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OBJECTIVE AND RESULTS 

This report regard the activities and results of two years of fieldwork and laboratory analyses 

performed in Los Humeros (LHGF) and Acoculco (AGF) geothermal fields, in the framework 

of the WP4.3 of the GeMex project. The report is organized in two parts, the first for Los 

Humeros and the second for Acoculco. Each part summarize and illustrates the scientific 

activities and approaches used to fulfil the aim of the Task 4.3. This task is included in the 

Workpackage 4 (Tectonic control on fluid flow) and it is aimed to the Geochemical 

characterization and origin of cold and thermal fluids. It involve the sampling and analysis of 

fluids from boreholes and surface (natural cold and thermal springs, gas manifestations, rivers, 

etc.) and quantification of degassing processes at the surface (in particular diffuse emissions 

in selected areas), and HT tracer tests. In order to emphasise the links between the objectives 

of the project and results obtained, the task description (copied by the contract and highlighted 

in bold) is presented here as bullet list, providing a brief description of the scientific activities 

performed. 

 

 Fluid flow-path: – field maps of natural manifestations (waters and gases) and 

productive wells (Los Humeros) and comparison with main structure lineaments. 

Various research groups involved in the task 4.3 performed sampling trip aimed to collect water 

and gas samples from natural manifestations, water wells and geothermal wells. Before 

sampling trips, each partner involved carried out an accurate review of the previous literature, 

in particular for what concern the geology, tectonics and fluid geochemistry in general. Field 

maps of sampling points and location of geothermal surface manifestations are included and 

discussed in Chapters 2, 3 and 4 (part 1 for Los Humeros) and in Chapter 2-part2 for Acoculco. 

In Chapter 2 (parts 1 and 2) the correlation between the geographical distribution of high values 

for temperature and dissolved CO2 measured in some water wells located in Perote plain is 

discussed and compared with the main structure lineaments. In Chapter 4 the correlation 

between high values for CO2 flux diffused from soil (and also radon and thoron concentration) 

and alignment of main known faults/structure is underlined. 

 

 Hydrology: sampling of selected cold springs located around “target” areas in Los 

Humeros and Acoculco geothermal sites; isotopic analysis (in particular for 18O, D 

and Tritium) to provide information regarding the origin of fluids (cold and 

thermal) and the relationship between cold surface waters and 

hydrothermal/geothermal water rising from depth. 

 Fluid geochemistry: sampling and analysis (chemical and isotope) of cold and 

thermal springs, fumaroles and soil gases, as well as wells/boreholes in order to 

identify the origin (stable, radiogenic and radioactive isotope systematics) and 
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physical-chemical characteristics of reservoir fluids, steam separation/condensation 

and/or mixing processes and estimate the thermodynamic conditions (P and T) of 

the equilibration zone present at depth. For example, geothermometric estimations 

of the reservoir fluids will be done using classical and new auxiliary chemical and 

isotopic geothermometers 

In Chapter 2 (parts 1 and 2), chemical and isotope (stable, radiogenic and radioactive) data for 

water samples collected from cold and thermal springs, wells and maar lakes located in target 

areas in Los Humeros and Acoculco, properly selected to provide information regarding the 

origin of fluids and feeding zones, are discussed. In Chapter 2 (parts 1 and 2) chemical and 

isotope data regarding fumaroles and dry gas samples are included and discussed. Chemical 

and isotope analysis for water samples from some cold and thermal springs, cold wells and 

geothermal wells are included and discussed also in Chapter 3. Geothermometric estimations 

performed using classical and new auxiliary chemical and isotope geothermometers are 

discussed in Chapter 3 (part 1), both for Los Humeros and Acoculco geothermal systems. 

Literature data of Los Humeros geothermal wells are also included and discussed in suitable 

diagrams in order to obtain information regarding the relationships between cold surface waters 

and hydrothermal/geothermal fluids. 

 

 Measurements of CO2, H2S and CH4 fluxes diffused from soil using the 

accumulation chamber and static chamber methods, aimed to the elaboration of 

isoflux maps. In addition, radon (222Rn) and thoron (220Rn) measurements will be 

performed. The analysis of further parameters, such as helium and gamma-

spectroscopic measurements, will be considered. 

These issues regard the Chapter 4 in which isoflux maps for CO2 fluxes diffused from soil are 

inserted and discussed, in particular for what concern the relationships between high flux values 

and alignments of main faults/fractures. The estimation of total output of CO2 emitted from soil 

and data regarding radon and thoron concentrations measured in Los Humeros geothermal field 

are also provided. In Chapter 2 (part 2) the results for measurements of CO2 fluxes diffused 

from soil in Acoculco geothermal field are discussed and reported as maps and tables. 

Estimations of total output are also provided. The results obtained by mobile CO2 laser 

detection are also included and discussed. 

 

 Geochemical modelling: Study of water saturation respect to “relevant” mineral 

phases and modelling of gas-waterrock interaction processes as well as relevant 

physical processes (e.g. boiling or phase segregation) at depth. 
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Chapter 6 (part 1) regard the geochemical modelling. Data and results for some Los Humeros 

geothermal wells are discussed in terms of saturation of several mineral phases, trying to obtain 

information regarding their scaling potential. 

 

 Development, qualifying and application of high temperature tracers adapted to 

conditions in Los Humeros and Acoculco (IFE) 

Research activities regarding the development of high temperature tracers are part of the 

Chapter 7 (part 1). The behaviour of the different tracers tested at different temperature 

conditions and in presence of rock particles are illustrated and discussed. 

 Laboratory experiments for the study of fluid/rock interaction processes at high-

temperature. 

In Chapter 5, the results of fluid–rock interaction experiments performed at different 

temperature (200-300°C), using two andesitic rocks from Los Humeros and local meteoric 

fluids, are discussed. Description of mineral assemblages obtained from the experiments is 

reported, together with the comparison with some phases typically encountered in Los Humeros 

alteration products. 
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EXECUTIVE SUMMARY 

In order to reach the goals of the task, detailed studies regarding fluid geochemistry were 

performed, together with laboratory experiments and geochemical modelling on fluid/rock 

interaction processes at high-temperature and high-T tracer tests. This study represent a novelty 

for LHGF and AGF, since detailed investigation at regional scale has not been done before. 

One of the most important novelty regard the role played by the meteoric recharge as a source 

component of the Los Humeros geothermal fluids (Chapter 2, part 1). Stable isotopes data of 

geothermal fluids are compatible with physico-chemical process commonly identified in 

several geothermal wells worldwide (e.g. oxygen-shift due to interaction of meteoric water with 

reservoir rocks). Mean values of 2H and 18O for cold water collected in the AGF (excluding 

the acid waters) are similar to those for LHGF and this feature point out to the regionalization 

of the meteoric component. Regional recharge cannot be ruled out for LHGF and it could 

represent an important percentage of the total amount. In Perote plain and toward the south side 

of the Los Humeros study area, a cluster of “warm” water wells (T up to ≈33°C) aligned in NE-

SW direction were identified for the first time. New details regarding chemical and isotopic 

properties of circulating waters from springs and wells were also acquired in AGF (Chapter 2, 

part 2), with better understanding of the characterization and evolution of meteoric component 

at regional scale. 

Several kinds of classical and auxiliary geothermometers are applied and developed for 

thermal/geothermal fluids of both geothermal systems (Chapter 3, part 1). The Na-Li and Na-

Cs auxiliary geothermometers, recently defined, give concordant temperature values (320 ± 

30°C) with those estimated using the classical Silica-quartz, Na-K and Ca-K geothermometers, 

and the isotopic δ18OH2O-SO4 geothermometer, for the Los Humeros deep dilute geothermal 

waters, depleted in Ca, Mg and Sr, and enriched in SiO2, B and Li, after interaction with 

andesitic rocks in the reservoir. For numerous thermal waters from both geothermal areas, 

which are mainly constituted of shallow waters rich in Ca, Mg and Sr, interacting with 

Mesozoic limestone at temperatures estimated from 60 to 100°C, the Na/K and Na/Li ratios 

similar to those of the Los Humeros geothermal waters and the relatively high B concentrations 

suggest small inflows of high-temperature deep waters (close to 300°C), despite the low 

permeability of these areas. 

Detailed study of soil degassing was performed inside the LHGF producing zone and also in 

AGF (Chapter 2, part 2). In LHFG some areas are characterized by good correlation between 

known faults and the increasing in CO2 flux rate and elevated radon and thoron concentrations 

(Chapter 4, part 1). The presence of very high degassing areas (CO2 efflux > 300 g m-2d-1) at 

the surface can only be explained by convection along permeable faults/ fractures. In some 

areas of interest, more detail regarding soil degassing was obtained by mobile laser survey. By 

carbon isotopic analysis of CO2 and helium isotopic analysis 3He/4He determined in gases 

released by the soil, it is indicated that faults and fractures in the subsurface have a link to the 
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deep geothermal reservoir and favor the upflow of hydrothermal fluids. The results of soil 

degassing study suggest that the most permeable zone in the Los Humeros geothermal field is 

located in SW area and extends towards the north and northeast. In Acoculco, gas flux was very 

low and no significant correlations with alignment of regional faults/fracture were evidenced 

(Chapter 2, part 2). Just in a few sites, evidences for enhanced gas flow associated to the location 

of natural gas emissions, drilled boreholes and/or with a few specific tectonic features seems to 

be present. 

Several fluid-rock interaction experiments at different temperatures (T) and pressure (P) have 

been carried out to constrain the physical-chemical processes occurring in the upper reservoir 

of the LHGF (Chapter 5, part 1). The obtained results indicate that silicification is the most 

important alteration process. Analytical methods used suggest that in LHGF high mineralized 

waters likely reacted with andesitic reservoir. In particular, the presence of wairakite in some 

experimental products could corroborate the hypothesis that infiltrating waters extensively 

reacted with crossed rocks before reaching the reservoir. 

Geochemical modeling was used in several fluid from Los Humeros geothermal wells, 

investigating the possible mineral phases and their behavior as function of temperature. Possible 

hydrothermal/methamorphic high temperature secondary minerals were identified, together 

with a group of secondary minerals with scaling potential. Also, some information regarding 

the origin of chemicals present in the fluids of Los Humeros geothermal field are obtained. 

Seven tracer candidates were first tested for thermal stability in closed quarts vials at 

temperatures from 150 to 250oC (Chapter 7, part 1). Of the seven compounds tested, one tracer 

candidate (Tracer C) showed satisfactory properties as geothermal tracer and is expected to be 

suitable at temperatures up to at least 375oC. 

Concluding, the task 4.3 aims were completely reached, with important novelties representing 

an improvement of our knowledge for: i) identification of feeding zones of geothermal fluids, 

ii) physico-chemical evolution of hot fluids, iii) characterization of flow-paths linked with 

geological structures in fractured media. All the milestones were also reached on time. 
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Chapter 1 

 

STATE OF THE ART ON LOS HUMEROS GEOTHERMAL SYSTEM 

BEFORE GeMex 

1.1 Geological and geothermal settings 

Los Humeros geothermal field is located ca. 200 km SE of Mexico City, on the eastern portion 

of the Plio-Pleistocene Trans-Mexican Volcanic Belt, near the border of this province with the 

Sierra Madre Oriental province. This geothermal field lies within a wide caldera complex 

constituted by the Potreros caldera (9-10 km in diameter), where all geothermal wells were 

drilled, nested within the larger Los Humeros caldera (15 x 21 km). The evolution of the caldera 

complex was proposed to begin at 460 ky by Ferriz and Mahood (1984), with ignimbrite 

eruptions, when a highly differentiated magmatic chamber was emplaced beneath the Mezozoic 

calcareous sequences, interrupted by the construction of several rhyolitic domes and basaltic-

andesite volcanoes. However, recent studies suggest that the onset of the caldera activity 

occurred last at 164 ky (Carrasco-Nuñez et al., 2018). The basement rocks of this field are 

granites and schists of Paleozoic age, covered by a thick series of Jurassic and Cretaceous 

limestones, metamorphosed during the Laramide orogeny and by Oligocene magmatic 

intrusions (De la Cruz, 1983). Fissural volcanic activity in the area started in the Miocene (≈ 10 

Ma), producing the Alseseca andesites that outcrop in the north-eastern part of the Los Humeros 

caldera. Further volcanic activity did not take place until the Pliocene, when the volcanism 

associated with the Mexican volcanic belt started, producing the Teziutlan andesites in the area 

(3.3-1.9 Ma ago; Yañez García and Casique Vásquez, 1980). The LHGF is located 200 km SE 

of Mexico city, within a complex caldera system active from 0.46 Ma, when ignimbrite 

eruptions began. The activity ends 20ka ago, reaching the final hydrothermal stage (Ferriz and 

Mahood, 1984). LHGF represents one of the most important Mexican geothermal system used 

for electric power generation (about 65MW). Maximum temperature close to 400°C was 

measured in geothermal wells located in the northern part of the producing area. Excess 

enthalpy condition (>2400 KJ/Kg; (Gutierrez-Negrin and Izquierdo-Montalvo, 2010) 

characterize the LHGF since the first stage of fluid extraction (started in 1982: Arellano et al., 

2015) and it was enhanced by twenty-nine years of exploitation (started in 1990; Arellano et 

al., 2003), causing aquifer boiling, phase separation and steam condensation (Barragan et al., 

2008; Arellano et al., 2015). Since 1982 to December 2012, about 123 Mt of fluid was extracted 

(Arellano et al., 2015), including ca. 104 Mt of steam (84.3%) and ca. 19 Mt of liquid (15.7%). 

Re-injection started in 1995 and in the same period (up to December 2012) about 6.3 Mt of 

extracted fluid was re-injected in the reservoir (Arellano et al., 2015). This represents a small 

fraction of the total extracted fluid (5.1%) and the effect of re-injection in LHGF is still debated: 

for Arellano et al. (2015) it is not clear, whereas Pinti et al. (2017), based on noble gas elemental 

ratios, suggest the presence of some geothermal wells producing a high fraction of re-injected 
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fluids (62 to 100% of the production fluid). Geothermal fluids are exploited by producing levels, 

consisting of sequence of fractured blocks characterized by low permeability. Chemical and 

isotopic composition of geothermal fluids highly depend on depth, enthalpy and flow rate of 

the wells. For LHGF many geochemical data regard the characterization of geothermal fluids 

from producing wells and the identification of their important chemical and isotopic temporal 

evolution due to exploitation (Barragan et al., 1988, 1989, 1991; Truesdell, 1991a,b; Prol-

Ledesma 1998; Arellano et al., 2003, 2015). Conversely, very few geochemical data on cold 

water from springs and wells are used or no data are available for the identification of feeding 

zones and mean altitude of recharge areas, and to link the meteoric component with geothermal 

fluid evolution in terms of water-rock interaction and phase separation. Before GeMex, the 

recharge mechanism of LHGF was still unclear and no detailed study regarding the meteoric 

component was performed. Therefore, this issue represent one of the most important question 

that has to be clear in order to fulfil specifics goals of the Task 4.3. 
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Chapter 2 

 

WATER AND GAS GEOCHEMISTRY 

2.1 Introduction 

Specifics tasks of the hydro-geochemical study are related to define chemical and isotopic 

characteristics of cold and thermal waters and geothermal gases, in order to: i) identify “feeding 

zones” of geothermal fluids; ii) constrain the equilibrium temperature reached by the fluid at 

depth; iii) identify the secondary processes (i.e. phase separation, precipitation of mineral 

phases), which take a part during the evolution of geothermal fluids from reservoir conditions 

to surface levels. 

Before sampling, an accurate study of available hydro-geochemical data, geological and 

structural maps and also 3D morphological model was performed. This phase allowed to select 

suitable sampling points for the study in the framework of the task 4.3. In addition, some other 

important information about sampling points was obtained during various teleconference with 

CFE’s personnel. Once in the field, many new sampling points were discovered and identified, 

also thanks to CFE support. Two sampling campaigns were performed in LHGF, in particular 

in June 05th-14th, 2017 and March 16th-28th, 2019. A total of 57 and 87 water samples from cold 

springs, cold water wells, maar lakes, thermal springs and reinjection wells were collected in 

June 2017 and March 2018, respectively (see table A1 in appendix). Both sampling trips are 

performed in collaboration with CICESE (Ensenada, BC), University of Guanajuato, 

(Guanajuato) and University of Michoacán, Morelia (UMSNH). On March 2018, also BRGM 

took part in the field trip. 

 

2.2 Waters: Sampling, field measurements and laboratory analyses 

Sampling points are shown in the location map of figure 2.2.1, in which waters samples 

collected in the GeMex project (in green) are reported together with water samples collected 

during previous works (in red). As showed by the map, the distribution of samples collected 

during the GeMex project cover an area bigger than the previous investigated surface, and also 

include different kind of lithology. Particular attention was focused on the selection of “target” 

areas in which to perform sampling of cold springs, providing information regarding the origin 

of fluids and relationship between cold surface waters and hydrothermal/geothermal fluids. In 

particular, springs located on limestone outcrops of the Sierra Madre Oriental and at higher 

altitude (>3500 m.a.s.l on the Cofre de Perote.) were sampled for the first time. Since no thermal 

springs are present close to the Los Humeros producing area, during the first field trip samples 

from Chignahuapan and El Carrizal thermal springs were also collected, in order to obtain 

significant indication regarding physico-chemical characteristics of hot fluids circulating in 

different lithology. 
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Figure 2.2.1 - Location map of water samples collected in LHGF during the GeMex project. Samples 

collected during previous work are also shown (blue points). Geological map 1:250000 is also reported 

(Veracruz E14-3, SGM, 2002). 

 

During field trips, Temperature, pH, Electrical Conductivity, Redox Potential, Dissolved 

Oxygen and in situ determination of total alkalinity were performed using suitable portable 

instruments (figure 2.2.2a and 2.2.2b). Total alkalinity was measured by acid-base titration, 

using a micro-dosimeter containing HCl 0.1N and methyl-orange as pH-indicator (figure 

2.2.2b). When possible, the flow rate was measured by means of flow-meter or estimated by 

visual observation or suitable vessel (figure 2.2.3). Each sampling point was documented by 

photos and sampling cards indicating GPS coordinates, altitude, presence of rock alteration 

and/or mineral deposition, measured flow rate and results about field 

determinations/measurements. All parameters measured in the field are inserted in table A1 in 

appendix. Waters from wells were collected using the installed pumping system and suggested 

(2x well volume) waiting time to avoid the presence of stagnant water in the pipes (figure 2.2.4). 

 

      
Figure 2.2.2a – Portable instruments used in the field Figure 2.2.2b – Micro-dosimeter used for total alkalinity 

determinations 
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Figure 2.2.3 – Flow rate measurement Figure 2.2.4 – Temperature measurement from 

water well with installed pumping system 

 

Different kind of aliquots were collected, each of one characterized by specific treatment in 

order to preserve chemicals parameters up to laboratory analysis. In particular: 

 n°1 of 125ml Polyethylene (PE) bottle of filtered water (0.45 µm membranes of cellulose 

acetate) for analysis of Cl, NO3, SO4, F, Br; 

 n°1 of 50ml PE bottle of un-filtered water for stable water-isotopes analysis (D‰, 

18O‰, 87Sr/86Sr); 

 n°1 of 50ml PE bottle of filtered (0.45 µm membranes of cellulose acetate) and acidified 

(HNO3 1:1 superpure) for analysis of Na, K, Ca, Mg, B, Li, Sr, SiO2; 

 n°1 of 100ml PE or glass bottles of acidified (HCl 1:1) for NH3 analysis; 

 n°1 of 250/500 ml PE bottle of un-filtered water for Tritium analysis. 

Chemical and isotopic analyses of water samples were carried out in IGG-CNR labs, applying 

the following analytical techniques: 

 Li+, Na+, K+, Mg2+, Ca2+, B in the filtered-acidified aliquot by Inductively Coupled 

Plasma-Optical Emission Spectroscopy (ICP-OES); 

 Cl-, SO4
2-, NO3

- and Br in the filtered aliquot by ion chromatography (IC); 

 F- in the filtered aliquot by ion-selective electrodes (ISE); 

 dissolved SiO2 in the filtered-acidified aliquot by visible spectrophotometry (UV-VIS); 

 the isotope ratios 18O/16O D/1H and 87Sr/86Sr of water in the filtered aliquot respectively 

by Mass Spectrometry (LGR) and MC-ICP-MS. 

 Tritium was determined through measurement of β- decay events in a liquid scintillation 

counter. 

Short-term analytical precision (repeatability) is better than 2% for ICP-OES analyses, 3-5% 

for IC and ISE determinations, and close to 5 % for visible spectrophotometry. The uncertainties 

on the 18O and D values are ±0.05‰ and ±1‰, respectively. 

Results of water analyses are given in appendix (table A2). Charge balance is also reported, and 

it is lower than 3% for all samples. 
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2.2.1 Hydrogeochemical classification and binary plots 

Chemical classification is one of the most important phases of data elaboration in which 

significant information regarding water-rock interaction and others physico-chemical processes 

(e.g. ion-exchange, dilution, mixing, precipitation of mineral phases) can be obtained. 

Water chemistry is initially analysed in terms of the relative concentrations of major anions 

(HCO3, SO4, and Cl) and major cations (Na, K, Ca, and Mg), by means of the conventional 

Langelier-Ludwig (LL) compositional pyramid and relevant cross-section (Langelier and 

Ludwig, 1942). In the LL compositional diagrams the samples are displayed using a suitable 

coefficients Ri, calculated starting from the concentrations (Ci) expressed in eq/L: 

 

𝑅(𝑁𝑎 + 𝐾) = 50 ∗
(𝐶𝑁𝑎 + 𝐶𝐾)

(𝐶𝑁𝑎 + 𝐶𝐾 + 𝐶𝐶𝑎 + 𝐶𝑀𝑔)
 

 

𝑅(𝐶𝑎 +𝑀𝑔) = 50 ∗
(𝐶𝐶𝑎 + 𝐶𝑀𝑔)

(𝐶𝑁𝑎 + 𝐶𝐾 + 𝐶𝐶𝑎 + 𝐶𝑀𝑔)
 

 

𝑅(𝐻𝐶𝑂3) = 50 ∗
(𝐶𝐻𝐶𝑂3)

(𝐶𝐻𝐶𝑂3 + 𝐶𝐶𝑙 + 𝐶𝑆𝑂4)
 

 

𝑅(𝐻𝐶𝑂3 + 𝑆𝑂4) = 50 ∗
(𝐶𝐻𝐶𝑂3 + 𝐶𝑆𝑂4)

(𝐶𝐻𝐶𝑂3 + 𝐶𝐶𝑙 + 𝐶𝑆𝑂4)
 

 

𝑅(𝐻𝐶𝑂3 + 𝐶𝑙) = 50 ∗
(𝐶𝐻𝐶𝑂3 + 𝐶𝐶𝑙)

(𝐶𝐻𝐶𝑂3 + 𝐶𝐶𝑙 + 𝐶𝑆𝑂4)
 

 

Data of geothermal fluids collected from geothermal wells (previous public data and new data 

from CFE) are included in the elaboration processes, both as for reference and also to identify 

possible correlation between surface and deep fluids. 

LL diagrams (figures 2.2.5a, b and c) show that most collected waters have HCO3 and Na or 

Ca as dominant anion or cations dissolved species, respectively. The distributions of points in 

the LL classification diagrams allow to identify three main “hydrochemical type”: 1) Na-HCO3, 

2) Ca-HCO3 and 3) Ca-SO4(HCO3) waters. The first one is represented by spring waters located 

at high altitude in the Cofre de Perote volcano (PER13 and PER14) or close to Zaragoza 

country, in which outcrops of lava rocks (i.e. andesites, trachyandesites, dacites) are extensively 

present. This hydrochemical type represents the first stage of water-rock interaction between 

meteoric water and andesites. Calcium bicarbonate waters (Ca-HCO3) is the most abundant 

hydrochemical type in the study area and is composed by waters from cold springs and wells 

located at different altitude. It represents different evolution stage of interaction between 
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meteoric waters and carbonate rocks (i.e. limestone). The third hydrochemical type (Ca-SO4-

HCO3) characterize some wells (LH17, LH17bis and PER43) located in the south part of the 

studied area close to “Laguna de Totolcingo”, in which higher SO4 concentrations are shown. 

The arid climate conditions characterizing this sector of the study area result in intense 

evapotranspiration/evaporation. In fact, around the “Laguna de Totolcingo” a widespread 

mineral salt deposit is present, known as “Tequesquite”, which is mainly composed by sodium-

carbonate and sodium-chloride with associated potassium-carbonate, sodium-sulfate and clay 

(Alcocer and Hammer, 1998). The Ca-SO4-HCO3 hydrochemical type waters can reflect the 

interaction at surface levels of meteoric water with Tequesquite salt incrustation. This process 

probably involve others samples from wells located close to maar lakes (i.e. LH20, PER38 and 

PER48), in which Total Ionic Salinity increase (T.I.S.) and Cl concentration is higher than in 

other samples (see figure 2.2.5b). Chloride concentration is particular high for sample PER51, 

which is water from local wells characterized by the higher T.I.S. value (c.a. 115 meq/L). Ca-

SO4 chemical composition is showed by sample PER85, a water collected at an altitude close 

to 3000 m.a.s.l. in the south-west side of the study area: taking into account that no salt 

incrustations or evaporite formations are present, the interpretation of its physico-chemical 

characteristic is ambiguous. Water from Alchichica maar (LH18) is characterized by very high 

T.I.S. value and Na-Cl composition. Of course, its characteristics can be interpreted in terms of 

interaction with salt deposits/incrustations and/or intense evaporation. Same chemical 

composition and evolution characterize a sample from a shallow well close to the Pizarro 

volcano (PER78), even if higher HCO3 concentration is also present. 

In the Perote plain, some wells show temperature ranging from 20°C to 33.1°C (LH50, 

LH50bis, LH54, LH55, LH61, PER27, PER31, PER54, PER55, PER56, PER57 and PER59). 

These wells are exploited by farms and have depth ranging from 120 to 180m and flow rate of 

about 60-70 L/sec. Productive levels are located in rock formations, probably represented by 

andesites and dacites lavas located at shallow level close to Perote (see stratigraphic section in 

Carrasco et al., 2017). Their composition is HCO3-Na-Ca. The thermal spring of Cignahuapan 

(50.4°C) shows Ca-HCO3(Cl) chemical composition, suggesting an origin probably due to 

interaction with limestone, but also with volcanic rocks (Na is the second most abundant 

dissolved cation). 

As well known from literature (Barragan et al., 1988, 1989, 1991; Truesdell, 1991a,b; Prol-

Ledesma 1998; Arellano et al., 1998, 2003, 2015), fluids from geothermal wells show variable 

chemical composition from Na-HCO3 to Na-Cl. Some geothermal wells (H12, H23, H43, H58) 

show different Na(+K)/Ca(+Mg) ratio, approaching the line (Na+K) =25 %eq in LL diagrams. 

Some samples collected in different time from few productive wells (H7, H16, H17, H19, H34, 

H43) show temporary spike toward higher SO4 concentrations: it is could be due to partial 

condensation of excess steam with dissolution of H2S and subsequently oxidation to sulfate. As 

for reference, re-injected fluids show Na-SO4(HCO3) chemical composition. 



21 
 
 

 

 

Figure 2.2.5a – LLHCO3 classification diagram    Figure 2.2.5b – LLCl classification diagram 

 

Figure 2.2.5c – LLSO4 classification diagram 
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Since the LL plots of major anions and major cations do not deliver any information on the 

T.I.S. of the waters of interest, it is advisable to inspect suitable cross-section of LL plots. In 

fact, the T.I.S. of water samples can be appreciated in these diagrams, by comparing their 

position with respect to the lines of slope -1, which are iso-T.I.S. lines (see Tonani et al., 1998 

for further details). In figures 2.2.6 and 2.2.7, correlation plots HCO3 vs. Cl+SO4 and Na vs. 

Ca+Mg+K are presented, respectively. The two correlation plots show that water from the 

Alchichica maar lake has the highest T.I.S. (c.a. 320 meq/L), followed by PER51 (114 meq/L) 

and PER55 (96 meq/L). Among samples collected during this work, T.I.S. varies from 0.7 to 

3.4 meq/L for cold spring waters, 0.5 to 114 meq/L for well waters and 5.2 to 9.8 meq/L for 

surface water of creeks. The salinity of Cignahuapan’s thermal spring is c.a. 33 meq/L. 

Langelier-Ludwig cross sections allow the identification of samples affected by different extent 

of salt dissolution (e.g. LH17, LH17bis, LH20, PER38, PER43, PER48 and PER78). Although 

PER51 and PER55 show similar high T.I.S. and temperature values, their chemical 

compositions are very different. PER51 is Na-Cl water and is located close to the Tequesquite 

deposits/incrustations, whereas PER55 is Na-HCO3 water and is characterized by very high 

HCO3 concentration (2028 mg/L). Waters from warm wells in Perote plain show a different 

alignment compared to wells located in the south part of the study area. 

 
Figure 2.2.6 – Correlation plot HCO3 vs. SO4+Cl (left) and its magnification for TIS value <120 meq/L. Symbols 

as in figure2.2.5a 
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Figure 2.2.7 – Correlation plot Na vs. Ca+Mg+K (left) and its magnification for TIS value <60 meq/L. Symbols 

as in figure 2.2.5a. 

 

Correlation plots contrasting each solute with chloride, which is the mobile (conservative) 

constituent of reference, are used to investigate (a) mixing effects and (b) the 

differences/similarities among warm waters from central sector of the Perote plain or area close 

to Totolcingo lagoon. 

The chloride plots of boron (Figure 2.2.8) and lithium (Figure 2.2.9) show that samples from 

wells located close to Totolcingo lagoon and La Derrumbadas volcano (i.e. LH17, LH17bis, 

LH20, PER43, PER48, PER51 and PER78) are affected by salt dissolution. Also some warm 

waters from wells in Perote plain seem to be influenced by the same process (LH54, LH55 and 

PER55). Boron and lithium contents respectively higher than 1 mg/L and 0.1 mg/L determined 

in some spring and well waters can be interpreted in terms of interaction with volcanic rock 

formations and/or deposits composed by their debris. Also in the chloride diagrams of 

deuterium and oxygen-18 (Figure 2.2.10), samples LH17, LH17bis, PER38, PER43, PER48, 

LH20, LH54, LH55, PER51, PER55 seem to be influenced by salt dissolution. For these 

samples, same correlations are obtained also using HCO3 and SO4 contents (which represent 

others two major chemical component of local salt incrustations). In both diagrams, water 

samples from maar lakes (Alchichica and Quecholac) and shallow well close to Pizarro volcano 

(PER78) are distributed toward enriched values of stable isotopic composition, owing to the 

isotopic fractionation during evaporation process. In terms of stable isotopic compositions it is 

interesting to note the low values for springs located close to the top of the Cofre de Perote 

volcano (LH35, LH36, LH37, PER13, PER14, PER15 included in group 1 in figures 2.2.10). 

This is associated to the high altitude of infiltration (close to 4000 m.a.s.l.) and it is in agreement 

with stable isotopic values for samples collected from wells located at the foothill of the Cofre 

de Perote volcano (samples in group 2): in fact, lower altitude means less altitude of infiltration 
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or mixing between waters infiltrated at different altitude. Wells located in the south part of the 

studied area, as PER36, PER37, PER47, PER49, PER53 (group 3 in figures 2.2.10) show 

similar stable isotopic composition as for group 2, but higher values of chloride. Other wells as 

LH17, LH17bis, PER38, PER43 and PER48 (also located in the south part), show chloride 

concentration even greater. For all these samples, a mean altitude of infiltration close to 3000 

m.a.s.l. can be hypothesized. 

 

    
Figure 2.2.8 – Correlation plot B vs. Cl (left) and its magnification (right) for Cl value <500 mg/L. Symbols as in 

figure 2.2.5a. 

 

    
Figure 2.2.9 – Correlation plot Li vs. Cl (left) and its magnification (right) for Cl value <500 mg/L. Symbols as 

in figure 2.2.5a. 

 



25 
 
 

    
Figure 2.2.10 – Correlation plots Cl vs. D (left) and Cl vs. 18O (right). Black arrows are inserted to easily identify 

the evolution of points due to dissolution of salt and evaporation. Symbols as in figure 2.2.5a. 

 

2.2.2 Saturation Index 

The dissolution of generic solid phases can takes place only if the aqueous solution is in under 

saturation state. Of course, if aqueous solutions are over-saturated with respect to specific solid 

phase, this latter cannot precipitate. Therefore, in order to acquire information regarding water-

rock interaction process and, more in general, secondary processes (e.g. precipitation of mineral 

phases), it is very important to evaluate the equilibrium degree (i.e. the Saturation Index – SI) 

of aqueous solution with respect to the mineral phases of interest. This evaluation can be 

performed by the calculation of SI: 

𝑆. 𝐼. = 𝑙𝑜𝑔 (
𝑄𝑗

𝐾𝑗
) 

where Qj is the ion activity product and Kj is the solubility product. 

The aqueous solution is saturated when S.I. = 0. For negative values (S.I.<0) the aqueous 

solution is under-saturated, whereas positive values (S.I.>0) mean over-saturation. 

For samples collected in the framework of the GeMex project, the Solveq numerical code with 

Soltherm_98 database was used (Spycher and Reed, 1998). The results obtained are showed in 

correlation diagrams between the S.I. values and the pH. The choice is dictated by the strong 

dependence on the pH of the S.I., for different groups of minerals of interest. In fact, the 

dissolution reactions of mineral phases are governed, to a large extent, by the activity of the H 

+ ion. Gypsum and Anhydrite are an exception since their S.I. is not correlated by the pH: in 

these cases, S.I. is plotted versus SO4 concentration. To take into account the uncertainties 

inherent in the calculation, we consider under-saturated the waters with SI <-0.2, saturate those 

with -0.2 <SI <+0.2 and over-saturated those with SI> +0.2. 
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Correlation plots Calcite Vs  pH and Calcite Vs Temperature (Figures 2.2.11) show that 

saturation to over-saturation conditions on calcite characterize water from springs located close 

to limestone outcrops (e.g. LH6, LH7, LH7bis, LH8, LH8bis, LH12) or from wells 

characterized by higher salinity and/or temperature (e.g. LH54, LH55, LH61, PER51, PER56, 

PER78). Of course, waters from maar lakes are in over-saturation conditions. The other samples 

are distributed between S.I. values close to 0 towards negative values (S.I. ≈ -3). Cignahuapan’s 

thermal spring show saturation with calcite (S.I. = 0.059). Same considerations can be 

performed for correlation plots Dolomite Vs pH and Dolomite Vs Temperature (Figures 

2.2.12). In general, S.I. values respect to main carbonates (i.e. calcite and dolomite) suggest the 

significant role played by limestones, in areas close to their outcrops or in areas in which 

carbonate-rich debris can be accumulated. 

    
Figure 2.2.11 – Correlation plots S.I.calcite vs. pH (left) and S.I.calcite vs. T (right) for collected water samples. Dashed 

lines (for values -0.2<S.I.<+0.2) define conditions of saturation respect to mineral phases considered. Symbols as 

in figure 2.2.5a. 

 

    
Figure 2.2.12 – Correlation plots S.I.dolomite vs. pH (left) and S.I.dolomite vs. T (right) for collected water samples. 

Dashed lines (for values -0.2<S.I.<+0.2) define conditions of saturation respect to mineral phases considered. 

Symbols as in figure 2.2.5a. 



27 
 
 

 

Collected samples are under-saturated respect to Gypsum and Anhydrite. Just samples from 

some wells located close to Totolcingo lagoon (LH17, LH17bis and PER43) show SO4 

concentration >400mg/L, approaching S.I. values close to -1. Samples from re-injection wells 

are shifted from the alignment defined by other samples, since their sulphates contents probably 

depend from other sources (i.e. oxidation of deep H2S). Also the SO4 content for the Alchichica 

maar lake depend from other process and not from interaction with gypsum(anhydrite-)-rich 

formations. The observation of figures 2.2.13 suggest the minor role played by SO4-rich 

formation, as a source of dissolved sulphate in collected water samples. In fact, evaporite 

formation are not reported in the study area (see geological maps of Los Humeros, from 

Carrasco et al., 2017). 

 

    
Figure 2.2.13 – Correlation plots S.I.gypsum vs. SO4 (left) and S.I.anhidrite vs. SO4 (right) for collected water samples. 

Dashed lines (for values -0.2<S.I.<+0.2) define conditions of saturation respect to mineral phases considered. 

Symbols as in figure 2.2.5a. 

 

Correlation plots amorphous silica vs temperature and chalcedony vs temperature (Figures 

2.2.14) show conditions close to saturation respect to SiO2(am) and over-saturation for 

chalcedony, suggesting that amorphous silica is the most probable SiO2 polymorph in 

equilibrium with collected waters. Samples from maar lakes (LH18 and LH22) show lowest 

values of S.I. for both mineral phases, probably due to joining effect of their high pH values 

(8.74 and 9.06 respectively for LH22-Quecholac and LH18-Alchichica) and water temperature. 

The Cignahuapan thermal spring (T = 51°C) show S.I. values among the lowest, since higher 

temperatures favour the solubility. 
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Figure 2.2.14 – Correlation plots S.I.gypsum vs. SO4 (left) and S.I.anhidrite vs. SO4 (right) for collected water samples. 

Dashed lines (for values -0.2<S.I.<+0.2) define conditions of saturation respect to mineral phases considered. 

Symbols as in figure 2.2.5a. 

 

2.2.3 Strontium isotopes 

Taking into account the presence of different reservoir rocks, which can be involved in water-

rock interaction processes, eighteen water samples were selected for Sr isotope (87Sr/86Sr) 

analyses. Data are shown in table A3 in appendix. Collected waters show an intermediate ratio 

between the range of variation determined in andesite and limestone samples collected during 

the GeMex in outcropping areas. These values correlate well with values for local andesite-

ryolite rocks (0.70407±0.00001, Verma, 2000) and carbonates (0.70885±0.00001, Veizer et al., 

1997), even if the last range is higher than that of limestone collected in the GeMex. Only two 

cold springs (LH39, LH44) show the lowest signature ratio, in agreement with that of the 

andesite inside the caldera. In general, we distinguish at least three different groups of waters 

on the basis of their Sr isotope signatures. In the first group Sr-isotopic ratio ranges from 

0.70528 to 0.70553 in the well waters (LH1, LH46, LH50) and in two cold springs (LH32, 

LH36). In the second group, the Sr isotopes ratio ranges between 0.70599 and 0.7064 in three 

well waters (LH3, LH54, LH55) and three cold springs (LH6, LH8, LH12). In the third group 

two well samples (LH17 and LH20) have the highest ratio between 0.70698 and 0.70712. Also, 

two thermal hot springs sampled outside the caldera have different isotopic ratios. The hot 

thermal spring (LH28) from El Carrizal, representing the water collected at the lowest altitude, 

has the highest Sr-isotope ratio reflecting the limestone signature of the geology of the area. 

The Cignahuapan thermal spring (LH51) shows an intermediate isotopic ratio: in fact it is 

located in the Sierra Madre Oriental in which limestone, but also andesite rocks outcrop. 

In order to understand the origin of dissolved strontium and its evolution, Sr isotope signatures 

are plotted against concentration of Sr and Cl measured in the same samples. In the correlation 

plot 87Sr/86Sr vs Sr (Figure 2.2.15), starting from typical value of local andesite (LH39, LH44 

and LH51), a rapid increase in strontium isotopic ratio is reported for Sr concentrations up to 
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≈300 mg/L. For higher strontium concentration, the gradient of the increment become less and 

buffering effect appear close to the typical value of local limestone (LH28 – El Carrizal thermal 

spring). These features characterize also the distribution of points in the correlation plot 
87Sr/86Sr vs Cl (Figure 2.2.16), in which water from cold springs span in a wide range of 

strontium isotopic ratio. Water from wells are scattered, probably owing to the different origin 

of chloride. It is worth to mention that strontium isotopic signature for some geothermal wells 

(H12, H19 and H45) is in the range 0.70853-0.70885 (Pinti et al., 2017), in agreement with the 

value for carbonates suggested by Veizer et al. (1997). 

The distribution of points in figures 2.2.15 and 2.2.16 suggest that: i) sources of strontium in 

analysed waters are identified in andesite and limestone rocks; ii) water from wells located 

around LHGF (e.g. in Perote plain) represent mixed terms. 

 

 
Figure 2.2.15 – Correlation plot 87Sr/86Sr vs Sr for collected water samples in Los Humeros. Isotope range for 

andesite and limestone and clay samples collected at Los Humeros during the GeMex project are also reported. 
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Figure 2.2.16 - Correlation plot 87Sr/86Sr vs Cl for collected water samples in Los Humeros. Isotope range for 

andesite and limestone and clay samples collected at Los Humeros during the GeMex project are also reported. 

 

2.2.4 Dissolved carbon dioxide 

LHGF are characterized by the presence of high CO2 concentrations in fluids from geothermal 

wells (in general CO2 > 85%, as Total Discharge). The exploitation in Los Humeros enhanced 

the enthalpy excess conditions for most of geothermal wells, raising the vapour fraction 

(generally expressed as y coefficient) and favouring the presence of CO2 in the steam-gas mix 

extracted. Taking into account these considerations and also the presence of warm wells in 

Perote plain, first measurements of CO2 fluxes diffused from soil were performed in selected 

sites inside the Los Potreros caldera and in Perote plain (Figure 2.2.17). In particular, four areas 

were investigated: 1) an area corresponding to a crossover of fractures connected to the 

Maxtaloya master-fault, near the village of Maxtaloya; 2) Xalapazco Crater, characterized by 

an area with evident hydrothermal alteration; 3) north of Xalapazco, in the prospects of a CFE 

(Comisión Federal de Electricidad) geothermal plant and of the continuation of the Maxtaloya 

master-fault; 4) in Perote plain, close to water well PER 55, which is characterized by high 

water temperature. Grid of points is shown in figure 2.2.17 together with the alignments of main 

faults/fractures systems. The ϕCO2 values were measured at 160 sites inside and outside the 

Los Humeros Caldera by using the Accumulation Chamber (AC) method (Chiodini et al, 1996). 

Flux data (ϕCO2) are reported in table A3 (in appendix), together with soil temperature, 

atmospheric pressure and maximum, minimum, average, median and standard deviation values 

for ϕCO2. The results indicate that higher values for CO2 flux (up to 3151 g m−2 day−1) were 

only observed near and inside the Xalapazco hydrothermalized area, already known for its 

gaseous emissions (Peiffer et al., 2018). In other areas, correlation between distribution of high 
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values of CO2 flux and alignment of faults/fractures lines were not clearly observed, and low 

CO2 fluxes were measured (up to 12 g·m−2day−1). Total CO2 output calculated in each selected 

areas inside the Los Humeros Caldera, i.e. “Xalapaxco” (~5700 m2), “Maxtaloya” (~230000 

m2) and “CFE plant” (~253000 m2), was ~0.09, 0.1 and 1.1 t day-1, respectively. 

 
Figure 2.2.17 – Location map of CO2 flux measurements performed in LHGF. Alignments of main 

faults/fractures systems are also shown. 

 

CO2 fluxes measured in Perote plain were very low and of the same order of magnitude of 

fluxes measured in soil with grass cover (more or less, up to 0.05 mol/m2day). Considering the 

presence of some wells characterized by warm water, dissolved CO2 was also calculated in 

collected waters samples. Numerical code Solveq with the Soltherm_98 database was used for 

computation (Spycher and Reed, 1998). Data on dissolved CO2 is shown in table A4, both as 

partial pressure (bars) and concentration (in mmol/L and logFCO2). These data are used in a GIS 

project and it is shown in map of figure 2.2.18. 
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Figure 2.2.18 – Distribution map of dissolved CO2 displayed as Log CO2 fugacity (LogFCO2). 

