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ABSTRACT 

Historical records of production and reservoir-monitoring data gathered in the Los Azufres geothermal field were studied to assess 

the effect of geothermal reinjection and the connectivity among geothermal wells. The former data correspond to wells producing 

vapor or a liquid-vapor mixture. To estimate the connectivity between pairs of injection-production wells, the known nonparametric 

regression ACE (Alternating Conditional Expectation) method was used to correlate injection rate histories to either chloride 

concentration histories for liquid/mixture production wells or to bottom-hole pressure histories for vapor production wells. The 

statistical results were analyzed in light of earlier field studies based on tracer tests as well as on histories of both chemical species 

and isotope concentrations. Our study assessed the relative effect of reinjection through monitoring chloride concentration and, for 

the first time, bottom-hole pressure histories measured at production wells of both southern and northern Los Azufres geothermal 

field. Our analysis suggests that the connectivity indices yielded by the ACE method for some well pairs are in agreement with 

earlier reservoir data. Further comparison with other types of reservoir data is required to evaluate or calibrate our estimations.  

1. INTRODUCTION 

The Los Azufres geothermal field is located in the state of Michoacán, central Mexico (Fig. 1); it is owned and operated by the 

Comisión Federal de Electricidad (CFE). The geothermal field has two areas of production: Marítaro in the northern zone and 

Tejamaniles in the southern region (Fig. 1). The total installed electrical generating capacity of the entire field is currently 188 

MWe. The first production wells started operating in 1982. As of 2008, 39 production wells were in operation, which produced 

14.6 million tons (Mt) of steam. The former led to 4.53 Mt of brine that was fully injected into the reservoir through six injection 

wells (Gutiérrez-Negrín et al. 2010; Arellano et al. 2012). Previous studies (Barragán et al., 2005, 2010, 2011, 2013; Arellano et al. 

2005, 2012; Iglesias et al., 2011) have observed and analyzed the effect of reinjected brine on produced fluids through chemical and 

isotope production-well data as well as through tracer tests. 

The aim of our study is to explore the applicability of the nonparametric-regression “Alternating Conditional Expectation” (ACE) 

method (Breiman and Friedman, 1985) for estimating the degree of connectivity between pairs of injection-production wells of the 

Los Azufres field. The ACE method was introduced into the geothermal reservoir engineering field by Horne and Szucs (2007). It 

is in general suitable for correlating variables having a non-linearly relationship, as it is often the case between state variables of 

geothermal fluid flow and mass transport. This method has been applied previously in other geothermal fields to correlate 

production chloride chemistry well histories to injection rate histories so as to establish well-to-well connectivity (Horne and Szucs, 

2007; Villacorte et al., 2010; Korkmaz Basel et al., 2011). Unlike the former studies, our application of the ACE algorithm 

considers also bottom-hole pressure histories for vapor production wells in addition to chloride concentration data measured at 

liquid/mixture production wells. 

2. METHODOLOGY 

We consider using the non-parametric statistical ACE method developed by Breiman and Friedman (1985) to infer the degree of 

connectivity between a pair of wells: one injecting a fluid mixture of condensed vapor and/or separated water, the other producing 

reservoir fluids. Due to its non-parametric nature, the ACE algorithm assumes an underlying model is unknown a priori and seeks 

to estimate it from data. 

Here we only present a brief description of the ACE method; for further details please refer to Breiman and Friedman (1985) and to 

Horne and Szucs (2007). Let X1, X2,…, Xp represent our (random) input variables (e.g., mass flow rates at p injection wells) and Y 

our (random) output variable (e.g., chloride concentration measured at a production well). T1(X1), T2(X2),…, Tp(Xp), and Ty(Y) 

represent zero-mean arbitrary transformations of the input and output variables Xi and Y, respectively. One can show that (Breiman 

and Friedman, 1985)  

Ty
*(Y)=∑ Ti

*(Xi)
p
i=1 +e*          (1) 

where T1*(X1), T2*(X2),..., Tp*(Xp), and Ty*(Y) are optimum estimations of the input (Xi) and output (Y) variable transformations, 

and e* is an error with a zero-mean, normal distribution. It is known (Horne and Szucs, 2007) that including time as the (p+1)th 

variable in Equation 1 improves the regression in the transformed space. Although both Ti*(Xi) and Ty*(Y) are unknown a priori, 

the ACE algorithm determines their functional forms at the end of the numerical process. The quality of the results depends on the 

information contained in the available data.  
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Figure. 1. Location of the Los Azufres geothermal field. Wells (without the prefix “Az-“) are denoted by numbers (after 

Barragán et al. (2005)).  

