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A B S T R A C T
Since 2013 to date more than 1000 seismic events have been recorded by the Servicio Geo-
logico Colombiano (Colombian Geological Survey, SGC) in the municipality of Puerto Gaitán
(Colombia). A total of 14 earthquakes are moment magnitude Mw > 4.0. The largest event
ever recorded in the area occurred in November 2015 with Mw 4.8. It seems like the case of
Puerto Gaitán is associated with the deep injection of coproduced wastewater from oil and
gas extraction. The data presented in this work suggests a close relationship in space and time
between injection operations and seismicity. An analysis of temporality between both data sets
resulted in a time lag equivalent to about 218 d. For this paper, we computed the input and
output energy during injection operations from 2013 to 2015 in order to estimate the fraction of
total input energy that is radiated as seismic waves. Our results suggest that the seismic energy
is only a small fraction of the total energy into the system. Although Puerto Gaitan is one of
the places with the most significant volume of wastewater injected among the ones reported in
the literature, the energy efficiency of the system is the lowest reported to date in comparison
with other applied technologies. The low efficiency seems to be associated to the aseismic
deformation of the reservoir rocks. The observed clustering of earthquakes is delimited by the
basement crystalline depth. From an operational point of view, we determine that, like most
cases associated with fluid injection, volume of fluid is the variable that determines change
in the seismic moment released. Furthermore, the sequence of events in Puerto Gaitán may
not fit into a well-known correlation between the volume of fluid injected and the maximum
expected magnitude. The observed magnitudes in Puerto Gaitan are well bellow compared to
those reported in the literature for similar volumes of injected fluid.

Key words: Earthquake interaction, forecasting, and prediction; Induced seismicity; Seis-
micity and tectonics.

1 I N T RO D U C T I O N

Since early to mid-20th-century the Anthropogenic Seismicity (AS)
in North America and Europe has been related to underground fluid
injections and productions (Ellsworth 2013). There is a general
consensus in accepting that AS is generated by two main causes:
an increase in pore-fluid pressure and/or a change in the state of
the stress that may cause reactivation of existing faults or fractures
(Healy et al. 1968; Raleigh et al. 1976). Recent case studies sug-
gest that fluid-induced seismicity results from wastewater disposal
(Ellsworth 2013; Keranen et al. 2014), hydraulic fracturing (Bao &
Eaton 2016), CO2 sequestration (White & Foxall 2016), gas storage
and extraction (Cesca et al. 2014) and geothermal energy (Cornet
2016; Lengliné et al. 2017). In the United States the magnitude

and frequency of occurrence of induced earthquakes has increased
considerably during the last decades. For instance, in the state of
Oklahoma (USA) the injection of waste water associated with the
extraction of shale gas, has caused earthquakes with magnitudes
up to Mw = 5.8. Moreover, the annual earthquake rate of Mw > 3.0
has increased from 1.6/yr to 850/yr in 2015 (Keranen et al. 2014).
Some examples of earthquakes that are suspected to be associated
with geothermal activity are those registered in the city of Basel
(Switzerland) and Pohang (South Korea). The first was Mw = 3.4
(Mukuhira et al. 2013) and the second Mw = 5.4 (Grigoli et al.
2018; Kim et al. 2018), both in regions considered to have very low
seismic activity. The seismicity associated to hydraulic fracturing of
sedimentary rocks during shale gas extraction operations, generates
very small magnitude earthquakes, compared to those associated
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with the injection of wastewater or geothermal energy (Davies et
al. 2013).

McGarr (1976, 2014) established a mathematical relationship
that shows a proportional increase between the induced seismic
moment (MO) and the volume of injected fluid (V). Some other
studies have shown that MO depends on V3/2 rather than on V (Galis
et al. 2017). Schultz et al (2018) and Eaton & Igonin (2018) came
to this last reasoning by comparing the released MO of induced
events with the injected fluid volume in Canada. One more study
based on statistical analysis of the seismogenic index (Shapiro et
al. 2010), also established that MO depends on V3/2b, where b is the
Gutenberg–Richter exponent (Van der Elst et al. 2016). There is a
general consensus that the volume of fluid V is the main parameter
to estimate the MO released during injection operations. However,
additional case studies have discussed the role of other operational
parameters different from V to influence the likelihood of induced
seismic events during wastewater fluid injection (Weingarten et al.
2015), which include the injection rate (Frohlich 2012; Keranen et
al. 2014), the wellhead injection pressure (Block et al. 2014), the
proximity of the injection depth to the crystalline basement (Kim
2013), the state of stress at reservoir depth (Zang et al. 2014), and
poroelastic stress (Goebels et al. 2017).