This map shows an alignment NE-SW defined by water wells in which dissolved CO2 reach 

higher values (red point), but anyway less than 0.1bar. This value is typical for soils, in which 

the PCO2 is direct connected to decomposition of organic substances and soil respiration. Some 

of these wells include warm wells identified in Perote plain, but also few wells located in the 

south part of the study area, around Las Derrumbadas Volcano. In Las Derrumbadas, fumarolic 

activity is reported in literature and associated altered rocks indicates an active geothermal 

system (Siebe C., 1988). Therefore, local temperature anomaly can be hypothesized and it could 

explain the rather high temperature (up to 34.8°C for sample PER51) of some water wells 

located to the southern site. For water wells close to Perote, temperature values higher than 

22°C are widely present with maximum value of 33.1°C (PER56). 

 

2.2.5 Stable isotopes 

The 2H and 18O values of H2O for the water samples collected in the LHGF and its 

surrounding are shown in the correlation diagram of Figure 2.2.19, together with the worldwide 

meteoric water line (WMWL - 2H = 8·18O+10, Craig, 1961). As for reference, a meteoric 

water line (MWL) defined by Perez Quezadas et al. (2015) is also reported, even if it was 

defined using precipitation samples collected along a transect from the Port of Veracruz to 

Cofre de Perote. Therefore, it represent a local meteoric water line for the upwind Sierra Madre 

Oriental area but it is not specific for Los Humeros area. A detailed study regarding the isotopic 

composition of 2H and 18O values of H2O from springs and wells located around the LHGF 
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was performed for a first time, during the GeMex project. All samples plot preferentially along 

the WMWL, even if some of them are slightly shifted on the right. This scatter of isotope values 

could be due to the occurrence of evaporation processes, in particular for wells located in the 

south part of the study area (e.g. around Pizarro volcano and Totolcingo lagoon). Collected 

samples span in a wide range of stable isotopic composition, mainly owing to different altitude 

of infiltration. Samples collected from cold springs and wells located in different areas and at 

different distance from the LHGF producing area show similar isotopic composition. In 

addition, 2H and 18O values of geothermal fluids span in a wide range of variation. In figure 

2.2.19, geothermal wells plot on the right of the W.M.W.L., showing an enrichment in 18O 

values. Conversely, mean value for 2H of geothermal fluids is similar to that for collected cold 

springs. These characteristics, commonly observed in several geothermal fields worldwide, are 

compatible with oxygen-shift process due to the interaction of meteoric water with reservoir 

rocks. Other physical processes such as boiling and phase separation (especially after several 

years of exploitation) contribute to the spreading of the points in the 2H vs 18O plot. Stable 

isotopes data obtained in this study are in agreement with the hypothesis of regional meteoric 

component as source of geothermal fluids. Therefore, a regional recharge cannot be excluded 

for LHGF. 

 
Figure 2.2.19 - Correlation diagram of 2H-H2O vs. 18O-H2O for the water samples collected in the LHGF and 

its surroundings. The World Meteoric Water Line (WMWL – Craig, 1961) and Meteoric Water Line (MWL) by 

Perez et al. (2015) are also shown. 
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2.3 Natural gas emissions 

Gas manifestations are reported in literature just in very limited zone inside the producing area 

of the LHGF and in particular in: Cueva Ahumada (50°C) in Xalapazco crater, Los Humeros 

(70°C) and Loma Blanca (80°C) (Casique et al., 1982). During sampling trip performed in 

March 2018, two sites having suitable fumaroles were identified and samples were collected: 

two aliquots in Loma Blanca (LB1 and LB2) and one in Xalapazco (XA1) (see map in figure 

2.3.1). First gas manifestation is located in Loma Blanca at 200-300m north to the Los Humeros 

country, whereas the second is inside the Xalapazco crater. Loma Blanca is a small altered area 

in which some weak fumarolic emissions are present with maximum temperature of 92.8°C 

(boiling temperature at the local altitude ≈ 2800 m.a.s.l.). In Xalapazco some gas emissions and 

steaming ground with maximum temperature of 64.5°C characterize small area of the inner 

north side of the crater. 

 

 
Figure 2.3.1 – Location map of natural gas manifestation sample in March 2018. Some geothermal wells are also 

shown. 

 

2.3.1 Sampling and laboratory analyses 

In Loma Blanca, gas sampling was performed, using Giggenbach bottles partially filled with 

sodium hydroxide solution (≈4.5N) and then evacuated to remove atmospheric air (Giggenbach 

W.F., 1975). With this sampling, steam and gas reactive species (as CO2 and H2S) dissolve in 

NaOH aqueous solution, whereas the others incondensable gases (such as Ar, H2, O2, N2, CH4, 
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He) can be accumulated in the headspace of the Giggenbach’s bottles. However, since this 

method is not suitable to analyze carbon monoxide content, other aliquots were collected. In 

particular, a suitable quartz sampling line was used to perform condensation of the steam, thus 

separating the condensable fraction from the incondensable ones (Cioni et al., 1988). 

Incondensable gases can be stored in suitable dry gas bottles, whereas plastic bottles with 

double cap can be used for condensed steam (Figure 2.3.2). 

 

Figure 2.3.2 - Sampling of Loma Blanca fumaroles, using method by Cioni et al., 1988. 

All analyses were performed in IGG-CNR laboratories in Pisa. Incondensable inorganic gases 

were determined in the headspace of Giggenbach’s bottles and in dry gas bottles, using a gas-

chromatograph (Perkin Elmer Clarus 500), equipped with a 30 m long 5Å molecular sieve 

capillary column (I.D. 0.53 mm) and a Thermal Conductivity Detector (TCD). This column is 

able to separate Ar from O2 at room temperature. Low CH4 contents (<10 ppmv) were measured 

using the same gas-chromatograph and capillary column, but employing a Flame Ionization 

Detector (FID). Carbon dioxide and H2S in dry gas bottles were determined by means of a gas-

chromatograph (Carlo Erba 5300) equipped with a packed Chromosorb column and a Thermal 

Conductivity Detector (TCD). Carbon monoxide in dry gas bottles was determined by means 

of a gas-chromatograph equipped with a packed molecular sieve (5 Å, 80/100 mesh) column (3 

m long, using He as carrier gas) and a high-sensitivity reduced gas detector (HgO; detection 

limit 0.05 ppmv). The alkaline solution of the Giggenbach’s bottles was analyzed for H2S and 

CO2. To measure H2S, sulfur species were converted to sulfate through oxidation with hydrogen 

peroxide and sulfate concentration was measured by ion-chromatography. Carbon dioxide was 

measured on the alkaline solution by titration against HCl 0.1N, using an automatic titrator. 

Analyses of 13C–CO2 were performed via GC-combustion (GcTrace Thermo Fisher) interface 

with a Mass Spectrometer (Delta XP plus Thermo-Finnigan) for isotopes ratio. Noble gases 

were analyzed in the IGG Rare Gas Lab for He, Ne, Kr, Xe abundances, and for their isotopic 

composition. The samples for Noble Gases analysis were processed on a stainless steel high-

vacuum line to separate noble gases from reactive gases (Magro et al., 2003). Noble gases are 

then cryogenically separated each other at selected temperatures. The extraction line is 

connected to both a magnetic mass spectrometer (MAP 215-50) and a quadrupole mass 
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spectrometer (Spectralab 200, VG-Micromass). Resolution for 3He was close to 600 AMU for 

HD-3He at 5% of the peak. 

All obtained chemical data have analytical uncertainties ≤5% for the main gas components and 

≤10% for minor and trace gas species. The uncertainties for carbon isotopes is ±0.1‰, whereas 

isotopes analyses for noble gases report a reproducibility better than 10% over the analysis 

period. Chemical data are shown in table A7 (appendix). 

 

2.3.2 Chemical classification 

CO2 and N2 are the most abundant gas components in collected gas samples from the LHGF, 

with concentration of about >81% and 0.6-9%, respectively. Sample LB2 is an exception, since 

it suffers of air contamination. The triangular diagram of CO2-N2-Ar (Figure 2.3.3, left) shows 

that all samples plot inside the compositional triangle mantle-air-air saturated water (asw), 

suggesting mixing processes between this three components. The LB2 sample seems to derive 

their atmospheric components by mixing between air and asw (not from simple addition of air), 

whereas sample XA1 is shifted towards CO2-rich component. Same path is also showed for 

most of the gas phases collected from geothermal wells (data from literature, see table A5 in 

appendix) and no relation with geographical location seems to be evident. In the triangular 

diagram CH4-CO2-N2 gas samples from Loma Blanca are positioned along the CO2-N2 axis, 

whereas Xalapazco sample (XA1) plots close to the CH4 vertex. Geothermal wells are in 

general distributed along the CH4-CO2 axis, even if some geothermal wells characterized by 

less deepest permeable horizons (<2000 m.a.s.l.) are shifted toward the N2 vertex. More in 

general, diagrams in figure 2.3.3 show that fumarole samples LB1 and LB2 have similar 

chemical composition of geothermal wells (H43 and H59) located in the northern sector of the 

production area, close to these natural manifestations. Sample XA1 is more similar to 

geothermal wells H12 and H41, which are located in the south sector of LHGF. 
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Figure 2.3.3 – Triangular diagrams of CO2-N2-Ar (left) and CH4-CO2-N2 (right) for the gas samples collected in 

LHGF. Data for geothermal wells are referred to previous works. 

 

2.4 Conclusions 

Two sampling campaigns were performed in the LHGF, in particular in June 05th-14th, 2017 

and March 16th-28th, 2019. A total of 57 and 87 water samples from cold springs, cold water 

wells, maar lakes, thermal springs and reinjection wells were collected in June 2017 and March 

2018, respectively. Moreover, three gas samples were collected from natural manifestations 

inside the LHGF producing area. Both sampling trips are performed in collaboration with 

CICESE (Ensenada, BC), University of Guanajuato, (Guanajuato) and University of 

Michoacán, Morelia (UMSNH).  On March 2018, also BRGM took part in the field trip. 

Particular attention was focused on the selection of “target” areas in which to perform sampling 

of cold springs, providing information regarding the origin of fluids and relationship between 

cold surface waters and hydrothermal/geothermal fluids. In particular, springs located on 

limestone outcrops of the Sierra Madre Oriental and at higher altitude (>3500 m.a.s.l on the 

Cofre de Perote.) were sampled for the first time. 

Chemical and isotopic characteristics of samples collected from cold springs and wells suggest 

an origin from meteoric water. Depending on the kind of interacting rocks/formations/deposits, 

the chemistry of waters can evolve in Na-HCO3 type, for andesite-rhyolites rocks, to Ca-HCO3 

for limestone. Ca-SO4(HCO3) type waters can be attributed to the interaction of meteoric water 

with salt deposits/incrustations present in particular in the southern part of the study area 

(around the Pizarro volcano and the Totolcingo lagoon). The effects of salts deposits were also 

evidenced for water samples collected from wells located more close to the Perote country. The 

study of saturation index and radiogenic isotopes (i.e. 87Sr/86Sr) confirm the pivotal role played 

by limestone and volcanic rocks as the main sources of dissolved Ca, HCO3 and Na ions. Data 
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on the dissolved CO2 calculated for some water wells show a distribution of higher values 

associated to NE-SW direction, according to one of the main alignment of regional 

faults/fractures. However, calculated PCO2 values are less than 0.1 bar, which represent a typical 

value for the decomposition of organic substances and soil respiration. 

Stable isotopic composition of cold waters from springs and wells shows a wide range of 

variation, mainly owing to different altitude of infiltration. It is interesting to note that samples 

collected from cold springs and wells located in different areas and at different distance from 

the LHGF producing area show similar isotopic signature. It suggest that meteoric component 

is very important at regional scale. Also 2H and 18O values of the geothermal fluids from 

producing wells span in a wide range of variation. In general, their mean values for 18O and 

2H are respectively enriched and similar to the mean values for collected cold waters. These 

characteristics, commonly observed in several geothermal fields worldwide, are compatible 

with various processes, such as oxygen-shift due to the interaction of meteoric water with 

reservoir rocks, boiling and phase separation (especially after several years of exploitation). 

Stable isotopes data obtained in this study support the hypothesis of regional meteoric 

component, as source of geothermal fluids. Therefore, a regional recharge cannot be excluded 

for LHGF. Natural gas emissions located inside the LHGF producing area were sampled for the 

first time and it represent a mixing between deep and surface components. The latter seems to 

suggest two component, atmospheric air and air saturated water. 
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Table A3 – CO2 flux measurements performed in selected site of the LHGF study area. Data on soil T and atmospheric 

pressure are also reported, together with maximum, minimum, average, median and standard deviation values of CO2 

fluxes. 
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Table A3 – continue 

    

  

ϕCO2 g m-2 day-1 Soil temperature °C ϕCO2 g m-2 day-1 Soil temperature °C

max 3151 54 max 11 48

min 1.9 13 min 1.1 15

average 156 22 average 4.3 29

median 41 21 median 3.9 29

st. dev. 568 7.1 st. dev. 2.2 6.6

ϕCO2 g m-2 day-1 Soil temperature °C ϕCO2 g m-2 day-1 Soil temperature °C

max 12 31 max 10 20

min 1.4 13 min 0 20

average 4.4 21 average 3.5 20

median 3.5 22 median 3.1 20

st. dev. 2.8 4 st. dev. 2.5 0

XALAPASCO MASTALOYA

N = 30 N = 60

CFE PLANT PEROTE PLAIN

N = 47 N = 23
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Table A4 – Isotopic composition determined in collected water samples (Los Humeros). D‰ and 18O‰ are referred to V-
SMOW, whereas certified standard NIST SRM 987 was used for 87Sr/86Sr analyses. Data for dissolved CO2 are also inserted. 



51 
 
  

code Date Reference Na K Ca Mg Li Cl HCO3 SO4 B As SiO2

H1 21/10/1987 1 269 43.8 1.2 0.012 0.9 120 361 114 214 3.9 800

H6 22/10/1987 1 196 40.2 0.4 0.02 0.9 180 203 6.5 288 12.1 1000

H7 21/10/1987 1 168 27.9 0.9 0.02 - 95 241 90.5 2665 26 900

H8 22/10/1987 1 239 45.7 0.6 0.03 0.6 120 294 94.8 452 5.1 967

H12 22/10/1987 1 108 20 0.3 0.05 0.3 74 196 17.2 942 162 600

H-1 04/01/1996 2 267 45 2.04 0.12 0.47 90.2 162 233 218 2.79 1005

H-3 05/10/1994 2 420 49 1.6 0.02 1.6 175 334 71 477 4 556

H-6 04/01/1996 2 142 31 1.6 0.18 0.42 104 48 23 345 27.41 946

H-7 04/01/1996 2 177 36 2.24 0.18 0.41 83.3 34 239 946 8.5 915

H-8 04/01/1996 2 243 48 2.04 0.22 0.3 76.3 139 213 453 3.1 1120

H-9 03/01/1996 2 250 52 2.08 0.08 0.49 50.3 122 89 1823 73.62 838

H-10 19/07/1989 2 142 19 1.8 0.4 0.83 983 28 33 1716 n.a. 909

H-11 05/01/1996 2 207 32 2.56 0.16 0.45 74.5 156 113 443 7.6 844

H-12 04/01/1996 2 87 19 0.22 0.12 0.3 41.6 11 12 695 16.35 688

H-13 05/10/1995 2 341 54 3.61 0.07 1.37 140 117 409 219 n.a. 1006

H-15 03/01/1996 2 113 21 1.2 0.22 0.39 6.9 61 30 200 0.5 797

H-16 06/01/1996 2 549 24 1.2 0.08 0.45 4.1 216 408 402 7.9 580

H-17 03/01/1996 2 91 19 1.4 0.16 0.37 24.3 55 91 333 24.41 893

H-18 13/10/1989 2 123 23 0.92 0.04 0.37 112 397 43 118 n.a. 229

H-19 05/01/1996 2 140 21 2.18 0.14 0.41 23.8 57 112 1873 21.71 486

H-20 09/01/1996 2 160 20 1.8 0.18 0.4 115 20 35 447 5.53 838

H-23 13/11/1987 2 290 22 37 0.4 0.4 622 21 57 194 n.a. 114

H-24 18/05/1989 2 285 46 1.5 0.11 0.9 325 58 27 423 n.a. 406

H-27 14/02/1989 2 68 3 1.8 0.4 0.17 233 14 26 136 n.a. 100

H-28 05/01/1996 2 228 19 0.6 0.3 0.46 7.6 267 56 67 1.9 424

H-29 10/01/1992 2 220 6 0.2 0.001 0.03 36 17 21 513 n.a. 80

H-30 03/01/1996 2 205 29 1.74 0.16 0.44 9.7 55 39 1203 37.3 747

H-31 08/01/1996 2 115 21 2 0.12 0.38 8.3 16 16 421 7.6 869

H-32 05/01/1996 2 64 12 0.22 0.24 0.24 26.8 38 23 592 18.71 710

H-33 03/01/1996 2 363 33 2.24 0.14 0.47 400 13 49 978 29.51 458

H-34 05/01/1996 2 177 24 1 0.08 0.3 9 67 91 202 0.5 1130

code Date Reference Na K Ca Mg Li Cl HCO3 SO4 B As SiO2

H-35 09/01/1996 2 30 5 1.6 0.1 0.19 1.4 80 43 2930 10.6 231

H-36 08/01/1996 2 1201 52 3.16 0.52 0.5 60.4 3498 1133 3169 0.5 16

H-36 08/03/1996 2 266 17 2.4 0.321 0.48 10.6 347 300 1864 6.44 304

H-37 11/03/1996 2 466 56 4.6 0.01 0.47 4.3 102 407 1660 0.96 594

H-22 04/02/1988 5 310 33 2.6 0.2 0.9 34.5 443 22.2 77.9 n.a. 879

H-28 14/08/2002 5 180 17.4 0.38 0.09 0.71 5.4 209 52.9 78.7 n.a. 591

H-28 03/09/2002 5 206 17 0.26 0.12 1.08 3.6 160 81.8 78.7 n.a. 520

H-29 10/01/1992 5 6 1 0.1 0 0.03 36 17 10.5 513 n.a. 80

H-43 12/01/2016 5 4 42.4 4.12 0.53 <0.1 26 8.66 40.7 217 n.a. 34.9

H-43 12/01/2016 5 4.5 31.6 4.52 0.56 <0.1 23.7 11.8 26.8 186 n.a. 34.9

H-43 12/01/2016 5 88 10.6 11.4 1.41 0.15 34.3 16.5 86.7 356 n.a. 88.4

H-58 03/02/2017 5 11.3 3.3 4.89 0.88 <0.1 5.2 31.9 4.6 2638 n.a. 57.8

H-58 07/02/2017 5 34.7 1.69 20.4 1.14 0.1 22.7 67.2 29 3635 n.a. 51.4

H-58 15/02/2017 5 54.5 0.7 8.66 0.53 <0.1 - 6.93 27.9 3349 n.a. 18

H-59 17/02/2017 5 172 1.88 <0.1 <0.1 0.16 98.9 109 29.5 26.9 n.a. 46.1

H-59 24/02/2017 5 22 1.93 0.44 <0.1 <0.1 10 1.77 11.6 86.3 n.a. 5.6

H-59 24/02/2017 5 103 1.4 0.53 <0.1 0.05 37.5 85 12.2 52 n.a. 58.8

H-23 02/11/1987 5 464 28.4 15.15 0.15 0.9 746 1 117 130 n.a. 155

H-23 13/11/1987 5 290 22 18.5 0.2 0.4 622 20.7 28.5 194 n.a. 114

H-23 21/01/1988 5 146 10 3 0.03 0.2 194 2.4 53.9 73.2 n.a. 162

H-27 13/04/1989 5 75 6 0.85 0.04 0.2 253 10.3 10.5 191 n.a. 18.5

H-27 19/05/1989 5 88 27 0.9 0.17 0.1 13.1 130 13.8 88.4 n.a. 51.8

H-27 08/06/1989 5 74 8 1.9 0.2 0.1 13.1 133 12 187 n.a. 777

H-49 07/04/2016 5 266 42.5 1.94 <0.1 1 1570 195 123 434 n.a. 334

H-49 21/09/2016 5 245 39.9 1.95 <0.1 0.85 1190 118 86.4 227 n.a. 809

H-49 06/10/2016 5 249 40.8 2.63 <0.1 0.84 1200 48.5 95.3 227 n.a. 919

H-56 25/01/2017 5 237 37.6 2.5 <0.1 0.8 114 235 64.6 212 n.a. 642

H-56 10/02/2017 5 233 37.9 1.9 <0.1 0.8 170 236 21.2 207 n.a. 627

H-56 17/02/2017 5 251 31.2 1.6 <0.1 0.7 163 277 49.8 264 n.a. 467

H-12 01/08/2014 5 2.51 0.63 1.46 n.a. n.a. 11.8 3.68 8.6 350 91.9 84.5

H-12 25/03/2015 5 21.9 3 1.88 n.a. n.a. 14.2 25.5 8.5 258 46.5 3

H-12 11/01/2017 5 5.49 3.71 n.a. n.a. n.a. 5.11 6.99 10.7 614 n.a. 72.76

code Date * Reference Na K Ca Mg Li Cl HCO3 SO4 B As SiO2

H-24 18/05/1989 5 285 46 0.75 0.05 0.9 325 58.2 13.6 4230 n.a. 406

H-41 21/01/2013 5 351 59.05 5.65 0.14 1.01 78.5 530.37 62.6 1176 n.a. 1284

H-41 22/01/2015 5 87.4 25.5 0.08 0 0.31 60.9 40.9 18.9 1005 17.63 1022

H-41 25/01/2016 5 82.7 5.25 0.63 0.13 0.26 42.6 26.11 13.3 992 n.a. 210

   5 - CFE

Table A5 – Chemical composition of l iquid samples from geothermal wells in Los Humeros. All  data are in mg/Kg in Total Discharge (T.D.).

* 1 – Arellano et al., 2003

   2- Tello et al., 2005
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POZO FECHA
Gas Total 

(% weight)
Ar CH4 CO2 H2 H2S He N2 NH3 HCl HF

* 

Reference

H-28 14/08/2002 3.8 39 0.12 97.8 0.02 1.61 n.a. 0.06 0.38 n.m. n.m. 5

H-29 03/09/2002 4.5 140 0.16 98.2 0.03 1.5 n.a. 0.09 0.02 n.m. n.m. 5

H-30 07/11/2002 2.56 139 0.05 94.8 0.02 5 n.a. 0.07 0.05 n.m. n.m. 5

H-29 06/09/1989 8.23 n.a. 0.4 86.6 0.12 10.94 n.a. 1.88 0.07 n.m. n.m. 5

H-29 13/10/1989 7.67 n.a. 8 88.5 0.11 9.08 n.a. 1.99 0.28 n.m. n.m. 5

H-29 22/08/1991 0.81 331 0.62 79.6 0.1 16.74 n.a. 2.87 n.d. n.m. n.m. 5

H-43 19/07/2014 9.46 2383 0.12 88.9 0.35 7.16 n.a. 3.18 0.002 n.m. n.m. 5

H-43 15/08/2014 25.8 2690 0.25 87.4 0.58 6.09 n.a. 5.42 0.002 n.m. n.m. 5

H-43 29/09/2014 9.38 544 0.17 90.2 0.39 5.96 n.a. 3.22 0.002 n.m. n.m. 5

H-58 17/02/2017 2.74 203 0.1 93.7 0.07 5.33 8.5 0.79 0.01 n.m. n.m. 5

H-58 24/02/2017 3.44 146 0.06 95.4 0.05 3.87 6.3 0.61 0.02 n.m. n.m. 5

H-58 27/02/2017 3.21 163 0.08 94.6 0.06 4.55 7 0.7 0.01 n.m. n.m. 5

H-59 10/02/2017 1.57 880 0.03 88.7 0.29 6.06 n.a. 4.74 0.09 n.m. n.m. 5

H-59 17/02/2017 1.77 800 0.2 87.9 0.27 6.75 n.a. 4.83 0.01 n.m. n.m. 5

H-59 24/02/2017 0.88 1175 0.05 85.7 0.41 6.9 n.a. 6.67 0.15 n.m. n.m. 5

H-11 22/10/1987 n.m. n.a. 0.07 95.6 0.57 3.58 n.a. 0.05 0.18 n.m. n.m. 1

H-16 14/07/1987 n.m. n.a. 3.26 82.6 3.1 9.71 n.a. 1.07 0.3 n.m. n.m. 1

H-16R 13/10/1989 n.m. n.a. 2.08 84.4 1.69 10.53 n.a. 1.18 0.11 n.m. n.m. 1

H-16R 05/04/1994 n.m. n.a. 2 86.3 0.79 9.21 n.a. 0.77 0.94 n.m. n.m. 1

H-17 21/10/1987 n.m. n.a. 0.45 90.1 2.73 6.35 n.a. 0.19 0.18 n.m. n.m. 1

H-3 13/04/1994 n.m. 300 0.27 93.5 0.75 2.75 n.a. 2.19 0.5 239 219 2

H-9 14/04/1994 n.m. 300 3.37 85.7 1.4 7.03 n.a. 1.45 0.98 18 33.6 2

H-11 14/04/1994 n.m. 50 0.43 96.2 0.21 2.56 9.5 0.33 0.23 195 36.2 2

H-15 13/04/1994 n.m. 260 3.91 86.4 1.23 7.32 n.a. 0.64 0.53 121 34 2

H-16 13/04/1994 n.m. 160 2.22 86.8 0.82 9.04 n.a. 0.76 0.31 136 43.8 2

H-17 14/04/1994 n.m. 80 1.25 91.4 0.45 5.9 4.4 0.44 0.57 195 73.6 2

H-28 14/04/1994 n.m. 50 0.68 95.8 0.27 2.47 4.1 0.34 0.4 224 32.1 2

H-30 13/04/1994 n.m. 290 2.52 82 1.15 12.3 n.a. 1.26 0.71 224 61.3 2

H-31 13/04/1994 n.m. 200 3.37 87.1 1.07 7.32 n.a. 0.8 0.37 62.2 20.3 2

POZO FECHA
Gas Total 

(% weight)
Ar CH4 CO2 H2 H2S He N2 NH3 HCl HF

* 

Reference

H-32 14/04/1994 n.m. 80 1.31 91.4 0.41 6.1 2.7 0.38 0.36 298 36.9 2

H-33 13/04/1994 n.m. 240 1.75 86.4 0.91 9.05 n.a. 1.03 0.81 313 70.3 2

H-23 02/11/1987 4.45 n.a. 0.35 84.5 0.12 13.64 3.9 1.18 0.19 n.m. n.m. 5

H-23 13/11/1987 4.53 n.a. 0.05 81.3 0.34 9.97 9.6 6.99 0.13 n.m. n.m. 5

H-23 20/01/1988 5.17 n.a. 0.32 90.3 0.11 7.99 5.6 1.06 0.19 n.m. n.m. 5

H-27 13/04/1989 4.67 n.a. 0.02 91.3 0.15 5.1 n.a. 3.03 0.42 n.m. n.m. 5

H-27 19/05/1989 6.1 n.a. 0 93.3 0.1 4.05 n.a. 2.34 0.23 n.m. n.m. 5

H-27 08/06/1989 6.6 n.a. 0.23 91.9 0.12 5.67 n.a. 1.74 0.32 n.m. n.m. 5

H-49 07/04/2016 8.46 508 0.04 96.2 0.06 0.55 15.3 2.95 0.17 n.m. n.m. 5

H-49 21/09/2016 8.93 471 0.02 94.3 0.05 1.89 12.4 3.34 0.33 n.m. n.m. 5

H-49 06/10/2016 6 454 0.02 94.7 0.05 1.89 6.1 3.17 0.13 n.m. n.m. 5

H-56 25/01/2017 11.8 39 0.09 99.5 0.03 0.07 3.8 0.27 0.06 n.m. n.m. 5

H-56 10/02/2017 18.5 25 0.08 99.3 0.02 0.36 3 0.21 0.001 n.m. n.m. 5

H-56 17/02/2017 13.3 41 0.09 99.2 0.03 0.43 3.7 0.27 0.02 n.m. n.m. 5

H-1 21/10/1987 8.72 n.a. 0.06 96.3 0.13 2.95 n.a. 0.23 0.37 n.m. n.m. 1

H-7 21/10/1987 n.m. n.a. 0.04 92.4 1.25 5.82 n.a. 0.11 0.37 n.m. n.m. 1

H-8 22/10/1987 n.m. n.a. 0.05 94.6 0.93 4.12 n.a. 0.1 0.24 n.m. n.m. 1

H-10 21/10/1987 n.m. n.a. 0.19 73.9 3.39 20.6 n.a. 0.87 1.1 n.m. n.m. 1

H-19 22/10/1987 n.m. n.a. 0.01 96.4 0.76 2.59 n.a. 0.12 0.16 n.m. n.m. 1

H-23 22/10/1987 n.m. n.a. 0.1 77.8 5.69 15.4 n.a. 0.17 0.88 n.m. n.m. 1

H-1 14/04/1994 n.m. 20 0.16 98.2 0.12 1.09 12.8 0.23 0.2 416 57.1 2

H-7 14/04/1994 n.m. 120 0.31 92.8 0.45 5.05 10.2 0.93 0.42 32.7 24.1 2

H-8 14/04/1994 n.m. 110 0.44 94.7 0.37 3.69 7.2 0.63 0.21 209 54.1 2

H-19 12/04/1994 n.m. 30 0.06 95.9 0.16 3.3 7.8 0.37 0.23 62.2 54.3 2

H-20 12/04/1994 n.m. 80 1.9 89.7 0.59 7 n.d. 0.42 0.4 32.7 47.2 2

H-34 12/04/1994 n.m. 30 0.48 96.9 0.2 1.85 7.5 0.26 0.27 3 58.7 2

H-12 01/08/2014 13.2 15 0.74 96.6 0.1 2.43 n.a. 0.16 0.001 n.m. n.m. 5

H-12 25/03/2015 9.46 20 0.89 94.3 0.1 4.54 n.a. 0.22 0.001 n.m. n.m. 5

H-12 11/01/2017 10.7 32 0.51 96 0.06 2.8 n.a. 0.16 0.5 n.m. n.m. 5

H-24 18/05/1989 6.42 n.a. 0.88 96.5 0.08 1.58 n.a. 0.65 0.34 n.m. n.m. 5

H-41 21/01/2013 1.92 2174 0.73 85.7 0.27 11.74 n.a. 1.34 0.005 n.m. n.m. 5

H-41 22/01/2014 4.2 2056 0.4 91.6 0.15 6.91 n.a. 0.72 0.002 n.m. n.m. 5

POZO FECHA
Gas Total 

(% weight)
Ar CH4 CO2 H2 H2S He N2 NH3 HCl HF

* 

Reference

H-41 25/01/2016 4.38 197 0.48 92.9 0.1 5.47 n.a. 0.36 0.72 n.m. n.m. 5

H-6 22/10/1987 n.m. n.a. 0.25 88 2.07 8.28 n.a. 0.78 0.6 n.m. n.m. 1

H-12 22/10/1987 n.m. n.a. 0.6 91.4 1.88 5.64 n.a. 0.16 0.34 n.m. n.m. 1

H-18 22/10/1987 n.m. n.a. 5.72 86.2 3.19 4.03 n.a. 0.41 0.44 n.m. n.m. 1

H-6 14/04/1994 n.m. 90 1.7 91 0.56 5.9 n.a. 0.37 0.5 112 58 2

H-12 14/04/1994 n.m. 30 2.7 92.1 0.66 4 0.08 0.28 0.25 313 72.5 2

n.m. – not measured; n.a. – not analysed; n.d. – not determined

Table A6 – Chemical composition of gas samples from geothermal wells in Los Humeros, as Total Discharge (T.D.). CO2, CH4, H2, H2S, N2 and NH3 are expressed in %.

Ar, He, HCl and HF are in ppm.
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Date T(°C) Ar O2 CH4 N2 CO2 H2S H2 CO

21/03/2018 92.8 1.08 6.2 1.1 70 850 58.9 3.572 0.005

24/03/2018 92.8 1.26 11.4 0.7 90.8 816 68.6 3.566 0.008

24/03/2018 92.0 7.74 134 1 523.6 314 21.3 0.989 0.022

24/03/2018 64.5 0.1 0.57 37.1 5.9 935 <0.3 3.553 0.01

LB2

XA1

Table A7 – Chemical data for fumaroles samples collected in Los Humeros Geothermal Field (data are expressed in mmol/mol).

#

LB1

LB1
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Table A8 – Stable isotopic composition of the total discharge for geothermal well of Los Humeros. R/Ra and 13C-CO2 are also shown.  
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Chapter 3 

 

DEVELOPMENTS OF AUXILIARY CHEMICAL 

GEOTHERMOMETERS APPLIED TO THE LOS HUMEROS AND 

ACOCULCO HIGH-TEMPERATURE GEOTHERMAL FIELDS 

(MÉXICO) 

 

 

 

3.1 Introduction 

 

The knowledge of the temperature of the deep geothermal fluids, rock permeability and water 

reservoir capacity are three key parameters for developing deep geothermal energy. Since 1965, 

one of the major applications of fluid geochemistry in the exploration of the potential 

geothermal reservoirs involves estimation of their temperature using classical chemical, isotope 

and gas geothermometers on fluids collected from geothermal wells and thermal springs, such 

as: 

- Na-K (Fournier 1979; Michard, 1979; Giggenbach, 1988), Na-K-Ca (Fournier and 

Truesdell, 1973), K-Mg (Giggenbach, 1988), SiO2 (Fournier and Rowe, 1966; Fournier, 

1977; Michard, 1979); 

- 18OH2O-SO4 (Lloyd, 1968; Mizutani and Rafter, 1969; Kusakabe and Robinson, 1977; 

Sakaï, 1977; Seal et al., 2000; Zeebe, 2010; Boschetti, 2013); 

- CO2-CH4-H2S-H2, CO2-CH4-H2, CO2-CH4, H2-Ar, CO2-Ar (D’Amore and Panichi, 

1980; Marini, 1987; Giggenbach and Goguel, 1989; Giggenbach, 1987, 1991). 

 

Most of the solute geothermometers are based on empirical or semi-empirical laws derived from 

known or unknown chemical equilibrium reactions between water and minerals occurring in 

the geothermal reservoirs. Unfortunately, these classical tools do not always yield concordant 

estimations of reservoir temperatures, even at very high temperatures, in acidic environments, 

for example. Discrepancies in temperature estimates may also be due to different processes 

occurring during the geothermal fluid ascent up to the surface and its cooling: mixing with 

surface cold waters or seawater, degassing, precipitation/dissolution processes, etc.  

 

Since the early 1980s, numerical multicomponent geochemical models are also being 

developed for direct application to chemical geothermometry for geothermal exploration (Reed, 

1982; Michard and Roeckens, 1983; Reed and Spycher, 1984; Spycher et al., 2014; Peiffer et 

al., 2014a). These models allow numerical calculations of equilibration temperature of the 

geothermal water with respect to a suite of reservoir minerals, and thus the estimation of the 
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reservoir temperature. Multicomponent geothermometry is not intended to replace classical 

geothermometers, but rather to supplement these geothermometers, and by doing so to increase 

confidence in temperature estimations. However, such approach cannot be applied carelessly 

and without a sound conceptual understanding of the area being studied (Al and pH poorly 

determined, for example). For this approach, a state of full chemical equilibrium is necessary 

and the conditions of this equilibrium state are not always reached. 

 

Since the early 1980s, in parallel, several auxiliary geothermometers combining a major with a 

trace element, like Na-Li (Fouillac and Michard, 1981; Kharaka et al., 1982; Michard, 1990; 

Sanjuan et al., 2014), Mg-Li (Kharaka and Mariner, 1989), Na-Rb, Na-Cs, K-Sr, K-Mn, K-Fe, 

K-F and K-W (Michard, 1990; Sanjuan et al., 2016a, b; 2017), have been also developed and 

are available for specific types of geothermal fluids and geological environments. 

 

BRGM aims to develop and validate this type of auxiliary chemical geothermometers and the 

18OH2O-SO4 isotope geothermometers in order: 

- to improve the geochemical methods for geothermal exploration in volcanic fields such 

as Los Humeros and Acoculco, with high-temperature (HT) and relatively low 

permeability; 

- to acquire a better knowledge about the circulation of HT deep fluids and their possible 

interaction with more superficial waters in this type of geothermal fields, from chemical 

and isotopic water analyses from surface thermal springs. 

 

In the Los Humeros field, where numerous deep wells were drilled and are presently producing, 

the temperature values measured at the bottom-hole and estimated using classical water and gas 

geothermometers, will be used to test and calibrate these auxiliary geothermometers on the 

fluids collected from the deep geothermal wells. Some neighbouring thermal springs will be 

also sampled.   

 

In the Acoculco field, where only two deep wells were drilled (EAC-1 in 1994, at a depth of 

2000 m, and EAC-2 in 2008, at a depth of 1900 m, 500 m east of EAC-1; Peiffer et al., 2014b), 

but were not productive, these auxiliary geothermometers will be applied on fluids collected 

from surface thermal springs.  

 

The temperatures estimated for the waters collected from the thermal springs during this study 

will be compared with those given by the classical gas and water geothermometers, with 

reference to the deep temperatures close to 290-330°C measured at a depth of about 2000 m in 

both los Humeros (Arellano et al., 2003; Pinti et al., 2017) and Acoculco fields (Peiffer et al., 

2014b). These temperatures correspond to a gradient of 14°C/100 m, three times higher than 

the baseline gradient measured within the Trans-Mexican Volcanic Belt (Ziagos et al., 1985).   
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In order to be able to obtain relevant results, the BRGM activities have been planned as follows: 

- a preliminary literature review relative to the geological, geophysical and geochemical 

data about the Los Humeros and Acoculco geothermal fields, with the collaboration of 

the other partners, especially the Mexican partners (CFE, for example), in order to 

collect the main geological information and most of the geochemical data of the fluids 

sampled from Los Humeros deep wells and from thermal Acoculco springs);  

- the participation to a campaign of fluid sampling and on site measurements in the Los 

Humeros and Acoculco geothermal areas (from deep wells at Los Humeros and from 

thermal springs at Acoculco), with the collaboration of CNR (Matteo Lelli’s team) and 

Mexican teams (Ruth Alfaro, CFE…); 

- chemical (major and some trace species) and isotope (18OH2O, 18OSO4, 
11B, 7Li, 

87Sr/86Sr…) analyses of the waters collected during the campaign of fluid sampling, in 

the BRGM laboratories ; 

- data interpretation, including the use of thermodynamic considerations, and main 

conclusions.  

3.2  Literature review  

Several interesting papers have been found during the literature review carried out by BRGM, 

among which the main ones are: 

- Arzate et al. (2018), Peiffer et al. (2018), Carrasco-Núñez et al. (2018, 2017a and b), 

Pinti et al. (2017), García-Soto et al. (2016), Norini et al. (2015), Arellano Gomez et al. 

(2003, 2008, 2015), Bernard et al. (2011); García-Gutiérrez (2009), Barragán-Reyes et 

al. (2008, 2010), Gutiérrez-Negrín and Izquierdo-Montalvo (2010), Izquierdo et al. 

(2008, 2009), Lopez Romero (2006), Martínez-Serrano (2002), Portugal et al. (2002), 

Prol-Ledesma (1998), and Cortés et al. (1997) for the Los Humeros geothermal field;  

- Sosa-Ceballos et al. (2018), Avellán et al. (2017), García-Palomo et al. (2017), Canet 

et al. (2010, 2015a, 2015b), Peiffer et al. (2014b, 2015), Lermo et al. (2009), Lopez-

Hernández et al. (2009), Verma (2001), Lopez-Hernández and Castillo-Hernández 

(1997), Tello Hijonosa et al. (1995), Tello Hijonosa (1986, 1987, 1991), Ledezma-

Guerrero (1987) for the Acoculco geothermal field. 

 

3.2.1 Los Humeros geothermal field 

 

The main existing data of fluids from geothermal wells and neighbouring thermal springs used 

for this study are presented below.  

 

Documents and Excel sheets provided by CFE in 2017 have allowed to collect geological, 

temperature and pressure logs from 16 wells located in the Los Humeros geothermal field (wells 
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H-5, H-12, H-22, H-23, H-24, H-25, H-26, H-27, H-28, H-29D, H-41, H-43, H-49, H-56, H-

58, H-59). Fluid and gas geochemical data collected between 1987 and 2017 are available for 

only 13 of these wells (absence of data for the wells H-5, H-25 and H-26). Measurements of 

water stable isotopes (δD and δ18O) have been performed by CFE, between 2013 and 2016, on 

fluids from 29 wells (wells H-3, H-6, H-7, H-9, H-11, H-12, H-13R, H-15, H-17, H-19, H-20, 

H-29, H-30, H-31, H-32, H-33, H-34, H-35, H-37, H-38R, H-39, H-40, H-41, H-42, H-43, H-

44, H-45, H-48, H-49). 

 

Chemical data for two neighbouring thermal springs (El Tesoro and Noria Nuevo Pizarro) were 

also found in the tables of fluid monitoring given by CFE.   

 

Detailed fluid geochemical data from the geothermal wells of Los Humeros field and 

neighbouring springs are also given by: 

-  Prol-Ledesma (1998) during pre- and post- exploitation of the Los Humeros geothermal 

field (gas and water chemical and isotopic data from deep wells, including the stable 

isotopes of water and δ18O values of dissolved sulphates);  

-   Arellano-Gomez et al. (2003) for five deep wells (H-1, H-6, H-7, H-8 and H-12), 

including gas and water chemical and isotopic data (water stable isotopes);  

-  Barragan-Reyes et al. (2010) for several deep wells (stable isotopes of water and gas 

chemical composition), and neighbouring springs (stable isotopes of water); 

-  Bernard et al. (2011) for several deep wells (water chemical and isotopic data, with boron 

isotopic data for 4 water samples); 

-  Pinti et al. (2017) for several deep wells (He, Ne and Ar noble gas isotopic abundances, 

with stable isotopes of water). 

The geological and geothermal setting are presented in Chapter 1. The figure 3.2.1.1a, extracted 

from Pinti et al. (2017), and the figure 3.2.1.1b, extracted from Carrasco et al. (2017a), show a 

general view of the location of most of the Los Humeros geothermal wells.  
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Figure 3.2.1.1 - a) Simplified tectonic map of the central part of the Los Humeros caldera with the major faults 

and the position of the production and re-injection wells (from Pinti et al., 2017). b) Location of the main 

geothermal wells within Los Humeros geothermal field (from Carrasco et al., 2017a). 

 

From the geothermal reservoir consisted of medium-to low-permeability pre-caldera andesites, 

the wells produce biphasic fluid, with variable but high fractions of steam and limited liquid 

water contents, with enthalpy values over 2400 kJ/kg (Gutiérrez-Negrín and Izquierdo-

Montalvo, 2010), except for some wells as H-1, which has always produced water with a low 

enthalpy of 1500-1700 kJ/kg. Some geothermal fluids reach 400°C in the northern production 

area. 

 

3.2.2 Acoculco geothermal area 

Geochemical data for waters sampled from 39 thermal springs located in the Acoculco 

geothermal area, with temperature values ranging from 13 to 49°C, have been collected in the 

CFE report 34-86 (Tello Hinojosa, 1986). Chemical data for 10 gas samples from the Acoculco 

caldera are also presented in this report. All these data have been interpreted by Tello Hijonosa 

(1986), and some main conclusions and recommendations were given. Some of these data were 

also presented and interpreted by Lopez-Hernández et al. (2009). Partial chemical data (pH, 

Na, K, SO4, B) are presented for samples of drilling fluid collected from the EAC-1 exploration 

well in the Acoculco area, in a CFE document (Tello Hijonosa et al., 1995).  

Peiffer et al. (2014b) have reported geochemical data for waters from four Acoculco thermal 

springs and associated non-condensable gases (fig. 3.2.2.1). They integrated some of the 

previous data obtained by Tello Hijonosa (1986), interpreted all the results and drew up some 

a) 

Pinti et al. (2017) 

b) 

Carrasco-Nuñez et 

al. (2017a) 
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main conclusions, among which the estimation of deep temperatures ranging from 243 to 

353°C, using gas geothermometry (CO2-Ar, CH4-CO2, CO2 and H2S). These values are in 

agreement with the measured well bottom hole temperatures (267 and 300°C). They might 

explain the intense hydrothermal alteration observed in the upper 800 m of volcanic rocks, with 

most abundant alteration minerals being quartz, amorphous silica, calcite, pyrite, clays (illite, 

smectite, kaolinite), and hematite.  

