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Monitoring the response of volcanic 
CO2 emissions to changes 
in the Los Humeros hydrothermal 
system
Anna Jentsch1,2*, Walter Duesing1, Egbert Jolie1 & Martin Zimmer1

Carbon dioxide is the most abundant, non-condensable gas in volcanic systems, released into the 
atmosphere through either diffuse or advective fluid flow. The emission of substantial amounts of 
CO2 at Earth’s surface is not only controlled by volcanic plumes during periods of eruptive activity 
or fumaroles, but also by soil degassing along permeable structures in the subsurface. Monitoring 
of these processes is of utmost importance for volcanic hazard analyses, and is also relevant for 
managing geothermal resources. Fluid-bearing faults are key elements of economic value for 
geothermal power generation. Here, we describe for the first time how sensitively and quickly 
natural gas emissions react to changes within a deep hydrothermal system due to geothermal fluid 
reinjection. For this purpose, we deployed an automated, multi-chamber CO2 flux monitoring system 
within the damage zone of a deep-rooted major normal fault in the Los Humeros Volcanic Complex 
(LHVC) in Mexico and recorded data over a period of five months. After removing the atmospheric 
effects on variations in CO2 flux, we calculated correlation coefficients between residual CO2 emissions 
and reinjection rates, identifying an inverse correlation of ρ = − 0.51 to − 0.66. Our results indicate 
that gas emissions respond to changes in reinjection rates within 24 h, proving an active hydraulic 
communication between the hydrothermal system and Earth’s surface. This finding is a promising 
indication not only for geothermal reservoir monitoring but also for advanced long-term volcanic risk 
analysis. Response times allow for estimation of fluid migration velocities, which is a key constraint for 
conceptual and numerical modelling of fluid flow in fracture-dominated systems.

Worldwide, a large number of caldera-hosted geothermal systems are located along volcanic arcs, such as the Los 
Humeros Volcanic caldera (LHVC) in the Trans-Mexican Volcanic Belt (Mexico) or Onikobe in the Honshu Arc 
(Japan). Such geothermal systems contain a vast potential of geothermal energy1,2. Calderas are very complex, 
large-scale3 geological structures that provide elevated heat flow within relatively shallow depths (< 2 km) lasting 
for several thousands of years. This makes them a preferred target in geothermal exploration4–6. Their structural 
evolution is of particular interest, since a comprehensive understanding of the localization of permeable fluid 
pathways, as well as of their structural controls, are key objectives for the successful utilization of geothermal 
energy7,8. Deep-rooted fault zones and fracture networks connecting geothermal reservoirs to Earth’s surface 
channel vast amounts of hydrothermal fluids9–12. In undisturbed conditions, migrating fluids can form stable 
and long-lasting geothermal surface manifestations such as fumaroles or hot springs, which provide valuable 
information about reservoir conditions13,14. However, volcano-tectonic activity or the development of geothermal 
resources for power generation can change this equilibrium.

A sustainable field management requires comprehensive monitoring of physical and chemical changes in 
geothermal reservoirs during production and reinjection of fluids for a timely reaction to pressure decline and 
temperature depletion, respectively15. Reinjection of extracted geothermal fluids (brine) into the feed, or loss 
zones, of a geothermal system is essential to maintain reservoir pressure and fluid recharge, control subsidence 
and avoid contamination of local ground water16,17. This requires site-specific strategies for reinjection at suitable 
locations, thus avoiding any interference in the production zone by thermal breakthrough, mineral precipitation 
or induced seismicity18,19.
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For the first time, in this study we investigated the relationship between induced CO2 flux variability and 
changes in reinjection rates in a geothermal system. We deployed a multi-chamber CO2 flux monitoring system 
within the damage zone of a large normal fault crossing the Los Humeros geothermal field, in combination 
with an on-site meteorological station. After we quantified the variations in CO2 flux induced by atmospheric 
parameters, we used the time series of residual CO2 emissions to calculate their correlation coefficients with 
daily reinjection rates. The results show an inverse correlation between the two parameters within a time win-
dow of ≤ 24 h. We additionally discuss further unmonitored variables and nonlinear processes that could have 
a potential impact on CO2 variations.

Our approach combines geochemical surface data and physical subsurface data in order to develop a thor-
ough understanding of induced fluid migration from the geothermal reservoir along specific flow paths to the 
Earth’s surface.