 

Additionally, the ACE algorithm allows estimating a measure of connectivity or connection index, between an injector i and a 

given production well by means of the following formula (Horne and Szucs, 2007):  

Ii=
1

n
∑ |Ti

* (Xi(tj))|
n
j=1            (2) 

where i is the injection well index, n is the total number of times (dates) on which injection and production data were measured 

simultaneously, and tj is the jth time or date on which simultaneous measurements were recorded. Hence, I i (i = 1, 2,..., p+1) 

represents the time-average magnitude of the transformed variable Ti*(Xi), where Tp+1*(Xp+1) corresponds to the time variable. A 

large (small) value of Ii suggests a relatively high (low) connectivity between the injector well i and the production well. 

The ACE method works for one output variable and several input variables. The algorithm requires that data for all input/output 

variables be measured simultaneously. If a well could not be measured at a given date, that fact would render all data for that date 

useless for the ACE analysis. This in turn would shorten the useful time series to be employed by the ACE method. In our case 

examples, we consider only injection-well rates as input variables but other measured quantities such as chemical-species or isotope 

concentrations can be deemed as well. On the other hand, in our work we used only total discharge chloride concentrations at 

production wells as output variables (one at a time); although another measured chemical-species/isotope or production-well 

outflow rate can be employed too. The advantage of working with chloride concentrations is that Cl is a conservative solute that 

generally does not react with the host rocks.  

Previous geothermal engineering applications (Horne and Szucs, 2007; Villacorte et al., 2010; Korkmaz Basel et al., 2011) of the 

ACE method have focused on correlating chloride production histories and injected mass flow rates. In the next section, we apply 

this method to similar data as well as to bottom-hole pressure time series of vapor production wells from the Los Azufres 

geothermal field. 
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3. CASE RESULTS 

3.1 Southern Los Azufres Geothermal Field ‒ Liquid/Mixture Production Wells 

Here we considered injection rate histories of the three injection wells in the southern section of the Los Azufres field: Az-7, Az-8, 

and Az-7A (Figure 1). The Az-7 injector closed operations in 2003 and it was replaced with the Az-07A well in 2005; these two 

injectors are physically located a few meters apart of each other. Chloride concentrations were measured at 13 liquid/vapor-mixture 

production wells located in southern Los Azufres field (Figure 1) and the data was included in the ACE regression with the 

injection measurements. In Figure 2 we present the results of the calculated connection indices.  

 

Figure 2. Connection indices between injection and liquid/mixture production wells in the southern Los Azufres field as 

calculated by the ACE algorithm using injection rates and production chloride concentrations. 

 

Note that results for wells Az-16D and Az-62 are split into two periods due to the substitution of injector Az-7 by well Az-7A. One 

can see that the time variable shows the largest connection index values for most of the well pairs in Figure 2. When in operation, 

injection well Az-7 yielded better connection indices for the southern production wells than injector Az-8 did, with the exception of 

wells Az-22 and Az-62; this is supported by the decline in mass flow rate of some production wells (e.g., Az-26) during the period 

in which the well Az-8 was the only injector (Arellano et al. 2012). On the other hand, injection well Az-7A presented smaller 

connection indices for the southern production wells than injector Az-8 did, except for well Az-1A. 

Iglesias et al. (2011) conducted a tracer test in the southern Los Azufres field, injecting the liquid-phase tracer in well Az-8. The 

investigators concluded that at the time of writing their conclusions (407 days after the tracer was injected), the test was not 

complete as the tracer was still arriving to the wells. Due to this, we could not make a comparison between the tracer test results 

and ours.  

