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A B S T R A C T   

A representative fluid sampling of surface geothermal manifestations and its analytical data quality assurance 
and quality control (QA/QC) are challenging aspects of understanding the geothermal reservoir processes. To 
achieve these goals, an interlaboratory test for the chemical analyses of ten water samples: one synthetic water, 
two lake waters (i.e., duplicated), one stream water, and six water samples from two geothermal wells of Los 
Azufres Geothermal field (LAGF), Michoacan, Mexico, was conducted. The geothermal wells were sampled at 
four points: (1) total discharge of condensed fluid at the wellhead, (2) separate liquid condensed in the well 
separator, (3) flushed liquid at the weir box, and (4) separated vapor condensed at the well-separator (data taken 
from Verma et al., 2022). Sixteen laboratories from ten countries reported their results. 

The pH, electrical conductivity, Ca2+, Li+, SO4
2− , B, and Si-total measurements were 8.35 ± 0.04, 12.25 ±

0.53 mS/cm, 25 ± 1 mg/l, 18 ± 1 mg/l, 569 ± 33 mg/l, 320 ± 21 mg/l, and 20.5 ± 0.7 mg/l, which are close to 
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the conventional true values, 8.40, 12.31 mS/cm, 23 mg/l, 19 mg/l, 647 mg/l, 330 mg/l, and 20.0 mg/l, 
respectively. Analytical errors for major ions, Na+, Cl− and CO2-Total are 17, 21, and 42 percent, respectively; 
however, the analytical uncertainties are relatively lower, except for CO2-Total (19%). Similarly, the analytical 
uncertainty for CO2-Total measurements of the lake water sample is 18%. Thus, the analytical method of indi
vidual laboratories for CO2-Total measurements needs revision. 

The NIST Uncertainty Machine web app was used for the stepwise geothermal reservoir fluid composition 
calculation with uncertainty propagation from the samples collected at different points of a geothermal well. The 
wellhead fluid sample does not represent the geothermal reservoir fluid, including the sample collected by 
connecting a portable separator at the wellhead. The samples collected at points 2 and 3 represent equally well 
for non-volatile species; however, the sample collected at point 2 is a better representative of geothermal 
reservoir fluid in analyzing the pH and alkalinity values. It is associated with considering the effect of non- 
condensable gases (CO2, H2S, etc.) liberated at the silencer of the weir box. The geothermal reservoir fluid pH 
uncertainty, an essential parameter for geochemical modeling, is three to four times the measured fluid pH 
uncertainty due to the propagation process. Thus, the alkalinity measurement and its calculation procedure of 
geothermal fluid need revision to understand its correction for the boric, silicic, and other alkalinities.   

1. Introduction 

Geochemical studies of a geothermal system help advance our un
derstanding of the mechanisms of physical-chemical processes respon
sible for its formation and evolution (Verma, 2015). The chemical 
composition of geothermal fluids describes the following reservoir 
processes: state of water-rock interaction with the variability of cation 
concentrations (Gianelli and Grassi, 2001), formation of acid-fluid 
discharge caused by the production-induced pressure at high tempera
ture in the reservoir (Akaku et al., 2000), estimation of cold-water 
encroachment with chemical monitoring (Wanjie, 2012), fluid flow 
pattern with silica geothermometry (Verma et al., 1999), production loss 
due to silica-scaling and corrosion (Andritsos et al., 1976; Gunnlaugsson 
and Thorhallsson, 2014). Similarly, chemical and isotopic signatures of 
gaseous species have been observed on the reinjection effect with the 
variation of gaseous species concentration (Verma et al., 2002b) and 
non-volatiles species concentration of nearby well-fluids (Arellano et al., 
2015), boiling and phase segregation with decreasing concentration of 
non-volatile components (Scott et al., 2014) and temporal variation of 
stable isotopes (Nuñez-Hernández et al., 2020), boiling and partial 
condensation with the distribution of volatile and non-volatile compo
nents with well bottom elevation (Nieva et al., 1987). An essential step 
toward deciphering the reservoir processes is reconstructing geothermal 
reservoir fluid compositions from the analytical concentrations of sur
face samples (Scott et al., 2014; Torres-Alvarado et al., 2012). 

Ellis (1976) was among the first to recognize the need for analytical 
data quality control and consistency among geochemical laboratories 
worldwide to obtain reliable predictions on the reservoir characteristics 
of a geothermal system reservoir characteristics. He conducted an 
inter-laboratory comparison among 48 laboratories for seven water 
samples collected from natural manifestations, including one 
geothermal water. This exercise resulted in a wide range of results. For 
example, SiO2 ranged from 70 to 920 ppm, and HCO3

− ranged from 1.8 to 
50 ppm for the same geothermal water samples. Both species are vital in 
the geochemical modeling of geothermal systems. 

To further understand the scatter in the chemical analyses for indi
vidual species in the inter-laboratory comparison results of Ellis’ work, 
Giggenbach et al. (1992) conducted a new interlaboratory comparison 
for the chemical analyses of three geothermal water samples among 25 
laboratories worldwide. They observed that the deficiency in analytical 
precision and accuracy was one of the most critical limitations in un
derstanding the chemical processes and state of water-rock interaction 
in natural water bodies. As a result, they emphasized the need for gen
eral improvement and standardization of analytical procedures for each 
chemical species. Since then, the International Atomic Energy Agency 
(IAEA) has conducted various inter-laboratory comparisons for 
geothermal waters within the framework of the project, “Coordinated 
Research Program on the Application of Isotope and Geochemical Techniques 
in Geothermal Exploration” as follows: (i) 22 laboratories from 19 

countries (Giggenbach et al., 1992), (ii) 15 laboratories from 7 countries 
(Gerardo-Abaya et al., 1998), (iii) 26 laboratories from 10 countries 
(Alvis-Isidro et al., 1999), (iv) 35 laboratories from 16 countries (Alvi
s-Isidro et al., 2000), (v) 38 laboratories from 23 countries (Alvis-Isidro 
et al., 2002) and (vi) 31 laboratories from 18 countries (Urbino and 
Pang, 2004). Verma and co-workers (Verma et al., 2002a, 2012; Verma, 
2004) summarized and conducted initial statistical analyses of these 
geochemical data. The greater uncertainty in the analyses of high SiO2 
concentration samples was associated with direct analyzing or highly 
diluting the concentrated samples (Verma et al., 2002a, 2012). Recently, 
Verma et al. (2015) conducted an inter-laboratory comparison for car
bonic species concentrations of twelve water samples (four synthetic 
water, one lake water, four geothermal water, one seawater, and two 
petroleum water samples) among eight international laboratories 
worldwide. They proposed a new method for analyzing carbonic species 
of fluids containing alkalinities of types, carbonic, boric, silicic, etc. 

In 2017, the “Mexican Center for Innovation in Geothermal Energy 
(CeMIE-Geo)" started a further inter-laboratory test project (CeMIE- 
Geo2017) for analytical quality assurance and quality control of the 
geochemistry laboratories set up under the CeMIE-Geo consortium. 
From this study, Verma et al. (2018) presented results for the δ18O and 
δ2H determinations of geothermal waters. They concluded that all the 
analytical techniques (dual-inlet isotope ratio mass spectrometry 
(DI-IRMS), continuous flow IRMS (CF-IRMS), and laser absorption 
spectroscopy (LAS)) provide acceptable values with an overall analytical 
uncertainty (±1s, where s stands for standard deviation) of ±0.2‰ and 
±2.0‰, respectively, within the 95% confidence level. In addition, 
stable carbon isotope ratios δ13CDIC of geothermal fluid were shown to 
have a wider scattering (s = ±3‰) (Van Geldern et al., 2013; Verma 
et al., 2020). Moreover, a first worldwide proficiency test for the CO2 
and H2S determinations of non-condensable gases of geothermal fluids 
showed a need to revise both sampling and analytical procedures 
(Verma et al., 2022). 