In this study, we focus on estimating the seismic energy efficiency
during wastewater injection operations in Colombia’s most produc-
tive heavy oilfield from 2013 to 2015 in the municipality of Puerto
Gaitan. We have first collected data from simultaneously measure-
ments of injected volume, fluid surface pressure and flow injection
rate provided by the Agencia Nacional de hidrocarburos (Hydro-
carbon National Agency of Colombia, ANH), and the catalogue of
earthquakes recorded by the SGC. Based on those measurements,
we then assessed the relationship between the radiated seismic en-
ergy ES and pumped-in hydraulic energy EPH. Through our research,
we show that ES constitutes only a small fraction of the total input
energy confine within the rock volume. It was also found that it is
the reservoir with the lowest energy efficiency compared to other
applied technologies, despite being one of the places with the largest
volume of fluid injected among those reported in the literature to
date.

2 S E I S M I C I T Y A N D WA S T E WAT E R
I N J E C T I O N S C E NA R I O

Seismotectonic context of Colombia

Colombia is located in the northwestern corner of South Amer-
ica. This region is characterized by a continental deformation that
has evolved and made its current geological and tectonic settings
through a complex history. Nowadays the state of stress is deter-
mined by the movement of Nazca and Caribbean plates to South
America in direction W–E and NNW–SSE, respectively; as well
as the presence of several tectonic blocks (Cediel et al. 2003). At
present the main processes of crustal deformation are geographi-
cally framed within the Andean region. Fig. 1(a) shows the main
fault systems in the country as well as the direction of relative
movement Nazca, Caribbean and South America of tectonic plates.
It also shows the distribution of the shallow seismicity in Colombian
territory reported by SGC from 1993 to 2016 with depths ranging
within 0–40 km and magnitudes ML > 2.0. The natural seismic
activity in the country is associated with this fault system and plates
interaction. It is possible to identify surficial events along the Pa-
cific Coast and the Colombian trench due to the subduction of the

Nazca Plate (Taboada et al. 2000; Cediel et al. 2003; Vargas &
Mann 2013). The seismicity at the north appears very diffuse, given
the low rate of convergence between the Caribbean and the South
American Plate, where crustal deformation has not reached a high
state to generate significant seismic activity (Taboada et al. 2000).
There are also events clusters within the territory associated to the
Andean fault system. Another feasible feature of shallow seismic-
ity occurs at the eastern foothills of the Eastern Cordillera, where
crustal deformation is very high (Mora et al. 2010). Heading east, a
seismic nest appears in the middle of the Eastern Llanos Basin. The
seismicity at the east has been reported as non-existent over time,
so it has not been possible to associate it to current tectonic activity
in the region, but a sequence of possible induced seismic activity
has been associated with increases in oil production (Gómez-Alba
et al. 2015).

Seismic network and data

Unlike other studies on anthropogenic seismicity, where the infor-
mation comes from records of dense networks located around the
study areas, this one uses records from a regional network. Distances
between epicentres events and stations can reach in some cases to
up to tens of kilometres. The NSNC is composed by 52 seismolog-
ical digital stations deployed throughout the NW corner of South
America. Due to the high concentration of seismic activity at the
west and central regions of the country most of stations are placed
there. All local events were located by using the SEISAN package
(Havskov & Ottemöller 2000) and the algorithm HYPOCENTER
(Liener & Havskov 1995). The velocity model used for the location
is an average 1-D model for Colombia that consists of six layers
(Ojeda & Havskov 2001).

