5.77) to
slightly alkaline (7.61). The analytical results for the main
components and some trace compounds are listed in Table 1.
On the basis of both Total Dissolved Solids (TDS, Table 1)
and relative abundance of HCO,, SO 42' and CI ions (Figure
2), the Sierra de Chiapas waters can be divided, as follows:
1) “Group I” (samples: Poza La Virgen, El Carmen I and II),
that plots in the field pertaining to Cl°, with a Na-Cl compo-
sition and TDS>3000 mg/L; ii) “Group II”” (samples: Villa
Las Rosas and El Paraiso), positioned close to the SO 42’ cor-
ner, with a Ca-SO, composition and TDS values between
1400 and 2300 mg/L; iii) “Group III” (samples: El Azufre
Piscina I and II, El Azufre lake and El Carmen fria) with a

Na-Cl composition and differing from “Group I”” for having
alower salinity (TDS ranging from 800 to 2400 mg/L) and a
higher sulfate content (up to 650 mg/L); iv) “Group IV”
(samples: El Azufre fria, Villa Las Rosas fria, Cerro
Tzontehuitz, Chimiljotepec, Carranza Manantial), close to
the HCO, corner, characterized by a Ca-HCO, composition
and low salinity (TDS <250mg/L).

The strong positive correlation between Na* and CI- (re-
ported as meq/L) contents (Figure 3) in the Sierra de Chiapas
waters suggests a common origin for these two ions and,
possibly, resulting from the interaction with evaporitic ma-
terial (dated lower Cretaceous-upper Jurassic by Lopez-
Ramos, 1979). As shown in Figure 4, with the only excep-
tion of waters pertaining to “Group IV”, the (Ca>*+Mg?>*)/
(HCO,*+S0?) ratios (as meq/L) are close to 1, again sug-
gesting that the contents of these chemical compounds are
mainly related to dissolution processes of evaporitic mate-
rial. NH,* and H,BO, contents show large variations (from
0.09 to 22 mg/L and from <0.01 and 16 mg/L, respectively)
and generally display a good correlation with Cl- contents
and TDS (Table 1).

Nitrate contents vary between 0.11 and 4.5 mg/L, with
the exception of the Carranza spring, where anthropic pollu-
tion cannot be excluded. Bromide values (ranging from 0.01
to 2.2 mg/L) show a positive correlation with CI contents
(Figure 5). F- abundance goes from 0.02 to 1.8 mg/L while
those of Li* vary from 0.02 to 0.66 mg/L. SiO, contents are
between 11 to 31 mg/L, showing clear correlation with the
outlet temperatures. Silica concentrations of El Azufre
springs, determined by using the heteropoly blue method,

Table 1

Chemical composition of mineral and cold waters of Sierra de Chiapas

Tipe Date T°C pH TDS Na* K* Mg* Ca* NHj Li* SiO,HCO,; CI SO* F Br NO,-H,BO,3"0 &H
El Azufre P 1 tsg nov99 31.5 6.28 2408 478 29 90 274 22 034 na 720 842 621 1.0 1.9 0.11 498 -45 -21.0
El Azufre P2 tsg nov99 31.3 6.5 2410 456 28 95 338 21 0.33 na 701 760 650 1.1 1.8 0.12 629 -43 20.0
El Azufre Natural ts nov99 29 6.57 1573 284 19 62 230 15 0.22 na 537 445 460 1.0 1.2 0.18 320 na. na.
El Azufre fria s nov99 23 756 148 54 1.2 19 53 0,08 <0.001 na. 207 85 28 0.060.025 29 1.09 -46 -214
Tzontehuitz Volcano s  nov99 11 62 23 14 071034 21 0,19 <0.001 16 9.1 0.6 1.8 0.02<0.01 < <0.01 na. na.
Chimiljotepec s nov99 14 577 30 32 19 090 28 02 <0001 19 21 05 1.0 0.060.01 047 <0.01 na. na.
Bal. Villa Las Rosas tsg nov99 234 686 2286 1.7 2.0 131 525 34 004 18 287 2.7 1600 1.80.025 0.11 <0.01 -9.8 -64.0
Bal. V. Las Rosas fria s nov99 22 703 161 19 1.1 26 112 19 <0.001 11 464 14 09 0.05<0.01 4.5 <0.01 -8.8 -54.6
Bal. El Paraiso ts nov99 25 7.51 1438 15 1.7 70 343 14 0.02 11 271 28 960 0.360.05 7.6 <0.01 -9.3 -65.5
Carranza Manantial s nov99 27 7.61 280 10 0.5 141 19 19 <0.001 19 720 2.1 18 0.08<0.01 68 3.03 n.a. na.
Bal. El Carmen I tsg nov99 385 646 3092 855 72 61 255 1.6 0.66 24 744 1330 490 0.61 1.6 0.30 <0.01 -8.0 -53.7
Bal El Carmen 11 tsg nov99 385 6.55 3013 790 73 65 250 2.2 0.64 21 653 1300 505 0.68 2.2 1.8 543 -83 -553
Bal. El Carmen fria  ts nov99 30 6.7 874 180 17 32 141 3.6 0.15 20 367 265 210 0.180.40 42 <0.01 -83 -53.6
Poza La Virgen tsg nov99 37 644 3261 900 79 64 259 19 0.14 31 708 1410 510 0.51 1.5 0,33 16.01 -84 -56.3