The presence of a deep-water reservoir was not revealed during the EAC-1 drilling (depth of 

2000 m), in 1994, in the locality of Los Azufres. However, a few permeable layers, at depths 

of 70 m and 300-450 m, and inflow of warm water together with significant amount of gas were 

observed (López-Hernández and Castillo-Hernández, 1997; López-Hernández et al., 2009). 

The second well of 1900 m deep (EAC-2), drilled in 2008, 500 m east of EAC-1, showed a 

promising deep temperature of 267°C accompanied by low permeability similar to that of the 

EAC-1 well.  

                                                                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.2.1 - a) Location of the Acoculco caldera within the Trans-Mexican Volcanic Belt (TMVB) and 

schematic map of the Tulancingo-Acoculco caldera complex with the position of the main fault systems, thermal 

springs and the two exploration wells (modified in Peiffer et al., 2014b, after López-Hernández et al., 2009). 

 

According to Peiffer et al. (2014b), the high grade of alteration of the volcanic deposits induces 

low rock permeability and acts as a caprock probably impeding the recharge of the system by 

meteoric waters (López-Hernández et al., 2009), and causing the absence of thermal 

manifestations within the caldera complex. Instead, springs with close to ambient temperatures 

Peiffer et al. (2014b) 
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are reported as well as hydrothermally altered grounds, cold diffuse soil degassing and bubbling 

pools (Polak et al., 1982; Tello-Hijonosa, 1986; Bernard-Romero, 2008).  

Cold degassing is probably due to conductive cooling of the deep gases on their way to the 

surface. Los Azufres, where EAC-1 well was drilled, and Alcaparrosa are the only two regions 

with noticeable active degassing (H2S smell), bubbling pools and springs with temperatures of 

16-25°C (fig. 3.2.2.1). The only springs with temperature significantly above the ambient 

temperature are located outside the caldera towards the east and south-east at Chignahuapan 

(49°C, inside a thermal bath resort), Quetzalapa (30°C), Jicolapa (32°C) and El Rincón (32°C; 

fig. 3.2.2.1). Apart from Chignahuapan spring, all these springs are characterized by bubbling. 

The geological and geothermal setting are presented in Chapter 1. 

  

3.2.3 Main remarks 

If all the dissolved major species (Na, K, Ca, Mg, HCO3, Cl, SO4, SiO2) and stable water 

isotopes (δD and δ18O) were determined among most of the existing geochemical data, few 

trace elements (only B, Li, F, NH4, Fe, Al and As) were studied. Very few data were also found 

for δ18OSO4 and δ
11B values, and 87Sr/86Sr ratios. No value was found for δ7Li values. The 

campaign of fluid sampling planned by BRGM was therefore very important and necessary to 

test and develop our auxiliary chemical geothermometers, integrating trace elements such as 

Rb, Cs, Sr, Mn, F and W, and the δ18OH2O-SO4 geothermometer. It has also contributed to acquire 

new isotopic data of δ11B and δ7Li values. 

The table 3.2.3.1 summarizes the existing chemical and isotopic data obtained on the scarce 

thermal waters of the Los Humeros and Acoculco areas.     

 

 

 

 

 

 

      

 

 

 

 
 

Table 3.2.3.1 - Existing chemical and isotopic data of the main thermal springs discharging from the Los 

Humeros and Acoculco geothermal areas, with literature references.   

3.3 Water sampling and analytical results  

 

3.3.1 Water sampling 

Thermal spring Date T Cond. pH Na K Ca Mg HCO3 Cl SO4 SiO2 F B NH4 Li Rb Cs Fe Al TDS D 
18O Reference

°C µS/cm mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l g/l ‰ ‰

El Tesoro 06/03/2015 15 791 8.1 87.4 11.1 10.9 26.0 396 58.6 10.2 58.1 0.089 0.7 CFE monitoring (database table)

El Tesoro 13/10/2015 14 774 7.2 83.7 11.3 47.3 23.5 390 58.6 5.8 31.9 0.7 CFE monitoring (database table)
El Tesoro 15/04/2016 16 762 6.6 82.9 10.2 42.8 34.1 380 49.6 1.8 55.0 0.067 0.7 CFE monitoring (database table)
El Tesoro 17/11/2016 23 783 7.8 79.3 9.8 39.7 30.4 405 60.1 3.4 63.8 0.072 0.7 CFE monitoring (database table)
El Tesoro 27/02/2017 15 791 8.1 87.4 11.1 10.9 26.0 396 58.6 10.2 58.1 0.089 0.7 CFE monitoring (database table)

Nuevo Pizarro (Noria) 16/10/2015 1686 7.3 303 26.1 31.4 18.9 498 208 99.0 21.3 2.47 0.378 1.2 CFE monitoring (database table)
Nuevo Pizarro (well) 25/02/2015 17 1758 7.3 360 1.21 19.4 1.52 552 211 124 29.5 2.50 1.3 CFE monitoring (database table)
Nuevo Pizarro (well) 09/11/2016 17 1737 7.1 312 28.9 37.1 25.1 708 195 98.0 44.7 3.20 0.375 1.5 CFE monitoring (database table)
Nuevo Pizarro (well) 09/02/2017 17 1758 7.3 360 1.21 19.4 1.52 552 211 124 29.5 2.50 1.3 CFE monitoring (database table)

Nuevo Pizarro (spring) 13/04/2016 17 1763 6.7 295 29.4 35.2 30.4 522 169 11.8 17.7 2.30 0.411 1.1 CFE monitoring (database table)

Baños Chignahuapan 21-25/04/2006 47.5 7.0 87.0 14.0 196 26.0 735 106 28.0 19.0 0.7 1.80 0.5 0.360 1.2 -70 -10.4 Peiffer et al. (2014)

Baños Chignahuapan 02/07/1986 49 1440 6.5 95.4 14.4 173 30.6 831 118 39.0 24.3 3.20 2.0 0.372 < 0.1 < 0.1 < 0.5 1.3 -69 -9.6 Tello Hijonosa (1986)

Baños Quetzalapa 18/06/1986 32 1942 5.8 157 18.6 193 47.9 1479 23.5 0 53.6 0.74 2.0 0.149 < 0.1 < 0.1 < 0.5 2.0 -60 -8.7 Tello Hijonosa (1986)

Agua Salada 03/07/1986 21 2070 6.5 435 70.5 79.1 34.6 1459 192 0 85.0 34.5 0.24 0.216 < 0.1 < 0.1 0.7 2.4 Tello Hijonosa (1986)

Capulines 01/07/1986 20 1030 6.0 77.9 18.4 77.0 76.0 716 5.9 16.3 52.9 0.80 < 0,1 0.131 < 0.1 < 0.1 < 0.5 1.0 Tello Hijonosa (1986)

El Rincón 19/06/1986 32 878 5.6 12.9 12.9 144 10.3 500 9.8 36.9 64.7 0.09 1.6 < 0.1 < 0.1 < 0.1 < 0.5 0.8 -65 -9.3 Tello Hijonosa (1986)

Baños Jicolapa 21-25/04/2006 25.4 6.2 29.0 15.0 265 12.0 894 7.7 0 63.0 0.6 1.00 0.1 1.3 -66 -10.2 Peiffer et al. (2014)

Baños Jicolapa 03/07/1986 32 1381 6.5 31.4 15.6 230 17.2 927 17.6 0 66.9 1.25 0.4 < 0.1 < 0.1 < 0.1 < 0.5 1.3 -67 -9.5 Tello Hijonosa (1986)

Los Azufres 21-25/04/2006 21.4 5.5 55.0 15.0 56.0 11.0 137 7.8 218 33.2 0.2 2.00 7.8 0.5 -72 -10.5 Peiffer et al. (2014)

Los Azufres 25/06/1986 25 1214 6.0 124 28.4 99.8 29.8 0 37.2 2298 31.3 167 94 < 0.1 < 0.1 < 0.1 < 0.5 2.9 Tello Hijonosa (1986)

Los Azufres 25/06/1986 25 829 6.6 17.7 30.1 64.4 15.8 47.5 19.6 211 36.8 36.6 86 < 0,1 < 0.1 < 0.1 2.66 4.49 0.6 -68 -8.1 Tello Hijonosa (1986)

Los Azufres 25/06/1986 25 1931 7.0 332 36.5 198 79.4 1231 94.1 340 23.4 266 81 0.159 < 0.1 < 0.1 < 0.5 0 2.7 Tello Hijonosa (1986)

Cuadro de Fierro 20/06/1986 23 1876 3.4 42.3 13.6 145 87.2 0 13.7 1245 32.5 1.48 7.6 < 0.1 < 0.1 < 0.1 7.5 64 1.6 -79 -10.8 Tello Hijonosa (1986)

Alcaparrosa 29/05/2013 17 2.4 15.8 8.5 9.7 1.3 0 2.2 538 52.0 0.6 Peiffer et al. (2014)

Alcaparrosa 21-25/04/2006 12.2 2.4 11.0 6.7 10.0 1.6 0 8.6 515 53.0 0.6 -69 -10.7 Peiffer et al. (2014)

Alcaparrosa 24/06/1986 15 1945 2.2 13.7 9.48 36.4 9.2 0 13.7 1272 63.8 12.6 9.8 < 0.1 < 0.1 < 0.1 < 0.5 1.4 -68 -9.4 Tello Hijonosa (1986)
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The campaign of water sampling was carried out by BRGM, in collaboration with CFE, 

University of Michoacana and CNR Lelli’s team, from March 20 to 28, in the Los Humeros 

and Acoculco geothermal fields (fig. 3.3.1.1). Fluid samples were collected from seven 

geothermal wells and four thermal springs located in the Los Humeros area, from eight thermal 

springs located in the Acoculco area, and from three neighbouring crater lakes (lagunas), as 

points of surface reference. Their locations are reported in figure 3.3.1.1 and in table 3.3.1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.3.1.1 - Location of the geothermal wells and thermal springs which were sampled during the campaign 

of water sampling carried out by BRGM between March 22 and 28, 2018, in the Los Humeros and Acoculco areas. 

 

Among the two-phase geothermal waters from Los Humeros field, very rich in steam, those  

which indicated the most high fractions of liquid water were selected with the valuable help of 

CFE (table 3.3.1.1). 

Nuevo Pizarro 

Los Azufres 

El Tesoro 
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Collection of the fluid samples in the field was accompanied by appropriate on-site 

measurements such as water temperature, conductivity, pH redox potential and alkalinity. The 

temperature, conductivity, pH and redox potential measurements were performed on the raw 

water samples, whereas alkalinity was analysed on fluid samples filtered at 0.45 µm. Absolute 

uncertainty concerning the pH measurements was 0.05 pH units and relative uncertainty 

concerning the other parameters varied from 5% to 10%, depending on the parameter and the 

range of measured values. All these measurements are given in table 3.3.1.1. 

 

 

 

 

 

 

 

 

 

 
 

Table 3.3.1.1 - Field data corresponding to the campaign of fluid sampling carried out by BRGM between March 

22 and 28, 2018, in the Los Humeros and Acoculco geothermal areas. 

 

 

Collection and conditioning of all the water samples followed the classical procedures 

recommended for each of the chemical and isotopic analyses to be performed. Thus: 

- for the chemical analysis of major anions and some trace elements, such as Cl, SO4, Br, 

F, NH4 and PO4, the water samples were filtered at 0.45 µm and collected in 100 ml 

polyethylene bottles;  

- for the chemical analysis of major cations, the water samples were filtered at 0.45 µm, 

then acidified using Suprapur HNO3 and collected in 100 ml polyethylene bottles;  

- in order to avoid silica precipitation, the samples of hot water for silica analysis (high 

contents) were collected in 50 ml polyethylene bottles and immediately diluted by a factor 

of 10 using Milli-Q water;  

- for the chemical analysis of the other trace elements, such as B, Sr, Li, Ba, Mn, Fe, Al, 

Cs, Rb, Ge, As, Nd, Ag, Cd, Co, Cr, Cu, Ni, Pb and Zn, as well as for the isotopic Li and 

Sr analyses, the water samples were filtered at 0.2 µm, then acidified using Suprapur 

HNO3 and collected in 50 ml polyethylene bottles;  

- for the isotopic analysis of B, the water samples were filtered at 0.45 µm, then acidified 

using Suprapur HNO3 and collected in 1 l polyethylene bottles;  

- untreated fluid samples for the isotopic analysis of D and 18O in the water and of 13C in 

the carbon dioxide were collected in 100 ml and 1 l polyethylene bottles, respectively;  

Area Sampling point Specific enthalpy Depth Date T Cond. 25°C pH Eh Alk. Alk.

J/g Longitude (°E WGS84) Latitude (°N WGS84) X Y Z (m) m °C µS/cm mV meq/l mg/l HCO3

Los Humeros area Los Humeros H-39 -97.44192672 19.64813614 663433 2173524 2901 2890 22/03/2018 12:00 61.9 591 7.14 -260 4.45 272

Los Humeros Unit-11 (fluid mixing) -97.44426546 19.64789310 663188 2173495 2896 22/03/2018 12:50 52.7 1294 7.00 -240 4.56 278

Los Humeros H-56 2006 -97.45238985 19.65824117 662325 2174632 2840 2380 22/03/2018 13:25 74.1 1196 7.58 -346 5.68 347

Los Humeros H-49 1640 -97.45575398 19.66414467 661967 2175282 2824 2030 22/03/2018 13:55 68.0 1051 7.70 -270 4.64 283

Los Humeros H-9 -97.46771954 19.69284192 660683 2178448 2756 2752 22/03/2018 15:05 66.8 752 7.17 -295 4.63 283

Los Humeros H-32 -97.44843294 19.69107099 662707 2178270 2815 2818 22/03/2018 15:35 67.8 595 6.67 -235 1.55 95

Los Humeros H-55 ≈ 2600 -97.44178982 19.68610194 663409 2177726 2830 22/03/2018 16:08 68.9 254 7.55 -335 0.73 45

El Tesoro -97.25200094 19.73436294 683253 2183272 2080 23/03/2018 09:30 22.5 787 7.49 220 6.05 369

El Tesoro (in front of the first spring) 683259 2183302 2080 23/03/2018 10:00 21.0 610 7.50 240

Noria Nuevo Pizarro -97.45232003 19.49040046 662501 2156054 2342 20.18 23/03/2018 11:45 16.0 2090 8.82 130 11.21 684

Pozo Hacienda San Miguel Barrientos -97.57049400 19.50323691 650084 2157367 2352 23/03/2018 12:45 18.5 441 7.81 210

Pozo de Pochintoc 95 23/03/2018 13:45 20.2 660 7.80 190

Virgen del Carmen -97.53992885 19.26677171 653514 2131220 2364 23/03/2018 15:46 19.1 2080 7.10 205 12.36 754

Pozo de Tepeyahualco -97.46732500 19.51728056 660899 2159015 2426 130 24/03/2018 10:10 23.8 4970 6.75 -50 33.70 2056

Laguna de Atexcac -97.45423537 19.33296456 662456 2138625 2363 24/03/2018 14:15 22.0 12640 8.63 50 2.05 125

Laguna de Alchichica -97.39758881 19.40821429 668331 2147009 2324 23/03/2018 16:45 18.5 13250 9.07 106 41.75 2547

Laguna de Quechulac -97.34922053 19.37386715 673448 2143255 2342 24/03/2018 16:30 20.4 894 8.73 160 6.75 412

Acoculco area Los Azufres 1 -98.14404722 19.92236110 589656 2203350.946 2840 26/03/2018 15:05 25.4 1489 6.41 -355

Los Azufres 2 -98.14442500 19.92255830 589616 2203372.57 2840 26/03/2018 16:00 19.2 693 3.22 -51

Los Azufres 3 -98.14504444 19.92286940 589551 2203406.67 2840 28/03/2018 09:45 26.6 1735 7.94 -140

Jicolapa -97.99911898 19.98534263 604784 2210405.375 2230 27/03/2018 09:45 30.7 1372 6.31 -241

El Rincon -98.00717601 19.98889439 603939 2210793.463 2304 27/03/2018 11:00 26.6 550 5.67 110

Baños de Quetzalapa -97.99399722 19.83767500 605418 2194065.117 2171 27/03/2018 16:00 30.0 1964 6.37 135

Baños de Chignahuapan -97.98183170 19.87221460 606669 2197895.496 2190 28/03/2018 07:30 49.0 1448 6.51 -271

Location Location (ED50 UTM North zone 14)
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- for the isotopic analysis of 18O in the dissolved sulphate, cadmium acetate was added to 

the water samples collected in 1 l polyethylene bottles. 

-  

3.3.2 Analytical results 

 

All the chemical analyses for both major and trace elements in the collected water samples were 

done in the BRGM laboratories using standard water analysis techniques such as Ion 

Chromatography, Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), Flame Emission 

Spectrophotometry, TIC analysis and Colorimetry. The chemical analysis results, for which the 

analytical precision is better than  5% for the major elements and  10% for the trace elements, 

are given in tables 3.3.2.1 and 3.3.2.2. Except for Los Azufres 2 water sample (pH = 3.22), the 

ion balance (I. B.) values (tabl. 3) traduce a good quality of the major specie analyses. 

 

The isotopic analyses of the water samples (D and 18O of the water, 18O of the dissolved 

sulphate, plus the 7Li, 11B, 87Sr/86Sr) were also performed in the BRGM laboratories using 

Thermo Ionization Mass Spectrometry and Neptune Multi Collector ICP-MS. More details 

relative to the BRGM analytical procedures are given in Millot et al. (2011). The isotopic 

analysis results are given in table 3.3.2.3. 

 

The absolute uncertainty for the analyses ofD and 18O in the water samples was  0.8‰ and 

 0.1‰, respectively. The absolute uncertainty for the 18O analyses of the dissolved sulphate 

was  0.1‰. The external reproducibility of the 7Li and 11B analyses was estimated at around 

 0.5‰ and  0.3‰, respectively, and the in-run precision of the 87Sr/86Sr ratio was generally 

better than  10 x 10-6 (2m).  

 

All the geochemical data obtained during this study have been uploaded and stored in the 

GEMEX Open Access Database (OADB), as well as the required information. 
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Table 3.3.2.1 - Chemical composition (major species) of the geothermal and thermal waters collected during the 

campaign carried out by BRGM between March 22 and 28, 2018, in the Los Humeros                                                  

and Acoculco geothermal areas. 

 

 

 

 

 

 

 

 

 
Table 3.3.2.2 - Chemical composition (minor and trace species) of the geothermal and thermal waters collected 

during the campaign carried out by BRGM between March 22 and 28, 2018, in the Los Humeros and                 

Acoculco geothermal areas. 

 

 

 

 

 

 

 

 

 

 

 

 
Table 3.3.2.3 - Isotopic composition of the geothermal and thermal waters collected during the campaign 

carried out by BRGM between March 22 and 28, 2018, in the Los Humeros and Acoculco geothermal areas. 

 

 

Area Sampling point Date T Cond. 25°C pH Eh Na K Ca Mg Alk. Cl SO4 NO3 SiO2 TDS I.B.

°C µS/cm mV mg/l mg/l mg/l mg/l mg/l HCO3 mg/l mg/l mg/l mg/l g/l %

Los Humeros area Los Humeros H-39 22/03/2018 12:00 61.9 591 7.14 -260 119 23.8 < 0.5 < 0.5 268 46.5 2.3 < 0.5 745 1.20 0.31

Los Humeros Unit-11 (fluid mixing) 22/03/2018 12:50 52.7 1294 7.00 -240 270 36.9 2.2 < 0.5 307 98.8 227 < 0.5 733 1.68 2.37

Los Humeros H-56 22/03/2018 13:25 74.1 1196 7.58 -346 244 38.4 1.0 < 0.5 383 147 63.6 < 0.5 931 1.81 1.31

Los Humeros H-49 22/03/2018 13:55 68.0 1051 7.70 -270 212 35.8 1.1 < 0.5 305 129 86.1 < 0.5 834 1.60 -0.71

Los Humeros H-9 22/03/2018 15:05 66.8 752 7.17 -295 146 30.9 < 0.5 < 0.5 283 69.5 39.0 0.8 538 1.11 0.41

Los Humeros H-32 22/03/2018 15:35 67.8 595 6.67 -235 82.6 12.4 2.6 < 0.5 95 86.1 6.3 < 0.5 567 0.85 -1.68

Los Humeros H-55 22/03/2018 16:08 68.9 254 7.55 -335 34.4 5.6 < 0.5 < 0.5 51 38.4 13.8 < 0.5 155 0.30 1.51

El Tesoro 23/03/2018 09:30 22.5 787 7.49 220 84.6 11.0 34.5 30.2 369 63.9 12.0 7.9 78.3 0.69 -0.71

Noria Nuevo Pizarro 23/03/2018 11:45 16.0 2090 8.82 130 410 46.3 17.4 18.0 684 240 115 43.0 47.9 1.62 1.47

Virgen del Carmen 23/03/2018 15:46 19.1 2080 7.10 205 85.3 8.2 273 107 755 99.1 557 2.3 91.0 1.98 -1.45

Pozo de Tepeyahualco 24/03/2018 10:10 23.8 4970 6.75 -50 659 30.9 315 133 2056 775 0.6 < 0.5 91.8 4.06 0.99

Laguna de Atexcac 24/03/2018 14:15 22.0 12640 8.63 50 2022 92.7 16.6 604 1474 3854 264 5.7 68.7 8.40 1.78

Laguna de Alchichica 23/03/2018 16:45 18.5 13250 9.07 106 2506 218 6.8 431 2547 3259 1088 < 0.5 4.0 10.06 -3.78

Laguna de Quechulac 24/03/2018 16:30 20.4 894 8.73 160 82.1 7.7 16.7 62.3 412 90.7 19.5 1.0 14.6 0.71 0.04

Acoculco area Los Azufres 1 26/03/2018 15:05 25.4 1489 6.41 -355 147 29.3 104 28.7 463 36.0 353 < 0.5 77.4 1.24 -2.87

Los Azufres 2 26/03/2018 16:00 19.2 693 3.22 -51 12.8 8.2 23.0 6.0 < 10 0.7 225 < 0.5 75.3 0.35 -43.53

Los Azufres 3 28/03/2018 09:45 26.6 1735 7.94 -140 210 33.7 153 46.5 463 52.0 644 < 0.5 56.1 1.66 -2.37

Jicolapa 27/03/2018 09:45 30.7 1372 6.31 -241 31.7 15.1 278 13.4 958 7.6 4.3 < 0.5 152 1.46 4.76

El Rincon 27/03/2018 11:00 26.6 550 5.67 110 12.3 12.0 90.7 5.2 291 2.3 48.4 < 0.5 140 0.60 -0.22

Baños de Quetzalapa 27/03/2018 16:00 30.0 1964 6.37 135 150 16.8 291 37.4 1436 16.1 0.8 < 0.5 114 2.06 2.47

Baños de Chignahuapan 28/03/2018 07:30 49.0 1448 6.51 -271 93.0 14.2 191 25.9 756 115 26.5 < 0.5 44.1 1.27 -0.34

Area Sampling point Date T D 18O 18OSO4  7Li  11B 87Sr/86Sr

°C ‰ ‰ ‰ ‰ ‰

Los Humeros area Los Humeros H-39 22/03/2018 12:00 61.9 -63.8 -1.2 9.3

Los Humeros Unit-11 (fluid mixing) 22/03/2018 12:50 52.7 -45.9 1.5 4.0 -2.50

Los Humeros H-56 22/03/2018 13:25 74.1 -61.6 -1.1 1.2 7.2 -2.23 0.704310

Los Humeros H-49 22/03/2018 13:55 68.0 -58.3 -0.3 0.9 -0.74

Los Humeros H-9 22/03/2018 15:05 66.8 -53.1 1.2 3.4

Los Humeros H-32 22/03/2018 15:35 67.8 -61.5 -0.9 4.8 2.3 -2.52 0.704283

Los Humeros H-55 22/03/2018 16:08 68.9 -51.3 0.5 5.2

El Tesoro 23/03/2018 09:30 22.5 -79.3 -11.1 3.7

Noria Nuevo Pizarro 23/03/2018 11:45 16.0 -38.4 -5.1 4.3

Virgen del Carmen 23/03/2018 15:46 19.1 -87.2 -11.9 3.4 12.4 0.707095

Pozo de Tepeyahualco 24/03/2018 10:10 23.8 -73.7 -9.4 8.9 8.55 0.706862

Laguna de Atexcac 24/03/2018 14:15 22.0 -23.4 0.0 11.8 10.1 6.49 0.706864

Laguna de Alchichica 23/03/2018 16:45 18.5 -12.2 1.0 17.7

Laguna de Quechulac 24/03/2018 16:30 20.4 -30.0 -1.4

Acoculco area Los Azufres 1 26/03/2018 15:05 25.4 -69.5 -8.1 4.7 44.8 -4.42 0.705065

Los Azufres 2 26/03/2018 16:00 19.2 -62.1 -8.4 0.704778

Los Azufres 3 28/03/2018 09:45 26.6 -29.8 0.1 5.6 -5.61 0.705045

Jicolapa 27/03/2018 09:45 30.7 -67.5 -10.0 5.3 4.9 -6.79 0.707262

El Rincon 27/03/2018 11:00 26.6 -68.3 -10.1 5.1 0.707114

Baños de Quetzalapa 27/03/2018 16:00 30.0 -64.2 -9.1 6.5 5.5 -1.20 0.706804

Baños de Chignahuapan 28/03/2018 07:30 49.0 -70.8 -10.1 6.0 4.7 -0.17 0.706272

Area Sampling point Date T NH4 PO4 F B Br Sr Ba Mn Li Rb Cs Ge Al As Fe W Ag Cu Zn Ni Pb Co Cd U

°C mg/l mg/l mg/l mg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l

Los Humeros area Los Humeros H-39 22/03/2018 12:00 61.9 0.11 0.67 13.4 951 32.0 1.52 0.71 7.05 397 240 305 60.1 4193 42323 38 86.5 < 0.01 < 0.1 1.96 0.35 < 0.05 < 0.05 0.06 < 0.01

Los Humeros Unit-11 (fluid mixing) 22/03/2018 12:50 52.7 0.15 0.70 20.6 1819 73.7 41.2 5.92 25.9 619 315 330 56.0 3310 21721 90 85.4 0.02 < 0.1 0.32 0.65 < 0.05 < 0.05 < 0.01 < 0.01

Los Humeros H-56 22/03/2018 13:25 74.1 5.51 0.84 4.2 256 90.9 11.0 1.06 18.7 871 392 705 47.6 2042 8077 110 84.5 < 0.01 0.53 0.42 0.65 0.07 < 0.05 0.01 < 0.01

Los Humeros H-49 22/03/2018 13:55 68.0 3.59 0.33 4.0 593 94.9 16.2 1.08 8.66 676 259 370 46.3 2362 3838 38 103 < 0.01 0.16 0.46 0.48 < 0.05 < 0.05 < 0.01 < 0.01

Los Humeros H-9 22/03/2018 15:05 66.8 5.33 1.15 7.0 1459 56.8 2.09 0.64 19.9 1182 178 122 8.0 2430 5E+05 105 22.9 < 0.01 0.77 0.69 0.65 < 0.05 < 0.05 < 0.01 < 0.01

Los Humeros H-32 22/03/2018 15:35 67.8 0.14 0.15 9.3 1447 < 10 38.6 12.1 22.9 394 99.6 94.8 21.0 1925 54597 58 23.4 < 0.01 0.20 0.39 0.70 < 0.05 < 0.05 0.06 < 0.01

Los Humeros H-55 22/03/2018 16:08 68.9 10.8 0.16 1.3 43.20 22.8 6.03 1.58 23.1 131 38.3 52.2 7.89 245 3379 22 9.93 0.10 < 0.1 0.47 0.33 < 0.05 < 0.05 0.10 < 0.01

El Tesoro 23/03/2018 09:30 22.5 < 0.05 0.17 0.4 1.267 153 237 41.6 < 0.1 121 22.1 < 0.5 < 0.5 2.49 2.37 < 20 0.20 < 0.01 < 0.1 0.17 < 0.1 < 0.05 < 0.05 0.01 0.97

Noria Nuevo Pizarro 23/03/2018 11:45 16.0 < 0.05 14.58 1.5 2.711 568 230 61.1 1.7 421 22.6 < 0.5 < 0.5 2.60 32.8 < 20 1.25 < 0.01 2.58 2.31 2.98 0.08 0.73 0.33 2.62

Virgen del Carmen 23/03/2018 15:46 19.1 0.51 < 0.05 0.8 1.493 244 2488 91.3 132 108 13.3 < 0.5 < 0.5 1.61 3.05 < 20 < 0.05 < 0.01 0.40 1.45 0.26 < 0.05 < 0.05 0.65 0.03

Pozo deTepeyahualco 24/03/2018 10:10 23.8 0.27 < 0.05 1.1 19.79 1139 3112 6110 311 1787 49.3 7.39 < 0.5 4.41 137 8118 0.14 0.01 < 0.1 2.24 1.93 < 0.05 0.78 0.28 0.25

Laguna de San Luis Atexca 24/03/2018 14:15 22.0 0.27 < 0.05 0.5 65.56 5429 105 16.4 13.8 2667 104 21.9 < 0.5 6.50 93.8 < 20 0.32 0.01 0.31 0.22 0.76 0.05 0.07 0.12 0.17

Laguna de Alchichica 23/03/2018 16:45 18.5 0.49 < 0.05 < 1 39.89 4822 31.9 14.2 5.03 2460 305 1.3 < 0.5 7.49 114 < 20 1.59 0.01 0.18 0.57 0.23 < 0.05 < 0.05 0.98 1.92

Laguna de Quechulac 24/03/2018 16:30 20.4 0.11 < 0.05 0.5 0.561 158 89.6 21.6 8.22 2.87 7.61 < 0.5 < 0.5 5.06 3.48 < 20 < 0.05 < 0.01 1.33 0.23 < 0.1 < 0.05 < 0.05 0.42 0.92

Acoculco area Los Azufres 1 26/03/2018 15:05 25.4 14.04 1.13 0.2 253 52.7 1732 39.2 1219 38.6 66.8 2.39 3.99 40.1 135 42 0.45 < 0.01 < 0.1 1.12 0.17 < 0.05 < 0.05 0.02 < 0.01

Los Azufres 2 26/03/2018 16:00 19.2 < 0.05 < 0.05 0.5 1.444 < 10 133 24.3 1160 6.47 19.3 < 0.5 < 0.5 12762 24.3 8284 < 0.05 < 0.01 0.18 105 5.81 0.18 5.31 0.04 0.01

Los Azufres 3 28/03/2018 09:45 26.6 7.66 2.39 0.3 354 74.6 2500 114 2258 81.3 71.3 2.14 5.53 69.5 8421 70 1.09 < 0.01 1.01 1.37 2.43 0.09 0.9 0.07 0.08

Jicolapa 27/03/2018 09:45 30.7 0.81 0.08 0.7 1.915 20.7 1242 311 179 95.3 58.3 5.99 1.07 6.08 1.37 70 < 0.05 < 0.01 0.24 0.78 0.18 < 0.05 < 0.05 1.19 < 0.01

El Rincon 27/03/2018 11:00 26.6 0.49 < 0.05 0.5 0.124 33.3 424 159 120 13.2 33.8 1.81 < 0.5 6.54 13.3 2854 < 0.05 < 0.01 0.23 3.49 0.23 < 0.05 0.11 0.08 < 0.01

Baños de Quetzalapa 27/03/2018 16:00 30.0 1.01 < 0.05 0.4 2.240 44.3 1070 726 132 138 31.3 11.9 2.6 1.20 1.25 < 20 < 0.05 < 0.01 0.14 0.23 < 0.1 < 0.05 < 0.05 0.15 < 0.01

Baños de Chignahuapan 28/03/2018 07:30 49.0 0.57 < 0.05 0.8 3.076 182 691 147 27.2 374 63.9 63.1 0.98 25.8 24.1 311 0.14 < 0.01 0.17 0.89 0.18 < 0.05 < 0.05 0.03 0.05
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3.4 Data interpretation and discussion  

 

3.4.1  Los Humeros high-temperature geothermal waters 

 

a) Chemical characteristics of the fluids 

The geothermal Na-HCO3-Cl waters discharged from Los Humeros wells (fig. 3.4.1.1), 

completely deleted in calcium and magnesium, enriched in silica (fig. 3.4.1.2) and boron 

(among the highest ones in the world), with TDS and pH values ranging from 0.3 to 1.8 g/l and 

6.67 to 7.58, respectively, traduce a high interaction process with the reservoir rocks, at high 

temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4.1.1 - Position of the geothermal and thermal waters collected in the Los Humeros and Acoculco 

areas in the Cl-HCO3-SO4 ternary diagram of Giggenbach (1988). 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4.1.2 - Diagram SiO2 - Cl for the geothermal and thermal waters collected                                                     

in the Los Humeros and Acoculco areas. 
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b) Water origin 

The isotopic δD and δ18O values for the Los Humeros wells show a wide dispersion probably 

related to boiling, mixing, phase separation and condensation phenomema (fig. 3.4.1.3). The 

high values of δ18OH2O of the geothermal waters towards the right of the Global Meteoric Water 

Line (GMWL)  are not only in concordance with high-temperature values, but also suggest a 

low water-rock ratio of the geothermal reservoir, when compared with the lower values 

observed in the Krafla geothermal field, in North-Iceland (tabl. 3.4.1.1), where the fluids are 

also biphasic, but the water-rock ratio is much higher. This is in agreement with a reservoir 

consisting of medium- to low-permeability pre-caldera andesites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4.1.3 - Diagram δD - δ18O for the geothermal and thermal waters collected                                                                

in the Los Humeros and Acoculco areas. 

 

According to Arrellano et al. (2003) and Barragán et al. (2010), the isotopic composition of the 

water molecule would be dominated by two main processes.  

 

The first process would be a mixing of recharge meteoric water with a deep fluid-type andesitic 

water (δD ≈ -20‰ and δ18O ≈ 6‰), as defined by Giggenbach (1992), leading to a positive 

correlation between δD and δ18O, with a slope close to 3.0. In this case, from the literature 

existing data, the intersection of the mixture line with the GMWL would result to vary from -

14.5‰ to -11‰ for δ18O, and from -105‰ to -78.5‰ for δD (Portugal et al., 2002; López-

Romero, 2006; Barragán Reyes et al., 2010; Bernard et al., 2011). These values are lower than 

those measured for the meteoric waters in Los Humeros area (Oriental Basin), which are 

generally close to -10.7‰ for δ18O and -77.3‰ for δD (Quijano et al., 1981). From these values, 

the proportion of andesitic water was estimated to be between 25% and 50% (Portugal et al., 

2002; Barragán Reyes et al., 2010; Bernard et al., 2011).  
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The second process would be boiling and phase separation. At fluid temperatures higher than 

220°C, 18O is preferentially partitioned into the fluid phase, while deuterium is slightly 

partitioned into the vapor phase. The resulting fractionation scatters the points a few per mil 

perpendicular to the main mixing trend in the corresponding δD - δ18O diagram.  

According to data from Verma et al. (1998), Arellano et al. (2003), Tello (2005) and Bernard 

(2008), the total geothermal fluid (steam + water) from Los Humeros is characterized by 

average values of δD ≈ -62‰ and δ18O ≈ -3‰.  

 

Another assumption for the origin of the geothermal waters could be the contribution of 

meteoric water with a δD value similar to that of the geothermal fluid, affected by a strong 

water-rock interaction process at high-temperature and low water-rock ratio, which enriches its 
18O content (up to 7-8‰). The wide dispersion observed for the isotopic values in the δD - δ18O 

diagram could be explained by different water-rock interaction factors and processes such as 

kinetic fractionation at temperatures close to boiling temperatures (Giggenbach and Stewart, 

1982), with characteristic slopes of 3.0-3.5, and phase separation. In this case, the isotopic 

values for the meteoric water would be slightly heavier than those reported by Quijano et al. 

(1981) for the Los Humeros area, but they coincide with hydrologic studies that identify the 

main recharge to Los Humeros area from the Sierra Madre Oriental, with groundwater flow in 

a NE-SW direction (Prol-Ledesma, 1998). According to Cedillo Rodríguez (2000), recharge 

might also occur locally, from rainfall infiltrating the reservoir through its fault and fracture 

systems.   

 

In this study, the data obtained for the water isotopic values are in the range of the previous data 

and it is difficult to give a preference about the different assumptions. According to the first 

assumption, the δD and δ18O values for the meteoric water were estimated to be close to -110‰ 

and -15‰, respectively (fig. 3.4.1.3). For the second assumption, these values would be rather 

close to -65‰ and -9.5‰, respectively (fig. 3.4.1.3). Other arguments and more information 

about the water recharge and origin of the Los Humeros geothermal waters would have to be 

probably proposed in the works carried out by other teams like CNR, within the framework of 

the task 4.3 of this project. 

 

The Los Humeros geothermal waters are also characterized by high Cl/Br ratios with respect to 

the thermal waters (fig. 3.4.1.4), much higher than that of seawater, which could be partially 

explained by supply of Cl from the degassing magma chamber. 
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Figure 3.4.1.4 - Diagram Cl/Br - Cl for the geothermal and thermal waters collected                                                        

in the Los Humeros and Acoculco areas. 

c) Processes of water-rock-gas interaction 

The high boron concentrations of these geothermal waters (from 43 to 1819 mg/l; fig. 3.4.1.5) 

and their δ11B values (-2.52 to -0.74‰; fig. 3.4.1.6) are close to those previously determined 

by Bernard et al. (2011), which range from 214 to 932 mg/l and from -1.7 to 0.3‰, respectively, 

and by Tello (2005) and Arellano et al. (2005), which vary from 118 to 3168 mg/l.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.1.5 - Diagram B - Cl for the geothermal and thermal waters collected                                                             

in the Los Humeros and Acoculco areas. 
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Figure 3.4.1.6 - Diagram δ11B - B for the geothermal and thermal waters collected                                                                        

in the Los Humeros and Acoculco areas. 

 

High B concentrations as those observed for these geothermal waters are rare in the world  (fig. 

3.4.1.7). Natural hydrothermal solutions have generally B concentrations from 1 to 10 mg/l in 

high-temperature two-phase fluids from basaltic aquifers of Iceland such as Krafla, Nesjavellir, 

etc. (Arnórsson and Andrésdóttir, 1995; Aggarwal et al., 2000; HITI-FP6 project, 2014).  

 

B concentrations higher than 100 mg/l were only observed in fluids from aquifers composed of 

sedimentary and metamorphic rocks (Larderello, Italy; The Geysers, California; Ngahwa, New 

Zealand), of dacite-rhyolite volcanic rocks (Los Azufres, Mexico), and of marine carbonate and 

magmatic rocks, in the Yunnan-Tibet geothermal belt, in China.  

 

 

 

 

 

 

 

 

 

Figure 3.4.1.7 - Diagram δ11B - B for worldwide geothermal waters (after Lü et al., 2014). 

 

In contrast, similar δ11B isotopic values (from -3.7 to -1.5‰) were observed in the high-

temperature basaltic waters from Icelandic geothermal fields (Krafla, Nesjavellir, etc.; 

Aggarwal et al., 2000; FP6-HITI project, 2010; tabl. 3.4.1.1) as well as in the Ngahwa 
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(Aggarwal et al., 2003) and Lardarello (Pennisi et al., 2001) geothermal fields. These values 

are lower for the Yunnan-Tibet thermal waters (-6.0 to -6.8‰; Lü et al., 2014). Tonarini et al. 

(1998) suggest that δ11B of exsolved fluids during tourmaline crystallization from pegmatites 

of the Elba Island could vary between -6 and -2‰ at temperatures ranging from 300 to 600°C. 

As a matter of fact, the δ11B data related to the Tuscan magmatic Province show negligible 

variations. The restricted range in δ11B values compared to the total concentration variations 

suggest that the B isotope ratios reflect differences in the δ11B values of the rock rather than the 

results of secondary processes, such as phase separation or deposition of secondary minerals 

(Aggarwal et al., 2000).  

According to Arnórsson and Andrésdóttir (1995), the variable B and Cl concentrations and Cl/B 

ratios in high-temperature geothermal waters, as well as high B concentrations can be attributed 

to a combination of several processes. They include: i) supply of these elements from the 

degassing magma chamber, ii) supply from the rock with which the water interacts, and iii) 

phase separation in producing aquifers of wells.  

Aggarwal et al. (2003) suggested a main source of B in Ngawha to be the greywacke wall rocks 

and the reason for such high B concentrations (up to 1000 mg/l) to be a lower water/rock ratio 

deduced from the high O isotope shift (+11‰) of deep water relative to the local meteoric water.  

Leeman et al. (2005) reported up to 240 mg/l in condensates of 300°C volcanic vapors from 

Vulcano, in Italy. They interpreted these values as the result of mixing of a magmatic 

endmember with about 70 mg/l of B and vapor derived from boiling of a modified seawater hot 

brine that was in contact with B-enriched Vulcano rhyolites and trachytes at low fluid/rock 

ratio.  

The observed high B content and variable Cl concentrations in the Los Humeros geothermal 

waters could be the result of mixing of magmatic fluid from a deep magmatic chamber, the heat 

and fluid source for the system, leaching of wall rocks of the deep aquifer at a low fluid/rock 

ratio and phase separation process. Bernard et al. (2011) proposed a model based on the 

existence of deep acid brine to explain the B and Cl behavior in the geothermal fluids of the 

Los Humeros geothermal field.     
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Table 3.4.1.1 - Comparison of water chemical and isotopic data obtained in three high-temperature (≥ 290°C) 

geothermal fields: Los Humeros in Mexico, and Krafla and Nesjavellir in North-Iceland. 

 

The low Sr concentrations and the 87Sr/86Sr ratios of these geothermal waters, ranging from 

1.52 to 41.2 µg/l (fig. 3.4.1.8) and 0.704283 to 0.704310 (fig. 3.4.1.9), respectively, suggest 

these waters are in contact with andesite rocks in the reservoir, which is in good agreement with 

the well observations (Arellano et al., 2003). Lower Sr isotopic values between 0.7032 and 

0.7036 (FP6-HITI project, 2010) are observed for the high-temperature geothermal fluids from 

North-Iceland (Krafla, Nesjavellir, etc.) in contact with basalts in the reservoir (tabl. 3.4.1.1).  

The high Li concentrations and the δ7Li values of the Los Humeros geothermal waters, varying 

between 131 and 1182 mg/l, and between 2.3 ant 7‰ (tabl. 3.3.2.2 et 3.3.2.3), respectively, 

confirm that these waters interacts with volcanic rocks at high-temperatures. If the average Li 

concentrations are slightly higher than those observed in the high-temperature geothermal 

waters from the North-Iceland basaltic reservoirs (from 119 to 745 µg/l), the isotopic values are 

close (from 6.5 to 8.1‰; FP6-HITI project, 2014; tabl. 3.4.1.1). Note that the Cs concentrations 

analysed in the Los Humeros geothermal waters (from 52 to 705 µg/l) are much higher than 

those observed in the North-Icelandic geothermal dilute waters (from 2 to 12 µg/l) whereas the 

Rb concentrations are closer (FP6-HITI project, 2010; tabl. 3.4.1.1).  