Induced seismicity in Puerto Gaitan

Fig. 1(b) shows the distribution of closest seismological stations
to Puerto Gaitan, spatiotemporal distribution of earthquakes from
1993 to 2017 and injection clusters. From 1993 to 2011 the number
of events recorded in the study area was 10. As of 2012 and until
the end of 2013 the number of earthquakes increased to 110. Due to
the unexpected increase in recorded events, the SGC deployed the
seismological station of Puerto Gaitán (PTGC) in September 2013.
During 2014 and 2015 the SGC registered a total of 804 events.
Between 2016 and 2017 the number of earthquakes decreased to
149. Regarding the spatial distribution, it can be seen that after 2013
a large number of events spread to the northwest from the original
cluster. After 2016 earthquakes regroup again around epicentral
solutions registered back in 2013. The SGC recorded a total number
of 1108 events in Puerto Gaitan. Catalogue of earthquakes (Annex 1)
shows that average earthquake depth is 3.62 km. Around 940 events
are located between 0 and 4 km in depth. Regarding magnitudes, it
was established that average Mw is 3.47, from which 14 earthquakes
are Mw + 4.0.

Data from 51 injection wells grouped into eight clusters dis-
tributed throughout the largest heavy oil producing field in Colom-
bia were considered in this study. It was determined that in March
2013 the cumulative injected water was close to 2.1 × 108 (m3). By
the end of 2015, the cumulative volume of injected water reached
7.0 × 108 (m3). It was also established that some injection wells
started operations 1492 d before to March 2013 (Annex 2).

A qualitative analysis suggests that cumulative MO (Nm) and
V (m3) curves have similar shapes but are out of phase in time
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Figure 1. (a) Seismotectonic context of Colombia. The figure shows the configuration of the tectonic system of the NW corner of South America (interaction
between the Nazca, Caribbean and South America plates). Additionally, the interaction of microplates or blocks, as is the case of the Panama Block. The arrows
represent the relative movement of the Nazca and Caribbean plates, and the Panama Block with respect to the South American Plate. The black lines represent
the distribution of the most important fault systems that run through the country and that are mostly associated with the mountain system of the Andes.
Seismicity is represented by coloured circles in function of depth. The seismicity distribution is mostly associated with deformation and failure processes in the
Andes and Colombian trench on the Pacific Ocean. To the east, in the Eastern Llanos Basin the events cluster of Puerto Gaitan is highlighted in a red square.
The blue triangles represent the distribution of the seismic network deployed by the Colombian Geological Service (SGC).

(Fig. 2a). When the V curve increases, the cumulative MO curve also
does so time later. Analagogically, when V curve does not increase,
the upturn of cumulative MO curve stabilizes. To determine the
time lag between both curves, we performed a cross-correlation
between both time-series curves and determined that the maximum
lag between them is approximately 218 d (Fig. 2b).

3 M E T H O D O L O G Y

To be able to compare both sets of data with each other, we con-
verted injection and seismicity in terms of energy. The following
paragraphs describe the energy calculations and the parameters ex-
tracted from each stage in order to determine these values.

Pumped-in hydraulic energy EPH: The injection energy was cal-
culated to define the total input energy available to perform the waste

water injection. Since the pumping data at the surface is available,
the total input energy can be calculated by using the following
equation:

EPH =
∫ t2

t1
P Qdt ≈ 〈P (t)〉 〈Q (t)〉�t ,

where t1 and t2 are the start and end times of the injection procedure.
〈P(t)〉 and 〈Q(t)〉 denotes the monthly average of surface injection
pressure (MPa) and injection rate (m3/s) of the total number of
injection wells. �t is the total duration of the water injection cycle.