Los Humeros geothermal system.  The Los Humeros Volcanic Complex (LHVC) is the result of the larg-
est caldera-forming eruption in the 1000 km-long Trans-Mexican Volcanic Belt (TMVB) (Fig. 1a). Ref. 20 deter-
mined that the LHVC contains a volume of 290 km3,1b).

The LPC hosts the high-temperature (~ 380 °C at > 2100 m below surface), two-phase, liquid-dominated 
Los Humeros geothermal reservoir, which is controlled by secondary permeability, e.g., faults and fractures24. 
The reservoir fluids are rich in CO2 and other non-condensable gases25,26. Helium isotopic ratios, determined 
in fluid samples from wells, are characteristic of the sub-continental mantle and suggest heat supply from an 
active magmatic system27.

Both volcanic activity and regional tectonics are the dominant forces on the structural architecture of the 
caldera. The volcano-tectonic interaction is responsible for the fault system’s complexity28. Formation perme-
ability of the andesitic to basaltic geothermal reservoir is very low (K < 10–16 m2)29. Thus, fluid migration is mainly 
favoured by fault zones and fracture networks that cut through the overlying volcanic rocks. Macro-fracture 
permeability, characterized by regional faults in the geothermal system, can either enhance or impede fluid 
migration through the formation of fluid conduits or barriers28.

Two of the most distinctive faults, the Los Humeros and Maztaloya faults, merge in the central part of 
the geothermal reservoir. Several smaller fault strands in the northern part of the Los Humeros fault (e.g., La 

Figure 1.   (a) Location of the Los Humeros Volcanic Complex (LHVC) on the border of the federal states 
Puebla and Veracruz on a 120 m-resolution digital elevation model (DEM), available at https://​www.​inegi.​org.​
mx/​app/​geo2/​eleva​cione​smex/. (b) Overview of the main production field of Los Humeros (Installed capacity 
93.9 MWe21) on a shaded relief image obtained from a 1 m-resolution DEM22. White solid and dashed lines 
illustrate known and inferred faults, respectively. Orange circles represent locations of seismic events from 
September 2017 to September 201823. The inset map, illustrated by the white dashed rectangle, shows the extent 
of the LHVC and Los Potreros calderas hosting the active geothermal field. The maps were generated using 
ArcGIS 10.4.1 software. (c) Setup of the CO2 monitoring array within the fault damage zone of the Los Humeros 
fault. Ts values indicate ground temperatures measured during the initial site selection survey, while black 
arrows show the direction and extension of fault geometry parameters.

https://www.inegi.org.mx/app/geo2/elevacionesmex/
https://www.inegi.org.mx/app/geo2/elevacionesmex/
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Cuesta, Loma Blanca, Los Conejos) build a horsetail structure forming a wide zone of substantial hydrothermal 
alteration28. Within this structure, increased CO2 degassing and multiple thermal anomalies with ground tem-
peratures up to 92 °C at 50 cm depth30,31 are observed. The Los Humeros fault is a deep-seated, permeable fault 
zone facilitating the migration of geothermal fluids. It is therefore targeted by both production and reinjection 
wells (Fig. 1b). This makes the fault an ideal location in which to study the response of natural gas emissions at 
Earth’s surface to reinjection-induced changes in the geothermal reservoir.

Data and methods
We installed an LI-COR Li-8100 automated soil CO2 flux monitoring system with seven accumulation chambers 
on an area of 50 m2 in combination with an on-site weather station (MWS 9-5; Fig. 1c, Fig. S1; Table S1 in the 
supplemental material) for continuous observation of air temperature, barometric pressure, air humidity, pre-
cipitation, and wind speed and direction. The monitoring site was chosen to be well-linked to a fault displaying 
thermal anomalies and increased degassing, distinctive from background CO2 emissions. For this reason, CO2 
flux and ground temperatures at 50 cm depth were measured before the monitoring network was deployed.