The present work is a part of the CeMIE-Geo2017 project to inves
tigate the reasons for analytical uncertainties in analyzing geothermal 
fluids worldwide. It aims to define the correct sampling and analysis 
procedure for individual parameters of geothermal production wells. In 
the study presented here, an interlaboratory test was conducted for the 
chemical analyses of ten water samples to achieve these goals. Each 
sample set had one synthetic water, two lake water (i.e., duplicated), 
one stream water, and six water samples of two geothermal wells from 
Los Azufres, Michoacan, Mexico. We evaluated the analytical uncer
tainty, accuracy, and reproducibility of these analyses. Moreover, this 
work implemented a method to calculate deep reservoir fluid compo
sitions with uncertainty propagation from the expected values of each 
geothermal well sample as the first step in the geochemical modeling of 
geothermal reservoir processes. 
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2. Experimental 

2.1. Water sampling 

In a geothermal system, a mixture of vapor and liquid phases reaches 
the wellhead from the subsurface geothermal reservoir, separating it 
into vapor and liquid at the separator. The separator liquid is flushed 
further into a silencer under atmospheric conditions, and the liquid 
sample is collected at the weir box. Fig. 1 shows a geothermal produc
tion well schematic diagram (Verma et al., 2018). The geothermal fluid 
may be sampled at four specific points of a production well: (1) total 
discharge condensed fluid at the wellhead, (2) separated liquid 
condensed at the well-separator, (3) flushed liquid at the weir box, and 
(4) separated vapor condensed at the well-separator. Samples were 
collected by condensing geothermal fluids through a stainless-steel 
serpentine at all sampling points except for the sampling at the weir box. 

Each sample for cation analysis was collected in a 10-L plastic bottle 
by adding 40 ml of concentrated HNO3. Anion samples were also 
collected in 10-L bottles without adding any reactive. The Si-total 
samples were collected in 5-L plastic bottles. They were diluted in the 
field by distilled water in the following ratios: geothermal well-fluids, 
1:9 ratios, Alchichica lake water, 2:3, and natural geothermal stream 

water, 1:3). All sample bottles were filled to the brim of each container, 
leaving no headspace. Each sample was agitated with a magnetic stirrer 
for 4 h in the INEEL laboratory to ensure homogeneity. The agitation 
was performed by inserting a magnet into the container and closing the 
lid to avoid direct contact with the atmospheric environment. Subse
quently, the sample was filtered with a Millipore mixed cellulose 
membrane of 0.45 μm. Table 1 presents information on sample treat
ments in the field and laboratory for the cation, anion, and Si-total 
sample sets. The cation and anion samples were filled each into 125 
ml high-density polyethylene (HDPE) Nalgene bottles, while the Si-total 
samples were 65 ml high-density polyethylene (HDPE) Nalgene bottles. 

Table 2 presents sample code and numbering for a different analysis 
type in each sample set. Synthetic sample, INEEL11, was prepared by 
dissolving analytical grade reagents, Merck of 49.5983 g NaCl, 2.9897 g 
Na2CO3, 4.2672 g NaOH, 8.1270 g KOH, 0.3336 g Ca(OH)2, 0.1832 g Mg 
(OH)2, 0.5143 g LiOH, 15.1186 g B(OH)3, 12 ml HCl, and 3 ml H2SO4 in 
8 L of distilled water. For dissolved silica, a commercial standard, Si- 
NIST (NH4)2SiF6 in H2O, was used to prepare another synthetic sam
ple, INEEL12, with a 20 mg/l Si-total concentration. The synthetic 
sample INEEL12 was included twice for the Si-total analysis only 
(Table 2). Both synthetic water samples (INEEL11 and INEEL12) were 
identified as one synthetic sample. In addition, the lake sample, 

Fig. 1. Location of sampling points at a geothermal well: 1. Total discharge condensed fluid at the wellhead, 2. Separated liquid condensed at the wellhead separator, 
3. Flushed liquid at the weir box, and 4. Separated vapor condensed at the wellhead separator. The average elevation at the Los Azufres geothermal wells is 2750 masl 
(i.e., water boiling point at the surface (Silencer) 91 ◦C). It also depicts the three steps (A to C) to convert the measured concentrations at sampling locations 3 and 4 
to the reservoir fluid chemical composition (Verma, 2013; Verma et al., 2018). Step A calculates the separated liquid concentrations from the measured chemical 
composition of the water sample collected at the weir box, including the vapor liberated at the silencer. Step B calculates the wellhead total discharge composition 
from the chemical composition of the separated water and vapor samples at the separator. Step C calculates the geothermal reservoir fluid compositions from the 
wellhead data calculated in Step B. 
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INEEL08, was included twice in the sample sets for cation and anion 
analyses to evaluate the analytical reproducibility of each laboratory. 

Twenty-seven sample sets of each type (cation, anion, and Si-total) 
were prepared by allocating random sample numbering in each set to 
maintain individual laboratory secrecy. Twenty-two sets of cation, anion 
and Si-Total analyses with a unique identification code were distributed 
as regular test analyses to the laboratories that expressed interest in 

participating in this exercise from thirteen countries. Four sets were 
distributed for sample stability test analysis to the four selected labo
ratories out of the 22. One sample set was kept in the INEEL laboratory 
to include any other laboratory expressing interest in participating at the 
last moment and replacing the sample sets mishandled during dispatch, 
travel, or in the participant laboratory. Sixteen laboratories from ten 
countries only reported their results. This sample numbering was 
decoded after receiving the results of all participants. 

2.2. Statistics for expected-value estimation 

Verma (2013) described the statistical data treatment procedure for 
assessing the expected values of each sample. First, all evident outliers 
(misprints or values falling far away from the grouped values) were 
removed, followed by statistical data treatment. The mean (x) and 
standard deviation (s) were calculated for all samples after eliminating 
all outliers outside two sample standard deviation criteria (i.e., x ± 2s). 
The experiment layout was designed according to the procedure 
described in the ISO-5752 manual for conducting proficiency tests and 
evaluating the statistics of the results (ISO, 1994). The sample mean (x) 
is an estimate of the population mean (μ), and the sample standard 
deviation (s) is an estimate of the population standard deviation (σ). 
Therefore, the symbol ’σ’ is reserved for ideal normal distributions 
comprising an infinite (large) number of measurements (International 
Association of Geoanalysts,). 

The statistical data treatment consisted of:  

1. Plotting values of each parameter from all participating laboratories 
to identify outliers.  

2. Determination of means and standard deviations (S.D.) for each 
parameter (pH, electrical conductivity, Na+, K+, Ca2+, Mg2+, Li+, B, 
Si, CO2-Total, Cl− , SO4

2− ). Note that carbonic species are generally 
measured as bicarbonate (and carbonate); however, handling them 
as the total dissolved carbonic acid is more practical in computer 
code.  

3. Determination of x and s for each parameter in the remaining results 
values to detect outliers with the criteria x ± 2 s; i.e., considering a 
95% confidence level.  

4. After removing the outliers, x and s were computed again, and the 
values were reported as x(s) (i.e., x ± s, considering the 67% confi
dence interval). 

3. Reservoir fluid composition calculation 

Fig. 1 also shows the three steps (A to C) for calculating deep 
geothermal reservoir fluid characteristics from the measured physical- 
chemical parameters of separated water and condensed vapor samples 
obtained from drilled wells. Step A calculates the separated liquid con
centrations from the measured chemical composition of the water 
sample collected at the weir box, including the vapor liberated at the 
silencer. Step B calculates the wellhead total discharge composition 
from the chemical composition of the separated water and vapor (data 
taken from Verma et al., 2022) samples at the separator. Step C calcu
lates the geothermal reservoir fluid compositions from the wellhead data 
calculated in Step B. The workflow separates total discharge fluid into 
vapor and liquid at specified pressures (or temperatures) along the 
liquid-vapor saturation curve (Henley et al., 1984; Verma, 2012). 

Fig. 2 presents a block diagram that explains fluid separations into 
liquid and vapor phases at the separator. The fluid entering into the 
separator may have three aggregates: 1. vapor only, 2. liquid only, or 3. 
a mixture of liquid and vapor. In case 1, the vapor will expand in 
response to the separator pressure. If the pressure change is sudden, part 
of the vapor condensation may occur due to the adiabatic process when 
heat loss or gain by the fluid from its surroundings is negligible. Case 1 is 
unlikely in a geothermal system and will not be considered further. 

In cases 2 and 3, the liquid or liquid-vapor phases separate at low 

Table 1 
Sample treatments in the field and laboratory for different types of analysis of 
geothermal fluid.  