Radiated seismic energy ES: The radiated seismic energy was
calculated to determine how much of the output energy was con-
tributed by the recorded events. This is given in units of Joules
by:

log10 (Es) = 1.5Mo + 4.8
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Figure 1. (b) Seismicity distribution in Puerto Gaitan. Each panel shows the distribution of seismicity in Puerto Gaitán as a function of time from 1993 to
2017. The red square represents the location of the city of Puerto Gaitán, and the green triangle is the closest seismological station to the study area (PTGC).
The largest number of recorded events took place between 2014 and 2015, with a total of 804 events. The blue triangles represent the 8 injection clusters, which
group a total of 51 injection wells. Given the proximity between the events and the injection wells, the seismicity has been catalogued as human related.
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This equation is modified from Kanamori (1977), who used the
Gutenberg–Richter magnitude energy relation calibrated for large
earthquakes and expressed the result in units of ergs. MO denotes
seismic moment and was computed using the following equation:

Mw =
(

2/
3

)
log10 (MO) − 6

Finally, ES is computed by adding the energy for all recorded earth-
quakes after converting the reported moment magnitudes into en-
ergy based on scaling relations developed in earthquake seismology.

To estimate both EPH and ES we considered some assumptions.
For instance, due to the proximity of injection wells we assumed
it was reasonable to add all volumes from wells to obtain the total
injected volume. The time windows in Puerto Gaitán are not decades
old, and the distances are not significant either, so the sum of all
the volumes of water is totally adequate. We considered that taking
the pressure and injection averages was also acceptable. We also
assumed that all seismicity in the area was human related. The above
is based on the historical seismicity in the regional context, which
we consider as nonexistent before 2013. Furthermore, a suitable
distance radius to determine if an event can be induced due to the
injection of water at any time after the start of the injection, is
∼20 km according to correlations observed in the literature for the
basins of the United States (Rubinstein & Babaie Mahani 2015).
The previous assumptions had to be made due to the way in which
the database presents the average operation parameters. Multiple
injection scenarios can be proposed and EPH estimations may vary
considerably between each other. Moreover, ES inaccuracies may
be also considered since the radiated seismic energy relations are
calibrated for large earthquakes (Mw > 3.5) and in this study are
applied to events that are some magnitudes smaller.

In order to determine how reliable the recording capability of
the network is we performed an analysis of Mc and b-value over
time (Fig. 3). Mc was estimated by defining the point of the maxi-
mum curvature (MAXC). This value is obtained by computing the
maximum value of the first derivate of the frequency magnitude
curve. In practice, this matches the magnitude bin with the high-
est frequency of events in the non-cumulative frequency magnitude
distribution (Wiemer & Wyss 2000). To estimate the b-value we
used a maximum-likelihood technique (Aki 1965; Bender 1983):

b = log10 (e)[〈M〉 − (
Mc − �Mbin

2

)] ,

where 〈M〉 is the mean value of the magnitudes greater or equal to
Mc, and �Mbin = 0.1 is the binning width of the catalogue. The
analysis was performed for a total of 7 periods, each with a total of
158 events. The b parameter characterizes the ratio of the number
of stronger earthquakes to the number of weaker ones, and its value
vary from 0.5 to 1.5 depending on the distribution regional stress and
tectonics (Mogi 1967; Tsapanos 1990). The lower the b coefficient,
the larger the probability of have stronger events. According to
Fig. 3, the largest b-value reported in Puerto Gaitan occurs between
August 2014 and May 2015. The rest of the reported values is
below 1.0, which is considered as a universal value for all tectonic
regimes (Frohlich & Davis 1993; Kagan 1997, 1999; Wesnousky
1999; Godano & Pingue 2002; Bird & Kagan 2004; Wech et al.
2010). The probabily of occurrence of large events in Puerto Gaitan
seems to be low. Mc does not vary drastically, so we consider that
the recording capability of the seismic network is good enough to
record events over time.

4 R E S U LT S : P U M P E D - I N H Y D R AU L I C
E N E RG Y E P H A N D R A D I AT E D S E I S M I C
E N E RG Y E S

Main results are shown in Fig. 4. The analysis was carried out for 34
periods of time, corresponding to the months between March 2013
and December 2015. To estimate the input hydraulic energy we used
the monthly averages of injection rate and injection pressure. The
output elastic energy was assessed by using the energy released of
each individual induced event in the study area.