 

 

 

Los Humeros field, Mexico (this study) Nesjavellir and Krafla fields, Iceland (FP6-HITI project; Sanjuan et al., 2014)

Well Unit-11 (fluid mixing) H-39 H-49 H-56 NJ-16 NJ-10 NJ-14 NJ-16 NJ-19 KS-01 K-05 K-27 K-37 

Parameters Unit 22/03/2018 22/03/2018 22/03/2018 22/03/2018 11/06/2008 11/06/2008 11/06/2008 11/06/2008 11/06/2008 13/06/2008 13/06/2008 13/06/2008 12/06/2008

Cond. 25°C µS/cm 1294 591 1051 1196 860 872 965 860 783 930 820 1087

pH 7.00 7.14 7.70 7.58 8.42 9.03 8.79 8.42 8.11 9.36 9.21 8.72

Eh mV -240 -260 -270 -346 -103 -31 -341 -103 -44 -305 -239 -284

Na mg/l 270 119 212 244 145 157 161 145 126 175 180 206 268

K mg/l 36.9 23.8 35.8 38.4 29.0 33.4 32.8 29.0 31.4 36.4 17.8 32.1 48.8

Ca mg/l 2.2 < 0.5 1.1 1.0 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 0.34 8.83 3.13 1.46

Mg mg/l < 0.5 < 0.5 < 0.5 < 0.5 11.7 < 0.5 < 0.5 11.7 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5

Alk. mg/l HCO3 307 268 305 383 296 257 159 296 128 400 162 237

Cl mg/l 98.8 46.5 129 147 69.7 129 193 69.7 162 76.1 45.0 39.2 64.7

SO4 mg/l 227 2.3 86.1 63.6 90.5 81.6 44.0 90.5 35.9 40.6 248 296 130

SiO2 mg/l 733 745 834 931 697 752 718 697 797 1001 361 538 1333

TDS g/l 1.68 1.20 1.60 1.81 1.34 1.41 1.31 1.34 1.28 1.73 1.02 1.35 1.85

F mg/l 20.6 13.4 4.0 4.2 1.25 1.57 1.11 1.25 1.13 1.68 0.89 0.98 2.72

B mg/l 1819 951 593 256 1.82 1.52 1.76 1.82 3.77 2.68 0.54 0.56 2.38

Br µg/l 73.7 32.0 94.9 90.9 200 500 700 200 600 200 < 500 < 500 < 500

Sr µg/l 41.2 1.52 16.2 11.0 3.0 2.5 2.3 3.0 2.0 2.1 29.3 15.5 14.1

Ba µg/l 5.92 0.71 1.08 1.06 2.5 1.0 0.8 2.5 1.0 0.1 1.5 5.2 3.0

Mn µg/l 25.9 7.05 8.66 18.7 0.6 1.0 0.6 0.6 0.5 0.9 1.0 23.8

Li µg/l 619 397 676 871 157 290 287 157 263 254 119 186 745

Rb µg/l 315 240 259 392 96 140 198 96 108 209 138 167 273

Cs µg/l 330 305 370 705 2.4 6.5 7.5 2.4 4.2 6.7 3.7 5.9 12.1

Ge µg/l 56.0 60.1 46.3 47.6 59.8 60.6 39.6 59.8 42.7 39 34.6 34.2 49.0

As µg/l 21721 42323 3838 8077 8.5 5.6 9.7 8.5 22 384 2.1 2.8 202

Zn µg/l 0.32 1.96 0.46 0.42 1.1 0.6 0.8 1.1 1.1 0.6 4.2

Ni µg/l 0.65 0.35 0.48 0.65 0.30 0.30 0.20 0.30 0.40 0.10 0.30 0.20 0.70

B/Cl molal ratio 60 67 15 6 0.09 0.04 0.03 0.09 0.08 0.12 0.04 0.05 0.12

Na/K molal ratio 12.5 8.5 10.1 10.8 8.5 8.0 8.4 8.5 6.8 8.2 17.2 10.9 9.3

Na/Li molal ratio 132 90 95 84 279 163 170 279 145 208 458 334 108

Na/Rb molal ratio 3190 1836 3047 2310 5620 4156 3029 5620 4343 3120 4860 4580 3647

Na/Cs molal ratio 4735 2246 3317 1998 349560 139190 124346 349560 173665 151343 281880 201592 127947

K/Sr molal ratio 2007 35086 4952 7822 21635 29940 31969 21635 35129 38842 1363 4642 7752

D ‰ -45.9 -63.8 -58.3 -61.6 -71.1 -73.1 -69.9 -71.1 -68.3 -102.2 -79.9 -58.9

18O ‰ 1.5 -1.2 -0.3 -1.1 -5.4 -5.7 -5.8 -5.4 -3.9 -6.3 -10.5 -7.3

18OSO4 ‰ 4.0 9.3 0.9 1.2 -0.1 3.6 -0.1 -6.2 -5.9

 7Li ‰ 7.2 8.1 7.8 8.0 8.1 6.8 6.8 8.1 6.5 7.1

 11B ‰ -2.50 -0.74 -2.23 -2.68 -2.19 -3.37 -2.68 -2.84 -5.45 -3.98
87Sr/86Sr 0.704310 0.7036201 0.7034461 0.7035571 0.7036201 0.7035351 0.7034731 0.7032241 0.7032021
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Figure 3.4.1.8 -  Diagram Sr - Ca for the geothermal and thermal waters collected                                                            

in the Los Humeros and Acoculco areas. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4.1.9 -  Diagram 87Sr/86Sr - Ca/Sr for the geothermal and thermal waters collected                                              

in the Los Humeros and Acoculco areas. 

 
Figure 3.4.1.9 -  Diagram 87Sr/86Sr - Ca/Sr for the geothermal and thermal waters collected                                              

in the Los Humeros and Acoculco areas. 

 

 

d) Geothermometry 

The Na-K-Mg ternary diagram from Giggenbach (1988) and the main classical 

geothermometers such as Silica-quartz, Na-K, Na-K-Ca and K-Ca, as well as the isotopic 

δ18OH2O-SO4 geothermometric relationships established by Kusakabe and Robinson (1977) and 

Zeebe (2010), indicate that the full chemical equilibrium is reached for most of these waters at 
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about 290 ± 30°C (fig. 3.4.1.10; tabl. 3.4.1.2 and 3.4.1.3). For the H-55 well, which has a very 

low fraction of liquid water, the temperature estimated using Silica-quartz is underestimated 

(163°C) because the concentration of dissolved silica is decreased by probable dilution of steam 

condensate. For the H-32, H-39 and H-55 water samples, the isotopic δ18OH2O-SO4 

geothermometer also gives underestimated temperature values (112 to 228°C), indicating that 

the isotope equilibrium conditions are not attained for these samples.    

This temperature range is concordant with the presence of an upper liquid-dominated reservoir 

area, located in augite andesites, between 1025 and 1600 m a.s.l., with neutral pH at 290-330°C, 

suggested in numerous studies (Arellano et al., 2003; Gutiérrez-Negrín and Izquierdo-

Montalvo, 2010). The other deeper, two-phase, low-liquid saturation reservoir area, with high 

fractions of steam, is located in basalts and hornblende andesites, between 800 and 100 m a.s.l., 

with low pH fluids at temperatures of between 300 and 400°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.1.10 - Position of the geothermal and thermal waters collected in the Los Humeros and Acoculco 

areas in the Na-K-Mg ternary diagram of Giggenbach (1988). 
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Table 3.4.1.2 - Classical chemical geothermometers applied on waters                                                                                   

from the Los Humeros and Los Azufres geothermal areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 3.4.1.3 - Classical isotope geothermometers applied on waters                                                                                        

from the Los Humeros and Los Azufres geothermal areas. 

Among the different Na-Li geothermometric relationships existing in the literature (Michard 

and Fouillac, 1981; Kharaka et al., 1982; Michard, 1990; Sanjuan et al., 2014; 2016b; 2017), 

only the Na-Li auxiliary geothermometer defined for North-Icelandic high-temperature 

geothermal dilute waters (Sanjuan et al., 2014; tabl. 3.4.1.4), give concordant temperature 

estimations (320 ± 30°C) with those estimated using the classical Silica-quartz, Na-K and Ca-

K geothermometers, and the isotopic δ18OH2O-SO4 geothermometer, for most of the Los Humeros 

geothermal waters (apart H-9 and H-32 waters). The Na-Cs auxiliary geothermometer defined 

Area Sampling point Date T18OH2O-SO4 (1) T18OH2O-SO4 (2) T18OH2O-SO4 (3) T18OH2O-SO4 (4) T18OH2O-BaSO4 T18OH2O-CaSO4 (1) T18OH2O-CaSO4 (2)

°C °C °C °C °C °C °C

Los Humeros area Los Humeros H-39 22/03/2018 12:00 176 171 112 113 138 186 194

Los Humeros Unité 11 (fluid mixing) 22/03/2018 12:50 360 387 267 246 281 394 405

Los Humeros H-56 22/03/2018 13:25 368 398 273 251 287 403 415

Los Humeros H-49 22/03/2018 13:55 418 464 315 283 322 463 476

Los Humeros H-9 22/03/2018 15:05 372 403 277 254 290 408 420

Los Humeros H-32 22/03/2018 15:35 263 269 185 178 208 282 291

Los Humeros H-55 22/03/2018 16:08 289 299 207 197 228 311 321

El Tesoro 23/03/2018 09:30 126 117 69 74 96 132 139

Noria Nuevo Pizarro 23/03/2018 11:45 192 189 125 126 151 204 212

Virgen del Carmen 23/03/2018 15:46 121 112 65 70 92 127 134

Pozo deTepeyahualco 24/03/2018 10:10

Acoculco area Los Azufres 1 26/03/2018 15:05 147 140 87 91 114 155 162

Los Azufres 3 28/03/2018 09:45 268 275 189 182 212 287 297

Jicolapa 27/03/2018 09:45 121 112 65 70 92 127 134

El Rincon 27/03/2018 11:00

Baños de Quetzalapa 27/03/2018 16:00 118 109 63 68 89 124 131

Baños de Chignahuapan 28/03/2018 07:30 114 104 59 64 86 120 126

T18OH2O-SO4 (1): Lloyd (1968); T18OH2O-SO4 (2): Mizutani and Rafter (1969); T18OH2O-SO4 (3): Zeebe (2010); T18OH2O-SO4 (4): Zheng (1999).         Recommended value

T18OH2O-BaSO4: Kusakabe and Robinson (1977).    

T18OH2O-CaSO4 (1): Chiba et al. (1980); T18OH2O-CaSO4 (2): Boschetti et al.  (2011).   

Area Sampling point Date Tmeasured TQz TChalced. TNa-K (1) TNa-K (2) TNa-K (3) TNa-K-Ca (b=1/3) TNa-K-Ca (b=4/3) TNa-K-Ca-Mg TK-Mg (1) TK-Mg (2) TCa-K (1) TCa-K (2)

°C °C °C °C °C °C °C °C °C °C °C °C °C

Los Humeros area Los Humeros H-39 22/03/2018 12:00 61.9 292 297 284 284 294

Los Humeros Unit-11 (fluid mixing) 22/03/2018 12:50 52.7 304 312 233 245 258 231 264 334 256

Los Humeros H-56 22/03/2018 13:25 74.1 317 329 251 258 271 247 307 386 293

Los Humeros H-49 22/03/2018 13:55 68.0 320 334 260 266 278 248 292 371 282

Los Humeros H-9 22/03/2018 15:05 66.8 263 259 293 290 300

Los Humeros H-32 22/03/2018 15:35 67.8 265 261 244 254 267 210 165 228 176

Los Humeros H-55 22/03/2018 16:08 68.9 163 139 255 262 274

El Tesoro (existing data) 17/11/2016 23.0 114 83 221 235 250 172 80 13 54 23 131 99

El Tesoro 23/03/2018 09:30 22.5 124 95 227 240 254 177 88 11 56 26 141 107

Nuevo Pizarro well (existing data) 09/11/2016 17.0 97 65 189 210 226 182 142 24 80 56 194 150

Noria Nuevo Pizarro 23/03/2018 11:45 16.0 100 68 210 227 242 206 196 30 97 77 257 198

Virgen del Carmen 23/03/2018 15:46 19.1 132 104 193 213 229 145 39 34 37 4 83 59

Pozo deTepeyahualco 24/03/2018 10:10 23.8 133 104 129 159 178 142 97 33 62 34 137 104

Acoculco area Los Azufres (existing data) 21-25/04/2006 21.4 84 51 334 320 327 207 83 85 74 48 144 110

Los Azufres (existing data) 25/06/1986 25.0 81 48 305 299 308 207 101 58 78 53 163 125

Los Azufres (existing data) 25/06/1986 25.0 70 36 207 224 240 177 106 36 72 56 158 121

Los Azufres 1 26/03/2018 15:05 25.4 124 94 284 283 294 201 103 62 79 54 164 125

Los Azufres 3 28/03/2018 09:45 26.6 107 76 253 260 273 192 104 53 77 51 161 123

Jicolapa (existing data) 03/07/1986 32.0 116 86 462 407 403 218 50 149 70 43 112 83

Jicolapa 27/03/2018 09:45 30.7 162 137 452 400 397 213 46 172 72 46 107 79

El rincon (existing data) 19/06/1986 32.0 114 84 702 545 521 250 45 170 72 45 114 85

El Rincon 27/03/2018 11:00 26.6 157 132 691 540 516 253 51 189 78 53 121 91

Baños de Quetzalapa (existing data) 18/06/1986 32.0 105 74 216 231 246 168 74 59 62 33 124 93

Baños de Quetzalapa 27/03/2018 16:00 30.0 145 118 209 226 241 161 62 97 63 34 110 82

Baños de Chignahuapan (existing data) 02/07/1986 49.0 71 37 245 254 267 173 64 80 62 33 115 86

Baños de Chignahuapan 28/03/2018 07:30 49.0 96 64 247 255 268 172 61 96 63 35 112 83

Agua salada (existing data) 03/07/1986 21.0 128 99 254 261 274 213 165 51 99 81 230 178

Capulines (existing data) 01/07/1986 20.0 105 73 310 303 312 202 86 9 57 38 146 111

TQz:  Fournier (1977); TChalced.: Michard (1979)      Recommended value

TNa-K (1): Michard (1979);TNa-K (2): Fournier (1979); TNa-K (3): Giggenbach (1988).

TNa-K-Ca: Fournier and Truesdell (1973). 

TNa-K-Ca-Mg : Fournier and Potter (1979). 

TK-Mg (1): Giggenbach (1988); TK-Mg (2): Michard (1990).

TCa-K (1): Fournier and Truesdell (1973); TCa-K (2): Michard (1990).
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by Sanjuan et al. (2016a, b) also yields concordant temperature values (300 ± 30°C) for all the 

waters, and to a lesser extent, with lower estimated temperature values, and only for some 

waters, the Na-Rb, K-Sr and K-W auxiliary geothermometers defined by Sanjuan et al. (2016b). 

These estimations range from 227 to 255°C, 241 to 319°C, and 244 to 248°C, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4.1.4 - Auxiliary chemical geothermometers applied on waters                                                                          

from the Los Humeros and Los Azufres geothermal areas. 

 

Thermodynamic binary diagrams representating log (H4SiO4) as a function of log (Na/K),                

log (Ca/K2), log (Mg/K2), log (Na/Li), log (Na/Cs), log (Na/Rb) and log (K2/Sr) were 

constructed in order to illustrate these results (figs. 3.4.1.11 and 3.1.4.12).  

In the log (H4SiO4) - log (Na/K) diagram (fig. 3.4.1.11), the equilibrium reaction (equation 1) 

at different temperatures was determined using the thermometric relationships given by 

Fournier (1977) for Silica-quartz and by Giggenbach (1988) for Na-K; the other equilibrium 

reaction (equation 2) at different temperatures was defined using the thermometric relationships 

given by Fournier (1977) for Silica-quartz and by Michard (1979) for Na-K.   

In the log (H4SiO4) - log (Ca/K2) diagram (fig. 3.4.1.11), the equilibrium reaction (equation 1) 

at different temperatures was determined using the thermometric relationships given by 

Fournier (1977) for Silica-quartz and by Michard (1990) for Ca-K; the equilibrium reaction 

(equation 2) at different temperatures was defined using the thermometric relationships given 

by Michard (1979) for Silica-chalcedony and by Michard (1990) for Ca-K.   

In the log (H4SiO4) - log (Mg/K2) diagram (fig. 3.4.1.11), the equilibrium reaction (equation 1) 

at different temperatures was determined using the thermometric relationships given by 

Michard (1979) for Silica-chalcedony and by Giggenbach (1988) for K-Mg; the equilibrium 

reaction (equation 2) at different temperatures was defined using the thermometric relationships 

given by Michard (1979) for Silica-chalcedony and by Michard (1990) for K-Mg. 

 

Area Sampling point Date TNa-Li (1) TNa-Li (2) TNa-Li (3) TNa-Rb (1) TNa-Rb (2) TNa-Cs (1) TNa-Cs (2) TK-Sr TK-Fe (1) TK-Fe (2) TKF TKW

°C °C °C °C °C °C °C °C °C °C °C

Los Humeros area Los Humeros H-39 22/03/2018 12:00 155 337 78 264 255 174 331 309 164 112 201 215

Los Humeros Unité 11 (fluid mixing) 22/03/2018 12:50 127 309 67 219 230 151 289 210 164 113 244 244

Los Humeros H-56 22/03/2018 13:25 160 343 80 245 244 178 339 262 160 109 172 246

Los Humeros H-49 22/03/2018 13:55 151 334 77 223 232 162 309 241 193 143 167 248

Los Humeros H-9 22/03/2018 15:05 239 419 108 223 231 140 270 319 148 96 184 191

Los Humeros H-32 22/03/2018 15:35 185 368 90 222 231 149 286 147 112 60 159 146

Los Humeros H-55 22/03/2018 16:08 166 348 82 216 227 157 301 154 96 45 76 96

El Tesoro (existing data) 17/11/2016 72 248 42

El Tesoro 23/03/2018 09:30 97 276 54 128 172 101 135 83 64 56

Nuevo Pizarro well (existing data) 09/11/2016 87 265 49

Noria Nuevo Pizarro 23/03/2018 11:45 78 255 45 63 124 170 243 195 141 139

Virgen del Carmen 23/03/2018 15:46 90 268 51 103 155 49 118 67 73

Pozo deTepeyahualco 24/03/2018 10:10 139 321 72 74 133 45 116 91 44 118 82

Acoculco area Los Azufres (existing data) 25/06/1986 41 213 27

Los Azufres 1 26/03/2018 15:05 18 184 14 157 192 52 126 100 175 123 71 100

Los Azufres 3 28/03/2018 09:45 32 202 23 141 181 44 114 98 167 115 84 123

Jicolapa 27/03/2018 09:45 147 329 75 256 250 102 205 81 118 66 85

El Rincon 27/03/2018 11:00 80 258 47 293 270 96 195 92 30 71

Baños de Quetzalapa (existing data) 18/06/1986 74 250 43 80 29

Baños de Quetzalapa 27/03/2018 16:00 72 248 43 117 164 82 174 88 162 110 74

Baños de Chignahuapan (existing data) 02/07/1986 168 350 83

Baños de Chignahuapan 28/03/2018 07:30 170 353 84 182 207 134 259 90 78 27 87 58

Agua salada (existing data) 03/07/1986 43 214 28 140

Capulines (existing data) 01/07/1986 106 287 58

TNa-Li (1): Fouillac and Michard (1981); TNa-Li (2): Sanjuan et al.  (2014); TNa-Li (3): Sanjuan et al.  (2017).      Recommended value

TNa-Rb (1), TNa-Cs (1), TK-Fe (1), TKF, TKW: Michard (1990). 

TNa-Rb (2), TNa-Cs (2), TK-Sr, TK-Fe (2): Sanjuan et al.  (2016a, b). 
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Figure 3.4.1.11 -  Diagrams log (H4SiO4) as a function of log (Na/K), log (Ca/K2) and log (Mg/K2) for the 

geothermal and thermal waters collected in the Los Humeros and Acoculco areas                                                  

(all the concentrations are given in mol/l). 

In the log (H4SiO4) - log (Na/Li) diagram (fig. 3.4.1.12), the equilibrium reaction (equation 1) 

at different temperatures was determined using the thermometric relationships given by 

Equation 1 
y = -0,94x - 1,02
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y = -1,44x - 0,60
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Fournier (1977) for Silica-quartz and by Sanjuan et al. (2014) for Na-Li; the equilibrium 

reaction (equation 2) at different temperatures was defined using the thermometric relationships 

given by Michard (1979) for Silica-chacedony and by Fouillac and Michard (1981) for Na-Li.  

In the log (H4SiO4) - log (Na/Cs) diagram (fig. 3.4.1.12), the equilibrium reaction (equation 1) 

at different temperatures was determined using the thermometric relationships given by 

Fournier (1977) for Silica-quartz and by Sanjuan et al. (2016a, b) for Na-Cs; the equilibrium 

reaction (equation 2) at different temperatures was defined using the thermometric relationships 

given by Michard (1979) for Silica-chalcedony and by Michard (1990) for Na-Cs.  

In the log (H4SiO4) - log (Na/Rb) diagram (fig. 3.1.4.12), the equilibrium reaction (equation 1) 

at different temperatures was determined using the thermometric relationships given by 

Fournier (1977) for Silica-quartz and by Sanjuan et al. (2016a, b) for Na-Cs; the equilibrium 

reaction (equation 2) at different temperatures was defined using the thermometric relationships 

given by Fournier (1977) for Silica-chacedony and by Michard (1990) for Na-Cs.  

In the log (H4SiO4) -  log (K2/Sr) diagram (fig. 3.1.4.12), the equilibrium reaction (equation 1) 

at different temperatures was determined using the thermometric relationships given by 

Fournier (1977) for Silica-quartz and by Sanjuan et al. (2016a, b) for K-Sr; the other 

equilibrium reaction (equation 2) at different temperatures was defined using the thermometric 

relationships given by Fournier (1977) for Silica-chalcedony and by Michard (1990) for K-Sr.   

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.1.4.12 -  Diagrams log (H4SiO4) as a function of log (Na/Li), log (Na/Cs), log(Na/Rb) and log (K2/Sr) 

for the geothermal and thermal waters collected in the Los Humeros and Acoculco areas                                                         

(all the concentrations are given in mol/l). 

 

Other thermodynamic binary diagrams such as log (Na/Cs), log (Na/Rb), and log (K2/Sr), as a 

function of log (Na/Li) may also illustrate these results (fig. 3.4.1.13).  

 

In the log (Na/Cs) - log (Na/Li) diagram (fig. 3.4.1.13), the equilibrium reaction (equation 1) at 

different temperatures was determined using the thermometric relationships given by Sanjuan 

et al. (2014) for Na-Li and Sanjuan et al. (2016a, b) for Na-Cs; the other equilibrium reaction 
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(equation 2) at different temperatures was defined using the thermometric relationships given 

by Fouillac and Michard (1981) for Na-Li and by Michard (1990) for Na-Cs.  

In the log (Na/Rb) - log (Na/Li) diagram (fig. 3.4.1.13), the equilibrium reaction (equation 1) 

at different temperatures was determined using the thermometric relationships given by Sanjuan 

et al. (2014) for Na-Li and Sanjuan et al. (2016a, b) for Na-Rb; the other equilibrium reaction 

(equation 2) at different temperatures was defined using the thermometric relationships given 

by Fouillac and Michard (1981) for Na-Li and by Michard (1990) for Na-Rb.  

In the log (K2/Sr) - log Na/Li) diagram (fig. 3.4.1.13), the equilibrium reaction (equation 1) at 

different temperatures was determined using the thermometric relationships given by Sanjuan 

et al. (2014) for Na-Li and by Sanjuan et al. (2016a, b) for K-Sr; the equilibrium reaction 

(equation 2) at different temperatures was defined using the thermometric relationships given 

by Fouillac and Michard (1981) for Na-Li and by Sanjuan et al. (2016a, b) for K-Sr.  

 

The geothermometric relationships used in this study are as follows (T in K): 

 

Silica-quartz (Fournier, 1977):  T = 1309 / [0.41 - log (H4SiO4)] 

Silica-chalcedony (Michard, 1979):  T = -1015 / [0.125 + log (H4SiO4)] 

Na/K (Giggenbach, 1988):   T = 1390 / [log (Na/K) + 1.52] 

Na/K (Michard, 1979):   T = 908 / [log (Na/K) + 0.70] 

Ca/K (Michard, 1990):   T = 3030 / [log (Ca/K2) + 3.94] 

K/Mg (Giggenbach, 1988):   T = 4410 / [9.60 - log (K2/Mg)] 

K/Mg (Michard, 1990):   T = 3000 / [5.84 - log (K2/Mg)] 

Na/Li (Sanjuan et al., 2014):   T = 2002 / [log (Na/Li) + 1.322] 

Na/Li (Fouillac & Michard, 1981):  T = 1000 / [log (Na/Li) + 0.38]   (Cl < 0.3 M)  

Na/Cs (Sanjuan et al., 2016a, b):  T = 2585 / [log (Na/Li) + 0.923] 

Na/Cs (Michard, 1990):   T = 2610 / [log (Na/Cs) + 2.48] 

Na/Rb (Sanjuan et al., 2016a, b):  T = 2522 / [log (Na/Rb) + 1.514] 

Na/Rb (Michard, 1990):   T = 1400 / [log (Na/Rb) - 0.66] 

K/Sr (Sanjuan et al., 2016a, b):  T = 2992 / [6.472 - log (K2/Sr)] 

K/Sr (Michard, 1990):   T = 2450 / [4.44 - log (K2/Sr)] 

where all the specie concentrations must be expressed in mol/l. 
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Figure 3.4.1.13 -  Diagrams log (Na/Cs), log (Na/Rb), and log (K2/Sr) as a function of log (Na/Li) for the 

geothermal and thermal waters collected in the Los Humeros and Acoculco areas                                                   

(all the concentrations are given in mol/l). 
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3.4.2 Los Humeros and Acoculco thermal waters 

 

a) Chemical characteristics of the fluids 

 

The El Tesoro, Noria Nuevo Pizarro, Virgen del Carmen and Pozo de Tepeyahualco waters 

from the Los Humeros area, sampled during this study, Na-HCO3-Cl-(SO4) type (fig. 3.4.1.1), 

have temperature, TDS and pH values ranging from 16 to 23.8°C, from 0.69 to 4.1 mg/l and 

from 6.75 to 8.82, respectively. The water samples collected from the Acoculco area (Los 

Azufres, Jicolapa, El Rincón, Quetzalapa and Chignahuapan), HCO3-SO4-Na-Ca and HCO3-

Na-Ca type (fig. 3.4.1.1), have temperature, TDS and pH values varying from 19 to 49°C, from 

0.35 to 2.1 g/l and from 3.22 to 7.94, respectively. The Los Azufres 2 water, SO4-Na-Ca type 

(fig. 3.4.1.1), which has the lowest values of pH (3.22) and TDS (0.35 g/l), is probably an acidic 

steam condensate.  

 

The analytical results obtained in this study for the El Tesoro, Noria Nuevo Pizarro, Jicolapa, 

El Rincón, Quetzalapa and Chignahuapan thermal waters are close to those found in previous 

studies, when the analyses have been done (Tello Hinojosa, 1986; López-Hernández et al., 

2009; Peiffer et al., 2014b; CFE data). For the Los Azufres thermal springs, waters like Los 

Azufres 3 with relatively high pH (7.94) had never been previously measured.    

       

b) Water origin 

 

Apart the Nuevo Pizarro, Tepeyahualco and Los Azufres waters, all the other waters show 

composition in δD and δ18O falling close to GMWL (fig. 3.4.1.3), which indicate a meteoric 

origin. The position of the Los Azufres 1 and 2 waters, at the right of GMLW suggest an 

enrichment in 18O due to water-rock interaction at high-temperature and/or low water-rock 

ratio. That of Los Azufres 3 water could probably result from a boiling process taking into 

account its δ11B value and its Cl content. As for the crater lake waters (lagunas), also positioned 

at the right of GMLW, the Nuevo Pizarro and Tepeyahualco have probably been affected by a 

process of water evaporation or by a mixing with an evaporated water. Given their similar 

values in δD, the Chignahuapan, Jicolapa, El Rincón, Los Azufres 1 thermal waters could have 

the same recharge area. If we consider the second assumption for the origin of the Los Humeros 

geothermal waters (mainly meteoric water with high water-rock interactions) and the δD values, 

this area of water recharge could be also close to that of the Los Humeros geothermal waters. 

The relatively wide dispersion in δD and δ18O values observed for the Virgen del Carmen, El 

Tesoro, and Quetzalapa waters suggest that these waters have different recharge areas, probably 

located in the Sierra Madre Oriental.  

 

The Cl/Br mass ratios of all these waters are much lower (from 70 to 700) than those of the Los 

Humeros geothermal waters (from 1200 to 1700 ; fig. 3.4.1.4). However, the higher Cl/Br 
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values for the thermal waters are those associated with the Los Azufres 1 and 3, Chignahuapan 

and Tepeyahualco (600-700). The El Tesoro, Virgen del Carmen, Nuevo Pizarro and 

Quetchalapa waters indicate similar values of Cl/Br around 400 (fig. 3.4.1.4).  

   

c) Processes of water-rock-gas interaction 

 

Los Azufres 1 and 3 thermal waters have B concentrations (253-354 mg/l) much higher than 

those analysed in the other thermal waters (from 0.12 to 20 mg/l; fig. 3.4.1.5) and specific δ11B 

signatures (-5.61 and -4.42‰; fig. 3.4.1.6), which suggest mixing with low proportions of deep 

geothermal waters enriched in B (probably similar to those from the Los Humeros).  

However, the relatively high B concentrations observed in most of the thermal waters and their 

δ11B signatures could traduce very small fluxes of deep geothermal waters in these waters, 

especially for the Chignahuapan thermal water (B ≈ 3 mg/l), which has also a high Cl 

concentration (115 mg/l). López-Hernández et al. (2009) already mentioned that the 

Chignahuapan thermal water, discharged from a spring located in an area of ancient system 

faults (Tulancingo-Tlaxco) connecting both zones, might be the farthest SE discharge of the 

Acoculco hydrothermal system, constituted of a mixture of deep geothermal fluid and shallow 

waters. Water isotopic data do not differ from meteoric values, because important dilution with 

shallow meteoric water could mask the deep signature.  

 

The high B and Cl concentrations (≈ 20 mg/l and 775 mg/l, respectively) for the Tepeyahualco 

water, and its specific δ11B value (8.55‰), close to that of the Atexcac water (crater lake), 

suggest that this water is affected by a process of evaporation, like probably the Nuevo Pizarro 

water.  

 

For most of the thermal waters, the Ca - HCO3 diagram (fig. 3.4.2.1) shows that these waters 

interact with calcium carbonates and have high Ca concentrations, compared with the Los 

Humeros geothermal waters, which are depleted in Ca. Apart the Los Azufres thermal waters, 

the high Sr concentrations of the other thermal waters, compared with those of the Los Humeros 

geothermal waters (fig. 3.4.1.8), and their 86Sr/87Sr ratios, ranging from 0.706272 to 0.707262 

(fig. 3.4.1.9), confirm that these waters are interacting with marine carbonate rocks formed 

during the Mesozoic period (probably the thick series of Jurassic and Cretaceous limestones, 

mentionned in Carrasco et al., 2017a).  

 

For Los Azufres thermal waters, the Sr concentrations are high (from 133 to 2500 µg/l), but 

their 86Sr/87Sr signature (from 0.704778 to 0.705065; fig. 3.4.1.9) is closer to volcanic rocks 

(rhyolites?). These values could also traduce a mixing process between a deep water in contact 

with volcanic rocks and low proportions of water interacting with sedimentary rocks.    
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Figure 3.4.2.1 -  Diagram HCO3 - Ca for the geothermal and thermal waters collected                                                                  

in the Los Humeros and Acoculco areas. 

d) Geothermometry 

The Na-K-Mg ternary plot developed by Giggenbach (1988) indicates that all the thermal 

waters of the Los Humeros and Acoculco areas are immature, having not reached full chemical 

equilibrium with the host rocks (fig. 3.4.1.10). In addition, geothermometry cannot be applied 

to acidic waters. However, the Na-K and Na-Li diagrams (fig. 3.4.2.2) show that the Na/K and 

Na/Li ratios for numerous thermal waters are close to those of the Los Humeros geothermal 

waters. Associated with δ7Li values ranging from 4.7 to 6.5‰ and relatively high B 

concentrations (especially for the Los Azufres waters), these ratios suggest that very low 

proportions of deep geothermal waters at about 300°C could be present in these thermal waters. 
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Figure 3.4.2.2 -  Diagrams K - Na, Li - Na, Rb - Na, and Cs - Na for the geothermal and thermal waters 

collected in the Los Humeros and Acoculco areas. 

 

These Na/K and Na/Li ratios, and to a lesser extent, the Na/Rb and Na/Cs ratios (fig. 3.4.2.2), 

could be the only witness of the presence of very small fluxes of high-temperature geothermal 

waters in the thermal waters, because the permeability of these areas is low, these geothermal 

waters are completely depleted in Ca, Mg and Sr whereas the thermal waters have relatively 

high concentrations in these elements, and the high silica concentrations of the geothermal 

waters can significantly decrease due to silica precipitation during their cooling and/or their 

dilution with shallow waters.  

 

In this case, the geothermometers Na/Li and Na/K, and Na/Rb and Na/Cs sometimes, 

determined by Sanjuan et al. (2014; 2016a,b), give temperature estimations ranging from 248 

to 353°C (tabl. 3.4.2.4), close to the temperature values measured in the wells and estimated 

using thermometric relationships. 

 

In the Acoculco area, not only escapes of deep gases from the geothermal reservoir reach the 

surface (Peiffer et al., 2014b), but also small fluxes of deep waters coud be able to preserve, 
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more or less, their original Na/K and Na/Li ratios, resulting from the temperature of their deep 

reservoir, even after a significant mixing with cold waters, during their ascent up to the surface. 

 

In such a context (low-permeability environment, presence of low-salinity deep waters with 

very low concentrations of dissolved calcium, magnesium and strontium, precipitation of 

dissolved silica or dilution by shallow waters during the ascent and cooling of the deep water, 

dissolution of marine carbonates which provides relatively high concentrations in calcium, 

magnesium and strontium to the thermal waters), the application of geothermometers to thermal 

waters in order to estimate the temperature of deep reservoir is very difficult, but the Na/K and 

Na/Li ratios, and sometimes the Na/Cs and Na/Rb ratios, the boron concentrations and their 

isotopes, as well as analyses of associated non condensable gases (Peiffer et al., 2014b) may be 

useful tools for high-temperature geothermal exploration.  

 

Classical geothermometers such as Silica-chalcedony, Na-K-Ca, K-Mg and Ca-K, based on the 

fluid equilibration with chalcedony, muscovite, clinochlore, K-felspar and calcite, which can 

re-equilibrate relatively fast, probably indicate subsurface temperature estimations for these 

thermal waters, ranging from 60 to 100°C (tabl. 3.4.1.2). The δ18OH2O-SO4 geothermometers 

defined by Kusakabe and Robinson (1977), Zeng (1999) and Zeebe (2010), as well as the K-Sr 

and K-F auxiliary geothermometers determined by Sanjuan et al. (2016) and by Michard 

(1990), respectively, also seem to indicate concordant temperature estimations, which vary 

from 60 to 100°C (tabl. 3.4.1.3 and 3.4.1.4). 

 

The relatively high concentration of dissolved silica analysed in the Atexcac water (fig. 3.4.1.2) 

could be explained by a thermal water input throughout the bottom of the Atexcac crater lake, 

according to Macek et al. (1994). 
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3.5. Main conclusions  

 

The main objectives of this study were to develop and validate auxiliary chemical 

geothermometers such as Na-Li, Na-Cs, Na-Rb, K-Sr, … and the 18OH2O-SO4 isotope 

geothermometers in order: 

- to improve the geochemical methods for geothermal exploration in volcanic fields such 

as Los Humeros and Acoculco, with high-temperature and relatively low permeability; 

- to acquire a better knowledge about the circulation of high-temperature deep fluids and 

their possible interaction with more superficial waters in this type of geothermal fields, 

from chemical and isotopic water analyses from surface thermal springs. 

 

In order to attain these objectives, a preliminary exhaustive literature review about the 

geological setting and the existing geochemical data on the geothermal and termal waters from 

Acoculco and the Los Humeros areas was carried by BRGM. After this review, fluid samples 

were collected by BRGM, between March 22 to 28, 2018, in collaboration with CFE, University 

of Michoacana and CNR Lelli’s team, from seven geothermal wells and four thermal springs 

located in the Los Humeros area, from eight thermal springs located in the Acoculco area, and 

from three neighbouring crater lakes (lagunas), as references of surface waters. Among the two-

phase geothermal waters from Los Humeros field, very rich in steam, those  which indicated 

the most high fractions of liquid water were selected with the valuable help of CFE. The 

chemical (major and trace species) and isotopic analyses (δDH2O and δ18OH2O, δ18OSO4, δ
11B, 

δ7Li and 87Sr/86Sr ratios) were performed in the BRGM laboratories, and data interpretation was 

then carried out. 

 

The geothermal Na-HCO3-Cl waters discharged from Los Humeros wells, completely deleted 

in calcium and magnesium, enriched in silica and boron (among the highest ones in the world), 

with TDS and pH values ranging from 0.3 to 1.8 g/l and 6.67 to 7.58, respectively, traduce a 

high interaction process with the reservoir rocks, at high-temperature. The high values of 

δ18OH2O of these waters towards the right of of the Global Meteoric Water Line (GMWL) are 

not only in concordance with these high-temperature values, but also suggest a low water-rock 

ratio of the geothermal reservoir, when compared with the lower values observed in the Krafla 

geothermal field, in North-Iceland, where the fluids are also biphasic, but the water-rock ratio 

is much higher. This is in agreement with a reservoir consisting of medium- to low-permeability 

pre-caldera andesites. The volcanic nature of the reservoir rocks was confirmed by the Sr and 

Li isotope signatures.  

 

The isotopic δD and δ18O for the Los Humeros wells show a wide dispersion probably related 

to boiling, mixing, phase separation and condensation phenomema. Two main assumptions 

were considered in this study:  
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- a mixing of recharge meteoric water with a deep fluid-type andesitic water (δD ≈ -20‰ 

and δ18O ≈ 6‰), as defined by Giggenbach (1992), leading to a positive correlation 

between δD and δ18O, with a slope close to 3.0, and a proportion of andesitic water 

estimated to be between 25% and 50%, accompanied with processes of boiling and 

phase separation (Arrellano et al., 2003; Barragán et al., 2010); 

- a contribution of meteoric water with a δD value similar to that of the geothermal fluid 

(average values of δD ≈ -62‰ and δ18O ≈ -3‰ for the total geothermal fluid, steam + 

water, characterized by data from Verma et al., 1998; Arellano et al., 2003; Tello, 2005; 

and Bernard, 2008), affected by a strong water-rock interaction process at high-

temperature and low water-rock ratio, which enriches its 18O content (up to 7-8‰). The 

wide dispersion observed for the isotopic values could be explained by different water-

rock interaction factors and processes such as kinetic fractionation at temperatures close 

to boiling temperatures (Giggenbach and Stewart, 1982), with characteristic slopes of 

3.0-3.5, and phase separation. 

 

In this study, the data obtained for the water isotopic values are in the range of the previous data 

and it is difficult to give a preference about the different assumptions. According to the first 

assumption, the δD and δ18O values for the meteoric water were estimated to be close to -110‰ 

and -15‰, respectively. For the second assumption, these values would be rather close to -65‰ 

and -9.5‰, respectively. In this last case, the isotopic values for the meteoric water would be 

slightly heavier than those reported by Quijano et al. (1981) for the Los Humeros area (Oriental 

Basin), close to -77.3‰ for δD and -10.7‰ for δ18O, but they would coincide with hydrologic 

studies that identify the main recharge to Los Humeros area from the Sierra Madre Oriental, 

with groundwater flow in a NE-SW direction (Prol-Ledesma, 1998). 

 

According to Arnórsson and Andrésdóttir (1995), the variable B and Cl concentrations and Cl/B 

ratios in high-temperature geothermal waters, as well as high B concentrations can be attributed 

to a combination of several processes. They include: i) supply of these elements from the 

degassing magma chamber, ii) supply from the rock with which the water interacts, and iii) 

phase separation in producing aquifers of wells. The observed high B contents and specific 

isotopic signatures, as well as the variable Cl concentrations in the Los Humeros geothermal 

waters, could be the result of mixing of magmatic fluid from a deep magmatic chamber, the 

heat and fluid source for the system, leaching of wall rocks of the deep aquifer at a low 

fluid/rock ratio and phase separation process. 

 

The Na-K-Mg ternary diagram from Giggenbach (1988) and the main classical 

geothermometers such as Silica-quartz, Na-K, Na-K-Ca and K-Ca, as well as the isotopic 

δ18OH2O-SO4 geothermometric relationships established by Kusakabe and Robinson (1977) and 

Zeebe (2010), indicate that the full chemical equilibrium is reached for most of these waters at 
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about 290 ± 30°C. This temperature range is concordant with the presence of an upper liquid-

dominated reservoir area, located in augite andesites, between 1025 and 1600 m a.s.l., with 

neutral pH at 290-330°C, suggested in numerous studies (Arellano et al., 2003; Gutiérrez-

Negrín and Izquierdo-Montalvo, 2010). 

 

Among the different Na-Li geothermometric relationships existing in the literature (Michard 

and Fouillac, 1981; Kharaka et al., 1982; Michard, 1990; Sanjuan et al., 2014; 2017), only the 

Na-Li auxiliary geothermometer defined for North-Icelandic high-temperature geothermal 

dilute waters (Sanjuan et al., 2014), give concordant temperature values (320 ± 30°C) with 

those estimated using the classical Silica-quartz, Na-K and Ca-K geothermometers, and the 

isotopic δ18OH2O-SO4 geothermometer, for most of the Los Humeros geothermal waters (apart 

H-9 and H-32 waters). The Na-Cs auxiliary geothermometer defined by Sanjuan et al. (2016) 

also yields concordant temperature values (300 ± 30°C) for all the waters and to a lesser extent, 

with lower temperature estimations and only for some waters, the Na-Rb, K-Sr and K-W 

auxiliary geothermometers defined by Sanjuan et al. (2016). These estimations range from 227 

to 255°C, 241 to 309°C, and 244 to 246°C, respectively.  

 

Thermodynamic binary diagrams such as log (H4SiO4) as a function of log (Na/K), log (Ca/K2), 

log (Mg/K2), log (Na/Li), log (Na/Cs), log (Na/Rb) and log (K/Sr2), or representing log (Na/Cs), 

log (Na/Rb), and log (K2/Sr) as a function of log (Na/Li), were constructed in order to illustrate 

these results.   

 

The El Tesoro, Noria Nuevo Pizarro, Virgen del Carmen and Pozo de Tepeyahualco waters 

from the Los Humeros area, sampled during this study, Na-HCO3-Cl-(SO4) type, have 

temperature, TDS and pH values ranging from 16 to 23.8°C, from 0.69 to 4.1 mg/l and from 

6.75 to 8.82, respectively. Those sampled from the Acoculco area (Los Azufres, Jicolapa, El 

Rincón, Quetzalapa and Chignahuapan), HCO3-SO4-Na-Ca and HCO3-Na-Ca type, have 

temperature, TDS and pH values varying from 19 to 49°C, from 0.35 to 2.1 g/l and from 3.22 

to 7.94, respectively. The Los Azufres 2 water, SO4-Na-Ca type, which has the lowest values 

of pH (3.22) and TDS (0.35 g/l), is probably an acidic steam condensate. The Los Azufres 3 

water with relatively high pH (7.94) had never been previously sampled and studied.          

 

Apart the Nuevo Pizarro, Tepeyahualco and Los Azufres waters, all the other waters show 

composition in δD and δ18O falling close to GMWL, which indicates their meteoric origin. The 

position of the Los Azufres 1 and 2 waters, at the right of GMLW suggest an enrichment in 18O 

due to water-rock interaction at high-temperature and/or low water-rock ratio. That of Los 

Azufres 3 water could result from a boiling process taking into account its δ11B value and its Cl 

content. As for the crater lake waters (lagunas), also positioned at the right of GMLW, the 

Nuevo Pizarro and Tepeyahualco have probably been affected by a process of water 

evaporation or by a mixing with an evaporated water. Given their similar values in δD and δ18O, 
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the Chignahuapan, Jicolapa, El Rincón, Los Azufres 1 thermal waters (Acoculco area) could 

have the same recharge area. The relatively wide dispersion in δD and δ18O values observed for 

the Virgen del Carmen, El Tesoro, and Quetzalapa waters suggest that these waters have 

different recharge areas, probably located in the Sierra Madre Oriental. Given the similar δD 

values measured in the Los Humeros geothermal waters and in the Los Azufres 1 and 

Chignahuapan thermal waters (Acoculco area), the meteoric water recharge area could be close 

for these two geothermal fields, following the selected interpretation for the origin of the Los 

Humeros geothermal waters.  