Analysis Type Sample Treatment Distributed 
sample amount 
(ml) 

Sample 
container 

Cation: 
Na+, K+, Ca2+, 

Mg2+, Li+, B- 
total, 

Filtered (0.45 μm) + 4 ml 
conc. HNO3 (Suprapur) per 
1000 ml sample 

125 HDPE 
plastic/ 
Nalgene 

Si-total Filtered (0.45 μm) + sample 
diluted in different 
proportions with deionized 
water in the field (see text) 

60 HDPE 
plastic/ 
Nalgene 

Anion: 
pH, HCO3

−

(+CO3
2− ), 

Cl− , SO4
2 

Filtered (0.45 μm) 125 HDPE 
plastic/ 
Nalgene  

Table 2 
Description of water samples distributed under the proficiency test for chemical 
analysis. The sample sets for cation, anion and Si-total analyses were different, as 
described in Table 1. Similarly, the sample numbering was different in each set 
of samples for the different types of analysis. To evaluate the reproducibility of 
individual laboratories, the Lake water sample INEEL08 was duplicated for the 
analysis of cations and anions, and the synthetic sample INEEL12 for the Si-total 
analysis. The synthetic samples, INEEL11 and INEEL12, are considered one 
synthetic sample in the text and Fig. 3.  

Sample 
Code 

Sample numbering in 
each set 

Description 

cation anion Si- 
total 

Az-12D 
INEEL01 1 1 1 Sampled at point 1 in Fig. 1. Condensed 

total discharge at the Wellhead 
INEEL02 2 2 2 Sampled at point 2 in Fig. 1. Condensed 

liquid at the well separator. 
INEEL03 3 3 3 Sampled at point 3 in Fig. 1. Brine at the 

weir box. 
INEEL09    Sampled at point 4 in Fig. 1. Condensed 

vapor at the well separator for gas and 
isotope analysis only 

Az-23 
INEEL04 4 4 4 Sampled at point 1 in Fig. 1. Condensed 

total discharge at the Wellhead 
INEEL05 5 5 5 Sampled at point 2 in Fig. 1. Condensed 

liquid at the well separator. 
INEEL06 6 6 6 Sampled at point 3 in Fig. 1. Brine at the 

weir box. 
INEEL10    Sampled at point 4 in Fig. 1. Condensed 

vapor at the well separator 
Others 
INEEL07 7 7 7 Water collected at a stream of “Large” 

lake in the Los Azufres geothermal field 
(LAGF) 

INEEL08 8 8 8 Water collected from the Alchichica Lake, 
Puebla, Mexico 9 9 

INEEL10    Sampled at point 4 in Fig. 1. Condensed 
vapor at the well separator for gas and 
isotope (δ18O and δ2H) analysis 

INEEL11 10 10  Synthetic waters were distributed with 
different ID codes; however, they will be 
identified as the synthetic sample 10 in 
the text. 

INEEL12   9 
10  

M.P. Verma et al.                                                                                                                                                                                                                               



Applied Geochemistry 147 (2022) 105477

5

pressure along the water saturation curve. Verma (2012) presented the 
concentration calculation algorithm. It consists of well-documented 
equations associated with energy conservation, species distribution, 
and distribution coefficient for gaseous species (Henley et al., 1984). The 
equations for these processes are 

Htd =(1 − y) Hliq + y Hvap (1)  

Ctd =(1 − y) Cliq + y Cvap (2)  

Dcoef =
Cvap

Cliq
(3)  

where H is enthalpy, C is species concentration, y is the fraction of vapor 
by weight, and subscripts, td, vap, and liq represent the corresponding 
parameter for the total discharge, vapor, and liquid, respectively. Dcoef is 
the gaseous distribution coefficient. 

Verma (2012) illustrated the necessity of the fourth equation of 
alkalinity conservation for these calculations. 

alktd =(1 − y) alkliq + y alkvap (4) 

The alkalinity, alk to the acid equivalence point (Stumm and Mor
gan, 1981), is defined as 

alktd = [OH− ] − [H+]+CTcar(α1car + α2car)+CTB(α1B)+CTSi(α1Si)+CTS(α1S)

+ CTN(α1N)

(5)  

where the α′s are the ionization fractions and C.T. is the total dissolved 
concentration of the subscripted constituent, i.e., carbonic acid (car), 
boric acid (B), silicic acid (Si), hydrogen sulfide (S), and ammonia (N), 
respectively. In the case of ammonia, the α′s are defined for the corre
sponding acid (NH4

+). Thus, the alkalinity expressed here should not 
change upon dissolution or exsolution of CO2 (H2CO3) and H2S, but it 
does change with NH3 (Stumm and Morgan, 1981). Similarly, the 
alkalinity will increase or decrease on adding or removing minerals 
containing the species, bicarbonate (HCO3

− ), carbonate (CO3
2− ), silicic 

(H3SiO4
− ), boric (B(OH)4

- ), sulfide (HS− , S2− ), and hydroxide (OH− ). The 
algorithm does not consider the precipitation of minerals. Consequently, 
the fluid may be supersaturated in some minerals, such as quartz; 
however, the time needed for their precipitation was short during the 
fluid separation into the liquid and vapor phases at the separator and the 
weir box. 

4. Results and discussion 

The CEMIE-Geo2017 inter-laboratory test was announced in 2016 
via the ISOGEOCHEM List Server (IsoGeochem, 2016) and emailing 
participants of previous inter-laboratory comparisons (Van Geldern 
et al., 2013; Verma et al., 2015). The results of the analysis of the regular 
and stability test sample sets presented by the sixteen participating 
laboratories were analyzed here for analytical uncertainty, accuracy, 
and reproducibility. 

4.1. Quality assurance and quality control 

4.1.1. Synthetic water sample 
The synthetic sample, INEEL11, was prepared for cation and anion 

analyses by dissolving analytical grade reagents. Similarly, INEEL12 for 
Si-total analysis was a commercial standard Si-NIST (NH4)2SiF6. Results 
in Table 3 for Si-total are from measurements of synthetic sample 
INEEL12, and the other measurements are from the analysis of synthetic 
sample INEEL11. The conventional true values of each geochemical 
parameter are the concentration values based on dissolved minerals’ 
weight (mass) during the sample preparation. Similarly, we measured 
pH and electrical conductivity before filling samples into individual 
bottles. Averages of these pH and electrical conductivity values were 
considered conventional true values. 

After analyzing the first sample set, some laboratories analyzed the 
second sample set for cation, anion, and Si-total after a minimum gap 
period of one month. The second sample values were noted below the 
first values for a visual comparison of the analytical data quality of the 
laboratory (Table 3). The participating laboratories analyzed the second 
sample set without prior knowledge of concentrations and species dis
tributions with random numbering. 

Fig. 3 shows the values of individual laboratories of each parameter 
of the synthetic sample, INEEL11, and INEEL12 (for Si-Total). Blue cir
cles represent the measured values for the regular samples, while red 
squares show the values for the stability study samples. The conven
tional true value (i.e., prepared sample concentration) is plotted with a 
large thick red dashed line, whereas the average value of all measure
ments is shown by a solid line (blue). Values marked with red triangles 
were obvious outliers, while those marked with light blue ellipses 
remained outliers after the statistical data treatment. The outlier value 
outside the concentration-axis range is shown in red triangles with its 
concentration value. 

The pH, electrical conductivity, Ca2+, Li+, SO4
2− , B, and Si-total 

measurements are 8.35 ± 0.04, 12.25 ± 0.53 mS/cm, 25 ± 1 mg/l, 18 
± 1 mg/l, 569 ± 33 mg/l, 320 ± 21 mg/l, and 20.5 ± 0.7 mg/l, which 
are close to the conventional true values, 8.40, 12.31 mS/cm, 23 mg/l, 
19 mg/l, 647 mg/l, 330 mg/l, and 20.0 mg/l, respectively. The mean 
value is close to the respective conventional true value and has low 
variance among the values reported by the individual laboratories. Thus 
the measurements are precise and accurate. 

One must consider the standard deviation and coefficient of variation 
(C.V.) (BiteSizeBio, 2019). For example, x = 2422 mg/l, s = 50 mg/l, 
while C.V. is 5.3% for Na+. Na+, K+, Mg2+, and Cl− have 17, 29, 57, and 
21 percent analytical errors, while the C.V. values are 3, 4, 16, and 7, 
respectively. These observations indicate a need to revise the analytical 
procedures of their measurements and synthetic sample preparation. 
Comparing the percentage analytical error (42%) and C.V. (19%) for 
CO2-Total determination, it has the most pronounced analytical problem 
(Table 3); however, carbonic species are critical in geochemical 
modeling. 