The upper panel (Fig. 4a) shows Q (m3 s–1) and P (MPa) over
time. The injection rate (blue curve) increase steadily over time.
The average injection pressure is represented by the black line. It
presented two considerable fluctuations in 2013 followed by slightly
more moderate variations until the end of 2015. Since both curves
show average values, it is not possible to establish with certainty
whether the injection of water is done in cycles or if it is done
invariably. Fig. 4(b) shows the Mw and ES of induced earthquakes.
Events with Mw > 4.0 are marked with red stars. The graph shows
two significant accumulations of events. One, during the first half
of 2013, and the second throughout 2014. Events with Mw > 4.0
were recorded during the first half of 2014 and second half of 2015.
The maximum ES released was 0.0 6259 (MJ). Fig. 4(c) shows
the rate of increase of EPH over time. The total cumulative EPH is
3.85E + 09 (MJ) in December 2015 and was calculated through the
sum of monthly EPH estimations. The cumulative total of ES equals
0.499325 (MJ) in December 2017. The bottom panel (Fig. 3d) shows
the ratio of both ES and EPH changing with time. Three pick phases
of efficient seismic radiation can be identified at the beginning, in
the middle and at the end of the injection cycle. In-between, two
stages are identified with no very efficient seismic radiation.

5 D I S C U S S I O N

In this paper, we observed a relation in time and space between the
operations of injection of residual water and the sequence of earth-
quakes in Puerto Gaitán between 2013 and 2015. Previous studies
had reported that the seismicity in Puerto Gaitan had its origin as a
consequence heavy oil production (Gomez et al. 2015). At the time,
the available information was that of monthly oil production. In this
study, we presented the volume of water injected, the pressure and
flow of surface injection, as possible operating factors that induced
earthquakes in Puerto Gaitán between 2013 and 2015.

Like many induced events, we hypothesize that Puerto Gaitan
earthquakes are generated in the form of swarm like clustering that
migrates in space and time in line with the propagation of fluids
in the porus media (Shapiro et al. 2002). The temporal and spatial
distribution of earthquakes seems to demonstrate the prior (Fig. 1b).
It can be evidenced that the oldest events tend to move away from the
injection clusters as time passes. The migration of the triggered front
of induced seismicity is often described by a pore pressure diffusion
process. Measuring the temporal space evolution of the triggered
front can allow the estimation of the hydraulic diffusivity of the
porus medium (Shapiro et al. 1997, 2002). From the distribution of
the seismicity registered by the SGC, it is not possible to identify that
the migration of fluids reactivates faults or creates new fractures as
a mechanism for the generation of induced events. Neither is there
enough information to determine if there is a causal relationship
between an specific injector well and a particular earthquake.

A qualitative analysis of the slopes of the V and released MO

curves (Fig. 2a) show that both have the same shape, that is, they
evolve in the same way over time. The slopes shown in Fig. 2(a)
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of the V curve schematically represent the radius between �V/�t.
The slopes of the released MO curve represent �MO/�t. Similari-
ties between both curves were identified in three phases that were
recognized. The first and the last associated with an increase in
�V that generated an increase in �MO, and an intermediate period
where a decrease in �V was observed that triggered a decrease in
�MO. This feature possesses a general discussion that for the case
of Puerto Gaitán, the seismicity could be purely influenced by fluids
injection other than regional tectonic and stress features. One of the
reasons to support this hypothesis has to do with the increase in
the recorded event rate. Before 2012 this was 1/annual, when the
volumes of water injected were not significant. When water vol-
umes increased abruptly, the rate of recorded events increased to
804/annual. The second reason for this hypothesis has to do with
the lag time between both curves. The 218 d established from the
cross-correlation between both time-series appear to be a reason-
able period for the migration front of the injected fluid volume to
generate induced events (Fig. 2b). Some case studies show that this
lag can occur even years after the water has been injected in tec-
tonically stable areas like it has been the case in some areas of the
United States (Chen et al. 2017).

The panels of Fig. 4 show the results of the conversion of the
volume of water into hydraulic potential energy, and the MO released
into irradiated seismic energy. The distribution of injection pressure
and flow in Fig. 4(a) allow us to identify that another possible
operational factor that has an impact on the generation of induced
earthquakes in Puerto Gaitan is the injection rate. The average
injection rate increases steadily over time just like the MO is released.
On the contrary, the injection pressure due to observed fluctuations
does not seem to be a conclusive criterion to establish the causality
of the seismicity.