All the species are expressed in mg/L; TDS expressed in mg/L; n.a.=not analysed; tsg=thermal spring with gas associated;

s=cold spring.
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were up to 60 mg/L. However, these values are jeopardized
by the high H,S contents (Table 2) and are not considered in
the present work.

The Na/400, K/100 and VMg triangular diagram (Fig-
ure 6; Giggenbach, 1988) shows that all water samples fall
within the immature water field and aligned along the water-
rock dissolution line; thus, K/Na and K?/Mg geothermometers
can not be applied to obtain a real assessment of the reser-
voir equilibrium temperature. The silica geothermometers
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ter discharges from Sierra de Chiapas region. Symbols as in Fig. 2.
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used (Fournier and Rowe, 1966; Giggenbach and Corrales,
1988), applied to all the thermal waters but El Azufre, present
more homogeneous values and range from 40 °C to 80 °C,
although these temperatures have to be regarded as mini-
mum equilibrium temperatures due to the mixing processes
between deep and superficial waters.

8"80 values vary between -4.3 %o at El Azufre Piscina
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1T and - 9.8 %o at Villa Las Rosas, whereas 6*°H values range
from -20.0 %0 SMOW at El Azufre Piscina IT and -65.5 %o at
El Paraiso (Table 1). As shown in the binary diagram of Fig-
ure 7, the 8'*0-8%H values for all samples investigated ap-
proach the Global Meteoric Water Line (GMWL, Craig,
1963), suggesting that all the water discharges have a mete-
oric origin.

4.2. Gas chemistry

The chemical composition (in % by vol.) of gas samples
is reported in Table 2. N, is always the main component (up
to 93 %), while CO, content varies from 2.4 % to 31.2 %. O,
contents are very low or under the detection limit (0.001 %),
while high contents of Ar, larger than the concentration in
air (0.93 %), have been measured in all samples (up to 1.25%).
H,S is present in detectable amounts (>0.005 %) only in the
gas samples collected at El Azufre (up to 1.1 %).

Among hydrocarbons, CH, is the most abundant com-
ponent (up to 5.0 % in vol.), but significant amounts of ethane,
propane, i-butane, /-butene and i-butene have also been de-
tected (up to 1.2 % of the total organic compound contents)
(Table 2). He contents are of the order of some hundreds of
ppm by vol., while H, and Ne contents are from 2 to 20 and
from 5.4 to 9.5 ppm by vol., respectively. CO is always be-
low the instrumental detection limit (<0.1 ppm by vol).

In the 10He-N,/100-Ar ternary diagram (Figure 8) all
gas samples plot in the field defined by air, ASW (Air-Satu-
rated Water, Giggenbach et al., 1983) and the He corner, in-
dicating that N, and Ar are mostly atmospheric-originated,
while considerable amounts of non-atmospheric He (with
values up to 363 ppmv, Table 2) were added to the circulat-
ing fluids.

R/Ra values (Table 2) range between 0.6 at El Azufre

Na/400

"Mature waters"

K/10

Fig. 6. Triangular diagram of Na/400-K/10-VMg (Giggenbach
and Corrales, 1992).

Piscina I sample and 1.0 at El Carmen sample, which may
indicate, if we consider a value of R/Ra = 8 for the a MORB-
type mantle (Martel et al., 1989; Ozima et al., 2002), a con-
tribution of 7-13% of mantle-derived *He. The 8"°C in CO,
values (Table 2) range between -9.7 %o to -12.5 %0 PDB.
These isotopic values seem to be in relation with decompo-
sition of organic material (up to 8"C = -20 %o PDB), al-
though mixing with a deeper-originated (mantle- or
thermometamorphic-related) end-member (possibly charac-
terized by -7<8"*C<+1) cannot be excluded.