Sample, INEEL11, contains 2.9897 g Na2CO3, equivalent to 211 mg/l 
of CO3

2− (i.e., 152 mg/l of total dissolved carbon dioxide (CO2-Total)). 
Because the sample pH was 8.40, the carbonate will distribute in the 
carbonic species, H2CO3, HCO3

− , and CO3
2− , in the proportion of 

1.9:210.4:2.4 mg/l, respectively (Table 3). Thus, the dominant species 
in the sample is bicarbonate. Results of most of the laboratories are in 

Fig. 2. Block diagram to explain fluid separation into liquid and vapor phases 
at the separator. H represents enthalpy. C is chemical species concentration. 
Subscripts (td, vap, and liq) relate to the corresponding parameter for the total 
discharge, vapor, and liquid, respectively. The calculation procedures will differ 
if the entering fluid is liquid, vapor, or a mixture of liquid and vapor (see 
Section 3 for details). 

M.P. Verma et al.                                                                                                                                                                                                                               



Applied Geochemistry 147 (2022) 105477

6

reasonable agreement, even though concentration values are often 
higher than the sample’s true value. However, laboratories 13 and 14 
reported the HCO3

− and CO3
2− concentrations as (334.3 and 307.6 mg/l) 

and (322.5 and 206.0 mg/l), respectively. When CO3
2− ions are almost 

absent at pH 8.40, these numbers likely indicate a problem with analysis 
and reporting carbonic species concentrations. 

Verma et al. (2015) concluded that the analytical method to deter
mine carbonic species in geothermal waters could have a conceptual 
problem. They proposed a revised titration method that measures total 
carbonic alkalinity and then the total dissolved carbonic species con
centration (CO2-Total). The CO2-Total concentration distributes in 
different carbonic species at a given sample pH. Laboratory 9 used this 
method, and the reported carbonic species concentrations are close to 
the true values. 

4.1.2. Alchichica lake water 
Some laboratories analyzed the second sample of the duplicate set at 

least one month after the analysis of the first sample. The study of the 
second sample set was to test for potential sample alteration during 
storage time due to gas liberation and mineral phase precipitation. 
Additionally, this procedure helped to assess the reproducibility of these 
laboratories. Table 4 presents a summary of the results of INEEL08. The 
analytical uncertainty is less than 10% except for Ca2+, Li+, Cl− , CO2- 
Total, and Si-Total. In the case of Li+ and Si-Total, the high analytical 
uncertainty (14 and 13 percent, respectively) is due to their low con
centrations. However, a severe problem with the measurement of car
bonic species concentrations persisted. 

Fig. 4 shows the results of the individual laboratories for each 
parameter of the lake water samples. The error bar in each data point is 
calculated for individual laboratory measurements. Blue circles repre
sent the measured values for the regular samples, while red squares 
show the values for the stability study samples. The solid thick (black) 
line represents the mean value, and the thin dashed (black) lines show 
the 95% confidence level (i.e., mean ± 2s). The values marked with 
dashed red triangles were obvious outliers, while those marked with 
dashed light blue ellipses were outliers after statistical data treatment. 
The second set values are close to the first set values for the participating 
laboratories except for Cl− of laboratory 4 and SO4

2-of laboratory 9. The 
error bar in each point is generally within the data point size except for 
laboratory 11 for Na+ and B. 

Table 5 presents averaged carbonic species concentrations of the lake 
water sample, INEEL08, measured by individual laboratories. Verma 
et al. (2015) described three acid-base titration methods to determine 
carbonic species concentration in natural waters. The hydrologists’ and 
geochemists’ methods are based on the location of the two equivalence 
points, NaHCO3EP and H2CO3EP, while the “initial pH and total alka
linity” method uses the only H2CO3EP. The geochemist method also 
subtracts alkalinities from boric, silicic, ammonium, and hydrogen sul
fide compounds. 

A sample pH of 9.05 must hold a noticeable carbonate concentration. 
Laboratories 3, 4, 6, 7, and 8 used the hydrologists’ method. They only 
reported HCO3

− concentrations obtained by converting the measured 
carbonic alkalinity to the HCO3

− species concentration (Verma et al., 
2015; Verma, 2005). Laboratories 1, 5, 13, and 14 used the geochemist’s 

Table 3 
Results of chemical analysis of synthetic water samples, INEEL11 and INEEL12 (for Si-Total only), distributed for the proficiency test as the regular and stability 
samples. The second value of individual laboratories was noted together to observe the analytical reproducibility.  

Lab No. pH Elec. 
Cond 

Na+ K+ Ca2+ Mg2+ Li+ B- 
Total 

Cl− Carbonic Species SO4
2- % charge 

imbalance 
Si- 
Total 

H2CO3 HCO3
− CO3

2- CO2- 
Total   

mS/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 

True value  
8.40 12.31 2902 707 23 9.5 19 330 4396 1.9 210.4 2.4 152 647 1.3 20.0 

measured value 
1 8.42 12.55 2363 488 36b 4.5 18 306 3600  245.0 12.1 185 601 0.9 20.6 
1   2356 481 35 5.2 18 294        20.9 
2   2511 497 27 3.6 17 319        19.9 
2   2425 503 25 3.7 18 329        20.1 
3   2417 489     3245      9.7  
4 8.30 12.67 2421 521 24 2.6 18 354 3552  263.3  190 562 0.8 20.7 
4 8.33 12.03       2647  247.0  178 424  20.0 
5 8.31 12.71 2451 644 25 6.3 19 281 3539  278.7  201  7.8 20.2 
6 8.39 12.45 2408 507 25    3175  322.5  233 594 5.2 20.7 
7 8.35  2489 483 21 4.6   3501     547 2.4 19.8 
8 8.37 12.10 2467 490 24 4.3 17 323 3600  430.0  310 593 0.5 18.0 
9 8.28 12.31 2286 500 25 3.4 25 366 3555 3.0 277.1 3.0 204 697 2.7 22.7 
9 8.30 12.35       3440 3.1 303.1 3.5 223 577   
10   2278 489 24 4.4 16 338        22.0 
11 8.37 11.13  496 18 4.4 17 251 3519     589 5.1 21.5 
11 8.37 10.49       3544     582   
12 8.16 12.30 2487 543 24 4.2 10 330 4234  539.4  389 573 7.1 18.6 
12 8.15 12.50       4003  535.8  387 590   
13 8.41 11.10 2513 686     2942  334.3 307.6 467 478 16.7 20.0 
14 8.39 12.45 2536 509 24 4.0 17 327 3312  322.5 206.0 384 558 2.4 19.9 
15 8.37 12.80       3491       18.1 
16   2338 535 26 4.5 20  3440     578 4.7  
Mean 8.35 12.25 2422 502 25 4.12 18 320 3466    216 569  20.5 
S.D.c 0.04 0.53 80 18 1 0.65 1 21 229    42 33  0.7 
C.V. 0.53 4.29 3 4 5 15.85 6 7 7    19 6  3.3 
Error 

(%) 
− 0.56 − 0.52 − 17 − 29 9 − 56.76 − 5 − 3 − 21    42 − 12  2.4 

a Obvious outliers, removed before the statistical analysis of data. 
b Outliers after the statistical analysis of data. 
c S.D.− standard deviation, C.V. (Coefficient of Variation) =

S.D.
mean

× 100, and error (%) =
(mean − true value)

true value
× 100  
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Fig. 3. Comparison of chemical 
parameter concentration of the syn
thetic water samples, INEEL11 and 
INEEL12 (for Si-Total), measured by 
the participating laboratories. Blue 
circles represent the measured values 
for the regular samples, while red 
squares show the values for the sta
bility study samples. The conventional 
true value (i.e., prepared sample con
centration) is plotted with a dashed 
line (red), whereas the average value 
of all measurements is shown by a 
solid line (blue). The solid thick (blue) 
line represents the mean values, and 
the above and below thin dashed 
(blue) lines show the 95% confidence 
level (i.e., mean ± 2 S.D.). The values 
marked with dashed triangles were 
obvious outliers, while those marked 
with dashed ellipses were outliers 
after statistical data treatment. The 
outlier value outside the 
concentration-axis range is shown 
with its concentration value. (For 
interpretation of the references to 
colour in this figure legend, the reader 
is referred to the Web version of this 
article.)   
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method and reported individual concentrations of HCO3
− and CO3

2− . 
Laboratory 9 used the third method without considering the contribu
tion of boric and silicic alkalinities. The facts mentioned above may have 
caused the wide range in the reported values among the individual 
laboratories and requires another interlaboratory study to investigate 
the causes of such spreads further. 