 

The Cl/Br mass ratios of all these waters are much lower (from 70 to 700) than those of the Los 

Humeros geothermal waters (from 1200 to 1700). However, the higher Cl/Br values for the 

thermal waters are those associated with the Los Azufres 1 and 3, Chignahuapan and 

Tepeyahualco (600-700). The El Tesoro, Virgen del Carmen, Nuevo Pizarro and Quetchalapa 

waters indicate similar values of Cl/Br around 400.    

 

For most of the thermal waters, the Ca-HCO3 diagram shows that these waters interact with 

calcium carbonates and have high Ca concentrations, compared with the Los Humeros 

geothermal waters, which are depleted in Ca. Apart the Los Azufres thermal waters, the high 

Sr concentrations of the thermal waters, compared with those of the Los Humeros geothermal 

waters, and their 86Sr/87Sr ratios, ranging from 0.706272 to 0.707262, confirm that these waters 

are interacting with marine carbonate rocks formed during the Mesozoic period (probably the 

thick series of Jurassic and Cretaceous limestones, mentionned in Carrasco et al., 2017a). For 

Los Azufres thermal waters, the Sr concentrations are high, but their 86Sr/87Sr signature (from 

0.704778 to 0.705065) is closer to volcanic rocks (rhyolites?). These values could also traduce 

a mixing process between a deep end-member water in contact with volcanic rocks and low 

proportions of water interacting with sedimentary rocks.    

 

The Na-K-Mg ternary plot developed by Giggenbach (1988) indicates that all the thermal 

waters of the Los Humeros and Acoculco areas are immature, having not reached full chemical 

equilibrium with the host rocks. In addition, geothermometry cannot be applied to acidic waters. 

However, the Na-K and Na-Li diagrams show that the Na/K and Na/Li ratios for numerous 

thermal waters are close to those of the Los Humeros geothermal waters. Associated with δ7Li 

values ranging from 4.7 to 6.5‰ and relatively high B concentrations (especially for Los 

Azufres waters), these ratios suggest that very low proportions of flux of deep geothermal 

waters at about 300°C could be present in these thermal waters. 

 

Indeed, these Na/K and Na/Li ratios, and to a lesser extent, the Na/Rb and Na/Cs ratios, could 

be the only witness of the presence of very small flux of deep high-temperature geothermal 

waters in the thermal waters, because the permeability of these areas is low, these geothermal 

waters are completely depleted in Ca, Mg and Sr whereas the thermal waters have relatively 
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high concentrations in these elements, and the high silica concentrations of the geothermal 

waters can significantly decrease due to silica precipitation during their cooling and/or their 

dilution with shallow waters. In this case, the geothermometers Na/Li and Na/K, and Na/Rb 

and Na/Cs sometimes, determined by Sanjuan et al. (2014; 2016a,b), give temperature 

estimations ranging from 248 to 353°C, close to the temperature values measured in the wells 

and estimated using thermometric relationships.  

 

In the Acoculco area, not only escapes of deep gases from the geothermal reservoir reach the 

surface (Peiffer et al., 2014b), but also small fluxes of deep waters coud be able to preserve, 

more or less, their original Na/K and Na/Li ratios, resulting from the temperature of their deep 

reservoir, even after a significant mixing with cold waters, during their ascent up to the surface. 

 

In such a context (low-permeability environment, presence of low-salinity deep waters with 

very low concentrations of dissolved calcium, magnesium and strontium, precipitation of 

dissolved silica or dilution by shallow waters during the ascent and cooling of the deep water, 

dissolution of marine carbonates which provides relatively high concentrations in calcium, 

magnesium and strontium to the thermal waters), the application of geothermometers to thermal 

waters in order to estimate the temperature of deep reservoir is very difficult, but the Na/K and 

Na/Li ratios, and sometimes the Na/Cs and Na/Rb ratios, the boron concentrations and their 

isotopes, as well as analyses of associated non condensable gases (Peiffer et al., 2014b) may be 

useful tools for high-temperature geothermal exploration.  

 

Classical geothermometers such as Silica-chalcedony, Na-K-Ca, K-Mg and Ca-K, based on the 

fluid equilibration with chalcedony, muscovite, clinochlore, K-felspar and calcite, which can 

re-equilibrate relatively fast, probably indicate subsurface temperature estimations for these 

thermal waters, ranging from 60 to 100°C. The δ18OH2O-SO4 geothermometers defined by 

Kusakabe and Robinson (1977), Zeng (1999) and Zeebe (2010), as well as the K-Sr and K-F 

auxiliary geothermometers determined by Sanjuan et al. (2016) and by Michard (1990), 

respectively, also seem to indicate concordant temperature estimations, which vary from 60 to 

100°C. 
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6. Dissemination activities 

BRGM participated to three GEMEX meetings, which occurred in Utretch (Netherlands), in 

March 2017 (F. Gal), in Akureyry (Iceland), in October 2017 (B. Sanjuan), and in Morelia 

(Mexico), in October 2018.  

 

It has also contributed to a GEMEX e-News document for WP4 - Task 4.3, in 2018.   

 

All the geochemical data obtained during this study have been uploaded and stored in the 

GEMEX Open Access Database (OADB), as well as the required information, by Eugenio 

Trumpy from CNR, responsible for maintaining this database. 
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Chapter 4 

 

DIFFUSE DEGASSING 

4.1 Methods and sampling approach  

In total three soil gas surveys were conducted at the Los Humeros Geothermal Field. The first 

survey in 2017 (5 weeks) concentrated on the measurement of CO2 efflux covering an area 

4x6km. CO2 efflux was selected as a scouting parameter to identify areas of interest for future 

planned surveys. A regular spaced sampling grid (25 x 200 m) was defined. Closely spaced 

measurements (25 m) were performed along sampling profiles oriented perpendicular to the 

main fault strike to ensure that small variations in soil gas emissions can be detected. By means 

of the accumulation chamber method, CO2 efflux can be measured in-situ in a very short time 

(60s-120s). This allows maximum flexibility during the survey and when necessary further 

sampling sites could easily be added for a better delineation of areas characterized by increased 

gas emissions. δ13C-CO2 samples were collected from selected sites and analyzed at the 

laboratory for compound-specific isotope analysis at the German Research Center for 

Geoscience (GFZ) in Potsdam with a Delta V Plus gas chromatograph coupled to an isotopic 

ratio mass spectrometer. Samples were collected from the major geothermal production field in 

areas with low, intermediate and high CO2 effluxes to identify the origin of CO2 emissions. No 

CO2 efflux measurements were performed within the village to avoid artificial effects (Fig. 4.1). 

During the second survey in 2018 (5 weeks) we focused on a smaller core region, which was 

identified as a result of the CO2 efflux scouting survey. The campaign in 2018 concentrated on 

the radiometric measurement of Radon (222Rn) and Thoron (220Rn) activity concentrations. Due 

to the long measuring time of 222Rn (15 min) the point distance had to be increased by 25 m. 

Nevertheless, the sampling campaign followed the same grid as of 2017. Soil temperatures were 

measured in 50 cm depth with a GMH 285-BNC thermocouple. Furthermore, helium samples 

were taken from active degassing sites to determine the 3He/4He ratios, which are normalized 

to the air ratio (R/RA). The isotopic signature of helium yields important information about the 

origin and history of a fluid sample. The samples were analyzed in the noble gas laboratory of 

the GFZ with a Helix SFT mass spectrometer. Please see table 4.1 for a summary of all 

investigated parameters.  
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Parameters Size of study 

area  [km] 

Grid 

spacing 

[m] 

No of 

sample

s 

Analysis/ 

Sampling 

procedure  

Sampling 

time 

[min] 

CO2 efflux 6 x 4 25 x 200 2823 In-situ, on surface 1-2 

δ13C-CO2 Selected sites Single points 44 Lab, 1m below 

surface (b.s.) 

10 

222Rn 5.8 x 2.4 50 x 200 883 In-situ, 1m b.s. 15 
220Rn 5.8 x 2.4 50 x 200 867 In-situ, 1m b.s. 15 

Ts 5.8 x 2.4 50/100 x 200 858 In-situ, 50 cm b.s. 10 
3He/4He Selected sites Single points 6 Lab, Variable 

depth (max. 30 cm 

b.s) 

10 

Table 4.1 Summary of measured parameters 

4.2 Determination of CO2 efflux 

Herein, all measurements of diffuse CO2 emission rates were performed according to the 

accumulation chamber method described in detail by Chiodini et al. (1998). The measurement 

of CO2 efflux allows an efficient real time analysis, without any necessary ground installation 

of sampling devices. Two portable diffuse flux meter (developed by West Systems Ltd.) have 

been used for analyses of CO2 efflux. The instrument is equipped with a LICOR LI-820 single 

path, dual wavelength, nondispersive infrared (NDIR) carbon dioxide analyzer (West Systems 

Ltd., 2002). All measurements were performed with the accumulation chamber type A due to 

its higher sensitivity to lower fluxes (Jolie et al., 2012). 

4.3 Determination of alpha radiation 

The radiometric measurement of Radon and Thoron activity concentration in soil gas was 

performed with two RTM2200 monitors (developed by SARAD Ltd.) for portable and 

stationary applications. The RTM 2200 is an active instrument that allows in-situ data reading 

in the field. The gaseous isotopes 222Rn (Radon) and 220Rn (Thoron) have been studied 

simultaneously. The measurement enables to determine their short living radon daughter 

products 218Po in fast mode, measuring 15 min at each sampling site. For the preparation of the 

sampling site a metal probe was inserted approximately 1 m into the ground. The soil gas was 

pumped from 1 m below the surface at a constant flow rate through a tube to the RTM2200 gas 

analyzer.  

4.4 Mobile open path laser and soil gas survey 

The BGS survey consisted of wide area mobile traverses of areas of interest using CO2 laser 

detection, combined with point measurements, typically in a grid formation, for soil gas, gas 

flux and temperature, and selected gas samples collected for laboratory analysis.    

Mobile laser surveys were carried out on foot to measure near ground atmospheric CO2 

concentrations over five discrete pre-selected areas (designated areas 1 to 5 in Fig.  4.7) between 

20th February and 1st March 2018.  The survey areas were selected on the basis of earlier CO2 
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flux surveys performed project partners at GFZ (Section 4.1), or information from the UAV 

team or the site operator, CFE. The surveys consisted of a hand-held lightweight aluminium 

frame-mounted open path CO2 laser combined with a back-mounted GasFinder 2 CO2 laser unit 

(Boreal Laser Inc.), 2 x 6V battery pack and differential GPS (Trimble Inc.,).  Lines were 

walked at an average speed of 4.0 km/h with a parallel line spacing of 10 m – 15 m.  Data were 

recorded at a frequency of 1 Hz and, using proprietary GasMap® software, were displayed in 

real time on a dedicated Panasonic ToughBook.®  Location data were recorded simultaneously 

via a Trimble® GPS.   

Soil gas and flux measurements were carried out as a series of linear traverses across areas 

surveyed by the mobile laser, with 25 m point spacing intervals and a parallel line spacing of 

100 m.  Point measurements of CO2 and CH4 flux were made at the soil surface using a non-

invasive closed-loop accumulation chamber method (West Systems flux meter equipped with 

Li-COR® model LI820 infra-red analysers). Point measurements of soil gas (CH4, CO2, O2, 

H2S, H2, and a residual approximately equated to N2) were made at the same locations by 

driving a narrow diameter hollow steel push probe 0.5-1 m into the ground. Soil gases were 

determined directly from the push probe using field instruments (Geotechnical Instruments 

GA5000® gas analyser and Huberg Laser One® methane detector).  Temperature measurements 

were also taken at these same locations using a Hanna HI-93510® thermistor thermometer fitted 

with a custom-built long reach (c.50 cm) temperature probe.   

For selected sampling points, primarily governed by a change in the characteristics of the in 

situ soil gas, flux or temperature measurements, gas samples were also collected for the 

determination stable isotopes of carbon in CO2.  Sample gas was flushed into a non-sterile 50 ml 

luer slip syringe via a two-way Omnifit® stopcock fitted to the push probe.  The sample 

(c.24 ml) was then transferred to evacuated 12 ml glass Exetainer® vials with a septum screw 

cap using a non-sterile hypodermic needle.  The samples were transported to the UK by air for 

laboratory determination of stable isotopes of carbon in CO2 by continuous flow isotope ratio 

mass spectrometry.    

4.5 Results 

Within the following chapter we refer to specific areas by using capital letters A-E (Fig. 4.6) 

or, for the BGS survey, numerical references 1-5 (Fig. 4.7). CO2 efflux values range from non-

detectable (detection limit is 0.03 ppm/s) in the northwestern part of the geothermal field up to 

838 g m-2d-1 in the southwest of Los Humeros village (Area E). Furthermore, there is a clear 

correlation between elevated CO2 emissions (> 33 g m-2 d-1) and areas with known geothermal 

surface activity however, degassing was also observed in areas without obvious surface activity. 

This applies to all areas from A to E (Fig. 4.6). Active degassing sites are very prominent almost 

all along the Los Humeros fault, particularly on its fractured footwall and within its fault scarp. 

Surface alteration is a typical feature along the northern part of the Los Humeros fault, which 

coincides with increased degassing rates (Fig.4.2). 
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Similar spatial variations can be identified for Radon activity concentration, which ranges from 

110 Bq m-3 up to 100,730 Bq m-3. The highest value was determined in Area C, which is ~100 

m north of the Los Humeros village. The overall trend of 222Rn correlates with CO2 efflux, but 

elevated 222Rn values have been measured across a larger area (Fig.4.4). 

The maximum soil temperature of 91.3 °C was measured in Area C, in the southern section of 

the Loma Blanca fault. Even though surface temperatures show a less prominent spatial pattern 

they do correlate with 222Rn and CO2 (Fig. 4.5). 

δ13C-CO2 isotopic compositions range from -19.1 to -1.2. The more negative values correspond 

to biogenic sources (mostly C4 plants like maize), the less negative values originate from a 

deeper source. As seen in figure 4.3, almost all sites which are characterized by elevated 

degassing rates (> 33 g m-2d-1 ), show a hydrothermal or mixed δ13C-CO2 isotopic composition, 

except for one sample which is possibly contaminated by air (Fig. 4.3).  

All results for helium isotopic ratios 3He/4He are illustrated in figure 4.5. Four samples show a 

clear trend towards mantle derived helium, whereas the other two have been sampled at 

locations where a saturation of atmospheric CO2 must have been present in the first 50 cm 

below the surface. 

 

Parameters Min Max Mean 

CO2 efflux  

           [g m-

2d-1] 

0 839 8.5 

222Rn 

[Bq m-3] 

110 100,73

0 

3,610 

220Rn 

[Bq m-3] 

135 35,063 3,835 

Ts 

[°C] 

5.9 91.3 17.5 

3He/4He 

[R/Ra] 

2.31 4.88 3.4 

δ13C-CO2 

[δ ‰ vs. 

VPBD] 

-19.2 -1.2  

Table4.2 Minima, maxima and mean values of measured parameters 
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Table 4.3 Statistical parameters for CO2 efflux 

 

 

 

 

 

 

 

Table 4.4 Statistical parameters for 222Rn activity concentrations 

 

Spatial plots of the mobile laser traverses, along with point measurement data collected during 

this fieldwork, were generated in ArcGIS® and projected onto a georeferenced satellite imagery 

base map, alongside data collected by other GEMex project partners where appropriate (e.g. in 

Fig. 4.13).  Laser data are presented as raw concentrations of volume % CO2 as an illustration 

in Figs. 4.8 and 4.9, but primarily they are presented as absolute differences in adjacent 5 point 

averaged data values since this did not result in any appreciable loss of detail. The 5 point 

average differences were used in attempting to identify small but significant changes in 

background CO2 concentrations over relatively short time periods.   

Data from the mobile laser surveys are plotted and viewed together with point measurements 

of soil gas and flux for each of the five survey areas to determine whether any relationships 

between datasets could be identified (Figs. 4.8 to 4.12).  The spatial distribution of stable 

isotopes of carbon (δ13C-CO2) across areas 1 to 5 are shown in Fig. 4.18.   

 

4.6 Discussion 

Welded ignimbrite deposits that act as a low-permeability barrier (Gutiérrez-Negrín and 

Izquierdo-Montalvo, 2010) as well as hydrothermal alteration within the fault zones cause 

heterogeneous gas emissions along mapped faults. The presence of very high degassing areas 

(CO2 efflux > 300 g m-2d-1) at the surface can only be explained by convection along permeable 

faults/ fractures. There is a potential structural link between Area C and Area E, which is 

Population Fraction 

[%] 

Mean 

efflux  [g m-

2 d-1] 

Interval                        

[g m-2 d-1] 

Anomalous 1.9 139.8 47.8 - 839 

Mixture 0.9 40.5 33.3 – 47.8 

Background 97.2 6 0.1 – 33.3 

Population Fraction 

[%] 

Mean 

concentration      

[Bq m-3] 

Interval                         

[Bq m-3] 

Anomalous 1.6 35,024.4 22,218 – 100,727 

Mixture 0.3 18,143.6 15,724 – 22,218 

Background 98.1 3,030.7 110 – 15,724 
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supported by the results of Radon measurements. The Los Humeros fault might be much more 

complex in the subsurface than expected. Its horse tailing structure could possibly evolve 

around Area E (Fig. 4.6), which could have an effect on structural permeability. Another theory 

is that there is a single structure connecting Area E towards Area C and continuing to La Cuesta 

Fault. The area SE of Los Humeros village, where the general fault strike changes from NNE-

SSW to E-W appears as an area of increased gas emissions (Fig. 4.2). This is due to the change 

in soil cover (from unconsolidated soils to humus with pine forest). The overall spread in δ13C-

CO2 values shows different sources of CO2 due to biological processes (-30 to -10‰), 

contamination with atmospheric CO2 in the upper soil portion (-8 ‰), magmatic source (-8 to 

-5‰ MORB type gases), and sedimentary or hydrothermal CO2 (-5 to 2.73 ‰). Limestone 

samples from the basement taken by González-Partida et al. (1993) show a δ13C-CO2 

composition ranging from 0.32 to −0.8 ‰. Portugal et al. (1994) sampled geothermal fluids 

from wells, which show δ13C-CO2 composition ranging from −4.5 to −6.6 ‰. 

All samples taken from areas with increased gas emissions have less negative δ13C-CO2 values, 

coinciding with sampled geothermal fluids from Portugal et al. (1994) and indicating a deep 

origin. Interestingly, some of the very low CO2 effluxes, which have been assigned to the 

background population (from 14 g m-2d-1 and higher), still show magmatic/hydrothermal δ13C-

CO2 signatures. Elevated 3He/4He ratios (> 3) indicate a mantle contribution. By carbon isotopic 

analysis of CO2 and helium isotopic analysis 3He/4He it is indicated that faults and fractures in 

the subsurface have a link to the deep geothermal reservoir and favor the upflow of 

hydrothermal fluids. This can also be seen by the observed thermal anomalies at the surface. 

Results from all three measured parameters  indicate that the most permeable zone in the Los 

Humeros geothermal field is located in Area E (SW) and extends towards the north (Area A) 

and northeast (Area B, C, and D). Our results suggest that the combination of various soil gas 

measurements is a useful approach to indicate major structural discontinuities in the subsurface 

that act as migration pathways of hydrothermal fluids. Furthermore, we would like to point out 

that a strategic sampling network plays a major role not only to identify but also determine the 

geometry and distribution of permeable volcano-tectonic structures. 

The objective of the BGS soil gas campaign was to provide more detail within areas of interest 

emerging from the May 2017 campaign, rather than attempt to duplicate those measurements.  

Nonetheless, around 30% of flux sample points used during the current survey fell on the 

existing CO2 flux survey lines, and measurements of CO2 flux taken in February 2018 are 

compared in Fig. 4.13 with CO2 flux taken as part of the May 2017 scoping exercise. Given the 

elapsed time between surveys and the accuracy constraints of the field GPS systems, none can 

realistically be considered field duplicates and comparisons between data from the two surveys 

are, at this stage, confined to a visual comparison on an area by area basis. Even so, despite the 

time elapsed and limited overlap, the datasets for this region of the Los Humeros both indicate 

coincident areas of relatively high CO2 flux.  The circled points in Figs. 4.14 and 4.15 highlight 

areas where the datasets show coincident elevated soil gas CO2 and CO2 flux. The green points 
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represent flux data collected during the May 2017 campaign. The areas outlined display 

elevated concentrations in both datasets, falling within an approximate distance of 5 m from 

each other. These areas warrant further investigation, e.g. a closer examination of this data in 

view of other available survey data.   

The Los Humeros campaign was one of the first field deployments of the lightweight hand held 

open path laser prototyped by BGS. The laser unit and battery pack are mounted on a rigid 

frame backpack, with a rugged laptop providing the user interface with real time displays of 

CO2 concentration and GPS position. This configuration provides greatly improved mobility 

across terrain that is difficult to survey even in all terrain/off-road vehicles.  The trade-off is in 

the sensitivity that can be achieved. Nonetheless, a number of hot spots were identified as highly 

elevated CO2 concentrations measured during the mobile laser surveys, principally in areas 1 

and 3. These were confirmed by point measurements of soil gas and gas fluxes (Figs. 4.8 to 

4.12).  Particularly the hot spot at Area 3 (Fig. 4.16) was previously unrecorded, having been 

missed by all previous grid-based surveys.   

The previously unrecorded area of high CO2 concentration detected by the mobile laser system 

is shown in more detail in Fig. 4.16, where the mobile laser CO2 data are shown as 5-point 

average differences. The absolute mobile laser CO2 concentrations (the raw data) are shown in 

Fig. 4.17 for comparison. As can be seen, the anomalously high concentrations identified in the 

absolute data are preserved in the 5-point averaged difference data. The mobile laser CO2 data 

are also confirmed by a number of point measurements of CO2 in soil gas and CO2 flux. The 

anomaly was initially identified whilst traversing the gravel track in area 3 with the mobile 

laser. The extent of the anomalous zone was then better defined to extend along a length of 

approximately 18 m, oriented linearly NW – SE.   

The mobile laser data show the extent and orientation of the high CO2 anomaly, with CO2 

concentrations significantly above the atmospheric background. A static laser log also detected 

elevated CO2, with peak values >1000 mg kg-1. Soil gas and flux measurements made adjacent 

to the static laser log were also indicative of very anomalously high CO2, with 20.7% CO2 in 

soil gas at 0.90 m depth and a CO2 flux of 1464 g m-2 day-1 (Fig.4.17). Slight discrepancies in 

the locations of the soil gas and flux points is likely to be due to the accuracy of the GPS units 

used.  

The extremely localised nature of observed anomalies i.e. the very rapid change from 

anomalously high concentrations to background over distances of a few meters or less, was 

evident from both the soil gas/flux traverses and the mobile laser surveys. This may imply that 

the transport of free gas through soil is discrete and could be evidence of distinct degassing 

pathways, as opposed to diffuse CO2 gas dispersing though a contiguous layer of soil or 

overburden cover. Taking a wide area open path laser approach and combining with 5 point 

average absolute difference is appropriate, even helpful, in being potentially able to link soil 

gas anomalies to underlying faults, but there is a risk, even with a parallel line spacing of 10 m, 
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the mobile laser could fail to detect extremely discrete areas of elevated CO2 concentration. 

Even so, the identification and subsequent quantification of this previously unrecorded anomaly 

demonstrates the versatility and screening potential of the lightweight open path laser.  Where 

CO2 flux is more diffuse, it may be more appropriate to consider absolute CO2 concentrations 

over the absolute differences.  

Finally, the spatial distribution of stable isotopes of carbon (δ13C-CO2) across the BGS survey 

areas 1 to 5 is shown in Fig. 4.18. The distribution is consistent with the findings of the May 

2017 survey and a deep geogenic origin of CO2 (δ
13C-CO2 > -15‰).  This is most apparent in 

areas 1, 3 and 4 (i.e. Areas A and E of the May 2017 survey, NW and S of Los Humeros village), 

compared with isotope ratios more typical of biogenic CO2 (δ
13C-CO2 < -15‰) in area 5 to the 

south east of the BGS survey area (Area D), and a mixed distribution in area 2 (Area B) where 

the 2014 vent is found. 
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Figure 4.1 Survey design A: CO2 efflux measurements (blue points), δ13C-CO2  samples (purple points) and natural geothermal surface manifestations (green stars; steaming/hot 

ground, argillic alteration) and B: 222Rn (Radon), 220Rn (Thoron) and Ts (soil temperatures) (blue points) and helium samples (green points). Black solid lines show mapped fault 

traces. Black dashed lines are inferred faults.  

A B 
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Figure 4.2 Interpolation map of CO2 efflux excluding values > 100 g m-2d-1. Values above > 100 g m-2d-1 are 

shown as graduated triangles in turquoise. Small black dots represent sampling locations. Dark grey rectangle 

shows the Los Humeros village. 
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Figure 4.3 Overview of the distribution of δ13C-CO2  samples and their isotopic signature.  
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Figure 4.4 Interpolation map of Radon. Small block dots illustrate sampling sites. 
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Figure 4.5 Interpolation map of soil temperatures together with sampling sites of soil temperatures (black 

points). The green dots illustrate 3He/4He ratios. 
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Figure 4.6 Comparison of all three parameters. Bold capital letters indicate areas of interest described in the text. Dark-grey square illustrates Los Humeros village. 
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Figure 4.7 BGS soil gas survey areas 1 to 5.   
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Mobile laser survey, raw data, CO2 ppm Mobile laser survey, absolute difference  

CO2 flux, g m-2 day-1 CH4 flux, g m-2 day-1 

Soil gas CO2, volume % Soil gas CH4, volume ppm 

Temperature, C 

 
Figure 4.8.  Area 1, upper panels: CO2 laser survey, raw 

data with CO2 flux data from GFZ survey as green 

transect points (left);  absolute differences in adjacent 5 

point averaged data, with  CO2 flux data from GFZ survey 

as green transect points (right).  Centre panels: CO2 (left) 

and CH4 (right) flux.  Lower panels: CO2 (left) and CH4 

(right) in soil gas, and temperature.   
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Mobile laser survey, raw data, CO2 ppm Mobile laser survey, absolute difference  

CO2 flux, g m-2 day-1 

CH4 flux, g m-2 day-1 

Soil gas CO2, volume % Soil gas CH4, volume ppm 

Temperature, C 

Figure 4.9.  Area 2, upper panels: CO2 laser survey, raw 

data with CO2 flux data from GFZ survey as green transect 

points (left);  absolute differences in adjacent 5 point 

averaged data, with CO2 flux data from GFZ survey as 

green transect points (right); single red point shows 

location of the 2014 vent.   Centre panels: CO2 (left) and 

CH4 (right) flux.  Lower panels: CO2 (left) and CH4 (right) 

in soil gas, and temperature (C).   
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Mobile laser survey, absolute difference CO2 flux, g m-2 day-1 

CH4 flux, g m-2 day-1 Soil gas CO2, volume % 

Soil gas CH4, volume ppm 

Figure 4.10.  Area 3, upper panels: CO2 laser survey, 

absolute differences in adjacent 5 point averaged data, 

with CO2 flux data from GFZ survey as green transect 

points (left) and CO2 flux (right).  Centre panels: CH4 

flux (left) and CO2 in soil gas (right).  Lower panel: CH4 

in soil gas.   
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Mobile laser survey, absolute difference CO2 flux, g m-2 day-1 

CH4 flux, g m-2 day-1 Soil gas CO2, volume % 

Soil gas CH4, volume ppm Temperature, C 

Figure 4.11.  Area 4, upper panels: CO2 laser survey, absolute differences in adjacent 5 point averaged data, with CO2 

flux data from GFZ survey as green transect points (left) and CO2 flux (right).  Centre panels: CH4 flux (left) and CO2 

in soil gas (right).  Lower panels: CH4 in soil gas (left) and temperature (right).   
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Mobile laser survey, absolute difference CO2 flux, g m-2 day-1 

CH4 flux, g m-2 day-1 Soil gas CO2, volume % 

Soil gas CH4, volume ppm Temperature, C 

Figure 4.12  Area 5, upper panels: CO2 laser survey, absolute differences in adjacent 5 point averaged data, with CO2 

flux data from GFZ survey as green transect points (left) and CO2 flux (right).  Centre panels: CH4 flux (left) and CO2 

in soil gas (right).  Lower panels: CH4 in soil gas (left), and temperature (right).   
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Figure 4.13.  Transect selection for BGS point measurements (CO2 flux shown) based on CO2 flux data from GFZ. 
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Figure 4.14. Mobile laser 5-point absolute difference and CO2 flux data for Area 1 

 

Figure 4.15. Mobile laser 5-point absolute difference and CO2 soil gas data for Area 1 
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Figure 4.16.  Previously unrecorded area of high CO2 concentration detected by the mobile laser system (5-point average 
differences, left), subsequently confirmed by both soil gas measurements and CO2 flux, in Area 3. 

 

  
Mobile laser absolute CO2 concentrations Static laser absolute CO2 concentrations with gas and 

flux 

Figure 4.17.  Previously unrecorded area of high CO2 concentration detected by the mobile laser system (absolute CO2 
concentrations, left), subsequently confirmed by both soil gas measurements and CO2 flux, in Area 3.    
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Figure 4.18.  13C isotope ratios in soil gas CO2 survey areas 1-5.  
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Chapter 5 

 

LABORATORY EXPERIMENTS FOR THE STUDY OF FLUID/ROCK 

INTERACTION PROCESSES AT HIGH-TEMPERATURE 

 

5.1 Introduction 

5.1.1 Aim of the experiments 

Several fluid-rock interaction experiments at different temperatures (T) and pressure (P) have 

been carried out within Task 4.3 to constrain the physical-chemical processes occurring in the 

upper reservoir of the geothermal field of Los Humeros (Mexico). Lab experiments interested 

only this geothermal field (and disregarded Acoculco), since the starting materials (rocks and 

fluids) could not be made available in the allotted timeframe. Purpose of the experiments is to 

enhance understanding of the chemical and mineralogical changes occurring in both rocks and 

fluids as a result of the fluid-rock inter-reactions at medium to relatively high-temperature (200-

300°C). The results will be compared with various evidences (e.g. rock alteration, fluid 

chemistry…) observed in nature, to better model the geothermal field itself and to constraint the 

P-T conditions of alteration of the reservoir rocks.   

5.1.2 Geothermal reservoirs in Los Humeros  

Los Humeros Geothermal Field (LHGF) has two productive reservoirs: 

i) Shallow reservoir. It is formed by pre-caldera pliocenic andesites of the Teziutlan 

Formation. The existing wells encounter its top at depth from 1650 to 2328 m above sea 

level (e.g. Giordano et al. 2017; ground level is around 2800 – 2900 m above sea level). 

This Formation has a 1200 m mean thickness and outcrops beyond the caldera rim, about 

10 km NW from Los Humeros (e.g. (Carrasco-Núñez et al., 2017). The characteristic mafic 

mineral is augite in the shallower horizons and hornblende in the deeper ones (Elders et 

al., 2014). A liquid-dominant geothermal horizon is exploited between 1025 and 1600 m 

above sea level, at T =280 -330 °C (Arellano et al., 2003). 

ii) Deep reservoir. It is formed by Mesozoic limestones. Wells encounter its top at 250-1340 

m above sea level (Giordano et al., 2017). Fluids are exploited between 800 and 100 m 

above sea level, at T ranging from 300 to 400 °C (Arellano et al., 2003). This reservoir is 

separated from the shallower one by a vitreous tuff layer (Arellano et al., 2003). 

Evidence gained from well cuttings indicate that both reservoirs are hydrothermally altered.  
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Main alteration minerals occurring in the shallow reservoir are chlorite, epidote, quartz, calcite, 

smectite, kaolinite, illite, anhydrite, amphibole, garnet, wairakite, montmorillonite, leucoxene 

and pyrite (Martínez-Serrano, 2002; Pulido, 2008; Elders et al., 2014; Norini et al., 2015; 

Giordano et al., 2017) and they are similar to those found in Acoculco geothermal area (López-

Hernández et al., 2009; García-Vallés et al., 2015; Canet et al., 2015). Total percentage of 

alteration minerals can be up to 25-50 wt% (Pulido, 2008). 

Typical alteration products of the deep reservoir are skarns with grossular + wollastonite + 

diopside paragenesis (Martinez Serrano, 2002; Giordano et al., 2017). 

Fluids from geothermal wells are sodium- chloride to bicarbonate-sulfated type, have high B 

contents (>2000 ppm), SiO2 variable (100-1400 ppm) and are characterized by high ammonia 

and arsenic contents (Elders et al., 2014). Fluids in wells are characterized by non-condensable 

gas/steam ratios (in mol) from 0.002 to 0.042; CO2 is the principal component of non-

condensable gas (74 -96 mol%), the other component being H2 (2.5-20 mol%), CH4, N2 and NH3 

(Arellano et al., 2003). 

 

5.2. Methodology 

5.2.1 Choice of starting materials and their characterization 

5.2.1.1 Solids  

We performed fluid rock interaction experiments to simulate reactions occurring in the 

shallow reservoir. Concurrently, water-rock interaction experiments at conditions of the deep 

reservoir of the Super-Hot-Geothermal-System (SHGS) of Los Humeros have been planned 

within Task 6.1. 

For our experiments we selected two andesites of Teziutlan lava, thought to be representative 

of the shallowest portion of the andesitic reservoir. These rock samples (RUGG04 and 

RUGG09) were collected by G. Norini (CNR), during geological and structural surveys, in an 

area where the same rocks of the geothermal reservoir crop out. The coordinates of the sampling 

site are: longitude -97.1685400000 (UTM easting 691998.73), latitude 19.66255900000 (UTM 

northing 2175173.50). The rocks are aphanitic, holocrystalline, porphyric with plagioclase 

phenocrystals up to 5 mm.  
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Whole rock analyses are reported in Table 5.1 and classification diagram (Total Alkali Silica, 

Le Bas et al., 1986) is shown in Figure 5.1. Rugg04 andesite is more primitive than Rugg09 

sample, mainly due to the presence of olivine crystals (see below).  

Rock RUGG04 RUGG09 

     

Contents in wt%   

SiO2 55.93 61.26 

Al2O3 15.52 16.68 

Fe2O3(T) 7.89 5.16 

MnO 0.13 0.111 

MgO 4.21 2.94 

CaO 7.16 6.02 

Na2O 3.54 3.4 

K2O 2.17 2.17 

TiO2 1.279 0.59 

P2O5 0.33 0.11 

LOI 1.59 1.82 

Total 99.75 100.3 

     

Contents in ppm:   

Sc 22 14 

Be 2 1 

V 178 122 

Ba 508 389 

Sr 456 484 

Y 26 18 

Zr 260 141 

Cr 110 40 

Co 22 15 

Ni < 20 20 

Cu 40 30 

Zn 90 70 

Ga 19 20 

Ge 1 1 

As < 5 < 5 

Rb 59 60 

Nb 13 4 

Mo < 2 3 

Ag 0.6 < 0.5 

In < 0.2 < 0.2 

Sn 1 < 1 

Sb < 0.5 < 0.5 

Cs 1.4 3.3 

La 31.6 15.5 

Ce 66.9 33.8 

Pr 8.24 4.39 

Nd 32.9 17.5 

Sm 7.1 4.1 

Eu 1.88 1.12 

Gd 5.8 3.5 

Tb 0.9 0.6 

Dy 5.4 3.7 

Ho 1 0.7 

Er 2.8 2 

Tm 0.42 0.3 

Yb 2.6 2.1 

Lu 0.37 0.31 

Hf 5.8 3.6 

Ta 1 0.4 

W 2 1 

Tl 0.2 0.2 

Pb 10 8 

Bi < 0.4 < 0.4 

Th 9.4 4.1 

U 2.7 1.6 

 

Table 5.1: Whole rock analyses of rocks selected for experiments. LOI= loss on ignition. 

Analyses performed by ICP (Actalabs, Canada). 
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X-ray diffraction spectra only show peaks attributable to plagioclases and clinopyroxenes 

(Figure 5.2). Spectra were acquired to allow direct comparison between starting material spectra 

and experimental products ones (also characterized through XRD). 

Electron microprobe analyses of RUGG04 rock (Table 5.2) have shown the presence of 

plagioclase (labradorite, andesine and oligoclase) together with K-feldspar, clinopyroxenes 

(augite), orthopyroxene (enstatite), olivine (forsterite 56-65 mol%), oxides (ilmenite-hematite 

and magnetite-ulvospinel solid solutions), apatite, quartz and rare Fe and Mn rich carbonates (?) 

around some voids. The presence of clinopyroxenes and the absence of hornblende suggest that 

the sample can be a proxy of the shallower portion of the andesitic reservoir (e.g. Carrasco-Núñez 

et al., 2017). 

 

Figure 5.1: Selected rocks for experiments in Total Alkali Silica classification diagram (Le Bas et al., 1986). 

 

RUGG09 sample shown the presence of plagioclase (labradorite, andesine and oligoclase), 

clinopyroxene (augite), Fe-Ca-Mn-Mg carbonates, quartz, ilmenite, apatite, glass and rare 

sulphides (Table 5.3). The sample had been selected presuming the presence of amphibole in its 

paragenesis but electron microprobe analysis failed to reveal this phase. The major presence of 

carbonate respect to the previous sample denote RUGG09 was greatly exposed to fluid 

circulation and deuteric alteration.  
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All rock samples were grinded in an agate mill and the obtained powders sieved. The 50-150 

µm granulometric size interval was selected for the fluid-rock interaction experiments.  
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Figure 5.2: XRD spectra of selected rocks. Spectra were acquired at Centro di Servizi di Cristallografia Strutturale 

(C.R.I.S.T.)  UNIFI through a Cu anticathode diffractometer. 
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Sample Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Sample Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04 Rugg04

Label 1 12 26 28 33 34 39 42 44 45 2 11 17 36 37 3 4 14 15 40 41 5 6 10 22 25 35 43 47 48 Label 8 9 20 21 23 24 29 18 19

Phase cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx ol ol ol ol ol ox ox ox ox ox ox feld feld feld feld feld feld feld feld feld Phase opx opx opx opx opx opx opx carb carb

SiO2 50.96 51.18 50.38 50.02 50.29 49.49 50.43 51.64 50.52 47.78 35.46 34.00 36.09 35.68 34.66 0.00 0.04 0.06 0.19 0.07 0.87 61.50 56.18 53.55 57.18 54.76 65.83 54.08 59.38 57.91 SiO2 47.29 51.15 47.61 52.83 45.90 51.66 52.28 0.00 0.00

TiO2 0.73 1.01 1.06 1.05 0.88 1.01 0.71 0.83 0.79 1.37 0.00 0.07 0.00 0.05 0.03 47.91 14.74 47.38 12.49 27.34 16.39 0.13 0.07 0.10 0.07 0.11 0.16 0.01 0.11 0.07 TiO2 0.09 0.11 0.02 0.40 0.06 0.57 0.41 0.00 0.02

Al2O3 2.02 1.65 1.82 1.77 2.13 2.20 1.16 1.61 1.85 2.94 0.02 0.04 0.00 0.02 0.14 0.16 1.41 0.28 2.35 1.13 11.38 22.78 26.09 27.47 24.74 26.21 18.87 27.35 28.02 27.17 Al2O3 4.89 6.26 4.61 0.87 5.73 0.57 0.83 0.01 0.05

Cr2O3 0.17 0.03 0.02 0.00 0.08 0.18 0.06 0.04 0.00 0.16 0.01 0.00 0.05 0.04 0.00 0.12 0.42 0.10 0.06 0.12 0.18 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 Cr2O3 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.06

FeO 9.71 10.45 10.93 11.07 10.75 10.93 13.72 11.32 12.05 11.46 36.20 40.45 30.33 35.16 36.87 47.77 76.94 48.97 78.94 66.39 64.31 1.40 1.04 0.53 0.56 0.91 0.37 0.61 0.62 0.88 FeO 24.47 23.90 21.91 19.52 23.07 22.00 19.83 1.11 1.41

MnO 0.22 0.30 0.28 0.40 0.48 0.32 0.47 0.39 0.40 0.34 0.54 0.75 0.71 0.59 0.64 0.52 0.43 0.69 0.47 0.54 0.35 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 MnO 0.27 0.27 0.34 0.61 0.27 0.58 0.59 10.22 10.82

MgO 15.07 15.02 15.32 14.75 14.79 14.70 14.64 15.14 15.12 14.21 27.89 24.10 31.05 27.82 26.39 2.01 0.96 1.47 0.63 0.56 0.27 0.26 0.13 0.06 0.13 0.04 0.06 0.10 0.11 0.09 MgO 11.07 14.89 13.65 23.08 13.35 18.97 23.48 1.16 1.13

CaO 18.02 18.47 17.95 18.08 18.15 17.63 15.61 18.01 16.84 17.16 0.26 0.19 0.36 0.25 0.20 0.04 0.10 0.02 0.10 0.14 0.31 5.08 9.26 10.74 8.18 9.50 1.28 9.88 9.20 9.37 CaO 1.81 1.72 1.26 1.96 2.10 5.27 1.84 48.63 48.89

Na2O 0.31 0.16 0.25 0.18 0.43 0.27 0.25 0.37 0.41 0.36 0.16 0.02 0.00 0.12 0.00 0.00 0.00 0.06 0.00 0.00 0.00 7.12 5.64 4.68 6.27 5.89 5.64 5.38 5.92 5.81 Na2O 0.30 0.17 0.36 0.05 0.23 0.08 0.06 0.08 0.00

K2O 0.03 0.02 0.00 0.04 0.00 0.00 0.03 0.02 0.00 0.01 0.00 0.02 0.04 0.02 0.00 0.03 0.03 0.01 0.03 0.06 0.02 1.45 0.46 0.57 0.76 0.53 6.72 0.57 0.68 0.49 K2O 0.13 0.09 0.13 0.05 0.23 0.05 0.00 0.01 0.00

Sum 97.24 98.30 98.01 97.37 97.98 96.73 97.07 99.36 97.96 95.81 100.53 99.62 98.62 99.76 98.93 98.55 95.06 99.02 95.25 96.36 94.10 99.71 98.86 97.71 97.91 97.97 98.93 97.98 104.04 101.79 Sum 90.30 98.55 89.88 99.37 90.95 99.76 99.32 61.21 62.39

Cations per 3 O ( 4 O in bold ). Fe2+ and Fe3+ based on charge balance. Cations per 8 O: Cations per 6 O. Fe2+ and Fe3+ based on charge balance.