The vegetation cover of the study site is sparse and characterized by irregular tufts of grass, small shrubs, 
cacti and agaves. Several pine trees border the eastern side of the monitoring area; thus, we cannot exclude the 
influence of root respiration32 on CO2 flux at stations 3, 4 and 6 (Fig. S1). Most of the study site lacks a surficial 
organic layer due to anomalous ground temperatures (Ts > 30 °C) that control the distribution of argillic altera-
tion, as recognized by clay minerals such as kaolinite33. The subsurface consists of alternating layers of uncon-
solidated pumice and scoria lapilli, which have a wide range of grain sizes34. Each monitoring station measured 
soil CO2 flux on an hourly basis following the accumulation chamber method11,35,36 over a period of five months, 
from April to September 2018. The setup with multiple accumulation chambers was chosen due to the follow-
ing advantages compared to single monitoring stations: (i) monitoring CO2 fluxes of different magnitudes and 
origins (hydrothermal/biogenic), (ii) continuous datasets for benchmarking between individual sampling sites, 
(iii) robust quantitative assessment of the influence of meteorological parameters on gas flux, and (iv) under-
standing the spatial variability of CO2 flux on small areas in relation to (sub)surface heterogeneities (fault zone 
architecture, soil type, alteration).

The geothermal reservoir has been the site of more than 60 wells in the past 40 years37. Infield reinjection 
began five years after the commercial utilization of geothermal energy started in 199038. Currently, three wells 
with depths of 2200 m are used to reinject geothermal fluids at a total average rate of 171 t/h and 28 production 
wells with a production of 663 t/h (2018, unpublished data from CFE Comisión Federal de Electricidad; Fig. 1b). 
The amount of reinjected fluids at Los Humeros depends on the available brine, which has always been low 
compared to the amount of produced fluids (liquid and steam). An increase in reinjection rates usually occurs 
in response to an observed decline in productivity, but it is a balancing act to inject the appropriate amount of 
fluids without decreasing production enthalpies. In recent years, geothermal operators at Los Humeros have 
incorporated condensing technologies into the power units to increase the amount of fluids used for reinjection 
(personal communication). Daily reinjection and monthly production rates were provided by the geothermal 
power plant operator CFE.

From September 2017 to September 2018, seismic activity was continuously monitored using 25 broadband 
and 20 short-period stations across the Los Humeros geothermal field23. Three distinct clusters of induced/
natural seismicity (MLV ≤ 2.1) are indicated in the vicinity of production and reinjection wells (Fig. 1b) at depths 
between 1 and 3.5 km, corresponding to the depth of the geothermal reservoir. During CO2 flux monitoring, the 
magnitude of seismic events (124 in total) ranged from − 0.61 to 2.1 MLV (unpublished data).

The collected datasets were statistically analysed using MATLAB software version R2019b. The statistical 
correlations among (i) the CO2 flux chambers and (ii) each CO2 flux chamber and the meteorological parameters 
were calculated using a spearman’s rank correlation matrix. Removing atmospheric effects on CO2 flux data 
is crucial for determining the influence of endogenous processes on CO2 variations37–41. This was conducted 
by computing a stepwise multiple linear regression model (SMLRM)42 for each CO2-flux time series. For the 
SMLRM, we excluded all data gaps, thereby reducing the multidimensional data set from 3552 to 2971 data 
points. The stepwise regression is a systematic method that describes the relationship between the response 
variable (CO2 flux) and the predictor variables (atmospheric parameters) by first adding and then removing 
one variable at a time to the model. The final model is reached when the residual sum of squares (R2) no longer 
changes. The adjusted R2 value explains the amount of variation computed by the linear regression model. 
The p-value is a criterion which defines whether variables should be removed or added to the model, with the 
default threshold set to 0.05. A p-value below 0.05 is usually considered to be a sufficient rejection of the null 
hypothesis43. The major advantage of this algorithm is that only predictor variables which significantly influence 
the response variable are included in the model. To further interpret the results from the SMLRM, we gener-
ated several continuous wavelet transformations (CWTs) from the hourly-measured CO2 flux time series and 
the residuals of the stepwise regression models. Finally, we calculated the Spearman correlation coefficients (ρ) 
between residual CO2 time series and fluid reinjection rates. In order to compare the two different time series, 
we reduced the hourly-measured CO2 fluxes to daily averages. This was done in two steps. We first used a 24-h 
Gaussian filter providing zero phase shift by running in both the forward and reverse directions, smoothing 
the hourly measured CO2 fluxes. As a second step, we used a shape-preserving piecewise cubic interpolation to 
identify adequate numbers of sampling points from the hourly-measured CO2 data and down sample the CO2 
fluxes to the time series of the lower-resolution daily injection data (Fig. 2). Additionally, a linear regression 
analysis was performed to model the relationship between CO2 flux residuals and reinjection rates and calculate 
of a 95% confidence interval.
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Results and discussion
Each CO2 emissions time series is characterized by strong variability in daily mean flux rates and a decrease 
at all stations from April to June, followed by a moderate increase from July to September (Fig. 3a, Fig. S2 and 
Table S2). Despite the close proximity of the seven monitoring stations, the different time series do not always 
indicate coherent behaviour. Given that background/biogenic CO2 fluxes at Los Humeros usually do not exceed 
20 g m−2 d−1, the mean CO2 flux value of each station suggests input from hydrothermal degassing, as also sup-
ported by carbon isotopic samples taken at two sites within the monitoring area (δ13CCO2 = − 3.3 and − 3.1‰)44. 