When using a pH of 9.05 and CO2Total of 1570 mg/l measured at 
laboratory temperature of 25 ◦C (Table 4), one can calculate the car
bonic speciation (i.e., H2CO3 = 4.21, HCO3

− = 2064 and CO3
2− = 106 

mg/l). These are close to the reported values of laboratory 9. However, 
at a pH of 9.05, the total dissolved boric concentration will distribute 
into B(OH)3 and B(OH)4

- . This means if B-total is 320 mg/l (= 29.6 
mmol/l); B(OH)3 is 12.9 mmol/l and B(OH)4 is 16.7 mmol/l. In this case, 
the boric alkalinity (= 16.7 mmol/l) should be subtracted from the total 
alkalinity to calculate the carbonic alkalinity. 

4.1.3. Geothermal waters at LAGF 
Table 6 presents the averaged values of geothermal fluids collected 

from a stream and two production geothermal wells, Az-12D and Az-23, 
at the Los Azufres Geothermal Field. INEEL07 represents a stream of the 
“Large” lake in LAGF. Each geothermal well was sampled at the three 
(1–3) points shown in Fig. 1. The vapor samples (non-condensable 
gases) data of the wells collected at sampling point 4 were taken from 
Verma et al. (2022) and are reported in Table 7. The critical observations 
on the wells data are the following.  

1. The analytical uncertainty is higher for geothermal waters than that 
of synthetic waters. It is associated with matrix effects (Verma et al., 
2012); however, it needs an investigation to pinpoint the causes for 
this behavior of natural geothermal waters.  

2. The electrical conductivity is associated with total dissolved solids as 
well as pH. High electrical conductivity (e.g., INEEL07, the stream 
water sample) is found at low pH.  

3. The participating laboratories did not report the detection limits of 
measurements for each species. However, the statistical analysis of 
all the participating laboratories’ data shows that the concentration 
values lower than 2 mg/l (e.g., Mg2+ and Li+) have the same un
certainty order (i.e., the concentration value of a chemical species 
lower than 2 mg/l has 100% analytical error). 

Geochemical calculations (Arnórsson et al., 2006; Henley et al., 
1984) are performed considering the liquid sample collection at the weir 
box and the gas sample (non-condensable gases taken from Verma et al., 
2022) at the well-separator. Verma (2012) illustrated stepwise calcula
tions of deep geothermal reservoir fluids and associated problems. These 
problems occur especially with the concentration of carbonic species at 
different points along a geothermal well. Therefore, the geothermal fluid 
samples were collected at four sampling points (Fig. 1) to predict the 
correct sampling points and procedures for the geochemical character
ization of a geothermal system. 

Here, we considered the geochemical calculations based on the re
ported bicarbonate concentration of the individual laboratories as the 
only carbonic species. 

4.2. Geothermal reservoir fluid composition calculation procedure 

The code GeoSys.Chem (Verma, 2012) calculates deep geothermal 

reservoir fluid compositions. However, it does not propagate analytical 
uncertainty. Therefore, we used the National Institute of Standards and 
Technology (NIST) Uncertainty Machine, web-based software, to eval
uate the measurement uncertainty associated with a scalar or vectorial 
output quantity using the Gauss and Monte Carlo methods (Lafarge and 
Possolo, 2020). The approaches are applicable for the output quantity, a 
given explicit function of a set of scalar input quantities for which es
timates, and evaluations of measurement uncertainty are available 
(Anderson, 1976). This approach was applied to establish the uncer
tainty propagation in calculating the reservoir fluid composition from 
the chemical composition of fluid samples collected from geothermal 
wells. 

Table 7 presents the vapor-phase sample’s measured chemical 
composition collected at the geothermal wells’ separator, Az-12D and 
Az-23 (Verma et al., 2022). The concentrations of H2, NH3, and N2 in the 
non-condensable gas sample are generally low. The study was per
formed to illustrate the reservoir fluid composition with uncertainty 
propagation. The species whose concentration is lower than 2 mg/l, like 
Mg2+ are neglected. Thus, the principal elements of the liquid phase are 
pH, Na+, K+, Ca2+, Cl− , SO4

2− , CO2-Total, Si-Total, and B-Total. Simi
larly, the main elements of vapor phase elements are CO2 and H2S. The 
reported values of bicarbonate were converted first to CO2-Total. 

4.2.1. NIST uncertainty machine in geothermal reservoir fluid calculation 
In the application of the Gauss and Monte Carlo methods for the 

uncertainty propagation, Anderson (1976) proposed an algorithm to 
evaluate the measurement uncertainty associated with an output 
quantity (y) expressed as an explicit function of input parameters in the 
following form 

y= f (x1, x2,… xn) (6) 

The variance of y is a function of f and the variances of input pa
rameters x1, x2,… xn and is expressed as 

σ2
y =

∑n

i=1

(
∂y
∂xi

)

σ2
xi
+
∑n

i=1

∑y

j=1

(
∂2y

∂xi∂xj

)

σxixj (7)  

where σxi is the uncertainty of the ith variable expressed as unsigned 
variance, and σxixj is the signed cross-product covariance of all available 
variables by pairs and defined as 

σ2
xi
=

∑n
i=1(xi − x)2

n − 1
σxixj =

∑n,n
i = 1
j = 1,
i ∕= j

(xi − x)
(
xj − x

)

n − 1
(8) 

The second double sum vanishes if all the input variables are sta
tistically independent. Even if they depend on each other, their magni
tude tends to be small because their signs cancel each other. Thus, the 
first term is the principal contributor to the variance of the function. 

In geochemical modeling, the pH is an implicit function of different 
types of alkalinities (eq. (5)). Therefore, applying the NIST Machine for 
uncertainty propagation is not feasible. Kitchin (2013) pointed out the 
difficulty in the uncertainty propagation to the output variable (y) if it is 
an implicit function of input parameters (x1, x2, … xn). On the other 
hand, Verma (2022) implemented a method for calculating pH and its 
uncertainty. The algorithm uses the computer code proposed by Tansey 
(2021) for converting a uniform random number (0–1) to the Gaussian 

Table 4 
Summary of chemical analysis results of Alchichica lake water samples, INEEL08, distributed as the regular and stability samples for the proficiency test.  

Statistics pH Elec. Cond Na+ K+ Ca2+ Mg2+ Li+ B-Total Cl− CO2Total SO4
2- Si-Total 

mS/cm mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

mean 9.05 13.35 2645 245 8.1 470 2.8 43.1 3466 1570 1008 1.25 
S.D. 0.09 0.69 94 24 2.2 24 0.4 2.3 407 279 163 0.16 
C.V. 0.99 5.13 4 10 27.8 5 14.1 5.4 12 18 16 12.58  
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Fig. 4. Comparison of chemical parameter concentration of the lake water samples, INEEL08, measured by the participating laboratories. The error bar in each data 
point is calculated for individual laboratory measurements. Blue circles represent the measured values for the regular samples, while red squares show the values for 
the stability study samples. The solid thick (black) line represents the mean values, and the thin dashed (black) lines show the 95% confidence level (i.e., mean ± 2 S. 
D.). The values marked with dashed red triangles were obvious outliers, while those marked with dashed light blue ellipses were outliers after statistical data 
treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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random number for the mean (x) and standard deviation (s). 

4.3. Example calculations considering the data of Az-12D geothermal 
well 

The geochemical data of the geothermal water sample of well, Az- 
12D, were considered an example to illustrate the deep geothermal 
reservoir fluid composition calculation procedure. We used the NIST 
Uncertainty Machine for the uncertainty propagation at each step except 
for pH because it is impossible to express an explicit equation for pH. 
First, the charge imbalance (i.e., all the major chemical parameters) was 
calculated to verify the analysis quality. The chemical analysis datasets 
with a charge imbalance value of less than 5% in geochemical literature 
were considered for geochemical calculation data. Our datasets for 
samples collected at the weir box and the separator satisfy the criteria 
for both geothermal wells (See Table 8). 

4.3.1. Liquid sample collected at the weir box 
The water sample analyses were performed at the laboratory tem

perature (i.e., 25 ◦C). The concentrations were converted to mmol/l. 
Then, the total dissolved carbonic acid H2CO3* concentration was 
calculated using the sample pH and HCO3

− (CO3
2− ). Similarly, the 

speciation of other acid-base species was performed to calculate the total 
alkalinity (eq. (5)). Table 8 presents the calculated values at each step 
for both wells, Az-12D and Az-23. 