5. DISCUSSION AND CONCLUSIONS

The chemical and isotopic data of sampled water and
gas discharges in the Sierra de Chiapas, Mexico may give
some insights on the origin and on the chemical evolution of

Table 2

Chemical composition of gas discharges from Sierra de Chiapas

Date CO, N, HS Ar O, CH, He H, Ne CO Etane Propane i-Butane 1-Butene i-Butene 3“C-CO, R/R,
El Azufre P 1 nov99 18.24 79.0 0.82 1.10 0.005 1.10 162 13.20 8.7 <0.01 83 1.2 0.27 0.18 0.09 -10.5 0.57
El Azufre P1la  nov99 1821 79.0 0.86 1.03 0.005 1.11 263 15.60 7.8 <0.01 133 2.0 0.62 0.09 0.31 -9.7
El Azufre P2 nov99 29.25 68.0 0.55 0.99 0.014 0.95 208 53.00 7.7 <0.01 115 1.6 0.40 0.04 0.08 -12.3
El Azufre lake  nov99 2.39 93.0 1.10 1.21 0.330 1.59 274 8.66 9.4 <0.01 156 2.3 0.73 0.05 0.11 -11.3
Bal. El Carmen nov 99 30.70 63.0 <0.01 0.85 0.570 5.04 363 542 5.7 <0.01 5.8 9.7 1.03
Pozala Virgen nov99 31.17 53.0 <0.01 0.74 11.000 4.57 249 20.70 5.4 <0.01 14 0.92 9.7 1.03
Bal Villa
Las Rosas nov99 3.01 95.0 <0.01 1.25 0.730 0.03 15.5 2.00 9.5 <0.01 1.0 0.11 12.5 0.66

All data are in % by volume, with the exception of He, H,, Ne, Co, Etane,
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Propane, i Butane, I-Butane, i-Butene that are in ppmv.
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the thermal fluids in the region. The TDS values are plotted
versus the percentage of HCO,™ with respect to the sum of
total anions (HCO,+SO,*+CI') and reported in Figure 9. It
can be speculated that water chemistry may be related to
mixing processes between a superficial aquifer, represented
by the cold spring discharges (“Group IV samples), and a
more saline end member, characterized by a composition
similar to that of both Poza La Virgen and Balneario El
Carmen I and II waters (“Group I” samples). The striking

correspondence between the location of the thermal springs
and the outcrops of the Cenozoic volcanic rocks (Figure 1)
suggests that fluid circulation is controlled by the main frac-
ture and fault systems (Nencetti 2001).

The predominance of atmospheric-related components
in all gas phases sampled (Table 2) and the §"*O and §°H
values of all spring samples (Table 1; Figure 5) suggests that
the presence of active high enthalpy hydrothermal systems
at relatively shallow depths seems unlikely. This is in accor-
dance with recent investigations on the geothermal resources
of Chiapas (Prol Ledesma and Juarez, 1986), which indicate
deep fluid temperatures ranging from 85°C to 110°C. Chemi-
cal and isotopic considerations may allow to hypothesize a
possible scheme for the evolution of the circulating fluids.
Meteoric waters easily infiltrate through the south-east ori-
ented outcrops of upper and middle-Cretaceous carbonate
units, which extend from Tuxtla Gutiérrez and Venustiano
Carranza up to Pichucalco (Figure 1). The permeability of
these rocks is possibly enhanced by the fault systems related
to the regional tectonics (Lopez-Ramos, 1979; Canul and
Rocha, 1982; Nixon, 1982; Macias et al., 1997; Meneses
Rocha, 1991; Garcia-Palomo et al., 2004). The typical at-
mospheric gases such as N,, O,, Ar and Ne enrich the ground-
water during the infiltration process, as dissolved gas spe-
cies in the rainfall water. Therefore, permeated meteoric
waters reach the evaporitic rocks (i.e. anhydrite halite-
carbonatic formation) that are located at variable depth (Mon-
tes de Oca, 1979; Lopez Ramos, 1979; Duffield et al., 1984).
During the circulation, prolonged water-rock interactions
occur and the temperature of the waters tend to increase as
they deepen. Contemporaneously, CO,, possibly also deriv-
ing from deep sources (mantle- and/or thermometamorphic-
derived), and He deriving from radiogenic decay in the crustal
environment, are produced and added to these thermal flu-
ids. However, as indicated by R/Ra values of Poza La Virgen
and El Carmen II gas discharges, which emergence locations
are in coincidence with the presence of igneous bodies of
upper Pleistocene age (Figure 1), some contribution of
mantellic *He, related to the active tectonic regime of the
area, cannot be excluded. Moreover, at shallow level, during
the ascending phase of the convective circuit, some isotopi-
cally light CO,, derived from the alteration of organic matter
(as supported by the 8"*C values), H,S and hydrocarbon com-
pounds further modify the chemical characteristics of the gas
thermal discharges. In conclusion, the chemical and isotopic
characteristics of the Sierra de Chiapas gas and water dis-
charges, suggest that the presence of active high enthalpy
hydrothermal systems at relatively shallow depths seems to
be unlikely.
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