Figure 2.   Workflow of the statistical analysis of the monitored data. Part I shows a flow chart of the stepwise 
multiple linear regression model (SMLRM). The SMLRM requires two input variables, the predictor variable, 
and the response variable. While the predictor variable usually consists of a multidimensional data set, as in our 
case atmospheric parameters (e.g., air temperature, wind speed), the response variable is a one-dimensional data 
set (measured CO2 flux). The output of the SMLRM is a linear regression model that represents the variability 
of the response variable according to the predictor variables. The remaining residuals represent the variability 
of the response variable which is not explained by the predictor variables. In this study we focused on the 
residuals. Part II visualizes the resampling of the residuals. (a) Describes the application of the 24-h Gaussian 
filter running in both, forward and reverse directions, (b) to smooth the hourly measured CO2 fluxes. (c) 
Shows the application of a shape-preserving piecewise cubic interpolation and finally, (d) resampling of hourly 
resolved residuals of the SMLRM to daily resolution. Consequently, we obtain daily resolved residuals that can 
be correlated with daily reinjection rates.
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In fact, hydrothermal degassing at rates similar to biogenic fluxes can result from low permeability of soil/rocks 
or low-pressure gradients31. At Station 6, CO2 flux values were observed to be twice as high compared to values 
at the other monitoring stations. Along with a ground temperature of 97.2 °C, this is indicative of advective fluid 
transport. However, low degassing rates, as observed at station 2, 4 and 5, provide evidence for mixed diffusive-
advective gas transport. Diurnal variations between 130–475 g m−2 d−1 (Station 6) demonstrate the dynamic 
behaviour of fluid migration within this highly-permeable fault zone. The strong variations of CO2 flux in such 
a constrained area are affected by (i) different transport mechanisms of fluid flow (advective/diffusive), (ii) vari-
able intensities of hydrothermal alteration, (iii) subsurface heterogeneities, (iv) fault zone architecture/migration 
pathways, and eventually, (v) atmospheric parameters. Stations 1, 5, 6 and 7 demonstrate similar behavior to 
each other and to meteorological parameters (Fig. 3b).

Atmospheric effects on CO2 flux.  The Spearman´s rank correlation revealed that the strongest negative 
correlations occurred between CO2 flux and wind speed as well as air temperature. Both of these atmospheric 
parameters are strongly positively correlated with each other. Atmospheric pressure, on the other hand, shows 
only a weak positive correlation with CO2 flux at stations 5, 6, and 7, while at the other stations no correlation 
is detected.

Wind speed demonstrates the greatest influence on CO2 flux for the majority of stations (Table S4). The 
moderate to strong inverse correlation between wind speed and CO2 flux at stations 1, 3, 5, and 6, shown in blue 
(Fig. 3b), suggests that either high wind speeds inhibit the migration of CO2 from the soil or that CO2 is diluted 
with ambient air, that penetrates the shallow and partially porous subsurface favoured by topography. In fact, 
the west-facing topographic scarp of the NNE-SSW-striking Los Humeros fault is exposed to the main wind 
directions measured during the monitoring period (Fig. S4). A possible link between surface topography and 
CO2 flux has already been discussed in a study performed at Mammoth Mountain in California45,46. Considering 
that barometric pressure was relatively stable during the monitoring period (Fig. S3 and Table S3), we suspect 
that the positive correlation with CO2 flux (stations 5, 6 and 7) is either a spurious correlation or a superposition 
by stronger atmospheric parameters, such as wind speed, that masks the barometric pumping effect47.