• Heating liquid sample up to the weir box liquid-vapor separation tem
perature: In reconstructing the deep geothermal reservoir fluid 
composition, the first step is to heat the weir box water sample to the 
temperature of the silencer (91 ◦C). (Fig. 1). The well Az-12D had 
alkalinity of 1.2489 meq/l. It remains a conservative entity when 
heating the sample from the analysis temperature of 25 ◦C to the 

Table 5 
Averaged carbonic species concentrations of INEEL08 in mg/l measured by in
dividual laboratories. The value in parenthesis represents the standard deviation 
(e.g., pH = 9.18(0.06, 0.65) refers to 9.18 ± 0.06 and C.V. = 0.65 with 67% 
confidence interval and 95% confidence level). At pH = 9.05, the boric alkalinity 
will be 181 mg/l).  

Lab No. pH H2CO3 HCO3
− CO3

2- CO2- 
Total 

mg/l mg/l mg/l mg/l 

1 9.18 
(0.06, 
0.65)  

2080(30, 
1.4) 

409(5, 
1.2) 

1807 
(18, 1.0) 

3 7.83(–)  428  309 
4 9.12 

(0.10, 
1.10)  

1722(12, 
0.7)  

1242(8, 
0.6) 

5 9.00 
(0.06, 
0.66)  

1811(23, 
1.3) 

370(6, 
1.6) 

1578 
(12, 0.8) 

6 9.10 
(0.01, 
1.1)  

2008(70, 
3.5)  

1449 
(50, 3.4) 

7 9.08 
(0.01, 
1.1)  

5368(0, 
0)  

3872(0, 
0) 

8 9.11 
(0.03, 
0.33)  

2500  1803 

9 8.97 
(0.00, 
0.00) 

5.03(0.12, 
2.38) 

2296(32, 
1.4) 

123(1, 
0.8) 

1750 
(24, 1.4) 

12 8.90 
(0.05, 
0.56)  

1362 
(142, 
10.4))  

983 
(103, 
10.5) 

13 9.58 
(0.18, 
1.98)  

1413(15, 
1.1) 

748(8, 
10.8) 

1567(6, 
0.4) 

14 9.10 
(0.01, 
1.10)  

2008(70, 
3.5) 

542 
(10, 
1.8) 

1846 
(43, 2.3) 

From 
Averaged ( 
Table 4) 

9.05 
(0.09, 
0.99) 

3.12 
(0.92,29.39) 

2030 
(361, 18) 

106 
(38, 
27) 

1570 
(279, 
18)  

Table 6 
Averaged values of chemical analysis of geothermal fluids at Los Azufres Geothermal Field. The value in parentheses represents the standard deviation (e.g., 3.34(0.12) 
refers to 3.34 ± 0.12).  

Sampling Point pH Elec. Cond. 
mS/cm 

Na+ K+ Ca2+ Mg2+ Li+ B-Total Si-Total Cl− HCO3
− SO4

2- 

mg/l 

Stream at LAGF (INEEL07)  
3.34 
(0.12) 

371.8 (49.0) 13.5 (2.5) 15.7 
(1.0) 

2.03 
(0.38) 

0.28 
(0.17) 

0.05 
(0.05) 

1.6 (0.3) 62.3 
(12.4) 

14.1 (1.3) 5.4 (7.5) 75.0 
(9.8) 

Production well at LAGF (Az-12D) 
Wellhead 

(INEEL01) 
6.14 
(0.64) 

42.6 (3.2) 19.9 
(35.5) 

3.5 (7.7) 0.4 (0.3) 0.04 
(0.09) 

0.01 
(0.00) 

6.3 (1.8) 1.3 (1.8) 1.5 (0.9) 16.9 
(10.6) 

4.1 
(1.5) 

Separator 
(INEEL02) 

6.63 
(0.14) 

12.1 (0.6) 2178.3 
(69.7) 

586.1 
(53.5) 

16.9 
(3.9) 

0.08 
(0.12) 

32.78 
(3.61) 

363.4 
(31.0) 

418.7 
(20.0) 

4255.5 
(503.5) 

27.1 
(13.1) 

26.2 
(6.2) 

Weir box 
(INEEL03) 

7.18 
(0.10) 

14.7 (0.7) 2714.7 
(63.3) 

716.5 
(42.2) 

21.2 
(3.3) 

0.08 
(0.11) 

39.72 
(2.37) 

450.8 
(43.6) 

465.0 
(60.8) 

5109.9 
(440.8) 

42.2 
(20.1) 

28.1 
(8.9) 

Production well at LAGF (Az-23) 
Wellhead 

(INEEL04) 
6.38 
(0.32 

6.6 (0.3) 1167.9 
(35.3) 

296.3 
(10.9) 

9.0 (1.7) 0.08 
(0.11) 

18.85 
(3.01) 

169.0 
(7.9) 

262.2 
(14.1) 

2132.5 
(238.9) 

19.7 
(4.5) 

23.1 
(9.0) 

Separator 
(INEEL05) 

6.78 
(0.19) 

8.3 (0.5) 1480.7 
(49.2) 

378.4 
(14.2) 

10.8 
(2.3) 

0.07 
(0.11) 

24.74 
(7.29) 

212.4 
(23.9) 

336.6 
(23.9) 

2800.4 
(292.3) 

31.1 
(11.0) 

37.2 
(8.0) 

Weir box 
(INEEL06) 

7.54 
(0.12) 

9.8 (0.5) 1800.3 
(54.0) 

460.3 
(19.1) 

12.4 
(1.9) 

0.05 
(0.09) 

26.80 
(2.13) 

260.1 
(32.9) 

388.1 
(32.9) 

3349.2 
(325.3) 

59.6 
(33.0) 

23.4 
(6.6)  

Table 7 
Chemical analysis of vapor samples of geothermal wells, Az-12D and Az-23 
(taken from Verma et al., 2022).  

Well Wellhead Pressure 
(psia) 

Separation pressure 
(psia) 

CO2 H2S 

mmol of gas/100 mol 
steam 

Az12D 260 122 254.3 
(26.1) 

14.2 
(0.4) 

Az23 277 128 242.6 
(29.2) 

16.1 
(0.6)  
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Table 8 
Measured and calculated chemical compositions of geothermal fluid at different sampling points of geothermal wells, Az-12D and Az-23. The chemical concentrations 
are expressed in mmol/l. The average elevation at the geothermal wells is 2750 masl (i.e., water boiling point at the surface 91 ◦C).  

parameters Sample at weir box Sample at separator Vapor sample  
(Verma et al., 2022) 

Wellhead Geothermal Reservoir 

msd silencer dilution separator msd separator Vapor 
phase 

Liquid 
phase 

msd calculated Liquid 
phase 

Vapor 
phase  

Az-12D (HR = 2419 kJ/kg, TR = 250 ◦C, Psep = 0.879 MPa) 
T (◦C) 25 91 91 174.3 25 174.3 174.3 174.3 25  250 250 
Vapor frac   0.1565    0.8264   0.8264 0.7774  
pH 7.18 

(0.10) 
7.01 
(0.27) 

7.01 
(0.31) 

7.02 
(0.22) 

6.63 
(0.14) 

6.70 
(0.51)   

6.14 
(0.64)  

6.76 
(0.48)  

Na+ 118.1 
(2.6) 

118.1 
(2.6) 

99.6(2.3) 99.6(2.3) 94.6 
(3.0) 

94.6(3.0)   0.87 
(1.54) 

16.45 
(0.53) 

73.88 
(2.36)  

K+ 18.3 
(1.1) 

18.3(1.1) 15.5(0.9) 15.5(0.9) 15.0 
((1.4) 

15.0((1.4)   0.09 
(0.20) 

2.60(0.24) 11.69 
(1.07)  

Ca2+ 0.53 
(0.08) 

0.53 
(0.08) 

0.45 
(0.07) 

0.45 
(0.07) 

0.42 
(0.10) 

0.42 
(0.10)   

0.01 
(0.01) 

0.07(0.02) 0.33 
(0.08)  

Li+ 5.72 
(0.34) 

5.72 
(0.34) 

4.83 
(0.29) 

4.83 
(0.29) 

4.72 
(0.52) 

4.72 
(0.52)   

0.00 
(0.00) 

0.82(0.09) 3.68 
(0.41)  

B-Total 41.70 
(4.03) 

41.70 
(4.03) 