Cations per 6 O. Fe2+ and Fe3+ based on charge balance. Numbers of ions on the basis of 4 oxygens. (Ilmenite-hematite s.s., magnetite-ulvospinel in bold ) Si 2.759 2.562 2.480 2.627 2.529 2.982 2.494 2.567 2.560 Si 2.037 1.982 2.024 1.963 1.936 1.954 1.941

Si 1.947 1.942 1.914 1.920 1.911 1.908 1.953 1.938 1.923 1.863 Si 0.988 0.981 0.997 0.998 0.988 Si 0.000 0.001 0.002 0.007 0.002 0.021 Al 1.205 1.402 1.499 1.340 1.426 1.007 1.487 1.427 1.416 IVAl 0.000 0.018 0.000 0.037 0.064 0.025 0.036

IVAl 0.053 0.058 0.086 0.080 0.089 0.092 0.047 0.062 0.077 0.135 Fe 0.844 0.977 0.701 0.823 0.880 Al 0.005 0.063 0.008 0.104 0.034 0.328 Fe 0.058 0.044 0.023 0.024 0.039 0.015 0.026 0.025 0.036 Fe3+ 0.000 0.000 0.000 0.000 0.000 0.021 0.023

Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 Mn 0.013 0.018 0.017 0.014 0.016 K 0.001 0.001 0.000 0.001 0.002 0.001 Sum 4.022 4.007 4.002 3.991 3.995 4.005 4.008 4.018 4.012 Sum 2.037 2.000 2.024 2.000 2.000 2.000 2.000

Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 Mg 1.159 1.037 1.279 1.160 1.122 Ti 0.903 0.419 0.891 0.353 0.520 0.302

Ca 0.008 0.006 0.011 0.008 0.006 Mg 0.075 0.054 0.055 0.035 0.021 0.010 Ca 0.244 0.452 0.533 0.403 0.470 0.062 0.488 0.426 0.444 VIAl 0.248 0.268 0.231 0.001 0.220 0.000 0.000

VIAl 0.037 0.016 -0.004 0.000 0.006 0.008 0.006 0.009 0.006 0.000 Sum 2.024 2.038 2.007 2.004 2.024 Cr 0.002 0.013 0.002 0.002 0.002 0.004 Na 0.620 0.498 0.420 0.558 0.527 0.496 0.481 0.496 0.498 Fe 3+ 0.000 0.000 0.000 0.017 0.000 0.020 0.041

Fe 3+ 0.000 0.000 0.048 0.033 0.062 0.040 0.016 0.031 0.056 0.078 Na 0.000 0.000 0.003 0.000 0.000 0.000 K 0.083 0.027 0.034 0.045 0.032 0.388 0.034 0.038 0.027 Ti 0.003 0.003 0.001 0.011 0.002 0.016 0.011

Ti 0.021 0.029 0.030 0.030 0.025 0.029 0.021 0.023 0.023 0.040 End-members (mol%) Mn 0.011 0.014 0.015 0.015 0.012 0.007 Sum 0.947 0.977 0.987 1.006 1.029 0.946 1.003 0.960 0.969 Mg 0.711 0.729 0.768 0.970 0.777 0.964 0.948

Mg 0.858 0.850 0.868 0.844 0.838 0.845 0.846 0.847 0.858 0.826 Fo 57.9 51.5 64.6 58.5 56.1 Ca 0.001 0.004 0.001 0.004 0.004 0.008 Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cr 0.005 0.001 0.001 0.000 0.002 0.006 0.002 0.001 0.000 0.005 Fa 42.1 48.5 35.4 41.5 43.9 Fe3+ 0.188 1.086 0.208 1.176 0.923 1.022 Sum cations 4.969 4.985 4.989 4.996 5.023 4.951 5.010 4.978 4.982 Fe2+ 0.038 0.000 0.000 0.000 0.000 0.000 0.000

Fe2+ 0.078 0.104 0.058 0.092 0.066 0.072 0.110 0.088 0.058 0.050 Fe2+ 0.814 1.346 0.817 1.303 0.481 0.297 Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 Sum 2.000 3.000 2.000 3.000 2.000 2.000 End-members (mol%)

An 25.8 46.3 54.0 40.0 45.7 6.6 48.7 44.4 45.8 Na 0.025 0.013 0.029 0.004 0.019 0.006 0.004

Na 0.023 0.012 0.019 0.013 0.032 0.020 0.018 0.027 0.030 0.027 FeO 38.85 42.61 39.06 41.52 22.76 14.48 Ab 65.5 51.0 42.6 55.5 51.2 52.4 48.0 51.7 51.4 Mn 0.010 0.009 0.012 0.019 0.010 0.019 0.019

Mn 0.007 0.010 0.009 0.013 0.015 0.010 0.015 0.012 0.013 0.011 Fe2O3 9.91 38.15 11.02 41.59 48.48 55.38 Or 8.8 2.7 3.4 4.4 3.1 41.0 3.4 3.9 2.8 Ca 0.084 0.071 0.057 0.078 0.095 0.214 0.073

Ca 0.737 0.751 0.731 0.743 0.739 0.728 0.648 0.724 0.687 0.717 FeO* 47.77 76.93 48.97 78.94 66.39 64.31 Fe2+ 0.845 0.775 0.780 0.590 0.814 0.656 0.553

Fe2+ 0.232 0.228 0.242 0.230 0.214 0.241 0.319 0.237 0.271 0.244 oligoclase andesine labradorite andesine andesine K-feldspar andesine andesine andesine Mg 0.000 0.132 0.097 0.309 0.063 0.106 0.352

Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Sum 99.54 98.88 100.13 99.42 101.22 99.65 Sum 0.963 1.000 0.976 1.000 1.000 1.000 1.000

Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Sum cations 4.000 4.000 4.000 4.000 4.000 4.000 4.000

Sum cations 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

End-members (mol%)

End-members (mol%) Wo 5.0 4.2 3.4 3.9 5.4 10.7 3.6

Wo 38.5 38.6 37.4 38.0 38.2 37.6 33.2 37.3 35.4 37.2 En 42.1 50.1 50.5 64.5 47.8 53.5 64.7

En 44.9 43.8 44.4 43.2 43.3 43.6 43.3 43.7 44.2 42.8 Fs 52.9 45.7 46.2 31.6 46.8 35.8 31.6

Fs 16.6 17.6 18.2 18.9 18.5 18.8 23.6 19.0 20.4 20.0

Mg # 44.6 52.6 52.6 68.4 50.8 62.0 70.2

Mg # 73.4 71.9 74.4 72.4 75.0 73.0 66.4 72.3 72.3 73.8 FeO 24.5 23.9 21.9 19.0 23.1 20.7 17.8

FeO 9.71 10.45 9.41 10.04 8.81 9.70 13.22 10.33 10.30 9.01 Fe2O3 0.0 0.0 0.0 0.6 0.0 1.4 2.3

Fe2O3 0.00 0.00 1.68 1.15 2.16 1.37 0.55 1.10 1.94 2.73

Table 5.2: Electron microprobe analyses of Rugg04 sample. Analyses acquired through a Jeol JXA-8600 (beam at 15 kV and 10 nA) at CNR-IGG, Firenze. 
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Sample Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Sample Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09 Rugg09

Label 1 9 23 35 2 3 13 4 6 18 21 34 5 22 31 Label 8 10 11 30 33 25 29 24 36 26 32

Phase carb carb carb carb clay? clay? clay? feld feld feld feld feld glass glass glass Phase cpx cpx cpx cpx cpx opx opx quartz quartz ilm ilm

?

SiO2 0.57 0.32 0.00 0.02 79.82 75.22 80.74 50.14 56.55 52.65 49.55 62.73 74.07 75.13 72.34 SiO2 53.49 53.06 52.07 53.31 53.47 55.69 56.80 101.99 101.36 1.38 1.68

TiO2 0.00 0.06 0.07 0.00 0.06 0.10 0.18 0.03 0.00 0.00 0.00 0.25 0.89 0.81 0.62 TiO2 0.20 0.29 0.55 0.49 0.56 0.29 0.20 0.07 0.05 19.54 14.55

Al2O3 0.09 0.05 0.06 0.17 3.87 5.77 5.11 30.69 28.23 30.66 28.20 22.96 11.27 12.10 15.87 Al2O3 1.62 2.40 3.06 1.94 1.72 1.68 0.71 1.13 1.03 1.75 3.32

Cr2O3 0.10 0.00 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00 0.01 0.00 Cr2O3 0.20 0.09 0.06 0.00 0.03 0.00 0.00 0.00 0.00 0.12 0.28

FeO 47.34 48.97 47.11 50.22 3.06 3.90 5.08 0.61 0.94 0.68 3.26 0.77 1.62 1.50 1.63 FeO 5.30 6.42 8.66 10.73 9.72 16.56 16.10 0.81 0.48 67.87 70.66

MnO 1.93 1.92 3.19 6.52 0.03 0.04 0.00 0.04 0.00 0.00 0.20 0.00 0.00 0.04 0.02 MnO 0.05 0.14 0.16 0.18 0.25 0.44 0.40 0.00 0.05 0.32 0.26

MgO 4.68 4.07 0.89 1.81 1.32 1.48 0.84 0.09 0.04 0.03 0.41 0.09 0.10 0.09 0.08 MgO 17.69 17.15 15.85 15.12 15.55 27.73 27.95 0.02 0.02 1.08 1.81

CaO 4.42 4.56 8.51 1.95 1.25 1.78 1.39 14.16 10.43 13.02 12.01 6.15 0.58 0.45 2.11 CaO 21.12 20.94 20.30 19.43 20.35 1.40 1.64 0.04 0.05 0.10 0.13

Na2O 0.18 0.31 0.11 0.35 0.04 0.20 0.13 3.53 6.33 4.93 4.57 7.48 0.99 2.06 4.69 Na2O 0.12 0.20 0.51 0.56 0.32 0.08 0.04 0.88 0.42 0.02 0.33

K2O 0.06 0.00 0.00 0.00 0.21 0.25 0.38 0.09 0.37 0.13 0.23 1.16 5.30 5.50 3.71 K2O 0.00 0.00 0.02 0.06 0.00 0.00 0.02 0.00 0.03 0.03 0.03

Sum 59.38 60.25 59.98 61.06 89.64 88.73 93.86 99.39 102.89 102.12 98.46 101.59 94.82 97.70 101.09 Sum 99.78 100.69 101.24 101.82 101.99 103.87 103.87 104.94 103.52 92.22 93.04

There is Cl

Cations per 6 O. Fe2+ and Fe3+ based on charge balance. Cations per 6 O. Fe2+ and Fe3+ based on charge balance. Cations per 3 O. Fe2+ and Fe3+ based on charge balance. 

SiO2    0.57 0.32 0 0.02 Cations per 8 O: Si 1.955 1.928 1.895 1.947 1.946 Si 1.935 1.974 (Ilmenite-hematite s.s.)

FeCO3   76.33 78.97 75.97 80.99 Si 2.306 2.489 2.351 2.325 2.764 IVAl 0.045 0.072 0.105 0.053 0.054 IVAl 0.065 0.026 Si 0.036 0.042

MnCO3   3.13 3.1 5.17 10.57 Al 1.664 1.465 1.613 1.560 1.192 Fe3+ 0.000 0.000 0.000 0.000 0.000 Fe3+ 0.000 0.000 Al 0.054 0.098

MgCO3   9.78 8.52 1.85 3.78 Fe 0.026 0.039 0.028 0.142 0.032 Sum 2.000 2.000 2.000 2.000 2.000 Sum 2.000 2.000 K 0.001 0.001

CaCO3   7.17 7.15 14.83 2.33 sumT 3.995 3.993 3.993 4.027 3.987 Ti 0.381 0.275

Na2Ca*2 2.94 4.92 1.76 5.64 VIAl 0.025 0.031 0.027 0.030 0.020 VIAl 0.003 0.003 Mg 0.042 0.068

K2Ca*2  0.81 0 0 0.06 Ca 0.698 0.492 0.623 0.604 0.290 Fe 3+ 0.012 0.035 0.082 0.036 0.026 Fe 3+ 0.052 0.016 Cr 0.003 0.006

Sum Ox% 100.73 102.97 99.58 103.38 Na 0.315 0.540 0.426 0.415 0.639 Ti 0.005 0.008 0.015 0.013 0.015 Ti 0.008 0.005 Na 0.001 0.016

K 0.005 0.021 0.008 0.014 0.065 Mg 0.952 0.923 0.860 0.823 0.844 Mg 0.936 0.976 Mn 0.007 0.006

Si      0.011 0.006 0 0 sum 1.018 1.053 1.057 1.033 0.994 Cr 0.006 0.003 0.002 0.000 0.001 Cr 0.000 0.000 Ca 0.003 0.003

Fe2+    0.729 0.752 0.748 0.797 Fe2+ 0.000 0.000 0.014 0.097 0.094 Fe2+ 0.000 0.000 Fe3+ 1.112 1.279

Mn2+    0.03 0.03 0.051 0.105 sum cations 5.014 5.045 5.049 5.060 4.981 Sum 1.000 1.000 1.000 1.000 1.000 Sum 1.000 1.000 Fe2+ 0.361 0.206

Mg      0.128 0.112 0.025 0.051 Sum 2.000 2.000

Ca      0.087 0.09 0.173 0.04 End-members (mol%) Na 0.009 0.014 0.036 0.039 0.023 Na 0.006 0.003

Na      0.007 0.011 0.004 0.013 An 68.5 46.7 58.9 58.5 29.2 Mn 0.001 0.004 0.005 0.006 0.008 Mn 0.013 0.012 FeO 16.64 9.82

K       0.002 0 0 0 Ab 30.9 51.3 40.3 40.2 64.3 Ca 0.827 0.815 0.792 0.760 0.793 Ca 0.052 0.061 Fe2O3 56.93 67.61

Sum Cat# 0.993 1 1.002 1.006 Or 0.5 2.0 0.7 1.3 6.6 Fe2+ 0.151 0.160 0.167 0.195 0.176 Fe2+ 0.429 0.452 FeO* 67.87 70.65

Mg 0.012 0.007 0.000 0.000 0.000 Mg 0.500 0.472

Buetschildite 0.2 0.0 0.0 0.0 labradorite andesine labradorite labradorite oligoclase Sum 1.000 1.000 1.000 1.000 1.000 Sum 1.000 1.000 Sum 97.92 99.81

Eitelite 0.7 1.1 0.4 1.3

Rhodochrosite 3.0 3.0 5.1 10.5 Sum cations 4.000 4.000 4.000 4.000 4.000 Sum cations 4.000 4.000

Magnesite 12.8 11.2 2.5 5.1

Siderite 72.9 75.2 74.8 79.7 End-members (mol%) End-members (mol%)

Calcite 7.9 7.9 16.9 2.7 Wo 42.3 41.9 41.2 39.6 40.9 Wo 2.6 3.1

En 49.3 47.8 44.8 42.9 43.5 En 72.4 72.8

Fs 8.4 10.3 14.0 17.4 15.7 Fs 24.9 24.1

Mg # 86.5 85.3 82.6 73.8 75.7 Mg # 77.0 76.2

FeO 4.9 5.3 6.0 9.6 8.9 FeO 14.8 15.5

Fe2O3 0.4 1.3 3.0 1.3 0.9 Fe2O3 2.0 0.6

Table 5.3: Electron microprobe analyses of Rugg09 sample. Analyses acquired through a Jeol JXA-8600 (beam at 15 kV and 10 nA) at CNR-IGG, Firenze. 



  

 
 

 

5.2.1.2 Liquids 

The fluid selected for the experiments (LH35) comes from a cold spring in the area of the Cofre 

de Perote, which is the highest volcano in the Eastern area of Los Humeros geothermal field, and 

it is mainly composed by andesites and trachyandesites (Carrasco-Núñez et al., 2017). The fluid 

was sampled by M. Lelli at 3020 meters above the sea level in the site with latitude UTM easting 

689961 and northing 2160999 coordinates. The fluid is bicarbonate-rich and it has low 

conductivity (~84 µS*cm-1), indicating a very low mineralization. It is thus assumed that fluid 

with such composition infiltrate in the volcanic rocks of Cofre de Perote and interact with the 

andesitic rocks of the reservoir. In many cases, before starting the experiments an aliquot of this 

water was put in a bubbler under nitrogen flow for ~ 1 day in order to strip air from it in an effort 

to prevent oxidation of any Fe(II) released from minerals, which could trigger Fe(III) oxide 

precipitation over their surfaces. 

With the refinement of the geochemical modelling of LHGF it has been hypothesized that 

recharge of the geothermal field is mainly west-driven.  As a consequence, a liquid (LH3) was 

sampled from a well at UTM easting 647263 and northing 2165018 coordinates and it was 

utilized in an experiment. Analyses show that this liquid has a greater total dissolved solids 

respect to LH35 (Table 5.4). In particular, Ca2+, Na+, HCO3
- and NO3

-, SO4
2- are more abundant 

in LH3 than in LH35, as a consequence of fluid interaction with carbonatic rocks during 

percolation in geothermal reservoir. 

 

5.2.1.3 Gas 

Geothermal fluids contain gas whose main components are CO2 (predominant), H2S, H2, N2, 

Cl, F (e.g. Arellano et al, 2003). These gases can be responsible of the formation of low pH fluids 

induced by the exploitation of geothermal fluids. In fact, in their way to the surface they can react 

with aqueous fluids, producing aqueous corrosive species (Gutiérrez-Negrín & Izquierdo-

Montalvo, 2010). It is thus crucial to take into account the role of gas in the experiments and we 

choose to impose a CO2 overpressure. Data from gas stripped from fluids in the wells (Arellano 

et al., 2003) indicate that 5 bar CO2 overpressure is a realistic value. We therefore decided to 

apply this overpressure after stripping out air from the micro-reactor and before starting to 

increase T.   
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5.2.2 The micro-reactor and P-T conditions 

Fluid-rock interaction experiments were performed in a T316 stainless steel micro-reactor (Parr 

Instrument Company, Mod. 5500, Figure 5.3). The instrument has a 25 ml capacity and it is 

equipped with a magnetic drive that allows the solid and the fluid to be mixed continuously. 

Furthermore, a gas inlet valve permits to charge gas into the vessel while gas and liquid sampling 

valves allows fluids to be sampled during the experiment (in situ sampling). The vessel is rated 

for a maximum working pressure of 200 bar. The maximum operating temperature is dependent 

upon the seal selected; if PTFE gasket are used, as in our case, it can reach 350 °C. The micro-

reactor can be filled up to 2/3 of the volume, higher degrees of filling can produce over-pressures, 

which can potentially produce failure of the experiment. It was then decided to let react 1 g of 

rock with 16 ml of liquid. The solid/liquid ratio (~0.0625 in wt%) was low in order to maximize 

reactions in solid phases. 

Table 5.4: Analyses of fluids utilized in the experiments. Fluids were sampled and analyzed by M. Lelli. 
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Following considerations in the previous paragraph, in most of the experiments we applied CO2 

overpressure (5 bar) after stripping out air from the micro-reactor and before starting to increase 

T.   

 

 

 

 

Three experiments were planned at the following T: 200, 250 and 300 °C. Considering the liquid 

+ vapor curve of the water, related pressure values should be ~16, 40 and 86 bar (Wagner & Pruss, 

1995).  Nevertheless, CO2 overpressure must be taken into account, even if some of this gas is 

being dissolved in the liquid phase. Actual recorded values were 20 (at 200 °C), 44 (250 °C) and 

88 (300 °C) bar. Actual run duration of experiments varied from 191 to 379 hours. Before ending 

each experiment liquid was sampled in situ through the liquid valve. Care was taken to keep the 

collecting flask as cool as possible in order to minimize steam loss. 

Nonetheless, a variable amount of 35-75 wt% of the charged liquid (16 ml) was consistently lost 

during sampling. After liquid sampling the micro-reactor was cooled, switching off the electric 

power and ventilating it. After ~ 2 hours, the vessel attained near-room T and solid could be 

removed and collected. Encrustations usually formed on the micro-reactor walls and they had to 

be mechanically removed with a spatula; after that, the vessel was washed with a dilute HCl 

solution in an ultrasonic bath. 

 

Figure 5.3: Image of the Mod. 5500 Parr micro-reactor used in the experiments (left). Enlargement of the reactor showing 

valves, magnetic drive and pressure gauge (right). 
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5.2.3 Analyses of experimental products 

Sampled liquids were filtered (filter with pore size= 0,45 µm) and analyzed through liquid 

chromatography utilizing Metrohm 761 Compact IC and Metrohm 861 Advanced Compact IC 

instruments at Dipartimento di Scienze della Terra, Università degli Studi di Firenze. The analyzed 

species were Cl-, HCO3
-, SO4

2-, F-, Br-, NO3
-, NH4

+, Na+, K+, Ca2+, Mg2+, Sr2+ and Li+. In few cases, 

solids entrapped in filters were recovered and analyzed through SEM (see below). Solids run products 

were characterized by XRD on a Philips PW 1050/37 powder diffractometer, operating with a Cu 

anode, a graphite monochromator and with a PANalytical X’Pert PRO data acquiring system 

(Dipartimento di Scienze della Terra, Università degli Studi di Firenze). Spectra were also acquired 

at Centro di Cristallografia Strutturale (CRIST) of the University of Firenze (Bruker New D8 Da 

Vinci instrument, Theta-Theta goniometer, CuKα radiation, 40kV x 40mA conditions, 2Ɵ from 5° to 

70°, step scan 0.020°, time per step 57.6 s) in order to get spectra with reduced noise background. In 

some cases, solid products were mounted on stubs for observation in a Scanning Electron Microscope 

(SEM) ZEISS EVO MA15 equipped with EDS microanalyses OXFORD INCA 250 (MEMA, Centro 

di Servizi di Microscopia Elettronica e Microanalisi - Università degli Studi di Firenze). 

Microanalyses results are only qualitative since samples were not embedded in epoxy resin and 

polished, but they were simply put on a carbon adhesive stub and C coated for microscope 

observation. 

5.3 Results 

Experimental details are reported in Table 5.5. Summing up, we arbitrarily chose to fix solid/liquid 

ratio and we varied the following parameters: 

- Solid (Rugg04, Rugg09); 

- Liquid (LH35, LH3); 

- T (200, 250, 300°C); 

- PCO2 at the beginning of the experiment (0, 5 bar) 

- De-airing procedure with N2 flow before starting the experiment (yes, no) 

- Run duration (from 191 to 379 hours). 

Results are reported in the following paragraphs, considering the solid used in the experiments. 

 

Table 5.5: Details of fluid-rock stirred experiments. In all the experiments 1 g of solid and 16 ml of fluid were utilized. 
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5.3.1 Experiments using the more primitive andesite (Rugg04) 

At the end of the experiments extensive encrustations around micro-reactor walls were often 

observed. They are whitish – ochre in color (Figure 3.4) and their mechanical removal proved to 

be tricky.   

 

 

Figure 5.4: Images of the whitish –ochre encrustations on the walls and at the bottom of the micro-reactor. The internal 

diameter is about 2.5 cm. The images refer to Experiment 142. 

 

XRD spectra of run products are reported in Figure 5.5. In this Figure, spectrum of encrustation 

formed in Experiment 139 (T=200 °C) is also reported. Unfortunately, starting material have 

numerous peaks, attributable mainly to plagioclases; this makes difficult the detection of new 

phases possibly formed during experiments. Nevertheless, some new peaks not existing in the 

starting material can be evidenced (Figure 5.5). They are attributed to quartz (SiO2), boehmite 

(AlO(OH)), possibly kaolinite (Al2Si2O5(OH)4) (or phillipsite, see below) and calcite (CaCO3). 

Quartz is particularly abundant in the encrustations grown on reactor walls. The finding of quartz 

and boehmite occurs in the whole range of the investigated temperatures, even if peaks intensities 

for these phases are higher for experimental products obtained at 200°C (Figure 5.5). The 

presence of kaolinite could be revealed by the presence of its most intense peak at ~12.5° 2 

CuKα. This phase can be stable up to 260-270 °C under P conditions such as those of the 

experiments (Hurst & Kunkle, 1985), even if its stability is lowered at T< 250 °C in presence of 

quartz (Matsuda et al., 1992). Alternatively, this peak could be attributed to phillipsite 

((Ca,K,Na)1-2(Si,Al)8O16•6H2O), a common zeolite found in volcanic rocks. This phase has three 

intense peaks, two of them at ~12.4° CuKα, and the other at ~27.8° CuKα which could be masked 

by the most intense peaks pertaining to plagioclases.   Anyway, it should be remembered that, as 

a rule of the thumb, powder XRD can evidence the presence of phases more abundant than ~5 

wt%; thus, this technique cannot reveal the presence of newly formed phases if they are present 

in small amounts among the experimental products. 
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SEM observations and microanalyses (albeit qualitative), besides highlighting the presence of 

quartz crusts, allowed to evidence the presence of an Al-rich phase, compatible with boehmite 

and a Si, Al, K, Fe, Mg –bearing phase, compatible with illite, not evidenced by XRD, probably 

because of its paucity in experimental products, (Figure 5.6). 

Quartz, boehmite and possibly kaolinite (or phillipsite?) are found also in the experiment run 

without charging the reactor with an initial PCO2 (Figure 5.7). Moreover, SEM observations on 

encrustations of experiment 154 evidenced the presence of tiny Na-Si rich crystals on the 

quartzitic matrix (Figure 5.6d). 

 

Figure 5.5: XRD spectra of Rugg04 starting material and experimental products of experiments 139 (200°C), 142 

(250°C), 143 (300°C). For sake of clarity spectrum the spectrum relative of the encrustation (encrust.) is reported 

only for experiment 139. Peaks attributed to K (=kaolinite), Q (=quartz), B (=boehmite), C (= calcite) are shown. 
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XRD spectrum of experimental product obtained in run performed with LH3 fluid sample 

confirm the presence of peaks attributable to quartz and, possibly, to wairakite 

(CaAl2Si4O12•2H2O) beside the lack of boehmite’s peaks (Figure 5.8). In fact, the two most 

intense peaks of wairakite (at 2theta of 26.11° and 15.95° for Cu Kalpha) are clearly visible in 

the XRD spectrum of products of experiment 168 (Figure 5.8), the less intense peaks being likely 

hidden by the numerous plagioclase peaks. 

Analyses of fluids sampled in situ just before ending the experiments are reported in Table 5.6. 

HCO3
- is the most abundant anion and NH4 is almost always the most abundant cation. 

Nevertheless, values associated to this analyte should be treated with caution since a NH4 

contamination was found to occur during sampling. Some “blank” experiments at 200°C with 

only deionised water still resulted to yield a fluid with NH4 contamination (1-4.5 mg/l). We 

presume contamination should come from reactor’s walls but efforts to reduce it as much as 

possible by means of iterated “washing runs” failed. It has to be considered that NH4 caused by 

NO3 reduction could contribute only by ~ 1.3 mg/l. It should be highlighted the low cations 

contents of elements such as Na and Ca, potentially released by plagioclase dissolution of the 

starting material. Anyway, beside the critical issues in the sampling procedure (see paragraph 

Figure 5.6: BSE images of representative area of experimental products. Red dots indicate: a) Angular quartz 

fragment (exp. 139),  b) Al-rich (Al2O3~73 wt%) rounded phase (boehmite?, exp.139), 

c) Al-Si-K-rich phase (SiO2~66 wt%, Al2O3~15wt%, K2O~10 wt%, FeO~3-5 wt%, MgO~1 wt% illite?, exp. 139), 

d) solids in crusts of exp. 154. Phases indicated by labels are Na2O (40-58 wt%) and SiO2 (31-44 wt%)-rich. 
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5.2.2), phases precipitation occurred during sampling since Na2O-Al2O3-rich solid phases were 

found in the filters used to inject sampled fluids into chromatograph (Figure 3.9).   

 

 

 

 

Figure 5.7: XRD spectra of Rugg04 starting material and experimental products of run 142 (250°C, with initial 

PCO2=5 bar), 154 (250°C, initial P
CO2

=0). Meaning of the letters as in Figure 3.5.  

Figure 5.8: XRD spectra of Rugg04 starting material and experimental products of run 142 (250°C, liquid=LH35),  

154 (250°C, liquid= LH3). Meaning of the letters as in Figure 3.5, W= wairakite. 
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Table 5.6: Analyses of fluids sampled in situ, just before ending the experiment. In Experiment 146 fluid was sampled in 

a flask in which an acidified solution was added to analyze cations only. Note that a NH4 contamination occurs during 

sampling, since this analyte was found to be in the 1 cidifibly, range, even in de-ionized water experiments run without 

solid at T=200°C. 

 

 

 

 

 

Figure 5.9:  SE image of solids entrapped in filters utilized to inject liquid into LC.  Qualitative EDS analyses on the red  

points gave Na2O= 67-70wt%, Al2O3=20-22 wt%, SiO2= 2-4 wt%, K2O= 3-10 wt%). The image refers to Experiment 147, 

 but similar products were found in filters relative to runs performed using Rugg04 andesite. 
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5.3.2 Experiments using less primitive andesite (Rugg09) 

XRD spectra show the crystallization of quartz and boehmite during these experiments (Figure 

3.10). Furthermore, a peak attributable to kaolinite or phillipsite (at Cu Kα 2θ ~ 12.5°) suggests 

the presence of this phase among experimental products, as in experiments run with Rugg04 

starting material. In addition, magnesite (MgCO3) is possibly detected in run executed at 250 °C, 

since the most intense peak of this phase is clearly visible at ~ Cu Kα 2θ ~ 32.6°. Similar results 

were found also for the experiment run without imposing an initial PCO2 (Figure 5.10). 

Encrustations stuck in reactor’s walls are mainly formed by quartz, since peaks of this phase are 

the most intense in correspondent XRD spectra (Figure 5.11). SEM investigation lead to results 

similar to those obtained for experiments run using Rugg04 andesite. More detailed SEM-EDS 

investigations on encrustations formed in experiment 167 evidenced the presence of a Si-Na-rich 

phase with a mammillary appearance and bundles of Na-rich tiny crystals (Figure 5.12). The 

former resemble zeolites but the absence of Al in EDS analyses suggest they are not. Tiny crystals 

could be natrite (Na2CO3) and their acicular aspect (Figure 5.12) suggests they crystallised during 

experiment termination.   

 

 

 

 

Figure 5.10: XRD spectra of Rugg09 starting material and experimental products of experiments 147 (200°C), 146 (250°C),  

167 (250°C, initial PCO2=0), 149 (300°C). Peaks attributed to K? (=kaolinite), Q (=quartz), B (=boehmite), M? (= 

magnesite) are shown. 
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Solids filtered from liquid before injection to chromatograph resulted to have SiO2= 17-26 wt%, 

Al2O3= 47-68 wt%, FeO= 7-15 wt%, MgO= 3-4 wt%, K2O~ 1 wt% (EDS analyses, Figure 5.13).  

The analyses do not identify a single mineralogical phase, but they possibly represent 

“cumulative” analyses, comprising neo-formed Al-rich phases, such as boehmite.  

Analyses of sampled liquids are not quite different from analyses just reported for other 

experiments (Table 5.6), the main cations being HCO3
- and NH4

+.  

 

 

 

 

Figure 5.11:  XRD spectra of Rugg09 starting material and experimental products of experiments 146 (250°C) and  

encrustations formed. Meaning of the letters as in Figure 3.10. 
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Figure 5.12:  BSE images of encrustations formed in Experiment 167. Colored points indicate points analyzed through EDS. 

Rounded appearance hints to zeolite but analyses show Al absence. Bundles of tiny crystals are Na-rich (natrite?..). 

a) SiO2= 77 wt%, Na2O= 19 wt%, K2O= 4 wt%, b) red point: SiO2= 58 wt%, Na2O= 35 wt%, K2O= 7 wt%, yellow 

point: SiO2= 2 wt%, Na2O= 97wt%, c) SiO2= 74 wt%, Na2O= 22 wt%, K2O= 4 wt%, 

d) SiO2= 43 wt%, Na2O= 55 wt%, K2O= 2 wt%. 

a) b) 

c) d) 

Figure 5.13: BSE image of solids trapped in the filter used to inject liquid sample in the chromatograph 

(Experiment 149).  EDS spectra in the 2 points give SiO
2
 ~ 26 wt%, Al

2
O

3
= 58 wt%, FeO= 10 wt%,  

MgO= 4 wt% and K
2
O~ 1 wt%. 
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5.4. Discussion 

Experimental products showed extensive change respect to the rocks used as solid starting 

materials. Encrustations forming all around the micro-reactor walls are the most apparent and 

intense alteration products and they are mainly composed by quartz. Additionally, XRD spectra 

and SEM observation revealed the presence of diffuse boehmite, most likely a result of 

plagioclase dissolution. Besides quartz, XRD and/or SEM observation suggested the presence of 

kaolinite? (or phillipsite?) and sporadic carbonates such as magnesite and calcite in runs in which 

CO2 was used as pressurizing gas. Other minor Al-Si-(Na)-rich neo-formed phases were 

individuated either among powdered material recovered at the end of experiments and in 

encrustations and in filters used to inject sampled liquid into the chromatograph.  

In general, the main alteration process revealed in experiments is silicification. This process is 

commonly observed in geothermal fields in which may occur in different styles (e.g. Lagat, 

2009). One common and important style is the replacement of the rock with microcrystalline 

quartz (chalcedony). This process could be facilitated and enhanced by rock’s porosity. Another 

common style is the formation of fractures in a network, or “stockworks”, which are filled with 

quartz (Lagat, 2009).  

In Los Humeros geothermal field hydrothermal alteration transformed primary minerals in 

secondary minerals such as those reported in paragraph 5.1.2. The formation of secondary 

minerals depends upon different parameters such as temperature, pressure, fluid composition, 

permeability, initial composition of the rock and duration of hydrothermal activity. Samples from 

deep (~2 km) drill holes in Los Humeros geothermal field often are intensively silicified with 

zones constituted almost entirely of microcrystalline quartz (e.g. Elders et al., 2014). Quartz was 

also found as altered phase in cuttings from more superficial (800-1200 m) depths (Pulido, 2008). 

Furthermore, Martínez-Serrano, (2002) reported that quartz revenue is common in the three 

hydrothermal zones of the geothermal field (shallow argillitic, propylitic and skarn) and it is very 

abundant at depths of <900 m. 

In geothermal area quartz can be a common product of both low sulfidation and high sulfidation 

alteration (Boden, 2016). Quartz produced in experiments is a product of the first alteration type, 

since reactant fluids have near-neutral-pH. Under these conditions quartz content of the rock can 

increase making it less permeable. On the contrary, in high sulfidation alteration the presence of 

low pH (<3) fluids would leave a silica residue (referred to as vuggy quartz) with good porosity, 

thus favoring fluid circulation (Boden, 2016). In Los Humeros reservoir rocks contain 

hydrothermal alteration minerals typical of those produced by neutral or alkaline fluids, even if 

local alteration with acidic fluids is sometimes observed, especially in the lower hornblende-

containing andesites (Elders et al., 2014; Tello et al., 2000: Rodriguez, 2000, see paragraph 

5.1.2). As a consequence, quartz formation could have played a dual role either decreasing or 

enhancing rock porosity. 
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The finding of quartz and Al-rich phases such as boehmite in all experiments reveal they mainly 

formed by reaction interesting plagioclases in andesites. Plagioclases can dissolve incongruently 

according to the following reaction: 

 

NaxCa(1-x)Al(2-x)Si(2+x)O8 + 4(2-x)H+ = xNa+ + (1-x)Ca2+ + (2-x)Al3+ +(2+x)SiO2 + 2(2-x) H2O 

 

where x=mol fraction of albite in plagioclase (x=1, pure albite; x=0, pure anorthite). 

The reaction usually led to kaolinite (Al2Si2O5(OH)4) crystallization in conditions where natural 

weathering and diagenetic processes occur at the Earth's surface. 

At ambient T, dissolution rates of plagioclases are a function of pH, with values decrease with 

increasing pH at acidic conditions but rise with increasing pH at alkaline conditions (U-shaped 

behavior, (Gudbrandsson et al., 2014). Furthermore, only at acidic conditions, dissolution rates 

increase with anorthite contents (Gudbrandsson et al., 2014). At higher T (200-300°C), 

plagioclases dissolution was investigated under hydrothermal conditions in the presence of 

aqueous solutions and supercritical CO2 by (Hangx & Spiers, 2009). The experiments, finalized 

to investigate CO2 mineral trapping, were performed in similar conditions and settings of our 

experiments, albeit starting with plagioclases (albite or anorthite) as starting materials. They 

mainly got precipitation of boehmite, kaolinite and a phyllo-silicate phase (smectite or illite) and 

little or no carbonate formations. They suggest that reaction controlling plagioclase dissolution 

may have occurred to a limit extent. As in our experimental products, the finding of boehmite as 

a main phase is intriguing, since this phase is not commonly found in geological contexts in 

which plagioclases alter. Nevertheless, boehmite crystallization is reported to be a common 

secondary phases generated by plagioclase dissolution under moderately acidic conditions even 

at 200-300 °C (Murakami et al., 1998; Tsuzuki & Suzuki, 1980). This phase could be considered 

as a precursor of kaolinite formation, whose precipitation rates are relatively slow compared with 

plagioclase dissolution rates (Gudbrandsson, 2014). The paucity of carbonates among our 

experimental products is not surprising since the crystallization of these phases is hindered by a 

sort of “kinetic barrier” due to the fact that their nucleation would have to be heterogeneous 

(Hangx & Spiers, 2009). 

Experiments show that alteration occur also when CO2 is not used as pressurizing gas. The 

presence of this gas is therefore not a prerequisite in order to explain the alteration paragenesis 

mineralogy found in experiments and, in a broader context, even in Los Humeros geothermal 

area. 

Another evidence of the experiments is the absence of propylitic alteration, i.e. formation of new 

minerals (e.g. chlorite, actinolite, epidote) formed by the decomposition of Fe-Mg minerals, such 

as micas, amphiboles and pyroxenes. Temperatures of the experiments are rather favorable to the 

development of propylitic alteration (Figure 5.14). This process, although commonly observed 

in low sulfidation alteration (and present in Los Humeros geothermal reservoir) could have not 

be happened in experiments due to kinetic factors (duration of experiments short?) or to the 
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relatively low abundance of pyroxenes and the lack of amphiboles in the rock used for the 

experiments. As an alternative hypothesis, propylitic alteration could have developed but gone 

undetected by the investigations performed, due to instrumental and/or analytical constraints (i.e. 

powder XRD phases < 5 wt%).  

It is noteworthy the wairakite appearance among alteration products in the experiment in which 

west-driven infiltrating fluid was taken into account. This fluid interacted with carbonatic rocks 

before entering into the reservoir and its high Ca contents allowed the crystallization of wairakite 

as the aluminosilicate phase, instead of boehmite. Wairakite is a common alteration product in 

LHGF at 200-300 °C (e.g. Martínez-Serrano, 2002) and is expected to develop in such geological 

scenario (Figure 5.14). Its crystallization, in solid solution with analcime (NaAlSi4O12•2H2O) is 

possible in the 200-350 °C range, as a consequence of reaction of an anorthite rich plagioclase 

with quartz and fluid (Galbarczyk-Gasiorowska & Slaby, 2001).  

 

 

 

 

 

5.5. Conclusions 

Fluid –rock interaction experiments run at 200-300 °C considering Los Humeros andesitic 

reservoir and fluids flowing through it, indicate silicification as the most important alteration 

process. Labradorite, andesine and oligoclase plagioclases in andesites are the principally 

involved phases in such process leading also to the development of Al-rich phases such boehmite. 

Figure 5.14: Chart showing temperature stability ranges of common alteration minerals (from Boden, 2016). 



 
 

147 

The use of CO2 as pressurizing gas in experiments has the only result of bringing sporadic 

crystallization of carbonates but do not particularly increase the extent of alteration of rocks used 

in experiments. Plagioclase dissolution should have caused Ca, Na-rich phase precipitation, as 

wairakite, phillipsite or other unidentified phases; however, the analytical methods used were not 

able to establish with any certainty the presence of phillipsite, nor to establish if other minor 

phases formed during alteration. In particular, wairakite crystallization during the experiment in 

which high salinity (Ca-rich) water was used suggests that in LHGF high mineralized waters 

likely reacted with andesitic reservoir. This phase is commonly found among alteration products 

in LHGF and its finding in such experimental products could corroborate the hypothesis that 

infiltrating waters extensively reacted with crossed rocks before reaching the reservoir. Finally, 

the widespread formation of quartz encrustations following hydrothermal alteration could 

provoke a porosity decrease of andesitic reservoir, especially under conditions in which reactant 

fluids have near-neutral pH. 
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Chapter 6 

 

GEOCHEMICAL MODELING 

Well fluids geochemical data analysis and modeling 
 

 

6.1. Introduction 

 

The aim of the present work is to define the origin of chemicals present in the fluids of Los Humeros 

geothermal field, providing an insight on recharge input and contribution of eventual deep 

component.  

The fluid analysis from geothermal wells were provided by CFE, and consist of time series of 

different time-span from many wells within Los Humeros geothermal field. After inspection of the 

data, we have a total of 38 wells with suitable data. In a well specific data investigation, we have 

selected the “first” complete analysis available (in some cases gas analysis have different data from 

water analysis) as representative of the starting composition of the well. In fact, in the time series we 

can observe large fluctuation of composition over time, due to the recharge and other different 

contribution to the produced fluid, but this may jeopardize the true source. For this reason, we choose 

to use only the first data available for each well, that in theory are not very perturbed from other 

contribution. 

The data are then recomputed to have a total composition in moles / Kg of water, including the non 

condensable gas and here reported in table 1.  

Geochemical data in this format could be used in a consistent way for both statistical analysis and 

geochemical modeling. 