Although rainfall and CO2 flux do not have significant correlation coefficients (Fig. 3b), we observe an effect 
of heavier rain periods on CO2 emissions (Fig. S2). We assume that with increased precipitation, the upper, 
altered soil layer becomes saturated with water, forming a gas seal that prevents CO2 degassing. To protect the 
equipment from condensation, no measurements were taken when air humidity exceeded 90%, resulting in a 
few data gaps during the end of June and in the first half of August. An overview of the statistical distribution of 
atmospheric parameters is provided in the supplementary material (Table S3).

Application of the SMLRM revealed that between 7 to 39% of CO2 flux variations can be explained by atmos-
pheric parameters, with less than 10% of the variations explained by atmospheric parameters at stations 2 and 4. 
In comparison to the other stations, station 4 shows more spike-like variations and no cyclic behavior (Fig. S2, 
S5). A detailed summary of the results at each station can be found in Table S4 in the supplementary material.

The results of the CWT on CO2 flux and model residuals show that a 24-h cycle is evident at nearly all stations, 
while semi-diurnal cycles are less pronounced (Fig. 4, Fig. S5). It is not surprising that stations 2 and 4 do not 
show any cyclic behavior, as the results of the SMLRM show the least influence from atmospheric parameters, 
thus emphasizing the impact of unmonitored variables on their variations. The residual CO2 flux rates at stations 

Figure 3.   (a) Boxplots showing the variability of CO2 flux values during the monitoring period. (b) Spearman 
correlation coefficients showing the relationship between stations and atmospheric parameters. The y-axis labels 
are defined as follows: Temp air temperature, Prs barometric pressure, Hu air humidity, Wd wind direction, Ws 
wind speed, Rain.
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1 and 5 show no cyclic behavior, while for stations 3, 6 and 7, the strengths of 12-h and 24-h cycles become weaker 
but are still visible. Consequently, the SMLRM and CWT prove that further unmonitored variables affect CO2 
flux variations, which are discussed in the following paragraph.

Effects of the shallow subsurface on CO2 flux.  Soil porosity and intrinsic permeability play major roles 
in the vadose zone, since they determine fluid flow mechanisms (advection/ diffusion) and flow directions39,47,48. 
On average, the uppermost layer in the geological succession of the Los Humeros geothermal reservoir consists 
of 100 m-thick, unconsolidated pumice and scoria fall deposits with porosities of up to 50%29. Hydrothermal 
alteration of varying intensity, as seen throughout the study area, is induced by fluid-rock interactions and affects 
petrophysical rock properties26.

Some studies have shown that soil temperature and soil water content contribute significantly to variations in 
CO2 flux due to increased biological oxidation, or near-surface steam condensation47,49,50, while others did not 
identify any significant relationship45. These parameters have not been measured continuously at our study site 
due to technical difficulties with the sensors. However, a strong correlation between ground temperatures and 
mean CO2 flux is supported by data from the initial site selection survey (e.g., station 1: 73 g m−2 d−1, 60.5 °C; 
station 3: 109 g m−2 d−1, 73.8 °C; station 6: 418 g m−2 d−1, 97.2 °C; and station 7: 120 g m−2 d−1, 57.3 °C; Fig. 1c) and 
reinforces the assumption that ground temperatures may explain some of the CO2 flux variation. Ultimately, the 
damage zone of the Los Humeros fault substantially influences fluid migration from the hydrothermal reservoir 
to the surface, as indicated by the strong variability of increased CO2 fluxes and hot ground temperatures. The 
increase in permeability of fault damage zones as a result of extensive fracture networks has previously been 
noted49–54. We relate heterogeneities and anisotropies in the shallow subsurface to a complex fracture network, 
acting as a fluid conduit-barrier system, with the geometry and distribution of fractures related to normal dip-slip 
kinematics and recent uplift of small magma bodies55. Mineral precipitation of quartz and calcite in fractures and 
faults is the result of silica-rich geothermal waters and loss of CO2 at the boiling point33,56. Together with hydro-
thermal alteration at the surface, these processes may impede lateral and vertical fluid migration in certain areas, 
while directing fluid flow to areas of higher permeability as previously observed in other geological systems57.