35.17 
(3.40) 

35.17 
(3.40) 

33.61 
(2.87) 

33.61 
(2.87)   

0.58 
(0.17) 

5.83(0.50) 26.21 
(2.24)  

B(OH)3 41.18 
(4.02) 

41.21 
(4.00) 

34.76 
(3.37) 

34.67 
(3.37) 

33.50 
(2.86) 

33.38 
(2.86)   

0.58 
(0.17)  

26.11 
(2.23)  

B(OH)4
- 0.52 

(0.01) 
0.49 
(0.29) 

0.41 
(0.29) 

0.50 
(0.29) 

0.12 
(0.06) 

0.23 
(0.14)   

0.00 
(0.00)  

0.10 
(0.13)  

Si-Total 16.56 
(2.17) 

16.56 
(2.17) 

13.97 
(1.83) 

13.97 
(1.83) 

14.91 
(0.71) 

14.91 
(0.71)   

0.05 
(0.06) 

2.59(0.12) 11.62 
(0.56)  

H4SiO4 16.52 
(2.16) 

16.44 
(2.15) 

13.88 
(1.82) 

13.76 
(1.82) 

14.90 
(0.71) 

14.80 
(0.71)     

11.54 
(0.56)  

H3SiO4
− 0.04 

(0.01) 
0.12 
(0.07) 

0.10 
(0.07) 

0.20 
(0.07) 

0.01 
(0.01) 

0.10 
(0.04)     

0.08 
(0.10)  

CO2-Total 0.797 
(0.32) 

0.80 
(0.32) 

0.67 
(0.27) 

0.67 
(0.27) 

0.68 
(0.34) 

0.68 
(0.34) 

254.3 
(26.1) 

0.355 
(0.036) 

0.74 
(082) 

131.1 
(13.6) 

2.52 
(0.26) 

269.77 
(27.70) 

H2CO3 0.11 
(0.05) 

0.15 
(0.10) 

0.13 
(0.09) 

0.32 
(0.09) 

0.24 
(0.13) 

0.45 
(0.25)   

0.46 
(0.57)  

2.26 
(0.34)  

HCO3
− 0.69 

(0.32) 
0.64 
(0.27) 

0.54 
(0.23) 

0.35 
(0.23) 

0.44 
(0.22) 

0.23 
(0.28)   

0.28 
(0.17)  

0.26 
(0.30)  

CO3
2- 0.00 

(0.00)a 
0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00)   

0.00 
(0.00)  

0.00 
(0.00)  

Cl− 144.1 
(12.4) 

144.1 
(12.4) 

121.6 
(10.5) 

121.6 
(10.5) 

120.0 
(14.2) 

120.0 
(14.2)   

0.04 
(003) 

20.83(2/ 
47) 

93.60 
(11.07)  

SO4
2- 0.29 

(0.09) 
0.29 
(0.09) 

0.25 
(0.08) 

0.25 
(0.08) 

0.39 
(0.08) 

0.39 
(0.08)   

0.04 
(0.02) 

0.05(0.01) 0.21 
(0.05)  

H2S-Total       14.2 
(0.4) 

0.064 
(0.002)  

7.33(0.21) 0.37 
(0.01) 

15.00 
(0.42) 

H2S           0.32 
(0.06)  

HS− 0.05 
(0.06)  

Alk (meq/l) 1.25 
(0.33) 

1.25 
(0.33) 

1.05 
(0.38) 

1.05 
(0.38) 

0.57 
(.23) 

0.57 
(0.31)   

0.28 
(0.17) 

0.10(0.04) 0.45 
(0.18)  

Charge 
imbalance 
(%) 

0.96    2.42    41.33     

Az-23 (HR = 1784 kJ/kg, TR = 250 ◦C, Psep = 0.914 MPa) 
T (◦C) 25 91 91 176.0 25 176.0 176.0 176.0 25  250 250 
Vapor frac   0.1597    0.5121   0.5121 0.4071  
pH 7.54 

(0.12) 
7.33 
(0.46) 

7.33 
(0.46) 

7.31 
(0.34) 

6.78 
(0.19) 

6.80 
(0.49)   

6.38 
(0.32)  

6.84 
(0.88)  

Na+ 78.3 
(2.3) 

78.3(2.3) 65.8(2.0) 65.8(2.0) 64.4 
(2.1) 

64.4(2.1)   50.8 
(0.28) 

31.3(1.0) 53.0(1.8)  

K+ 11.8 
(0.5) 

11.8(0.5) 9.9(0.4) 9.9(0.4) 9.7 
((0.4) 

9.7((0.4)   7.6(0.3) 4.7(0.2) 8.0(0.3)  

Ca2+ 0.31 
(0.05) 

0.31 
(0.05) 

0.26 
(0.04) 

0.26 
(0.04) 

0.27 
(0.06) 

0.27 
(0.06)   

0.22 
(0.04) 

0.13(0.03) 0.22 
(0.05)  

Li+ 3.86 
(0.31) 

3.86 
(0.31) 

3.24 
(0.26) 

3.24 
(0.26) 

3.6(1.1) 3.6(1.1)   2.72 
(0.52) 

1.73(0.51) 2.93 
(0.86)  

B-Total 24.06 
(3.04) 

24.06 
(3.04) 

20.22 
(2.56) 

20.22 
(2.56) 

19.65 
(2.21) 

19.65 
(2.21)   

15.63 
(0.73) 

9.543 
(1.07) 

16.17 
(1.82)  

B(OH)3 23.38 
(3.00) 

23.47 
(3.02) 

19.72 
(2.70 

19.67 
(2.52) 

19.55 
(2.86) 

19.47 
(2.20)   

0.58 
(0.17)  

16.10 
(2.22)  

B(OH)4
- 0.67 

(0.16) 
0.59 
(0.53) 

0.49 
(0.94) 

0.54 
(0.42) 

0.10 
(0.06) 

0.17 
(0.20)   

0.00 
(0.00)  

0.07 
(0.13)  

Si-Total 13.82 
(1.17) 

13.82 
(1.17) 

11.61 
(0.98) 

11.61 
(0.98) 

11.98 
(0.85) 

11.98 
(0.85)   

9.34 
(0.50) 

5.82(0.41) 9.86 
(0.70)  

(continued on next page) 
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silencer (weir box) temperature of 91 ◦C (Stumm and Morgan, 1981). 
However, the pH and the distribution of acid-base species will 
change.  

• Diluting with steam liberated at the weir box silencer: The liberation of 
vapor with some non-condensable gases occurs due to the separator 
liquid flushing at the silencer of the weir box. Verma (2012) pointed 
out that the liquid-vapor separation process at the silencer was not in 
equilibrium, and it was difficult to quantify the concentration of 
liberated gases. Therefore, geochemical calculations were performed 
considering vapor liberation only at the silencer.  

• Heating liquid sample up to the separator temperature: The diluted 
sample at the weir box is heated to the separator temperature (i.e., 
from 91 to 174.3 ◦C). The calculation procedure is like that presented 
in section 3. 

4.3.2. Liquid sample collected at the separator 
The water sample collected at the separator was also analyzed at the 

laboratory temperature (25 ◦C). The data quality assurance and 
geochemical calculation procedures were the same as in section 3.3.1 for 
heating from 25 to 174.3 ◦C (i.e., the separator temperature). 

4.3.3. Vapor sample collected at the separator 
The concentrations of CO2 and H2S in the liquid phase were esti

mated from the vapor phase using the gaseous species distribution co
efficients. The CO2 concentration was used to verify the measured liquid 
phase concentration and its distribution equation. However, H2S con
centrations were used for further calculations. 

4.3.4. Total discharge sample collected at the wellhead 
The liquid phase sample collected at the separator is more repre

sentative because it avoids CO2 liberation at the silencer of the weir box. 
Therefore, the total discharge fluid compositions at the wellhead were 
calculated using only the liquid and vapor samples at the separator. 
Although the acid-base speciation of total discharge for the wellhead 
sample was calculated, it was not performed in the case of the total 

discharge sample reconstructed from the liquid and vapor samples at the 
well separator. The primary goal of this study was only to compare the 
concentration values. 

4.3.5. Geothermal reservoir fluid composition 
The average temperature of the Los Azufres geothermal reservoir is 

250 ◦C (Verma et al., 2018). According to the enthalpy balance equation 
(1), the vapor fraction in the geothermal reservoir is 0.7774 for Az-12D 
and 0.5121 for Az-23. The reservoir fluid composition was calculated by 
resolving equations (1)–(5). Similarly, each chemical parameter’s un
certainty was obtained using the NIST Uncertainty Machine except for 
pH. 