 

 
Table 1 – CFE data from Los Humeros well fluids expressed in moles/Kg of water 

 

 

 

Well Coordinate_X Coordinate_Y H+ Cl B HCO3 SiO2 SO4 Na K Li Ca Mg As Fe Ar CH4 CO2 H2 H2S He N2 NH3

H-1V 661906 2175060 6.31E-09 3.09E-03 2.08E-02 0.00E+00 1.24E-02 6.59E-04 1.30E-02 1.16E-03 2.59E-04 2.25E-05 0.00E+00 0.00E+00 0.00E+00 - - - - - - - -

H-2 662646 2172440 5.01E-09 1.13E-03 3.05E-04 4.40E-03 7.59E-04 1.92E-04 6.52E-05 3.07E-05 0.00E+00 7.49E-06 0.00E+00 0.00E+00 0.00E+00 - - - - - - - -

H-3D 660622 2177900 1.58E-08 6.91E-04 6.36E-02 3.02E-03 1.11E-02 1.89E-03 1.57E-02 1.20E-03 9.22E-05 3.74E-05 1.23E-06 1.20E-05 0.00E+00 - - - - - - - -

H-6-V 663508 2173550 1.00E-08 9.56E-03 3.52E-02 6.59E-04 1.97E-02 6.45E-05 1.23E-02 1.18E-03 0.00E+00 2.87E-05 8.23E-06 0.00E+00 0.00E+00 - - - - - - - -

H-7-V 661838 2175870 6.31E-09 3.95E-03 5.89E-02 7.20E-04 1.27E-02 3.57E-04 9.57E-03 1.01E-03 1.01E-04 2.74E-05 0.00E+00 0.00E+00 0.00E+00 - - - - - - - -

H-8-V 661582 2176390 5.01E-09 3.20E-03 4.96E-02 2.40E-03 2.13E-02 4.51E-04 1.66E-02 1.41E-03 8.65E-05 2.00E-05 0.00E+00 0.00E+00 0.00E+00 - - - - - - - -

H-9-V 660618 2178220 5.01E-07 3.37E-03 4.28E-01 1.35E-02 2.23E-02 0.00E+00 1.77E-02 1.99E-03 1.30E-04 9.98E-05 1.23E-05 0.00E+00 0.00E+00 - - - - - - - -

H-10-V 662081 2176380 7.94E-07 7.62E-05 3.05E-01 1.52E-03 1.70E-03 2.19E-05 0.00E+00 0.00E+00 0.00E+00 3.74E-05 0.00E+00 0.00E+00 0.00E+00 - - - - - - - -

H-11-D 662574 2177440 3.98E-05 3.40E-02 1.12E-01 7.05E-05 2.01E-02 9.89E-05 7.57E-03 7.37E-04 0.00E+00 8.73E-05 0.00E+00 0.00E+00 0.00E+00 - - - - - - - -

H-12 663803 2173050 1.58E-07 4.29E-04 2.13E-01 4.87E-04 9.70E-03 3.36E-04 6.70E-03 5.75E-04 9.37E-05 1.09E-04 5.35E-06 2.56E-04 0.00E+00 - - - - - - - -

H-13-D 662244 2177410 5.01E-09 1.04E-02 2.59E-02 7.61E-04 1.08E-02 5.96E-04 1.62E-02 1.51E-03 2.13E-04 0.00E+00 1.23E-06 0.00E+00 0.00E+00 - - - - - - - -

H-14-V 663832 2169630 3.16E-09 2.05E-03 1.52E-02 1.84E-02 1.14E-02 2.56E-04 1.66E-02 4.35E-04 4.18E-05 2.69E-04 2.18E-05 2.00E-05 0.00E+00 - - - - - - - -

H-15 661638 2178800 3.16E-09 5.36E-04 2.00E-02 5.87E-04 1.64E-02 1.21E-04 5.78E-03 6.47E-04 1.01E-04 3.74E-06 3.70E-06 3.34E-05 0.00E+00 0.00E+00 2.17E-02 6.38E-01 1.41E-02 8.56E-02 0.00E+00 1.11E-02 0.00E+00

H-16 661557 2178250 3.16E-10 2.68E-04 2.39E-02 9.25E-04 6.43E-03 2.26E-03 3.29E-02 7.19E-04 2.31E-04 5.99E-06 3.70E-06 4.00E-05 0.00E+00 1.39E-04 6.58E-03 3.48E-01 3.51E-03 5.02E-02 0.00E+00 5.06E-03 8.12E-04

H-17 662298 2178610 3.98E-08 5.36E-04 3.56E-02 6.25E-04 1.43E-02 1.86E-04 3.78E-03 4.19E-04 4.61E-05 3.49E-06 3.70E-06 1.68E-04 0.00E+00 4.67E-04 4.21E-03 4.12E-01 2.13E-03 5.28E-02 0.00E+00 4.01E-03 4.49E-04

H-18-V 664916 2172080 7.94E-09 3.64E-03 1.39E-02 6.67E-03 1.66E-04 2.19E-04 4.87E-03 3.32E-04 1.15E-04 1.50E-05 1.65E-06 0.00E+00 0.00E+00 - - - - - - - -

H-19 662881 2176640 1.26E-07 1.61E-03 1.94E-01 1.72E-03 1.11E-02 1.12E-04 6.61E-03 6.47E-04 1.18E-04 2.02E-04 8.64E-06 2.94E-04 0.00E+00 2.55E-04 5.61E-09 6.43E-01 2.08E-03 4.25E-02 0.00E+00 4.61E-03 6.52E-03

H-20-V 663330 2177490 1.58E-07 9.36E-03 6.13E-02 3.44E-05 1.28E-02 1.77E-05 4.78E-03 4.35E-04 6.48E-05 3.49E-04 2.06E-06 0.00E+00 0.00E+00 - - - - - - - -

H-22 660055 2178850 2.00E-09 9.73E-04 7.21E-03 7.27E-03 1.46E-02 2.31E-04 1.35E-02 8.44E-04 1.30E-04 6.49E-05 8.23E-06 0.00E+00 0.00E+00 - - - - - - - -

H-23 664184 2175460 2.00E-06 2.10E-02 1.20E-02 1.64E-05 2.59E-03 1.22E-03 2.02E-02 7.26E-04 1.30E-04 3.78E-04 6.17E-06 0.00E+00 0.00E+00 0.00E+00 9.80E-03 8.55E-01 2.62E-02 1.78E-01 4.34E-05 1.88E-02 5.04E-03

H-24 665497 2172940 0.00E+00 1.19E-02 5.38E-03 6.66E-03 2.26E-04 2.97E-03 2.00E-03 2.30E-05 1.08E-04 1.25E-06 0.00E+00 2.08E-02 0.00E+00 0.00E+00 3.52E-02 1.41E+00 2.40E-02 2.98E-02 0.00E+00 1.49E-02 1.27E-02

H-27 663986 2176290 3.98E-08 7.12E-03 1.77E-02 1.69E-04 3.08E-04 1.09E-04 3.26E-03 1.53E-04 2.88E-05 2.12E-05 1.65E-06 0.00E+00 0.00E+00 0.00E+00 5.30E-04 9.69E-01 3.35E-02 6.99E-02 0.00E+00 5.05E-02 1.14E-02

H-28 662601 2177740 1.86E-09 1.02E-04 7.28E-03 2.62E-03 8.66E-03 8.51E-04 8.95E-03 4.35E-04 1.55E-04 6.41E-06 4.94E-06 0.00E+00 0.00E+00 1.57E-04 4.45E-03 1.01E+00 6.23E-03 1.99E-02 0.00E+00 1.41E-03 5.78E-04

H-30-V 661488 2178550 5.01E-06 1.41E-02 5.52E-01 4.26E-03 2.54E-03 7.29E-05 4.87E-03 3.68E-04 3.31E-05 9.98E-06 1.65E-06 0.00E+00 0.00E+00 - - - - - - - -

H-31-V 661832 2179040 1.58E-08 2.76E-04 5.23E-02 5.25E-05 1.24E-02 3.33E-05 6.70E-03 7.83E-04 7.20E-05 3.74E-06 2.06E-06 0.00E+00 0.00E+00 - - - - - - - -

H-32-V 662631 2178040 6.31E-08 3.07E-03 4.04E-02 1.07E-04 9.83E-03 1.27E-04 3.70E-03 6.14E-04 2.88E-05 4.99E-06 2.06E-06 0.00E+00 0.00E+00 - - - - - - - -

H-33-V 661534 2177990 7.94E-08 7.35E-03 1.48E-01 2.84E-04 1.22E-02 2.04E-04 1.13E-02 1.02E-03 7.78E-05 6.11E-05 2.47E-06 0.00E+00 0.00E+00 - - - - - - - -

H-34-D 662965 2177210 1.00E-08 1.12E-03 3.32E-02 2.16E-03 7.20E-03 2.92E-04 7.83E-03 5.93E-04 1.05E-04 1.57E-05 8.23E-07 4.00E-05 0.00E+00 - - - - - - - -

H-37-D 661074 2178350 5.01E-09 1.21E-04 1.37E-01 1.77E-03 1.00E-02 2.29E-03 2.20E-02 1.51E-03 6.77E-05 7.73E-05 0.00E+00 1.56E-05 0.00E+00 - - - - - - - -

H-38-V 661897 2178160 2.00E-07 4.51E-05 3.24E-03 4.07E-04 1.75E-04 1.04E-06 4.35E-06 2.56E-06 1.44E-06 2.50E-06 0.00E+00 2.48E-04 0.00E+00 - - - - - - - -

H-39 663365 2173290 5.01E-07 8.97E-04 2.71E-01 9.49E-04 8.80E-03 6.35E-04 6.96E-03 5.52E-04 8.36E-05 1.40E-04 9.88E-06 4.07E-04 0.00E+00 4.41E-04 3.64E-03 7.82E-01 1.25E-02 3.22E-02 9.46E-05 1.92E-02 1.01E-03

H-40-D 661754 2175710 3.98E-09 5.59E-03 1.35E-02 2.25E-02 1.59E-02 3.31E-03 2.25E-02 2.33E-03 1.14E-04 2.40E-04 1.93E-05 9.61E-05 0.00E+00 - - - - - - - -

H-41 663570 2173280 0.00E+00 2.80E-02 2.42E-03 3.44E-03 2.21E-04 8.61E-04 2.28E-04 6.69E-06 9.13E-05 3.34E-06 7.02E-05 1.83E-02 0.00E+00 2.16E-04 1.30E-02 9.24E-01 2.11E-02 7.03E-02 0.00E+00 5.57E-03 1.85E-02

H-43 661175 2178040 1.48E-06 1.27E-04 3.16E-03 2.44E-04 2.16E-04 8.01E-05 1.35E-05 6.91E-06 0.00E+00 4.99E-06 0.00E+00 9.00E-05 0.00E+00 5.05E-03 2.69E-02 2.24E+00 1.75E-01 2.28E-01 0.00E+00 4.21E-01 1.19E-04

H-49 661866 2175000 4.27E-09 4.62E-03 1.90E-02 3.64E-04 1.61E-02 6.91E-04 1.08E-02 1.03E-03 1.12E-04 5.66E-05 4.94E-06 0.00E+00 0.00E+00 1.83E-04 1.59E-02 7.40E-04 7.60E-02 7.98E-04 1.58E+00 3.88E-02 4.08E-03

H-56 662238 2174380 2.09E-08 6.25E-03 6.50E-02 4.29E-03 2.06E-02 8.98E-04 1.20E-02 1.13E-03 1.15E-04 7.56E-05 1.89E-05 0.00E+00 8.95E-06 9.32E-05 8.70E-03 3.59E+00 2.90E-02 8.26E-02 1.21E-04 2.37E-02 1.49E-02

H-58 662555 2177460 0.00E+00 1.03E-01 6.22E-03 8.42E-04 4.83E-04 3.61E-04 7.35E-05 2.66E-06 2.94E-03 2.86E-05 2.67E-03 5.24E-02 0.00E+00 1.26E-04 1.31E-03 7.45E-01 8.66E-03 3.91E-02 5.38E-05 7.46E-03 3.89E-04

H-59 661574 2178240 9.12E-08 5.02E-03 2.30E-01 4.84E-03 6.57E-03 1.14E-03 1.44E-02 1.42E-03 1.44E-05 1.35E-03 1.11E-03 0.00E+00 1.50E-03 6.36E-04 1.34E-03 1.75E-01 4.04E-02 8.02E-02 0.00E+00 4.74E-02 5.36E-03
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6.2. Principal Component Analysis (PCA) 

 

In this section, the focus is on describing the results of the classical and robust version of principal 

component analysis (PCA) for the geochemical data. These methods are applied to all variables with 

reasonable data quality of the data set. For 38 observations, i.e. 38 well fluid compositions, the 

concentrations of chemical species have been investigated.  

The aim of principal component analysis is to find the relationships between the fluid composition 

and to characterize the chemical-spatial behavior. Since the data consist of different groups, a robust 

analysis will focus on the homogeneous data extracted so far. 

Classical principal component analysis can be driven mainly by the outlying groups, and thus the 

focus is less on the homogeneous majority. 

Principal component analysis (PCA) is a statistical procedure that uses an orthogonal transformation 

to convert a set of observations of possibly correlated variables (entities each of which takes on 

various numerical values) into a set of values of linearly uncorrelated variables called principal 

components. If there are n with p variables, then the number of distinct principal components is min( 

n − 1 , p ). This transformation is defined in such a way that the first principal component has the 

largest possible variance (that is, accounts for as much of the variability in the data as possible), and 

each succeeding component in turn has the highest variance possible under the constraint that it is 

orthogonal to the preceding components. The resulting vectors (each being a linear combination of 

the variables and containing n observations) are an uncorrelated orthogonal basis set. PCA is sensitive 

to the relative scaling of the original variables; to avoid this, the data are elaborated subtracting the 

average value for each variable and then dividing by it, to obtain a scaled working matrix with zero 

average. Some difficulty may arise while correlating the results of PCA investigation with the real 

data, but for this second step we looked for meaningful variables that have similar spatial distribution 

to PCA components and hence we can safely attribute the physical meaning to the results of the 

statistical analysis. In our investigation, out of the resulting 21 components, the 1st one explain 

86.24% data variability, 2nd one 10.40% data variability and 3rd one 2.40% and the others are 

negligible; our complex dataset could be explained by using only 3 component that are described here 

below. 
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6.2.1 PCA 1st component, water-rock interaction 

 

Figure 1 PCA 1st component score distribution, left, and pH distribution, right. Coordinates are in meters. 

 

The first component pf PCA analysis is closely related to pH, and according to Tello et al., 2000, the 

Los Humeros geothermal reservoir is in an unbalanced state having only a partial water-rock chemical 

equilibrium. The magmatic components in the geothermal fluids are not neutralized by the reaction 

with feldespars and micas, with high concentrations of HCl and HF detected in the steam phase. The 

oxidation of sulphur species and the CO2 content may have a secondary role in the acidity. As a 

consequence, the PCA 1st first component is related to water-rock interaction driven by acidity, and 

include CO2(g), SiO2, Fe, Ca, Cl, Li, Mg, As, H2S, N2(g), H2(g). This component have also some 

relationship with the 3rd component, that is represented by Boron. 

The variability in the Los Humeros reservoir, can be explained by 2 fluids types. Low mineralized 

waters form part of a liquid-dominated, bicarbonate reservoir at a depth from 1330 to 1755 m b.s.l., 

here represented by PCA 2nd component, characterized by a smaller range and lower concentrations 

of As. In contrast, deeper wells produce a two-phase fluid with maximum As concentrations of 162 

mg/l. 

Main hydrothermal zones are formed by chlorite, epidote, quartz, calcite, and low proportions of 

leucoxene and pyrite, as well as clays, biotite, zeolite, anhydrite, garnet, diopside and wollastonite 

(Izquierdo et al. 2000). However, no As minerals have been recognized, and having here classified 

Cloride (Bernard et al., 2011) as part of a deep fluid source undergoing to strong water-rock 

interaction and fractionation processes we can gues that As have a similar fate. 
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6.2.2 PCA 2nd component, recharge 

 

 

Figure 2 PCA 1st component score distribution, left, and pH distribution, right. Coordinates are in meters. 

 

The second component pf PCA analysis is closely related to bicarbonates, as shown in figure 2. The 

composition of this second component is made by mainly HCO3-, SO4-2, Na, K, Ar and it is clearly 

related to regional recharge mechanism, being significatively different in composition and salinity 

with respect to the rest of the system. The presence of low mineralized waters that form part of a 

liquid-dominated, bicarbonate reservoir at a depth from 1330 to 1755 m b.s.l., could be related to the 

regional recharge that seem to have its main contribution from western / North-western section of the 

geothermal system.  

 

6.2.3 PCA 3rd component 

 

 

Figure 3 PCA 3rd component score distribution, left, and boron concentration in fluid in moles/ Kg of water, right. 

Coordinates are in meters. 
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The third component pf PCA analysis is closely related to Boron as shown in figure 3. According to 

Bernard et al., 2011, Isotopic composition of B (-0.8 ± 1.6‰) suggests its magmatic origin, though 

sedimentary origin cannot be ruled out. 

The absence of correlation they found, and here confirmed as low as -0.0772 correlation coefficient, 

between B and Cl concentrations may be interpreted by invoking at least two reasons, (1) different 

sources of Cl and B in Los Humeros fluids and (2) different behavior of H3BO3 and Cl at phase 

separation (boiling). 

To explain the unusual behavior of Cl and B in well fluids of Los Humeros aBernard et al., 2011,  

proposed a model which invokes the existence of a deep acid brine boiling at a temperature of about 

350 °C producing H3BO3 and HCl-bearing vapor that condenses and neutralizes at an upper level 

where it is tapped by wells. In our current analysis, the correlation coefficient of Boron with pH reach 

0.6967 but the difference is clear while looking at the spatial distribution of 1st and 3rd PCA 

component as well as pH and Boron (figure 1 and 3) that although the spatial distribution is similar, 

the area of 1st and 3rd PCA component are neighboring and only slightly overlapping. This is due to 

the low reactivity of Boron, in contrast to the 1st PCA component that is the most representative of 

water-rock interaction, and even though the source at depth is the same the path while uprising is very 

different. 
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6.3. Geochemical modeling of well fluids data as function of temperature 

 

6.3.1 Introduction 

The dataset obtained from CFE data, selecting the “first fluid” composition, is the base data here used 

as reference for the geochemical modeling, being less to no affected by any disturbance that will 

come during the geothermal system management. Using chemical analyses and 25° pH measurements 

of quenched high-temperature waters, we calculate in situ pH and distribution of aqueous species at 

high temperature; data in table 1 are referred to total fluids, reconstructed from available data, on 

wich we can compute the concentration change due to phase segregation at the different process stage. 

It is here noteworthy to point out that NCG gas solubility will change both in well and reservoir, but 

steam phase separation is a process mostly related to well production, being the reservoir at its initial 

state mainly in liquid condition with possible 2 phase (and maybe steam) zones only at depth, in the 

northern sector. In the present work we will compute the activities of aqueous ions in a given water 

at high temperature, which are used to calculate an ion activity product (Q) for each minerals. The 

value of log(Q/K) for each mineral, where K is the equilibrium constant, provides a measure of 

proximity of the aqueous solution to equilibrium with the mineral. By plotting log Q/K vs. T for 

natural waters, it is possible to determine: a) whether the water was in equilibrium with a host rock 

mineral assemblage, b) probable minerals in the equilibrium assemblage and c) the temperature of 

equilibrium. In cases where the fluid departs from equilibrium with a host rock assemblage, it is 

possible to determine whether this may result from boiling or dilution, and an estimate of amount of 

lost gas or diluting water can be determined.  

Moreover, in the present models saturated minerals are allowed to precipitate thus providing an 

insight on the current most likely secondary phases among the one known in Los Humeros and to 

evidence the presence of possible scaling minerals. The well fluid composition here selected are a 

subset of all the analysis available, and are the ones that could be constrained by phase separation 

effect that account for boiling and CO2 solubility. Moreover, some key elements are completely 

missing like Aluminium, and other relevant are rarely measured, like Iron. To partially ought to this 

inconvenient, a small amount (1E-7moles/Kgw) of Al+3 is added to the fluid composition. The 

reservoir steady state model providing the thermodynamic and steam/liquid saturation conditions in 

the reservoir is from WP 6. The temperature runs are all uniforms and cover a temperature range 160-

350 °C, to include all the temperature from shallow to deep feed zones. 

The code used for the following computation is chim-xpt (Reed et al., 2012). CHIM-XPT and its 

ancestors were developed for modeling the geochemistry of hydrothermal processes, it applies to any 

problem that involves calculating states of equilibrium or partial equilibrium in gas-solid-aqueous 

systems and it is able to deal with boiling and phase separation problems up to high temperature (up 

to 600°C). The thermodynamic database here used is computed with Supcrt (Johnson et al., 1992), 
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with only some modification, addition of aqueous H4SiO4 from Stefánsson, A. (2001), for improved 

silicate mineral log Ks at low T and all minerals from Holland and Powell (2011). 

 

6.3.2 well H-15 

 

In well H-15 are encountered some of the most common secondary minerals, like chlorite and 

daphnite as part of the argillification process of andesites. The abundances of these phases are not too 

reliable due to our add af Aluminium, needed to include these minerals in the model. The main 

secondary minerals resulting from our model are calcite, pyrite and quartz, that are common 

secondary phases at Los Humeros both in the reservoir rocks and as scaling minerals in wells. 

Tremolite result always present, and it is a methamorphic amphibole pertaining to the original rock, 

like ferroactinolite, that at lower temperature and in presence of CO2 tend to decompose in to talc/clay, 

calcite and quartz. 
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6.3.3 well H-16 

 

In well H-16 unfortunately we cannot compare directly with the mineral assemblage published by 

Gutierrez Negrin et al., 1990, since they found as main scaling minerals Iron sulphides, Iron oxides 

and quartz, but in the chemical analysis Iron is missing, thus we results with only quartz precipitation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

158 

6.3.4 well H-17 

 

In well H-17 we have only quartz as secondary phase; this is a common occurrence in case of missing 

analysis of Iron. 
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6.3.5 well H-19 

 

In well H-19 we have only quartz as secondary phase; this is a common occurrence in case of missing 

analysis of Iron. 
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6.3.6 well H-22 

 

In well H-22 we have quartz as secondary phase, tremolite pertaining to the original rock and an 

interesting example of change from wollastonite to calcite, being the former pertaining to the 

skarn/hydrothermal alteration at high temperature and the latter a secondary mineral likely to act as 

potential scaling mineral. 
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6.3.7 well H-23 

 

In well H-23 we have only quartz at very low temperature and tremolite at very high temperature, 

both temperature out of range for shallow and deep feed zones. 
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6.3.8 well H-28 

 

In well H-28 we have quartz as secondary phase, and another interesting example of change from 

wollastonite to calcite, being the former pertaining to the skarn/hydrothermal alteration at high 

temperature and the latter a secondary mineral likely to act as potential scaling mineral. 
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6.3.9 well H-49 

 

In well H-49 we have a possible low temperature alteration producing quartz ad kaolinite. The 

presence of chlorite is at 220-310°C, around the disappearance of tremolite, and we found a sulphate 

phase made of anhydrite at high temperature (>240°C). 
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6.3.10 well H-56 

 

In well H-56 we have a possible low temperature alteration producing quartz ad kaolinite. The 

presence of chlorite is at 220-310°C, around the disappearance of tremolite, and we found a sulphate 

phase made of anhydrite at high temperature (>240°C), similar to well H-49. 
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6.3.11 well H-59 

 

In well H-59 are encountered some of the most common secondary minerals, like chlorite and 

daphnite as part of the argillification process of andesites. The abundances of these phases are not too 

reliable due to our add af Aluminium, needed to include these minerals in the model. The main 

secondary minerals resulting from our model are calcite, pyrite and quartz, that are common 

secondary phases at Los Humeros both in the reservoir rocks and as scaling minerals in wells. 

Tremolite result always present, and it is a methamorphic amphibole pertaining to the original rock, 

like ferroactinolite, that at lower temperature and in presence of CO2 tend to decompose in to talc/clay, 

calcite and quartz. These results are very similar to well H-15. 
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6.3.12 Simultaneous equilibria 

 

We used the fluid sample from well H-59 sampled 16/8/2016 as representative fluid sample at depth, 

since it is a sample with the best score on PCA 1st component, and added 1e-7 moles/Kgw of Al+3, to 

investigate the Saturation Index (S.I.) vs temperature following the approach described in Reed and 

Spycher 1984. In this approach, S.I. line crossing represent the equilibrium among two or more 

minerals at crossing point. Ideally, the crossing happen at S.I. = 0, but due to many possible 

interferences and our guessing of Al+3 concentration this may happen at different values of S.I. In the 

figure, primary minerals are evidenced by bold lines and are Anorthite – Albite, Diopside-

Hedenbrgite (Pyroxene), Augite, K-feldspar, Olivine (Fayalite-Forsterite) in Basaltic andesites. In 

this computation, anorthite is always not stable, mainly due to the pH that is nearly neutral to slightly 

acidic, while anorthite would require an alkaline environment. 

In this diagram we are able to find 3 different zones with important simultaneous equilibria.  

The zone number 1, at temperature ranging 170-210°C is related to low temperature equilibrium, in 

wich the final phases of alteration like quartz, chalcedony and kaolinite become the most stable. In 

our opinion, this process is related to self-sealing mechanism above the shallow feed zone. 

The zone number 2, at temperature ranging 255-300°C, is characterized by the appearing of high 

temperature metamorphic minerals like wollastonite, epidote and the disappearance of albite and 

microcline to form quartz/chalcedony; this particular facies of thermos-methamorphism in the 

1 2 3 
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hydrothermal system could be responsible for the separation between shallow and deep feed zone, 

due to the formation of hydrothermal minerals in the small fractures that are responsible for the low 

permeability of the feed zones. 

The zone number 3, at temperature ranging 320-340°C, have the simultaneous equilibrium of 

hedenbergite, forsterite and albite pointing out the starting condition for the hydrothermal alteration. 

 

6.4. Conclusion 

In the investigation of the possible mineral phases and their behavior as function of temperature, 

including the finding of Prol-Ledesma and Browne 1989 and Martinez-Serrano 2002, we can 

summarize the behavior as due to assemblage of primary minerals: 

Anorthite – Albite, Diopside-Hedenbrgite (Pyroxene), Augite, K-feldspar, Olivine (Fayalite-

Forsterite) in Basaltic andesites  

The possible hydrothermal/methamorphic high temperature secondary minerals are: 

Tremolite – Actinolite (amphibole), Daphnite/Chlorite, Quartz, Calcite, Kaolinite, Illite – 

Montmorillonite – Muscovite, Epidote, Pyrite, Wairakite, K-feldspar, Diopside-Hedenbrgite 

(Pyroxene), Biotite, Garnet 

Due to water-rock interaction (including CO2 and the acidic fluids), in particular at low temperature, 

a group of secondary minerals with scaling potential could be defined as: 

Pyrrhotite, Pyrite, Quartz – Chalcedony, Calcite, Anhidrite-Bassanite-Gypsum 

In this assemblage, pyrite is more common than pyrrhotite in spite of the high temperature, due the 

H2S fugacity, while iron oxides are expected to appear in case of very low Sulphur concentration. 

These findings are also consistent with Gutierrez Negrin et al., 1990, that found scaling in well H-16 

made up of Iron sulphides and oxides, amorphous silics, quartz, chalcedony, anhydrite and gypsum 

with some carbonatetes.  

Moreover, the simultaneous equilibria method show that on top of the shallow feed zone a 

permeability reduction is expected due to self-sealing made by quartz/chalcedony, kaolinite and 

possible calcite minerals. 

The main hydrothermal alteration start at a temperature intermediate between shallow and deep feed 

zones, and could be responsible for the partial separation of the two feed zone inside a single low 

permeability reservoir. 
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Chapter 7 

 

HIGH TEMPERATURE TRACERS 

7.1 Introduction 

Organic compounds like naphthalene and pyrene sulfonates have been applied successfully as 

water tracers in geothermal reservoirs, and some of these compounds have been reported to be 

thermally stable up to 350oC at reservoir conditions [1, 2]. It has, however, been a demand for 

development of water tracers that are stable at even higher temperatures for tracer applications in 

geothermal reservoirs. Many inorganic ions have a higher thermal stability than organic anions 

applied as tracers in geothermal reservoirs, and it was thought that the possibility of applying 

inorganic anions as tracers should be investigated further. Cobalt hexacyanate [Co(CN)6
3-] has 

been applied by IFE as an inter-well water tracer for petroleum reservoirs previously using the 

radioactive isotope 60Co. The tracer was found to be less stable at temperatures above 100oC, and 

the anionic complex is therefore not regarded as a suitable tracer for geothermal reservoirs. The 

task of this project was to test out the suitability of other anionic metal complexes as water tracers 

for geothermal reservoirs by testing their thermal stability and flooding properties, and measure 

their natural occurrence in geothermal fluids. One advantage when analysing metal ions in water 

is the high detectability that can be achieved using advanced analytical instrumentations like 

inductively coupled plasma mass spectrometry (ICP-MS) or neutron activation analysis. The idea 

of using such metal containing anions as tracers for geothermal reservoirs and other fields of 

tracer research has led to a patent application. In order to prevent any release of information that 

can create problems for the patent application process, the seven compounds tested are not at this 

stage revealed, but are indicated with a letter from A to G. 

 

7.2 Methodology, Data Analysis and Discussion 

7.2.1 Static Thermal Stability Tests 

Seven tracer candidates were first tested for thermal stability in closed quarts vials at temperatures 

from 150 to 250oC. The tracer concentration for each component was about 500 ng/ml (ppb), and 

the test solution contained 4% NaCl. The oxygen in the vials was replaced by argon before the 

vials were heated in an autoclave. The autoclave chamber was pressurized with N2 to a pressure 

corresponding to the inside vapour pressure of the water in the vials at the actual temperature. 

This was done to reduce the risk of vial breakage. The solutions were analysed by ICP-MS after 

one week at temperatures 150, 200 and 250oC. The measured recoveries were as shown in Figure 

1. 
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Figure 7.1. Plot showing recoveries of 7 different tracer candidates at 150, 200 and 250oC 

 

The results indicate that the tracer candidates A, B, C and G were reasonably stable at the 

temperatures applied, while the candidates D, E and F had a lower thermal stability. The increased 

recoveries of Tracer A, B and C at 250oC was due to contamination from the quarts vials since it 

was observed that some of the quarts had started to dissolve from the inside walls at the highest 

temperature and that the contamination was coming from impurities in the quarts. This 

contamination was corrected for in later experiments by increasing the tracer concentration and 

by including blank samples and correcting for the concentration found in the blank samples. 

The same test was also performed with crushed basalt rock material present in the vials. Plots of 

the recoveries are shown in Figure 2. 
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Figure 7.2. Plot showing recoveries of 7 different tracer candidates at 150, 200 and 250oC with basalt rock material 

present in the vials 

When basalt was present in the vials, the best recoveries were obtained for Tracer B and C. The 

recovery for Tracer A was high up to 200oC, but at 250oC the recovery was much lower. For the 

other three candidates the recoveries were markedly lower when basalt was present at 

temperatures 150, 200 and 250oC, indicating that the tracers were either adsorbed on or transferred 

to other less soluble compounds in contact with the Basalt rock particles. Vials stored at 25oC for 

one week were not included in the experiment, and the point of 100% at 25oC was only included 

in the diagram as a reference for no degradation or adsorption.  

7.2.2 Development of HPLC-ICP-MS method and thermal stability tests at higher 

temperatures 

7.2.2.1 Ion exchange HPLC method 

Metals can be present in water solutions in the form of different species and hyphenated 

techniques have been applied for separation of the species prior to detection by for instance ICP-

MS [3, 4, and 5]. A high performance liquid chromatographic (HPLC) method based on ion 

exchange chromatography was developed that was combined with ICP-MS, and this method was 

applied for analysis of Tracer A, B and C. In Figure 3 overlaid response curves from HPLC-ICP-

MS analysis of standard solutions of Tracer A and B are shown. With this chromatography 

method the two tracers could be separated from other species of the metal elements that might be 

present in the sample. 
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The column applied was Allsep AS-2, 100x4.6mm (Alltech part No. 51219), and the eluent 

consisted of 0.1M NH4CO3 solution in water at a flow rate of 0.8 ml/min. 

 

Figure 7.3. Plot of intensity response versus time from HPLC-ICP-MS analysis of standard solutions of Tracer A and 

B 

Tracer C would not elute from the same column as used for Tracer A and B within reasonable 

time. Therefore a different shorter column was applied for Tracer C. In Figure 4 is shown 

chromatogram from HPLC-ICP-MS analysis of a standard solution of 10 ng/l (ppb) of Tracer C 

using an AG-9 50x4mm column (Dionex part No.043186). The Eluent applied was 0.2M NH4CO3 

at a flow rate of 1 ml/min. 

 

Figure 7.4. Plot of intensity response versus time from HPLC-ICP-MS analysis of standard solutions of Tracer C 
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7.2.2.2 Ion pair reverse phase chromatography method 

There is a limitation to what sort of eluent the ICP-MS instrument can tolerate in terms of salt 

concentration and content of organic solvents. High salt concentrations may result in clogging of 

the nebulizer or the MS inlet orifice, and when the content of organic solvents like methanol 

exceeds 20%, a layer of carbon particles may build up in the torch. Different ion pair counter ions 

were tested for reverse phase chromatography of the tracer candidates, and during the method 

development stage UV detection was applied. Tracer A and B was also available as tetra thio 

compounds instead of the original oxygen complex, and one task was to test such sulphur 

compounds as alternative or additional tracers to Tracer A and B. It was therefore important to 

develop a chromatographic method that could separate the oxygen and sulphur containing anions 

of the same metal. The sulphur containing candidates could not be analysed by the ion exchange 

chromatography method because the anions were too strongly retained. Analysis of Tracer A, B 

and C and the sulphur containing version of Tracer B by ion pair reverse chromatography with 

UV detection is shown in Figure 5. The column was a 2 x 50mm C18 reverse phase column and 

the eluent consisted of 5 mM tetraethylammonium chloride and 30 mM ammoniumacetate at a 

flow-rate of 0.3 ml/min. 

 

 

Figure 7.5. Reverse phase ion pair chromatography separation of tracer candidates using a 50mm long C18 column 

 

When using a longer column, a better separation between the oxygen and sulphur containing 

version of Tracer B was achieved as shown in Figure 6. 
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Figure 7.6. Reverse phase ion pair chromatography separation of tracer candidates using a 250mm long C18 column 

The sulphur containing version of Tracer A was found not to be stable in 4% NaCl-solution even 

at ambient temperature. The sulphur containing version of Tracer B was tested for thermal 

stability at 200oC, and the results are showed graphically in Figure 7. 

 

Figure 7.7. Graphical presentation of recovery of Tracer A and B and the sulphur containing version of Tracer B for 

one week thermal stability test at 200oC 

After one week at 200oC the sulphur containing compound could no longer be detected in the test 

solutions. The concentration of Tracer B had increased considerably compared to the amount 

originally added to the test solutions. It was therefore concluded that the sulphur containing 



 
 

175 

compound had been converted into the oxygen containing compound of Tracer B. The recovery 

of Tracer A was found to be near 80% in this experiment. The sulphur containing type of Tracer 

A was not included in the test solution. Since the sulphur containing compounds showed a lower 

thermal stability than the corresponding oxygen compounds, it was decided not to test the sulphur 

containing compounds any further. 

 

7.2.2.3 Thermal Stability Tests of Tracer A, B and C at higher temperatures 

The tracer candidates A, B and C were tested for thermal stability at temperatures up to 350oC in 

4% NaCl solution. The test solutions were analyzed using ICP-MS only (not HPLC-ICP-MS), so 

that only the concentration of the metal element itself was recorded. The results that are shown 

graphically in Figure 8 indicate that the three metal elements were almost completely recovered 

up to 350oC under these conditions. 

 

Figure 7.8. Plot showing recovery of Tracer A, B and C after one week thermal stability test in 4% NaCl at 

temperatures up to 350oC 

The stability was also tested with Basalt rock particles in the test vials, and the results obtained 

are plotted in Figure 9. 
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Figure 7.9. Plot showing recovery of Tracer A, B and C after one week thermal stability test in 4% NaCl with Basalt 

rock in the vials at temperatures up to 350oC 

The recovery of the metal element from Tracer C was near 100% at temperatures up to 350oC. 

For Tracer A the recovery of the metal element was almost 100% up to 200oC, while for Tracer 

B the recovery was reduced already at 200oC and was near nil at higher temperatures. The Basalt 

rock applied must contain some sulphide minerals since H2S could be smelled from the vials when 

the Basalt containing vials were opened after exposure to high temperatures. The reason for the 

reduced recovery of Tracer A and B at high temperatures may therefore be due to formation of 

insoluble metal element sulphides.  

 

7.2.2.4 LC-ICP-MS of thermal stability test solutions 

The solutions from the thermal stability tests were also analyzed using the HPLC-ICP-MS method 

shown in Figure 5. A chromatogram from analysis of Tracer C  is shown in Figure10. 

 

Figure 7.10. Chromatogram from HPLC-ICP-MS analysis of Tracer C in test solution with Basalt rock at 250oC 
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The first peak in the chromatogram at about 2 minutes had the same retention time as a standard 

solution of Tracer C. After about 6 minutes another peak eluted that contained the same metal element 

as Tracer C, but could not be the same component due to different retention. By analyzing the test 

solution using liquid chromatography mass spectrometry (LC-MS) it was found that the second peak 

consisted of a compound identical to Tracer C, but with one oxygen atom replaced by sulfur. This 

compound must be water soluble and was not adsorbed by the Basalt rock since when the test solution 

was analyzed by ICP-MS and only the total concentration of the metal element was recorded, almost 

100% of the element was recovered. Therefore, as long as the tracer was measured as the total 

concentration of the metal, the tracer could still function at high temperatures even though it was 

partly converted to a sulfur containing compound.   

7.2.3 Flooding Experiments 

The first flooding experiment was performed using a 3.8x7.9cm Berea sandstone core. Tracer A, B, 

C and G were injected, and Co(CN)6
3- was also included for comparison. The temperature was set at 

70oC and the mobile phase was 0.7M NaCl solution. The elution curves for the tracers are shown in 

Figure 11. 

 

Figure 7.11. Plot of elution curves for tracer candidates on a Berea sandstone core at 70oC 

Tracer C and Co(CN)6
3- were eluted in about the same elution volume as the ideal water tracer tritiated 

water (HTO), while Tracer A was slightly retained. Tracer B was much more strongly retained and 

only 34.3% was recovered. No response was seen from Tracer G. 
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The next flooding experiments were performed using a setup as shown in Figure 12. 

 

Figure 7.12. Schematic illustration of flooding experiment setup 

 

A 42cm long steel column with internal diameter 8mm was packed with Basalt rock with particle size 

from 125 to 250 m. Deionized water was pumped at a flow rate of 50 l/min using a high pressure 

pump. The column was installed in an oven that could be set at temperatures from ambient up to 

400oC, and the back pressure was adjusted using a back pressure regulator. The water was cooled by 

air in a cooling coil before collected in vials using a fraction collector. The samples were injected 

through a 6-port injection valve with a loop of 50 l internal volume. The fraction collector was set 

to shift to the next vial after 5 minutes so that 250 l was collected in each vial. The vials were covered 

with a plastic film to reduce evaporation of water from the vials during the experiment, and the vials 

were capped after the experiment was finished to avoid evaporation. The first experiment with the 

Basalt packed column was for testing flooding properties of Tracer D, E and F. Co(CN)6
3-  and HTO 

were also included for comparison. The collected fractions were analysed by radio nuclear analysis 

for HTO and by ICP-MS for the metal element content from Tracer D, E and F. None of the three 

tracer candidates D, E and F were recovered from the column within the time frame of the experiment, 

only Co(CN)6
3- and HTO. The response curves are plotted in Figure 13. 
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Figure 7.13. Response curves for the metal elements from Tracer D, E, F and Co(CN)6
3- as a function of eluted volume 

compared to ideal tracer HTO in a flooding experiment with Basalt rock at 100oC and 100bar back pressure 

 

The next experiments were performed for Tracer A, B and C at 250, 300 and 375oC and at back 

pressures of 100, 200 and 240 bars respectively. HTO was added to each sample before injection as 

a reference water tracer. The collected fractions were analysed by radio nuclear analysis for HTO and 

by ICP-MS for the metal element content from Tracer A, B and C. 

The response curves for HTO and the metal elements from the tracer candidates are plotted in Figures 

14, 15 and 16. 
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Figure 

7.14. Response curves for the metal elements from Tracer A, B and C as a function of eluted volume compared to ideal 

tracer HTO in a flooding experiment with Basalt rock at 250oC and 100bar back pressure 

Figure 

7.15. Response curves for the metal elements from Tracer A, B and C as a function of eluted volume compared to ideal 

tracer HTO in a flooding experiment with Basalt rock at 300oC and 200bar back pressure 
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Figure 7.16. Response curves for the metal elements from Tracer A, B and C as a function of eluted volume compared to 

ideal tracer HTO in a flooding experiment with Basalt rock at 375oC and 240bar back pressure 

At 250oC Tracer C and HTO were eluted in nearly the same volume and the recovery of Tracer C 

based on metal element concentration was calculated to 100%. The slightly lower recovery for HTO 

may be due to evaporation of HTO during the experiment. The slightly faster elution of Tracer C 

compared to HTO can be explained by ion exclusion effects. Tracer A was delayed in comparison 

with the ideal tracer HTO and the recovery was calculated to 79%. This result indicate that Tracer A 

was retained due to adsorption and that the tracer may have been partly converted to some other 

insoluble compound. Tracer B was almost completely adsorbed or converted into some other 

insoluble compound in the column. At 300oC the HTO and Tracer C were eluted faster and the ion 

exclusion effect was a bit more pronounced. The recoveries for HTO and Tracer C were 100 and 90% 

respectively. Also at this temperature Tracer A was delayed compared to HTO, but the recovery in 

this experiment was higher. It was observed also during the static experiments that the Basalt rock 

contained some mineral that could release Tracer A at high temperature, and it is anticipated that this 

was the reason for the higher recovery of Tracer A. Tracer B was not recovered in this experiment 

also. At 375oC which is just above supercritical conditions, HTO and Tracer C were eluted even faster 

from the column. The calculated pore volume of the column was reduced from 62.8% to 55.7% when 

the temperature was raised from 250 to 375oC. This corresponds well with the water expansion due 

to increased temperature from the first to the third experiment, and this is therefore regarded as the 

main reason for the decreased elution volume for HTO and Tracer C at higher temperatures. The 

reason for the more enhanced difference in elution speed for Tracer C compared to HTO is unclear. 

The reason for the high recovery of Tracer A must be that some of the same compound was released 

from the Basalt when heated. When the column was heated from 300 to 375oC before the tracer was 
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injected, some Tracer A was released from the Basalt and eluted earlier than the peak at about 13ml 

that derived from the injection of Tracer A. Also at 375oC Tracer B was not recovered. 

7.2.4 Pre-concentration method for Tracer C 

Produced water from geothermal reservoirs may contain high concentrations of sodium chloride or 

other dissolved minerals, and high salt solutions cannot be analysed by ICP-MS directly. This type 

of water samples will have to be diluted or may have to go through a clean-up procedure to remove 

most of the dissolved salts. For some metal elements detection limits down to 10 pg/ml (ppt) can be 

achieved when the element is present in pure water, but for instance when sea water or produced 

water from petroleum fields are to be analysed, a dilution by a factor of 100 or more may be necessary, 

resulting in higher detection limits. In order to achieve a low detection limit for the tracers and thereby 

reduce the necessary amount needed for well injection, development of a clean-up or pre-

concentration method is required. For Tracer C a special clean-up procedure was developed. The 

method is based on application of an organic cation for formation of a lipophilic compound with the 

metal complex anion of Tracer C, and the organic compound can be trapped on a lipophilic resin so 

that inorganic ions can be removed. With this method a detection limit of about 10 ppt should be 

obtainable. 

7.3 Conclusions 

Of the seven tracer candidates tested for static thermal stability up to 250oC, three were regarded as 

sufficiently stable to qualify for further stability and flooding property tests. The three candidates 

(Tracer A, B and C) were tested further for thermal stability in closed quarts vials in 4% NaCl solution 

and with oxygen removed and exchanged by argon. The vials were tested at temperatures up to 350oC, 

with and without Basalt rock particles present in the vials for a duration of one week. When Basalt 

was not present, the recoveries of Tracer A, B and C were near 100% for all the three candidates. 

When Basalt was present, the recoveries of Tracer A and B were considerably reduced, while the 

recovery for Tracer C remained unchanged. Flooding experiments were performed at temperatures 

up to 375oC using a column filled with Basalt rock particles. The Tracer B was not recovered in the 

flooding experiments. Tracer A was slightly retained while Tracer C was eluted in nearly the same 

volume as the ideal tracer tritiated water. Tracer A was leaking  from the Basalt rock particles in the 

column when it was heated to 300oC or above. Tracer A will therefore be less suitable in this type of 

rock, but may perhaps be suitable in others. Tracer B is not regarded as suitable due to adsorption. It 

was observed that Tracer C was partly transformed to another compound containing Sulphur when 

heated above 250oC with Basalt present in the vials. The Sulphur compound of Tracer C was not 

retained during the flooding experiment, resulting in near 100% recovery when the measurement was 

based on analysis of the metal element and not of any of the species of the metal element. 
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Of the seven compounds tested, one tracer candidate (Tracer C) showed satisfactory properties as 

geothermal tracer and is expected to be suitable at temperatures up to at least 375oC. Further testing 

of Tracer C in field experiments is therefore recommended. 
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PART 2– ACOCULCO GEOTHERMAL SYSTEM 

Chapter 1 

STATE OF THE ART ON ACOCULCO GEOTHERMAL SYSTEM BEFORE 

GeMex  

 

1.2 Geological and geothermal setting 

The Acoculco Caldera (∼18 km in diameter) is located at the eastern portion of the Trans-Mexican 

Volcanic Belt (TMVB), at the intersection of NE–SW Tenochtitlan-Apan, NW–SE Taxco-San 

Miguel de Allende, and E–W Chapala-Tula fault systems and on the NE–SW Rosario-Acoculco horst 

(García-Palomo et al., 2017). It lies within the structure of the older Tulancingo Caldera (∼32 km in 

diameter, activity between 3.0 and 2.7 Ma; López-Hernández et al., 2009). The caldera is associated 

with 1.7–0.24 Ma eruptive events, the last of which generated the Acoculco andesitic ignimbrite and 

resulted in the caldera collapse (López-Hernández et al., 2009; Calcagno et al., 2018). Post-calderic 

eruptive events, resulting in scoria cones and basaltic lava flows, lasted until 0.06 Ma (Sosa-Ceballos 

et al., 2018). The Acoculco Caldera basement, from base to top, is formed by granite, Jurassic 

sandstones, Cretaceous calcarenites, limestones and marbles of the Sierra Madre Oriental, the 

Zacatlan-Chignahuapan basalt plateau and pre-calderic domes and lavas (10–3 Ma) (Campos-

Enríquez et al., 2003; López-Hernández et al., 2009; Canet et al., 2015a; Calcagno et al., 2018; 

Avellán et al., 2018). The granitic intrusion, associated with at least four magma bodies at depths of 

1 to > 2 km (Calcagno et al., 2018), has a presumed Late Cretaceous age since it produced a 

metamorphic aureole of marbles and skarns within the Cretaceous limestones (Sosa-Ceballos et al., 

2018), suggesting temperatures above 350 °C (López-Hernández et al., 2009). Late-stage intrusions 

are represented by aplite dikes, cutting the skarn but not the overlying volcanic rocks (López-

Hernández et al., 2009). Some preliminary studies performed by the National Mexican Power 

Company (Comisión Federal de Electricidad, CFE), identified Acoculco Caldera as a potential 

candidate for Enhanced Geothermal Systems (EGS) technology. Following this indication, the 

basement was regarded as a possible location for a geothermal reservoir (Hot Dry Rock Geothermal 

System, HDR), also considering that the overlying volcanites associated with the caldera are intensely 

hydrothermalized (López-Hernández et al., 2009; Pulido et al., 2010; Peiffer et al., 2014, 2015; 

Garcia-Valles et al., 2015; Canet et al., 2015b). DC Schlumberger surveys (Palma, 1987) and 

geochemical characterization of some local spring fluids (Tello-Hinojosa, 1986, 1987) provided the 

location of the first exploration borehole (i.e. EAC-1 well, drilled in 1995) in the Los Azufres area, 

where cold bubbling pools and extensive areas of argillic alteration are present (López-Hernández et 

al., 2009). Downhole measurements, analyses of samples and temperature logs (> 300 °C at ∼2000 

m depth) are reported in Tello-Hinojosa (1994), Palma (1995), García-Estrada (1995), Gama et al. 