One of the advantages of the methodology applied in this re-
search is that it allows to express V and MO in energy units. This
simplifies the assessment between both variables. Figs 4(b) and (c)
show the behaviour of the input and output energy into the reser-
voir system over time. Fig. 4(d) shows the distribution of the radius
between the output energy of the system and the input energy. The
radius is not constant over time but has fluctuations that depend
on the variables of operation during the injection of crude oil. We
recommend to analyse this energy ratio over time for other fields of
fluid-injection-induced seismicity. Peak and plateau values can be
used to obtain more insights about the interrelation between seismic
radiated energy and operational parameters.

We compared the seismic moment MO released and energy ef-
ficiency of the events with Mw 4.0 + recorded in Puerto Gaitán,
with other data collected worldwide in water reservoirs, during hy-
draulic fracturing operations, geothermal systems and laboratory
experiments (Figs 5a and b). The sequence of events in Puerto
Gaitán shows that released seismic moment is found to depend on
the pumped-in hydraulic energy. The aforementioned means that
the greater the energy injected, the greater the quantification of the
energy released after the injection of fluid. There is widespread
acceptance that the volume of fluid injected is the main variable
to quantify the MO released resulting from injection operations.
McGarr (2014) proposes a linear relation between both parameters
(MOtot α V), while others authors such as van der Elst et al. (2016),
Galis et al. (2017) and De Barros et al. (2019) have reported a
linear relationship (MOtot α V(3/2)). It is also recognized that the pre-
diction of MO released from only the volume of water injected may
be overestimated considering that a large part of these relationships
disregard that a large part of the deformation is aseismic (De Barros
et al. 2018; McGarr et al. 2018). Therefore, to assertively estimate
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(black line), EP (MJ) and cumulative radiated seismic energy (red line) ES, cum (MJ). The area under the black curve represents the total amount of pumped-in
energy EP, cum (MJ). (d) Ratio of ES to EP changing with time.

the prediction of the released seismic energy, if the geological struc-
tures will respond seismically or not must be taken into account.
Additionally, the sensitivity of the MO induced to the monitoring
parameters during the manipulations of industrial fluids in reser-
voirs should be explored. As mentioned above, an energy efficiency
analysis would be a proper evaluation parameter.

Puerto Gaitan seems not to fit with the reported observations in
the literature. While the volume of water in our study area surpasses
those reported in documented cases, the magnitudes observed are
well below the upper bound proposed by McGarr (Fig. 5a). Fig. 5(b)
shows the relationship between EPH versus ES of the data shown in
Fig. 5(a) and other data collected during hydraulic fracturing op-
erations in Canada and laboratory tests. Energy efficiency during
the wastewater injection cycle in Puerto Gaitán is the lowest re-
ported among the cases documented in this study except for Groß-
Schönebeck case study in Germany (number 17). The only case that
has shown an efficiency close to 100 per cent is Denver. The energy
ratio for the other cases is very similar. In most cases, the seismic
energy released does not exceed 5 per cent of the injected energy.
The efficiency in Puerto Gaitán is well below 0.0001 per cent, which

indicates that the energy injected into the system is strongly dissi-
pated during the injection cycle, and the expected seismic energy is
not released.