4.4. Comparative evaluation of geothermal data of Az-12D and Az-23 

Table 8 summarizes the geothermal reservoir fluid composition 
calculation of Az-12D and Az-23. The geochemical calculations of a 
geothermal reservoir are explained in section 4.3. The weir box and 
separator samples provide almost the same liquid chemical composi
tions of non-volatile species at the separator conditions for both wells. 
Let us observe the concentration values of Na+, K+, Ca2+, Li+, B-Total, 
Si-Total, Cl− , and SO4

2− in the column “Separator” under “Sample at weir 
box” and “Sample at separator” for both wells, Az-12D and Az-23. This 
similarity in the calculated values assures consistency in the analytical 
data of all the participating laboratories. However, the concentrations of 
CO2-Total are not the same for Az-23. The increase in uncertainty in the 
geothermal reservoir pH was found because this parameter depends on 
the concentrations of acid-base species and their uncertainties. 

The wellhead sample of the geothermal well Az-12D had a high 
vapor component, while the sample of Az-23 had a high liquid propor
tion. Thus, the wellhead fluid sample does not represent the geothermal 
reservoir fluid. This finding remains true for fluid samples collected by 
connecting a portable separator at the wellhead. 

The fluid pH values at the separator conditions, calculated from the 
weir box and separator samples, were 7.31 ± 0.34 and 6.80 ± 0.49 for 

Table 8 (continued ) 

parameters Sample at weir box Sample at separator Vapor sample  
(Verma et al., 2022) 

Wellhead Geothermal Reservoir 

msd silencer dilution separator msd separator Vapor 
phase 

Liquid 
phase 

msd calculated Liquid 
phase 

Vapor 
phase 

H4SiO4 13.75 
(1.17) 

13.62 
(1.17) 

11.44 
(0.99) 

11.29 
(0.98) 

11.97 
(0.71) 

11.88 
(0.85)   

0.05 
(0.06)  

9.80 
(0.58)  

H3SiO4
− 0.06 

(0.02) 
0.20 
(0.19) 

0.17 
(0.16) 

0.32 
(0.24) 

0.01 
(0.01) 

0.11 
(0.12)   

0.00 
(0.00)  

0.07 
(0.15)  

CO2-Total 1.04 
(0.58) 

1.04 
(0.58) 

0.88 
(0.46) 

0.88 
(0.46) 

0.70 
(0.34) 

0.70 
(0.34) 

242.6 
(29.2) 

0.35 
(0.04) 

0.63 
(0.82) 

124.9 
(15.0) 

2.82 
(0.34) 

301.46 
(36.40) 

H2CO3 0.06 
(0.04) 

0.11 
(0.11) 

0.09 
(0.10) 

0.29 
(0.10) 

0.19 
(0.13) 

0.43 
(0.30)   

0.46 
(0.57)  

2.51 
(0.63)  

HCO3
− 0.98 

(0.54) 
0.94 
(0.53) 

0.79 
(0.46) 

0.59 
(0.45) 

0.51 
(0.22) 

0.27 
(0.25)   

0.28 
(0.17)  

0.31 
(0.63)  

CO3
2- 0.00 

(0.00) 
0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00)   

0.00 
(.00)  

0.00 
(0.00)  

Cl− 94.5 
(9.2) 

94.5(9.2) 79.4(7.7) 79.4(7.7) 79.0 
(8.2) 

79.0(8.2)   60.2 
(6.7) 

38.4(4.01) 65.0(6.8)  

SO4
2- 0.24 

(0.07) 
0.24 
(0.07) 

0.20 
(0.06) 

0.20 
(0.06) 

0.39 
(0.08) 

0.39 
(0.08)   

0.24 
(0.09) 

0.19(0.04) 0.32 
(0.07)  

H2S-Total       14.2 
(0.4) 

0.07 
(0.00)   

0.43 
(0.01) 

17.38 
(0.49) 

H2S           0.37 
(0.11)  

HS− 0.06 
(0.11)  

Alk (meq/l) 1.73 
(0.56) 

1.73 
(0.56) 

1.45 
(0.48) 

1.45 
(0.48) 

0.62 
(.23) 

0.57 
(0.31)   

0.36 
(0.17) 

0.30(0.15) 0.51 
(0.26)  

Charge 
Imbalance 
(%) 

0.72    1.32    0.72     

a Values are lower to report in two decimal places. 
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Az-12D and 7.31 ± 0.34 and 6.80 ± 0.49 for Az-23, respectively 
(Table 8). The higher pH of the weir box sample likely resulted from the 
liberation of CO2 and H2S at the silencer. Both alkalinity values for 
separator water obtained from the weir box and separator samples 
should be the same. However, its values are 1.05 ± 0.38 and 0.57 ± 0.31 
for Az-12D and 1.45 ± 0.48 and 0.62 ± 0.23 for Az-23, respectively 
(Table 8). Presently, it is difficult to explain the differences in these 
alkalinity values. 

5. Conclusions 

The first interlaboratory comparison test was to establish the sam
pling procedure and QA/QC of geochemical analysis of geothermal 
waters worldwide. The analytical results of the synthetic water sample 
showed reasonable accuracy and precision in the pH, electrical con
ductivity, Ca2+, Li+, SO4

2− , B, and Si-total measurements (i.e., 8.35 ±
0.04, 12.25 ± 0.53 mS/cm, 25 ± 1 mg/l, 18 ± 1 mg/l, 569 ± 33 mg/l, 
320 ± 21 mg/l, and 20.5 ± 0.7 mg/l, which are close to the conven
tional true values, 8.40, 12.31 mS/cm, 23 mg/l, 19 mg/l, 647 mg/l, 330 
mg/l, and 20.0 mg/l, respectively). However, analytical errors for major 
ions, Na+, Cl− , and CO2-Total are 17, 21, and 42 percent, respectively, 
while the analytical uncertainties are relatively lower, except for CO2- 
Total (19%). 

The agreement in the two independent analyses of the Lake 
Alchichica water samples by the participating laboratories reconfirmed 
the analytical reproducibility of individual laboratories; however, the 
analytical uncertainty for the CO2-Total measurements of the lake water 
sample is 18%. Thus, the analytical method for carbonic species and 
alkalinity determination of individual laboratories for the CO2-Total 
measurements needs revision. The relatively higher analytical uncer
tainty in the analysis of geothermal waters was probably a matrix effect, 
which required to be dealt with within the design of future interlabor
atory tests. 

The outcomes of comparative analysis of geothermal waters sampled 
at different points of geothermal wells, Az-12D and Az-23 of LAGF: (1) 
total discharge of condensed fluid at the wellhead, (2) separate liquid 
condensed in the well separator, (3) flushed liquid at the weir box, and 
(4) separated vapor condensed at the well-separator can be summarized 
as follows.  

1. The wellhead samples collected at point 1 do not represent the 
geothermal reservoir fluid. There was a high vapor proportion in the 
Az-12D wellhead samples, while the Az-23 sample had a high liquid 
contribution.  

2. The same chemical concentration of non-volatile species (Na+, K+, 
Ca2+, Cl− , SO4

2− , Si-Total, and B-Total) of the liquid phase, recon
structed at the separator temperature and pressure conditions from 
the samples collected at point 3 and measured at point 2, recon
firmed the good analytical precision and reproducibility of individ
ual laboratories indirectly. For example, both values for Na+ are 99.6 
± 2.3 and 94.6 ± 3.0 mg/l, respectively (see Table 8). However, the 
sample collected at point 2 represents a better geothermal reservoir 
fluid. It was concluded by analyzing the pH and alkalinity values 
because the non-condensable gases (CO2, H2S, etc.) liberated at the 
silencer were not considered in the geochemical calculations from 
the weir box sample.  

3. The application of the NIST Machine in the uncertainty propagation 
of geothermal reservoir fluid geochemical composition indicates the 
pH as a sensitive parameter in the geochemical modeling of the 
geothermal system. The geothermal reservoir fluid pH uncertainty, 
an essential parameter for geochemical modeling, is a consequence 
of acid-base species and is three to four times more than the 
measured fluid pH uncertainty due to propagation (see Table 8). 
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Casimiro, E., Reyes, L., 2015. Reservoir processes related to exploitation in Los 
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