CO2 flux vs. fluid reinjection—implication for geothermal reservoir management.  The key 
finding of this study is the inverse correlation between the rate of low-temperature (approx. 90 °C) reinjected 
fluids and residual CO2 flux (Fig. 5, Fig. S7). We identified this inverse correlation by removing the effects of 
measured atmospheric parameters and calculating Spearman’s rank correlation coefficients between both time 

Figure 4.   Wavelet power spectrum for the period from mid-July to mid-August at: (a) station 1, (b) station 5, 
(c) station 6, and (d) station 7. The lower spectrogram at each station shows the initial CO2 flux, while the upper 
spectrogram shows the residual CO2 flux. The time period shown here was chosen because of its continuous 
data coverage. Black solid lines represent the cone of influence, with areas outside the black line potentially 
affected by edge-effect artefacts. The wavelets were created with the MATLAB software, version R2019b.
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series. For this purpose, we used the summarized flow rate of all three reinjection wells, referred to as total rein-
jected fluids (Fig. S6), and obtained moderate to strong negative correlation coefficients (ρ = − 0.51 to − 0.66) at 
stations 1, 5, 6, and 7 (Fig. 5). These stations are also intercorrelated and show intermediate to strong correlations 
with atmospheric parameters (Fig. 3b).

The spectral signatures of the residual time series from stations 1 and 5, visualized in their respective wavelet 
power spectra, no longer show diurnal variations (Fig. 4). These results demonstrate that the SMLRM successfully 
modelled atmospheric influences and that the residual time series are free of variations caused by atmospheric 
changes. Therefore, they may represent variability related to changes in the geothermal reservoir, which could 
explain the stronger correlation to reinjection of stations 1 and 5 compared to other stations. For example, the 
lowest mean CO2 flux (40 g m−2 d−1) of all stations was measured at station 5. However, a temporal relationship 
between low degassing rates, similar to those at station 5, and deep seismic activity has been monitored at Piton 
de la Fournaise58 and supports our finding that lower CO2 emissions can provide information about dynamic 
changes at depth. At stations 2, 3, and 4, no significant correlations to reinjection rates were calculated (Fig. S7). 
As mentioned earlier, stations 2 and 4 differed in their response to daily atmospheric variations. They showed 
strongly reduced power within the 24- and 12-h bands, indicating that those fluxes may not correspond as 
strongly to atmospheric changes as other stations (Fig. S6).

Figure 5.   Temporal relationship between daily residual CO2 flux (upper plot) and total reinjected fluids (middle 
plot) at: (a) station 1, (b) station 5, (c) station 6, and (d) station 7 and corresponding spearman correlation 
coefficients (ρ). Linear regression analysis (bottom plots) illustrates the relationship between the CO2 flux 
residuals and reinjection rates within the 95% confidence interval. Colours are used to visualize the data of the 
respective time periods. The interrupted lines in the CO2 flux and reinjection curves represent data gaps that are 
not considered in the determination of correlation coefficients.
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Station 3 shows strong 24- and 12-h cycles and a low correlation to reinjection rates of the respective residual 
CO2 flux time series. Comparing the wavelet power spectrum of station 3 with the wavelet power spectrum of its 
residuals, strong 24- and 12-h cycles remain, indicating that an atmospheric influence is still present (Fig. S6).

We assume that stations not correlated with reinjection rates are more strongly influenced by unmonitored 
variables, e.g., soil temperature or soil humidity, as well as nonlinear processes such as: (i) fluid-rock interactions 
(dissolution, mineralization) leading to changes in fracture permeability and soil/rock properties33,59, (ii) changes 
in effective stresses by pore pressure perturbations from ascending fluids60, and (iii) local and regional stress field 
changes28,61 due to volcanic-tectonic forces influencing fracture distribution and geometry.

It is therefore unreliable to consider only one parameter when trying to understand which processes are 
affecting CO2 in the subsurface, as complex physical, thermal, chemical and mechanical (THCM) processes 
occur during the reinjection of cold geothermal brine into geothermal systems60–65.

To understand the inverse correlation of surface CO2 emissions and reinjection of cold water, we will discuss 
some hypotheses below. However, we want to point out that none of these hypotheses is true on its own, but 
rather they become valid when combined.

1st hypothesis: The natural upflow of andesitic and fossil fluids from the deep volcanic system can be sup-
pressed by high reinjection rates, reducing the ascendance of CO2 into the geothermal reservoir. This process 
has already been described by a numerical model reported in Ref.63.