(1995) and López-Hernandez and Castillo-Hernandez (1997). Despite the high geothermal gradient 

(three times the average for TMVB), a pure conductive heat transfer regime resulted from the 

downhole temperature profiles (López-Hernández et al., 2009; Canet et al., 2015a). Permeable zones 
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with warm water and significant amount of gas were intercepted at shallow depth, nevertheless a deep 

water reservoir was not found (López-Hernández and Castillo-Hernández, 1997; López-Hernandez 

et al., 2009). Another well (EAC-2), distant from EAC-1 ∼500 m to the NE, was drilled in 2008 

(Viggiano-Guerra et al., 2011) and the active gas bubbling area of Alcaparrosa was also proposed for 

a possible future drilling of the EAC-3 well. Based on samples extracted from EAC-1 and EAC-2, 

Canet et al. (2010) identified two major zones of alteration in the subsurface rocks, i.e. a shallow one 

extending to 500-600 m depth with ammonium-argillic alteration of the volcanic rocks indicating 

temperatures > 200 °C, and a deeper one down to ∼1000 m depth with an alteration assemblage of 

epidote–calcite–chlorite suggesting temperatures of ∼240 °C. At greater depth, a calc-silicate 

paragenesis with wollastonite, garnet and diopside in marbles and skarns suggests temperatures above 

350 °C (López-Hernández et al., 2009). Surficial rocks are characterized by a widespread silicic 

alteration, whilst advanced argillic alteration occurs principally near the gas manifestations of Los 

Azufres and Alcaparrosa (Canet et al., 2015a, 2015b).The composition of cold gas samples at Los 

Azufres and Alcaparrosa is dominated by CO2, followed by H2S. Accordingly, the waters discharging 

in these areas are acidic and SO4-rich due to dissolution of H2S (and subsequent oxidation to H2SO4 

at shallow levels) and are strongly different from the calcium-bicarbonate thermal waters discharged 

outside the Acoculco Caldera (e.g. Chignahuapan at SE) and the sodium-bicarbonate waters at the N 

periphery of the caldera and near Los Azufres (López-Hernández et al., 2009). 

Although the AGF is considered since many years as a potential site for EGS technology, the possible 

occurrence of hot fluids at depth close the central sector of the Acoculco Caldera is still debates. Also, 

the identification of the origin and kinematic of regional and local faults/fracture systems represent 

another open question. Even if various geochemical studies were performed in the AGF for physico-

chemical characterization of known natural manifestations, before the GeMex project no detailed 

investigation regarding the identification of source areas and description of fluid flow-path were never 

been performed. It is well known that rainfall is high in the Tulancingo-Acoculco area. At high 

altitude the average annual precipitation is about 1000 mm, whereas in the surrounding plains is about 

600 mm (Lopez-Hernandez, 2009). Therefore, Acoculco’s surrounding areas could represent the 

infiltration system. These represent two of the main topics of the investigation performed in Acoculco 

in the framework of the Task 4.3. 
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Chapter 2 

 

WATER AND GAS GEOCHEMISTRY 

2.1 Introduction 

The AGF was studied in the framework of the task 4.3 with the same goals and approach used for 

Los Humeros. Regarding the locations of possible cold springs and wells located around AGF, before 

GeMex no large database was present. However, thanks to the collaboration and support with 

Mexican partners (Cicese Ensenada, UMSNH, University of Guanajuato, CFE) it was possible to 

obtained a suitable distribution of sampling points and measurements. Sampling trip was performed 

in January 25th-February 06th 2018, in which 45 water and 3 dry gas samples were collected, and 418 

measurements of CO2 diffused from soils were carried out. 

 

2.2 Waters: Sampling, field measurements and laboratory analyses 

Water samples from 45 thermal and cold discharges, located inside and outside the Acoculco Caldera 

(Fig. 2.1), and free gas samples from three bubbling pools (one at Los Azufres and two at Alcaparrosa) 

were collected. Sampling and in-situ measurements (temperature, electrical conductivity, pH, total 

alkalinity, flow rate and dissolved oxygen) of cold and thermal waters from springs and wells were 

performed by portable devices. Sampled fluids were analysed in the IGG laboratories in Pisa and 

Florence (Italy). Collected samples were also analysed in laboratories of the CICESE (Ensenada). 

Three non-filtered and three filtered (0.45 μm) and acidified (two with ultrapure HCl and one with 

ultrapure HNO3, respectively) water samples were collected in polyethylene bottles for the analysis 

of anions, isotopes of water (δD-H2O and δ18O-H2O), SiO2, cations, NH4 and trace species, 

respectively. Total alkalinity was measured directly in the field and then checked in the lab by 

acidimetric titration (AT) with 0.01 N HCl using a Metrohm 794 automatic titration unit. The 

analytical error for AT analysis was ≤5%. The main anions (Cl−, SO4
2−, NO3

−, Br−, and F−) and cations 

(Na+, K+, Ca2+, Mg2+) were analyzed by ion chromatography (IC) using Metrohm 761 and Metrohm 

861 chromatographs, respectively. Instruments performance are the same as for fluids analyses of 

Los Humeros. 
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Figure 2.1 – Location of water samples from thermal and cold discharges of the Acoculco campaign. 

 

2.2.1 Hydrogeochemical classification and binary plots 

As regards the water samples, temperature and pH, chemical composition (main and trace solutes, in 

mg/L), TDS (total dissolved solids, in mg/L) and δD-H2O and δ18O-H2O (‰ V-SMOW) values are 

listed in Table A1-A (-A stands for Acoculco). Outlet temperatures ranging from 7.5 to 48.3 °C, while 

pH and TDS values varied respectively from 2.08 and 8.64 and between 94 and 1602 mg/L (see figure 

2.2.1). Springs in Alcaparrosa and Los Azufres are clearly affected by dissolution of H2S and 

subsequent oxidation to H2SO4, which decrease pH values. During the sampling trip, smell of H2S 

was reported also close to other cold springs (AC-25, AC-47 and AC-48). H2S source is located within 

the Acoculco Caldera (López-Hernández et al., 2009; Peiffer et al., 2014) and its presence is 

ascertained by the chemical analysis of the sampled gases (Table A3-A). 
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Figure 2.2.1 - Binary plot Temperature vs. pH of water samples of the Acoculco campaign. Samples from Los Azufres, 

Alcaparrosa and Chignahuapan are also highlighted in blue, green and red, respectively. 

 

As for Los Humeros, the hydrogeochemical classification was performed using the LL-diagrams 

(Langelier-Ludwig, 1942). Variable compositions from Ca2+–SO4
2− or Na+–SO4

2− (acid or near-acid 

waters from the Acoculco Caldera, e.g. Los Azufres and Alcaparrosa) to Ca2+–HCO3
− or Na+–HCO3

− 

(especially from outside the caldera, e.g. Chignahuapan) were observed (Figs. 2.2.2-2.2.4). Moving 

away from the caldera, the waters tend to lose this contribution and the compositions become near-

neutral calcium-sodium-bicarbonate, also due to the solubility difference between H2S and CO2, with 

the latter more able to migrate towards the periphery of the system (Peiffer et al., 2014). The chemistry 

of the Na+-HCO3
− waters is due to water-rock interaction processes involving Na-silicates of the 

volcanic rocks of the study area. On the other hand, most of the Ca2+-HCO3
− samples (e.g. those from 

the Tulancingo area) are originated from meteoric water interacting with carbonates, which 

extensively outcrop around the AGF (e.g. in the Sierra Madre Oriental). 
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Figure 2.2.2 – LLHCO3 diagram for collected waters in AGF.   Figure 2.2.3 – LLCL diagram for collected waters in AGF 

 

Figure 2.2.4 – LLSO4 diagram for collected waters in AGF. 

 

From the correlation plot HCO3 vs Cl+SO4 (figure 2.2.5 left) and Na vs K+Ca+Mg (figure 2.2.5 

right), for collected thermal waters it is evident that HCO3 and (Na+Ca), respectively are the most 

abundant anions and cations. Water from springs in Alcaparrosa and Los Azufres show high SO4 

concentration due to H2S dissolution and its oxidation to H2SO4. Same feature characterizes also three 

cold springs samples (AC25, AC47 and AC48), where smell of H2S was recognized during sampling 

activities. 
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Figure 2.2.5 – Correlation plot HCO3 vs Cl+SO4 (left) and Na vs K+Ca+Mg (right) for collected water samples in AGF. 

The acid samples AC-05, AC-06 and AC-07 from Los Azufres are also characterized by the highest 

contents of B and NH4
+, testifying an input of hydrothermal fluids and dissolution of rocks/sediments 

at the surface close to the discharge points (see figure 2.2.5 left). The calcium-bicarbonate waters 

from Chignahuapan showed some features typical for hydrothermal fluids: i) relatively high TDS 

values; ii) relatively high temperature; iii) high NH4
+, B and Li+ concentrations (Table 2, Fig. 2.2.5 

right). The relatively high concentrations of HCO3
− in Chignahuapan waters are likely controlled by 

CO2 dissolution. Water from cold springs and wells are characterized by lower values of B and Li. 

    

Figure 2.2.6 – Correlation plot B vs Cl (left) and Li vs Cl (right) for collected samples in the AGF. 

 

2.2.2 Dissolved carbon dioxide 

Taking into account the very low flux of CO2 diffused from soil (see paragraph 2.4) and the goal of 

the task 4.3 regarding the identification of faults/fracture at local scale, which can be used by deep 
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gases as vertical permeability, the dissolved CO2 was calculated for waters collected in the AGF. The 

same approach for LHGF was used (Solveq numerical code, with soltherm98 database - Spycher N, 

Reed M.H., 1998). The results are shown in table A3_A (in appendix). Values for PCO2 are generally 

less than 0.1 bar, a typical value for decomposition of organic matter and/or soil respiration. In 

thermal waters of Chignahuapan and Banos Chino higher values commonly found in hydrothermal 

systems were calculated (respectively 0.28 and 0.24 bars). Water samples located in the central sector 

of the Acoculco caldera (AC06, AC07, AC12, AC13, AC18, AC19 and AC25) are characterized by 

medium values. It could be interpreted, at least in part, as the results of CO2-rich gas rising from 

depth and interacting with circulating water at shallow levels (e.g. AC6 and AC7 are close to drilled 

boreholes EAC1 and EAC2). The geographical distribution of the dissolved CO2 does not evidence 

any correlation with faults/fractures alignments. 

 

 

Figure 2.2.7 – Map of dissolved PCO2 calculated for collected waters in AGF. Data are expressed as LogCO2-fugacities. 

 

2.2.3 Stable isotopes of water 

The 2H and 18O values of H2O for the water samples collected in the AGF and its surrounding are 

shown in the correlation diagram of Figure 2.2.8, together with the worldwide meteoric water line 

(WMWL - 2H = 8·18O+10, Craig, 1961). As for reference, a meteoric water line (MWL) defined 

by Perez Quezadas et al. (2015) is also reported, even if it was defined using precipitation samples 
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collected along a transect from the Port of Veracruz to Cofre de Perote. Therefore, it represent a local 

meteoric water line for the upwind Sierra Madre Oriental area and it is not specific for Acoculco area. 

 
Figure 2.2.8 - Correlation diagram of 2H-H2O vs. 18O-H2O for the water samples collected in the AGF and its 

surroundings. The World Meteoric Water Line (WMWL – Craig, 1961) and Meteoric Water Line (MWL) by Perez et al. 

(2015) are also shown. 

 

All samples plot preferentially along the WMWL, even if some of them are shifted to the right. This 

scatter of isotope values could be due to i) occurrence of evaporation processes, ii) water-rock 

interaction processes at the surface, combined or not with interaction with deep CO2 (Chiodini et al., 

2000). In fact, various samples are characterized by low pH values (evidenced in the figure 2.2.8 as 

acid springs) and presence of CO2-rich gases at the discharge points. For what concerns the thermal 

waters sampled during this work, they plot close to the WMWL and are, therefore, of meteoric origin. 

The thermal spring of Banos Chino is the isotopically heavies water collected during this work and 

probably reflects a less altitude of infiltration. On the other hand, Banos Chino is characterized by a 

lower altitude for the discharge (2050 m.a.s.l.). Just two cold springs (AC20 and AC48) have the 

same isotopic signature, but they are probably affected by other processes: during the field trip a smell 

of H2S was reported and one of this (AC20) was collected during rain event. 

In general, mean values of 2H and 18O for cold water collected in the AGF (excluding the acid 

waters) are similar to those for LHGF and this feature points out to the regionalization of the meteoric 

component. 
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2.3 Natural gas emissions 

2.3.1 Sampling and laboratory measurements 

Free gases at Los Azufres and Alcaparrosa were sampled using a plastic funnel up-side-down 

positioned above the bubbling sites and connected through a silicon tube to a pre-evacuated glass 

bottle equipped with a thorion valve (Vaselli et al., 2006) or to 40 mL gas vials equipped with a rubber 

septum instead of the glass bottle. The gas fraction (CO2, H2S, N2, Ar, O2 and CH4) was analyzed by 

gas chromatography (GC) using a Shimadzu 15A instrument equipped with a Thermal Conductivity 

Detector (TCD). Argon and O2 were separately analyzed using a Thermo Focus gas chromatograph 

equipped with a 30 m long capillary molecular sieve column and a TCD. Methane was determined 

by using a Shimadzu 14A gas chromatograph equipped with a Flame Ionization Detector (FID) and 

a 10 m long stainless-steel column packed with Chromosorb PAW 80/100 mesh coated with 23% SP 

1700 (Vaselli et al. 2006). The analytical error for the GC analysis was ≤10%. The carbon isotopes 

in CO2 (expressed as δ13C-CO2 ‰ vs. V-PDB) were determined by using a Finnigan Delta Plus mass 

spectrometer (MS), after extracting and purifying CO2 by using liquid N2 and N2-trichloroethylene 

cryogenic traps (Evans et al. 1998; Vaselli et al. 2006). Internal (Carrara and S. Vincenzo marbles) 

and international (NB18 and NBS19) standards were used for estimating the external precision. 

Analytical uncertainty and reproducibility were ±0.05‰ and ±0.1‰, respectively. The carbon 

isotopes in CH4 (expressed as δ13C-CH4 ‰ vs. V-PDB) were measured by Cavity Ring-Down 

Spectroscopy (CRDS) using a Picarro G2201-i Analyzer. The errors of the CRDS analysis was <1 

‰. In order to avoid interferences, the instrument inlet line was equipped with (i) a Drierite trap and 

(ii) a copper trap for the removal of water vapor and H2S, respectively. According to the operative 

ranges of the Picarro G2201-i instrument (up to 500 ppm), gas samples were diluted using a N2-O2-

Ar gas mixture. The locations of the collected samples are shown in the map of figure 2.3.1, whereas 

the chemical and isotopic data are included in table A4_A (in appendix). 

 
Figure 2.3.1 – Location map of dry gas samples collected from natural manifestation in AGF. Drilled boreholes EAC1 

and EAC2 are also shown. 
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2.3.2 Chemical classification 

For Alcaparrosa samples (ALC1 and ALC2), the N2/Ar ratios are higher than that of atmospheric air 

(N2/Ar = 83.5 – figure 2.3.2 left). Dry gas sample of Los Azufres plots along the line mantle-air, 

suggesting dilution processes with air of a deep component. In fact all gas samples show the N2/Ar 

ratios higher than that of water saturated air (N2/Ar = 38), possible indicating a deep fluids input. Los 

Azufres shows a different N2/CH4 ratio compared to Alcaparrosa samples, probably reflecting 

different redox conditions. This finding seems to be confirmed by the δ13C-CH4 values, which are 

more negative than that for Alcaparrosa. However, all δ13C-CH4 values are consistent with those 

typically related to thermogenic processes involving pre-existing organic matter (e.g. Schoell, 1980, 

1988; Whiticar et al., 1986; Whiticar, 1999), thus CH4 probably originated at reducing hydrothermal 

conditions. The δ13C-CO2 values (Table 3) of the free gas samples are significantly less negative than 

those typically produced by biogenic processes (δ13C-CO2 ≤ −20 ‰ vs. V-PDB; e.g. O’Leary, 1988; 

Hoefs, 2009) and are consistent with the isotopic value measured by Peiffer et al. (2014) and in the 

range of gases from mantle degassing (from −9 to −2 ‰ vs. V-PDB; e.g. Javoy et al., 1982; Rollinson, 

1993; Hoefs, 2009). 

    

Figure 2.3.2 – Triangular plots CO2-Ar-N2 (left) and CH4-N2-CO2 (right) for dry gas samples collected in AGF. 
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Chapter 3 

Diffuse degassing 

3.1 Field measurements 

Before the field trip, some areas of interest in which to perform diffuse degassing measurement were 

selected according to the indication coming from geologists involved in the project. Among all the 

areas affected by tectonic features, one corresponding to the rectangle A1 (Fig. 3.1) was targeted for 

soil diffuse CO2 degassing. In addition, another three areas (Los Azufres, Alcaparrosa and 

“Lagunilla”) characterized by gas emission or argillic alteration of the soil were also investigated 

(Fig. 3.1). However, once in the field, the grid of the measurement points was adapted to the local 

conditions (i.e. presence of swamp, mud pools, vegetation, villages). The ϕCO2 values were measured 

at 418 sites within the Acoculco Caldera using the Accumulation Chamber (AC) method (e.g. 

Chiodini et al., 1996, 1998, 2001; Gerlach et al., 2001; Cardellini et al., 2003). All measurements 

performed in the field are included in the table A5_A (in appendix). 

 
Figure 3.1 – The 418 sites of ϕCO2 measurement within the Acoculco Caldera. 

 

The instrumental apparatus used for the AC measurements consisted of: 1) a metal cylindrical vase 

(the chamber) with a basal area of 200 cm2 and an inner volume of 3060 cm3, 2) an Infra-Red (IR) 

spectrophotometer (Licor® Li-820). A low-flow pump (20 mL s−1) conveyed the gas from the 

chamber positioned above the soil to the IR that provided continuous CO2 measurements (up to 

20,000 ppm), with an accuracy of 4%. The soil gas was re-injected into the chamber to minimize the 

disturbance effects due to changes of barometric conditions. The ϕCO2 values were computed on the 

basis of the measured CO2 concentrations over time (dCCO2 dt−1), using a palmtop computer 

connected with the IR through an analog-digital (AD) converter and equipped with a software, 

according to the following equation: 
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(1) ϕCO2 = cf × dCCO2 dt−1 

The instrumentation was calibrated by using an induced flux in the laboratory and calculating the 

appropriate conversion factor (cf) between the native unit ppm/sec to the user unit (i.e. mol m-2 day-

1). The cf factor was computed as the slope of the linear best-fit line of ϕCO2 vs. dCCO2 dt−1. Finally, 

CO2 flux was obtained as mol m-2 day-1 as a function of temperature and atmospheric pressure, which 

were measured in the field during the measurements. 

 

3.2 Results and discussion 

The ϕCO2 values range from 0.12 to 48.9 g m-2 day-1, whereas the average, median and standard 

deviation values were 12.6, 11.8 and 7.4 g m-2 day-1, respectively. The air temperature and pressure 

values varied from 1.5 to 20 °C and from 721 to 735 mbar, respectively. 

To estimate the total amount of the released CO2 fluxes, the measured data were processed using a 

classical graphical-statistical method (Sinclair, 1974, 1991). Through this approach, and not 

considering the highest flux outliers, six main flux populations were found within the area that 

includes the central polygon A1 and Los Azufres. Flux measurements in each previous areas have a 

normal distribution. This polymodal distribution is very likely due to the various types of soil 

encountered within the area, from the soft and marshy soil to the rocky substrate. Consequently, the 

database was divided into 6 classes and it was plotted together with the traces of the main known 

regional faults/fractures (Fig. 3.2). This map shows a general scatter of CO2 flux values with no 

appreciable differences, crossing the main faults/fractures alignment. Just in the south-west side, in 

which the two main faults/fractures systems meet, a group of higher values seems to be localized. 

However, also in this area, CO2 fluxes are very low and the presence of the village could affect some 

of the measurements. 

 

Figure 3.2 – Dot-map of the CO2 flux values for the polygon A1 and Los Azufres areas. Traces of main regional 

faults/fractures are also reported. 
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Regarding the Alcaparrosa and “Lagunilla” areas, excluding outliers, the data distribution was 

normal. Thus, 3 classes of values were sufficient to represent the dot-maps (Fig. 3.3). 

 
Figure 3.3 – Dot-maps of the CO2 flux values for Alcaparrosa and “Lagunilla” areas. 

 

Summing up, the ϕCO2 results indicate that: 

• CO2 flux anomalies depending on preferential tectonic lines were not clearly observed;  

• low CO2 fluxes were measured (ranging between 0.12 and 48.9 g m−2 day−1), implying that 

most data were associated with soil respiration and reflecting low permeability conditions, at 

least at shallow levels.  

The causes of these low flux values are likely due to the presence of large areas characterized by 

swamp and to the climate conditions during the survey, favoring a mostly water-saturated soil. 

However, similar measurements performed during the dry season gave the same indications (Peiffer 

et al., 2014). 



 
 

198 

According to the Sichel’s t estimator (David, 1977), the total diffuse CO2 outputs at the area of central 

polygon A1-Los Azufres, Alcaparrosa and “Lagunilla” were estimated in ~27, 2.3 and 0.1 t day-1, 

respectively. 

 

3.3 Conclusions 

Sampling campaigns was performed in AGF in January 25th-February 06th 2018, in which 45 water 

and 3 dry gas samples were collected, and 418 measurements of CO2 diffused from soils were carried 

out. Sampling trip was performed in collaboration with CICESE (Ensenada), Guanajuato University 

and Michoacán University (UMSNH). Particular attention was focused on the selection of “target” 

areas in which to perform sampling of cold springs, providing information regarding the origin of 

fluids. 

Chemical characterization of samples collected from cold springs and wells suggest an interaction 

between meteoric water and different rock types. The chemistry of the Na+-HCO3
− waters is due to 

water-rock interaction processes involving Na-silicates of the volcanic rocks of the study area. Most 

of the Ca2+-HCO3
− samples (e.g. those from the Tulancingo area) are originated from meteoric water 

interacting with carbonates, which extensively outcrop around the AGF (e.g. in the Sierra Madre 

Oriental). Acid waters enriched in SO4 are originated by dissolution of deep H2S, followed by the 

oxidation to H2SO4 at surface levels: in fact, this kind of springs are located close to or at the discharge 

point of natural gas manifestations (Los Azufres and Alcaparrosa sites). Dissolved CO2 calculated in 

collected water samples doesn’t show correlations with main alignments of regional faults/fractures. 

Just in Chignahuapan and Banos Chino thermal waters the dissolved CO2 shows higher values, but 

anyway in the typical range of variation for hydrothermal systems. 

For what concern the stable isotopic composition, cold waters from springs and wells follow the 

WMWL, even if some of them are shifted on the right. This scatter of isotope values could be due to 

i) occurrence of evaporation processes, ii) water-rock interaction processes at the surface, combined 

or not with interaction with deep CO2. In fact, various samples are characterized by low pH values 

and presence of CO2-rich gases at the discharge points. Mean values of 2H and 18O for cold water 

collected in the AGF (excluding the acid waters) are similar to those for LHGF and this feature point 

out to the regionalization of the meteoric component. Natural gas emissions sampled at Los Azufres 

and Alcaparrosa sites represent a mixing between deep component and surface one. Dry gas sample 

of Los Azufres suggest dilution processes with air of a deep component. In general, all gas samples 

show the N2/Ar ratios higher than that of water saturated air (N2/Ar = 38), possible indicating a deep 

fluids input. Measurements of CO2 flux diffused from the soil show low values, typically associated 

to soil respiration. In general, no clear correlation between geographical distribution of higher values 

of CO2 fluxes and main regional faults/fractures alignments were evidenced. Just close to natural gas 

emission CO2 fluxes reach higher values. 
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APPENDIX 

 

 

 

 

 

 

 

 

 

 

 

ID Station Date, hour Type X(m) Y(m) Altitude (masl) Depth (m) Flow (L/min) Temp. (°C) pH Cond. (µS/cm) DO (mg/L)

AC-01 Auditorio Chignahuapan 25/01/18, 10:07 cold spring 604318 2193645 2261 - 28.2 17.3 6.95 287 7.08

AC-02 El Ameyal 25/01/18, 11:39 cold spring 605912 2194837 2216 - 4.8 15.6 7.93 236 7.46

AC-03 Rio Zacatlan 25/01/18, 11:50 river 605912 2194837 2216 - 51000 18.7 8.81 1094 7.78

AC-04 Baño Chino 25/01/18, 12:37 hot spring 606132 2195045 2050 - 48 32.1 6.46 1590 1.09

AC-05 Pozo 1 CFE 27/01/18, 10:51 cold spring 589590 2203103 2850 - - 16.2 4.68 543.4 3.23

AC-06 Pozo 1 CFE 27/01/18, 11:22 cold spring 589590 2203103 2850 - - 18.1 4.77 553 4.62

AC-07 Pozo 1 CFE 27/01/18, 12:15 cold spring 589590 2203103 2850 - 0.3 15.6 5.57 522.7 2.61

AC-08 Alcaparrosa 27/01/18, 15:05 cold spring 589676 2205110 2828 - - 11 2.08 3579 2.95

AC-09 Alcaparrosa 27/01/18, 15:56 cold spring 590088 2204870 2844 - 3 11.1 2.6 24.2 3.29

AC-10 Pozo 1 CFE 27/01/18, 17:04 cold spring 598406 2202965 2842 - 24.66 19.3 3.53 764 3.86

AC-11 Presil la 28/01/18, 09:44 cold spring 587682 2201300 2870 - 10.8 15.2 7.57 355.3 6.81

AC-12 Rabanillo 28/01/18, 10:19 cold spring 587041 2201626 2900 - 4.8 11.5 6.64 152.9 6.89

AC-13 La Agüitongo 28/01/18, 11:13 cold spring 586209 2203240 2826 - 7.8 10.1 6.94 336.2 4.95

AC-14 La Agüitongo 28/01/18, 12:57 cold spring 585951 2203344 2813 - 19.6 14.5 6.77 494.2 6.23

AC-15 Sn. Francisco Terreril los 29/01/18, 11:20 cold spring 588020 2201347 2854 - 2.52 11 7.4 463.2 6.78

AC-16 El Cristo 29/01/18, 11:21 cold spring 585471 22022522 2758 - 3 9.9 6.33 553.6 6.71

AC-17 El Cristo 29/01/18, 13:45 cold spring 585404 2202493 2803 - 18.6 11 5.88 434.8 6.22

AC-18 Ejido Sn. Jose Corral Blanco 29/01/18, 12:49 cold spring 584688 2202116 2791 - - 7.5 6.38 127.6 5.16

AC-19 El Cazadero 29/01/18, 13:50 cold spring 583645 2201395 2790 - 3.92 11.2 7.22 396.8 2.57

AC-20 Rancho del Encanto 29/01/18, 15:30 cold spring 584441 2202511 2770 - 480 7.8 7.46 173.7 8.2

AC-21 Baño Chino 30/01/18, 9:45 hot spring 606132 2195045 2050 - - 32.1 6.46 1590 1.09

AC-22 Agua del Aire 30/01/18, 15:45 cold spring 584037 2204055 2802 - - 8.9 6.55 100.4 4.39

AC-23 Acoculco 30/01/18, 16:12 cold spring 582213 2204701 2768 - 4.44 13.1 7.37 248.2 3.43

AC-24 Pozo del Agua de Oro 30/01/18, 16:45 well 582116 2203887 2760 140 22.4 7.64 645 2.44

AC-25 Tlahuitongo 30/01/18, 17:21 cold spring 585510 2203167 2814 - 3.75 8.3 4.97 1660 5.91

AC-26 Balneario Agua Termal 31/01/18, 10:55 hot spring 605437 2193867 2304 - - 48.3 6.25 1566 0.16

AC-27 Laguna Chignahuapan 31/01/18, 12:03 cold spring 602307 2193987 2267 - - 18.8 7.6 351.1 6.91

AC-28 Ventoquipa 01/02/18, 13:55 cold spring 569268 2215428 2228 - 17940 20.6 7.87 347.6 6.85

AC-29 Ventoquipa 01/02/18, 14:12 cold spring 569268 2215428 2228 - 1440 20.2 7.61 163.6 6.83

AC-30 Tezoquipa-Almoloya 01/02/18, 15:21 cold spring 571417 2214594 2221 - 1080 22.2 7.32 238.8 3.5

AC-31 Laguna Hueyapan 01/02/18, 16:04 cold spring 575256 2214418 2258 - 750 23.9 7.54 464.7 5.59

AC-32 Pozo Valle Verde 02/02/18, 10.45 well 564095 2220138 2172 300 360 23.6 7.31 683.5 4.66

AC-33 Pozo Prepa 2 02/02/18, 11:30 well 566193 2219643 2170 300 ? 21.8 7.58 392.5 5.31

AC-34 Pozo Moises Rivera 02/02/18, 12:00 well 566692 2218203 2166 239 900 21.2 7.65 490.5 5.23

ID Station Date, hour Type X(m) Y(m) Altitude (masl) Depth (m) Flow (L/min) Temp. (°C) pH Cond. (µS/cm) DO (mg/L)

AC-35 Pozo 18 de marzo 02/02/18, 12:20 well 566797 2219901 2197 103 1800 22.8 7.46 359 5.76

AC-36 Pozo Caracolitos 02/02/18, 13:06 well 565295 2221068 2152 300 3600 23 7.31 389.5 5.67

AC-37 Pozo Peni 02/02/18, 13:55 well 565574 2221823 2157 120 3600 22.7 7.61 943.1 6.39

AC-38 Pozo Napateco 02/02/18, 14:27 well 568990 2228040 2151 170 1800 26.5 7.15 331.9 5.69

AC-39 La Soledad 02/02/18, 15:30 cold spring 580514 2206046 2805 - - 16.8 7.22 373 8.21

AC-40 El Tepeyac 03/02/18, 14:20 cold spring 571799 2216682 2245 - - 18.5 6.77 929.8 4.99

AC-41 Pozo Santa María 03/02/18, 15:02 well 572820 2217004 2240 n.k. - 31.3 7.38 463.9 1.71

AC-42 Ojito de Agua 03/02/18, 16:43 cold spring 573595 2213459 2284 - 22.2 7.48 342.2 6.3

AC-43 Laguna Hueyapan 03/02/18, 17:36 cold spring 575310 2214861 2267 - 80 20.5 6.9 369.7 3.56

AC-44 Tlacomulco 03/02/18, 18:11 well 571763 2216309 2258 n.k. 17 6.9 520.7 1.87

AC-45 Los Laureles 04/02/18, 13:50 cold spring 579830 2205884 2808 - 25 16.2 6.54 81.5 6.39

AC-46 Huiztongo 04/02/18, 15:09 river 583797 2208283 2489 - 390 14.2 8.64 430.8 7.74

AC-47 Las Tires 04/02/18, 16:25 cold spring 585072 2209822 2637 - 3.3 11.1 6.11 1113 3.39

AC-48 Las Tires 04/02/18, 17:04 cold spring 585105 2209776 2588 - - 13.3 7.42 989.5 7.22

AC-49 Coatzetzengo 05/02/18, 16:00 well 2790 n.k. 22.7 7.39 580.6 5.66

AC-50 Coatzetzengo 05/02/18, 17:38 well 568878 2203713 2623 n.k. 21.8 7.74 180.4 5.71

AC-51 Col. Ignacio Zaragoza 06/02/18, 15:40 well 568738 2241603 2181 200 2160 19.5 7.86 167.2 5.14

Table A1_A - Main physico-chemical parameters measured in the field for collected water samples (Acoculco). Total alkalinity was determined on the field by acid-base titration. DO stands for Dissolved Oxygen.

n.k. – not known
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ID HCO₃⁻ F⁻ Cl⁻ Br⁻ NO₃⁻ SO₄²⁻ PO₄3⁻ Ca²⁺ Mg²⁺ Na⁺ K⁺ NH₄⁺ Li⁺ B SiO2 δD‰ δ18O‰

AC-05 - 1.1 5.9 n.d. 0.14 267 n.d. 58 11.7 23.3 10.2 2.2 0.012 6.5 73 -66.1 -9.4

AC-06 12 1.1 10 0.08 0.28 269 n.d. 47 13 31 16 2.2 0.015 20 76 -67.6 -9.6

AC-07 55 0.42 60 n.d. 3.4 193 n.d. 37.7 10 48.3 25.6 5.7 0.009 37 84 -74.8 -10.6

AC-08 - 0.52 7.3 n.d. 0.13 453 n.d. 7.6 2.1 9.7 3.9 0.51 0.006 0.08 96 -68.7 -10.1

AC-09 - 0.37 1.5 0.05 0.1 230 n.d. 6.9 1.2 8.7 4.8 0.59 0.001 0.03 97 -74.5 -10.8

AC-10 - 0.64 3.6 0.03 0.21 99 n.d. 11.7 2.9 15.8 9.9 0.32 0.008 0.06 88 -77 -11

AC-11 153 0.46 9.3 0.09 4.4 13 n.d. 28.5 11.3 13.2 3.6 0.11 0.003 0.04 56 -82.5 -11.3

AC-12 73 0.31 2.4 0.06 0.19 14 n.d. 11.8 4.8 9.9 1.5 0.14 0.003 0.02 42 -78.2 -10.7

AC-13 153 0.32 2.9 0.06 0.32 46 n.d. 32.3 15.3 9.8 1.7 0.1 0.002 0.02 47 -82.3 -11.1

AC-14 122 0.37 4.5 0.09 5.3 128 n.d. 48.5 20 25.2 6.2 0.11 0.003 0.03 70 -81.3 -10.8

AC-15 159 0.33 9 0.11 4.5 127 n.d. 58 26.2 22 3.7 0.02 0.005 0.02 68 -82 -11.3

AC-16 24 0.51 4.4 0.07 0.05 188 n.d. 43 12.4 31.2 8.7 0.13 0.015 0.07 93 -74.3 -9.7

AC-17 15 0.52 3.9 0.02 0.26 185 n.d. 34.1 11.5 33.2 8.4 0.14 0.009 0.04 107 -79.5 -10.2

AC-18 49 0.3 1.9 0.04 0.01 7.5 n.d. 8.5 2.8 8.6 3.5 0.09 0.002 0.02 54 -83.4 -11.3

AC-19 220 0.45 5.8 0.04 0.06 10 n.d. 32.5 18.2 23.2 8.8 <0.01 0.02 0.03 83 -81 -10.8

AC-20 79 0.41 4.7 0.01 0.03 4.5 n.d. 8.5 3 19.3 5.8 0.1 0.003 0.09 20 -65.5 -8.6

AC-21 1141 1.8 16 0.09 0.04 32 n.d. 148 46.2 178 14.7 0.72 0.12 1.8 22 -63.9 -8.9

AC-22 43 0.2 1.5 0.03 1.3 6.2 n.d. 7.5 3 4.7 3.6 0.08 0.001 0.02 33 -75.9 -10.1

AC-23 127 0.52 3.3 0.03 2.3 8.5 0.22 16.6 7.1 18.2 8 0.09 0.012 0.02 81 -81 -11.2

AC-24 137 0.76 4 0.02 0.03 3 n.d. 6.3 1.8 38.6 12.8 0.6 0.038 0.05 81 -76.8 -10.7

AC-25 12 1.8 11 0.13 9.9 921 n.d. 242 57.5 37.8 5.3 n.d. 0.02 0.05 78 -80.9 -11.2

AC-26 775 1.6 100 0.34 0.55 43 n.d. 203 29 97 14.6 0.8 0.35 3 1.9 -70.6 -10.3

AC-27 98 0.3 2.4 0.02 3.2 4.3 n.d. 13.8 8.8 9.7 3.5 0.14 0.003 0.02 49 -71.5 -10.3

AC-28 90 0.46 11 0.03 9.6 7.2 n.d. 12 11 14.5 4.8 0.05 0.005 0.02 66 -78.7 -11

AC-29 120 0.4 3.3 0.03 8.8 6.9 0.16 11.8 10.7 14.1 4.7 0.14 0.003 0.02 67 -79 -11

AC-30 122 0.49 3.9 0.06 4.1 5.2 0.16 14 8.4 21.6 7.2 0.11 0.01 0.04 60 -78.7 -10.8

AC-31 116 0.62 3.5 0.04 2.6 5 n.d. 13.3 6.1 17.8 5.9 0.1 0.018 0.26 60 -81.9 -11.1

AC-32 195 0.52 5.4 0.04 2 5.9 0.24 18.6 15.5 29 9.1 0.1 0.021 0.05 69 -74.1 -10.5

AC-33 185 0.74 7.3 0.09 10 17 n.d. 30.5 12.9 29.5 9.6 0.06 0.016 0.21 53 -78 -10.5

AC-34 238 0.54 8.6 0.05 17 18 n.d. 44.3 15.7 29.6 9.8 0.09 0.014 0.23 57 -77.6 -10.5

AC-35 153 0.9 10 0.08 20 23 n.d. 25.1 11.3 31.1 9.7 0.06 0.017 0.23 57 -78.5 -10.7

AC-36 207 0.69 8 0.09 6.2 13 n.d. 27.7 14.5 35.5 10 0.04 0.027 0.14 64 -76 -10.3

AC-37 220 0.6 7.4 0.08 6.6 12 n.d. 28 16 36.1 10.7 0.09 0.024 0.16 42 -74.3 -10.3

AC-38 98 1.1 6.2 0.06 4.2 7.6 n.d. 10.7 3.1 22 6.5 0.08 0.031 0.05 62 -80.5 -11.4

AC-39 61 0.4 2.6 0.04 1.5 5.2 n.d. 7.7 2.3 10.1 4.6 0.12 0.001 0.02 74 -78.5 -11

AC-40 271 0.72 7.9 0.1 16 30 0.5 41.3 16 38.8 12.7 0.04 0.015 0.34 66 -74.2 -10.3

AC-41 110 1.4 16 0.08 0.5 13 n.d. 11.6 4.6 38.5 8.7 0.08 0.036 0.71 75 -77.5 -10.8

AC-42 112 0.77 3.6 0.04 4.7 4 0.4 13.3 6.1 22.5 7.2 0.02 0.017 0.05 64 -78.7 -11

AC-43 73 0.5 5.2 0.03 9.8 32 1 17.4 7.5 15.7 6.3 0.12 0.015 0.12 17 -76.3 -10.8

AC-44 195 0.63 17 0.06 22 46 6.5 43.8 15.3 37.9 19.5 0.06 0.004 0.28 20 -75.1 -10.3

AC-45 49 0.23 2.3 0.02 1.5 4.2 0.11 6.7 2.2 8.1 3.9 0.06 0.009 0.02 16 -84 -11.6

AC-46 143 0.42 2.1 0.02 0.42 96 0.46 53 12.3 21 4.8 0.1 0.001 0.01 54 -75.3 -10.1

AC-47 37 0.69 16 0.15 0.7 657 1.6 192 39.6 47.4 13.2 0.09 0.004 0.01 26 -74.5 -10.4

AC-48 55 0.54 18 0.18 0.68 513 n.d. 165 32.6 45.6 6.7 0.12 0.001 0.01 29 -62.3 -8.7

AC-50 122 0.75 3 0.06 6.6 5.8 0.15 13.4 7.8 22.6 6 0.14 0.007 0.03 21 -80.1 -10.8

Table A2_A – Concentration of chemical species determined in collected water samples (Acoculco). Data are expressed in mg/L. Stable isotopic composition of Deuterium and 18-oxygen are also included (data

are referred to the V-SMOW).

n.d. – not determined
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Code PCO2(bars) CO2(aq) (mmol/L) logFCO2

AC-11 0.003313 0.1586 -2.482

AC-12 0.008668 0.4603 -2.065

AC-13 0.01074 0.5936 -1.972

AC-14 0.01213 0.5918 -1.919

AC-15 0.004509 0.2429 -2.348

AC-16 0.003928 0.2184 -2.408

AC-18 0.007416 0.4425 -2.133

AC-19 0.009228 0.4942 -2.037

AC-20 0.002 0.1183 -2.702

AC-21 0.2369 7.39 -0.6274

AC-22 0.005516 0.3159 -2.261

AC-23 0.004128 0.2095 -2.387

AC-24 0.002887 0.1141 -2.542

AC-26 0.2825 6.248 -0.5508

AC-27 0.002132 0.09257 -2.674

AC-28 0.001102 0.04562 -2.96

AC-29 0.002597 0.1087 -2.588

AC-30 0.005047 0.2005 -2.299

AC-31 0.0031 0.1179 -2.511

AC-32 0.0083 0.3182 -2.083

AC-33 0.004281 0.1719 -2.371

AC-34 0.004627 0.1886 -2.337

AC-35 0.004678 0.183 -2.332

AC-36 0.008669 0.3375 -2.064

AC-37 0.004817 0.189 -2.319

AC-38 0.006183 0.2205 -2.211

AC-39 0.002901 0.1329 -2.54

AC-40 0.029 1.269 -1.54

AC-41 0.004629 0.1472 -2.337

AC-42 0.003316 0.1317 -2.482

AC-43 0.006634 0.2755 -2.181

AC-44 0.01627 0.7414 -1.791

AC-45 0.007357 0.3427 -2.136

AC-46 0.000261 0.01285 -3.586

AC-47 0.007374 0.3959 -2.135

AC-48 0.001473 0.0743 -2.834

AC-50 0.00203 0.08148 -2.695

AC-05

AC-06 0.004409 0.195 -2.358

AC-07 0.01653 0.7822 -1.784

AC-08

AC-09

AC-10

AC-17 0.003603 0.1941 -2.446

AC-25 0.003255 0.1895 -2.49

Table A3_A – Dissolved CO2 calculated for collected waters in AGF

ID DATE TYPE CO2 H2S N2 Ar O2 CH4 δ13C-CO2 δ13C-CH4

ALC1 30/01/2018 free gas 97.2 0.13 0.78 0.011 0.009 1.83 -4.1 -33.8

ALC2 30/01/2018 free gas 91.5 0.69 2.71 0.031 0.007 5.1 -4.1 -34

LA1 28/01/2018 free gas 98.9 0.29 0.61 0.008 0.005 0.18 -4.5 -40.5

Table A4_A – Chemical and isotope data for collected gas from natural manifestations in AGF. Data for CO2, H2S, N2, Ar, O2  and 

CH4 are expressed in % v/v. δ13C-CO2 and δ13C-CH4 are expressed in ‰ and are referred to v-PDB
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