3.2 Northern Los Azufres Geothermal Field - Liquid/Mixture Production Wells 

In the northern Los Azufres field there are four injection wells: Az-3, Az-15, Az-52, and Az-61 (Figure 1). We considered chloride 

concentration data from 17 liquid/vapor-mixture production wells of this field zone and correlated them with the injection rate 

histories from the same zone. The connection indices yielded by the ACE algorithm are presented in Figure 3.  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A
z-

1
A

A
z-

2

A
z-

2
A

A
z-

1
6

D
 (

1
)

A
z-

1
6

D
 (

2
)

A
z-

1
8

A
z-

2
2

A
z-

2
3

A
z-

2
5

A
z-

2
6

A
z-

3
3

A
z-

3
6

A
z-

4
6

A
z-

6
2

 (
1

)

A
z-

6
2

 (
2

)

C
o

n
n

e
ct

io
n

 in
d

ex

Production well

Az-07A

Az-08

Az-07

Time



Hernández et al. 

 4 

 

Figure 3. Connection indices between injection and liquid/mixture production wells in the northern Los Azufres field as 

calculated by the ACE algorithm using injection rates and production chloride concentrations. 

 

The advantage of using chloride data is that one may be able to discriminate between reinjection fluids coming directly from the 

injection wells and fluids whose origin is reinjected-fluid vapor condensate that is more diluted in salts. The latter was observed 

recently (Arellano et al. 2012), through analysis of gases, in the northern field and also in some wells of the southern field.  

The time variable holds the largest connection indices for most of the production wells (Figure 3). Injectors Az-3 and Az-52 shows 

the largest connectivity on the majority of the northern production wells; although, injection well Az-61 has the largest index values 

with production wells Az-9, Az-19, and Az-51. 

3.3 Southern Los Azufres Geothermal Field - Vapor Production Wells 

For this case, we used bottom-hole pressure time series from nine vapor production wells jointly with the mass flow rates histories 

of the three injection wells of the southern Los Azufres field (Figure 1); to our knowledge, this is the first time an ACE analysis 

using vapor production data is reported in the literature.  

As in the first case example, the replacement of injector Az-7 by well Az-7A led to the division of the ACE analysis into two parts 

for each injection-production well pair. The ACE algorithm results are presented in Figure 4. The wells Az-33, Az-36, and Az-46 

were considered as liquid-phase wells (Section 3.1) and also as vapor-phase wells because at their initial production stages mostly 

liquid was tapped from them. At later stages, these wells shifted to producing only vapor. The results in Figure 4 show that time is 

by far the variable with the largest connection indices, in average, in a greater degree than displayed in the case of the 

liquid/mixture wells of the southern field. Only the injector Az-7 shows a larger index than the time variable when the former is 

correlated with well Az-6. On the other hand, the indices of injector Az-8 are overall greater than those of injectors Az-7 and Az-

7A. Nevertheless, well Az-7 exhibits larger indices than production wells Az-6, Az-34, and Az-37; whereas injector Az-7A does 

similarly when correlated with wells Az-6, Az-33, Az-35, and Az-37. 

In their field study, Iglesias et al. (2011) also injected a vapor-phase tracer in well Az-8. They considered this test complete upon 

reporting their results. Their greater recoveries were recorded in wells Az-2A (0.018 %), Az-46 (0.002 %), Az-16AD (8.6 × 10-4 

%), Az-37 (3.3 × 10-4), and Az-6 (2.9 × 10-4). We can note that our results show a relatively large connection index for well Az-46, 

in agreement with the tracer test. However, it is difficult to establish a firmer comparison as this field study did not include injecting 

another tracer in well Az-7A. 
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Figure 4. Connection indices between injection and vapor production wells in the southern Los Azufres field as calculated 

by the ACE algorithm using injection rates and bottom-hole pressure histories. 

 

4. CONCLUSION 

Our study assessed the relative effect of reinjection through monitoring chloride concentration and, for the first time, bottom-hole 

pressure histories measured at production wells of both southern and northern Los Azufres geothermal field. Our analysis suggests 

that the connectivity indices yielded by the ACE method for some well pairs are in agreement with earlier reservoir data. Further 

comparison with other types of reservoir data is required to evaluate or calibrate our estimations.  
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