2nd hypothesis: Ref.63 also determined that a large amount of non-condensable gases such as CO2 can be 
stored in reservoir rocks through mineral dissolution and precipitation.

Dissolved CO2 reacts with divalent cations such as Ca2+ and precipitates calcite, which is in agreement 
with hydrothermal zones composed of calcite and other hydrothermal minerals found in well cuttings at Los 
Humeros56. This trapping mechanism can be numerically modelled by either chemical or physical adsorption 
of gases on the rock matrix63.

3rd hypothesis: The deep reinjection of fluids into the low permeable rock matrix at 2000 m depth results 
on the one hand in a pressure buildup, causing CO2 to remain in the dissolved phase and on the other hand a 
reduction in boiling, which also has a positive effect on CO2 solubility66.

Future studies should focus on numerical models of coupled THCM processes, in order to evaluate the pro-
posed hypotheses and the role of discrete fracture networks and multi-phase fluid flow.

However, the response of CO2 emissions to a decrease or increase in reinjection rates within 24 h indicates 
that the Los Humeros fault is a highly permeable structure, connecting the geothermal reservoir and Earth’s 
surface. To exclude a potential time delay between the response of CO2 emissions and fluid reinjection, we also 
calculated correlation coefficients when testing variable time lags, and did not observe an increase in correlation. 
Consequently, we can define the response time of gas emissions to changes in reinjection rates as ≤ 24 h. A global 
review paper on tracer tests summarizes that tracer velocities in the order of one to several tens of meters per 
hour are not exceptional64. Increased fluid migration velocities are also indicated by tracer studies performed in 
wells at Los Humeros67, thus supporting our results.

Natural gas emissions vs. seismic activity.  Induced seismicity triggered by geothermal exploitation 
causes changes in the thermal and poroelastic stresses of a reservoir68. During our monitoring period, recorded 
seismicity did not exceed a local magnitude of MLV 2.1 (unpublished data) with the majority of hypocentres 
located at > 2 km depth, corresponding to the depth of the exploited geothermal reservoir23. In this study, we 
found no clear relationship between residual CO2 flux and seismicity rate or associated magnitudes. However, we 
suggest further study involving longer observation periods and seismic tremor analyses to validate this relation-
ship. In addition, CO2 flux could be compared with more sensitive data such as structural changes obtained with 
coda wave interferometry69. For this purpose, we would place the gas monitoring system along the fault trace of 
seismically active faults with geothermal surface activity.

Conclusion
The characterization of fluid migration in geothermal fields plays an important role for the safe and sustainable 
management of a reservoir. In this study, we have discussed various factors influencing the variation on CO2 
emissions and demonstrated the effect of fluid reinjection on surface gas emissions. Our results indicate an 
active hydraulic communication between the target zones of reinjection wells and hydrothermal surface mani-
festations along the Los Humeros fault, as illustrated by a simplified conceptual model (Fig. 6). This finding has 
implications for novel reservoir monitoring concepts, including automated gas analytics for real-time analyses of 
reservoir responses to geothermal reservoir operations (including stimulations). Multi-chamber systems provide 
a fundamental tool for studying the high spatial and temporal variability of surface CO2 flux due to external fac-
tors, particularly within active structural settings where fluid flow is controlled by extensive fracture networks.

Several open questions remain; therefore future studies should investigate long-term monitoring of gas emis-
sions (≥ 12 months, ideally 24 months) and multiple gas monitoring systems should be installed across geother-
mal fields. In addition, coupled THCM models considering discrete fracture networks, integrated multi-phase 
flow and reactive transport simulations could model the complexities discussed here, which is beyond the scope 
of this publication.

Nevertheless, we have provided important evidence that surface CO2 flux responds to reservoir-induced 
changes caused by reinjection of cold geothermal brine.

Regular sampling of carbon and noble gas isotopes using automated sampling techniques could complement 
the analysis of changing reservoir conditions driven by geothermal exploitation.
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Geochemical and geophysical methods should be more commonly combined in integrated monitoring sys-
tems for optimized reservoir management. This also applies to other utilization concepts of the geological under-
ground, such as carbon capture storage systems.

Data availability
A data publication is available for this paper at https://​doi.​org/​10.​5880/​GFZ.4.​8.​2021.​003.
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