The results obtained can be explained by two possible causes.
From the point of view of the reservoir, one cause has to do with
the aseismic response of the disposal reservoir. That is to say that
the deformation in the disposal reservoir does not always gener-
ate an earthquake, but only a small portion of the potential energy
stored in a reservoir through injection is released through brittle
deformation with associated radiation of seismic energy (McGarr
2014). Another explanation may be associated with the gemoetry
of fluid propagation and the diffusion of fluid pressure in the reser-
voir. Studies carried out by Dieterich et al (2015), have estimated
that the escalation between MO and V is determined by the sys-
tems of formation faults, permeability and 3-D diffusion through
the Bulk. In the case of Puerto Gaitan it is possible that fraction
of V is damped/filtered through fractures that connect with deeper
structures of the crystalline basement and is not confined solely in
the reservoir. Fig. 6 gives an independent support for this hypothesis
based on gravity data inversion (Graterol & Rey 2009). Injection
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Figure 5. (a) Relationship between maximum observed seismic magnitudes
and fluid volume injected during different technology operations. Symbols
indicate technology type. Numbers and characters correspond to studies
listed by Zhang et al. (2014). Red circles indicate calculations from shale
gas reservoirs in Western Canada Sedimentary Basin (Atkinson et al. 2016):
(CS) Cardston swarm, (FC1) Fox Creek event 1, (FC2) Fox Creek event 2,
(FC3) Fox Creek event 3, (FC4) Fox Creek event 4, (ME1) Montney event
1, (ME2) Montney event 2, (ME3) Montney event 3, (HRB) Horn River
Basin, (FSJ) Fort St. John. Upper bound is the linear relationship postulated
by McGarr (2014). Green squares show the relationship between injected
volume and observed magnitude for waste water induced events Mw > 4.0
reported in this study (PTG) Puerto Gaitán. (b) Relationship between total
pumped-in energy, EPH, and total radiated seismic energy, ES. Numbers and
Characters correspond to the same database used in Fig. 4(a). Blue circles
indicate calculations from shale gas reservoirs (hydraulic fracturing) that are
based on all induced events (Boroumand & Eaton 2012). Red circles show
two stimulation models for continuous and cyclic injection procedures by
Zang et al. (2013). The dotted lines represent the energy efficiency.

clusters and earthquakes are located on a structural high where we
assume the crystalline basement to be superficial and gravity data
is higher. To the southeast and northwest we find two depocenters
where no seismic activity has been recorded. It seems that earth-
quakes are grouped in areas where the basement is shallower. The
experience of large scale wastewater injection in Oklahoma (USA)
shows that seismicity occurs mainly in the highest part of the crys-
talline basement. McNamara et al. (2015), state that earthquakes in
Oklahoma are due to the reactivation of subsurface faults that ex-
tend into the crystalline basement. Similar observations have also
taken place in CO2 injection operations at Decatur, Illinois (Goertz-
Allmann et al. 2017). The Puerto Gaitan basement seems to play
two fundamental roles: the first one is to set the seismicity in the
current cluster of events in the structural high, that is, when the
basement is shallow. The second role has to do with the possible
hydraulic connection (permeability) of faults that allow the perco-
lation of water in deeper structures, precisely where the basement
is deeper and where the seismicity has not yet spread. Adequate
mitigation of risk in Puerto Gaitan, and in general of areas where
long-term Injection experimets are made, requires the prior map-
ping of faulted structures with hydraulic connection between the
disposal reservoir and the crystalline basement.

6 C O N C LU S I O N S

The relationship between oilfield operations and seismicity between
2013 and 2015 in the municipality of Puerto Gaitán is suggestive.
Our analysis and results propose that the sequence of events in
Puerto Gaitán are the result of the release of the elastic energy
stored in the reservoir due to the continuous action of the work
exerted by the injection of water. The released MO in Puerto Gaitan
depends on the injected volume, but also on injection rate, surface
pressure, depth of crystalline basement and stress conditions of the
reservoir. Establishing the relationship between the previous oper-
ative criteria and MO are necessary for understanding and control
of long-term injection experiments in the field. The behaviour of
the V and MO curves in Puerto Gaitan show us that a reduction of
the total pumped volume or slow injection operations may reduce
seismic hazard in the area. A hydromechanical analysis allows us
to determine that the energy efficiency of the injection cycle is well
compared to other documented long-term injection operations. The
high seismic deformation of the reservoirs and the possible filtra-
tion of large volumes of fluid injected into deeper structures are the
main causes that generate low energy efficiency in Puerto Gaitan.
These two conditions have allowed long-term injection of large vol-
umes to have not lead to significant larger events. However, it is
essential to settle if there is a hydraulic connection (high permeabil-
ity) between the reservoir and the crystalline basement, most likely
through basement faults reaching into the reservoir.
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