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ABSTRACT 
The Nevado del Ruiz Volcano (NRV) (Colombia) has two 
areas with geothermal potential located to the north and 
north-west of its crater which are highly seismically active. 
In the period of 2000 - 2018 thousands of volcano-tectonic 
events have been recorded beneath the volcano and within 
the two geothermal areas, with most earthquakes occuring at 
depths of 2-9 km and Md magnitudes up to 4.4. 

Physical interpretations of subsurface processes related to 
volcano-geothermal activity can be performed by analyzing 
microseismicity information (hypocenters and magnitudes). 
The frequency-magnitude distribution of earthquakes in any 
region on Earth can be described by the Gutenberg-Ritcher 
relationship. This relationship is linear and from the slope, a 
common seismological parameter is estimated: the b-value. 
In the literature, high b-values have been associated with the 
presence of magmatic bodies, fluids migration, changes in 
fluid pressure, and high fracture density. Hence, the 
quantification of b-value and its uncertainty can be 
associated with the physics of subsurface mechanisms for 
earthquakes triggering. The aim of our study is to map b-
values (2D and 3D) and delimit its anomalies with 
implications on the prospective geothermal areas of Nevado 
del Ruiz volcano. Potential mechanisms in the area are 
associated with fluid recharge from rainfall, variable stresses 
and changes in fluid pressures due to magma injection and 
fluid-phase transition (liquid water-to-vapor transitions). 

1. INTRODUCTION  
NRV is located close to the city Manizales (Caldas 
department) in the middle of the Cordillera Central and 150 
km west of Bogotá, the Colombian capital city. The volcano 
reaches an elevation of 5327 metres above sea level (Figure 
1). It is one of the most active volcanoes in Colombia and 
most dangerous in the world. NRV caused the death of 
25,000 due to an eruption that triggered a large lahar 
recorded as the deadliest one in human history (Vargas et al., 
2017). 

NRV is the most studied volcano for geothermal purposes in 
Colombia. The geology of NRV is highly influenced by a 
thick layer of rocks and deposits of volcanic origin that are 
in a discordant contact with the Cajamarca Complex, a 
metamorphic rock formation comprised mainly of schists. 
Geochemical geothermometer calculations on surface hot 
springs and fumaroles indicate that reservoir temperature can 
reach up to 260 ºC (Alfaro et al., 2002; Alfaro et al., 2005). 
Additionally, 2D numerical modeling of heat transfer and 
rock thermal conductivity at reservoir scale suggests a 

geothermal potential range between 54 MWt and 130 MWt 
(Velez et al., 2018). 

Figure 1: Top: Picture with NRV in the background 
taken from Manizales City. Bottom: NRV 
seismotectonics map. The red box is the location of the 
study area. Seismic network are indicated with red 
triangles. Microseismic events with Md magnitudes 
greater than 1 are plotted, and local faults are also shown. 
A-A’ and B-B’ are cross-sections analyzed for the b-
value. 

A dense seismic network deployed by The Colombian 
Geological Survey (SGC by its Spanish acronym) is 
permanently monitoring NRV. Londono et al. (2018) 
detailed the seismic activity of NRV in two main periods: 
2000-2006 as part of a low to high phreatic activity starting 
in 1993 and, 2007-2016 as magmatic activity kept 
developing until 2018. What distinguishes these two periods 
is the considerable increasing of volcano-tectonic (VT) 
seismic events (Figure 2), frequent ash emissions, high 
deformation and SO2 flux reported by SGC (Londono, 
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2016). These activities are interpreted as related to the rise of 
pulses of magma from depths of ~10 km during the periods 
of 2007-2009 and 2011-2013 (Lundgren et al., 2015; 
Londono et al., 2018). The magmatic input was also 
suggested by the seismic tomography carried out by Vargas 
et al. (2017) who obtained a high anomalous Vp/Vs values 
at depth between 2 and 5 km, and extending to the west, of 
NRV’s summit. This Vp/Vs anomaly suffered a temporary 
and gradual decrease in value between 2011 and 2014 
interpreted as due to degassing and crystallization of the 
magma reservoir. However, by 2015 this reservoir was 
enriched with new portions of volatile-rich magma. The 
dynamic magmatic system of NRV suggests that this volcano 
is having a frequent input/output of magma and gas mainly 
through the Palestina fault system. 

 

Figure 2: Seismicity catalog of VT events between 2000 
and 2018. a) Cumulative events, b) Cumulative moment 
release. Stars highlight some of the relatively high events 
of the catalog. 

Similarly, a 2D magnetotelluric (MT) inversion at NRV 
carried out by Gonzalez-Garcia et al. (2015) shows relatively 
good agreement with the aforementioned Vp/Vs anomalies. 
The MT anomaly suggests a tripartite magma chamber at a 
depth of ~10 km that consists of a main reservoir possibly 
composed of basaltic magma which feeds an intermediate 
reservoir of possible dacitic composition at ~6 km in depth. 
This latter reservoir is connected to a shallow andesitic 
chamber at approximately 2 km depth. The MT inversion 
also suggests a convective hydrothermal system with an 
outflow of chloride waters channeled to the north and 
northwest by the fault systems of NRV. This hydrothermal 
system interacts with the magmatic flow that ascends 
through the tripartite magmatic system. Additionally, a 
vapour-dominated region is interpreted from the MT 

inversion and related to the shallow magma chamber 
sulphate waters. 

The frequency-magnitude distribution (FMD) of an 
earthquakes catalogue can be described by the empirical 
Gutenberg-Ritcher relationship “G-R power law” 
(Gutenberg et al., 1944) given by: 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑎𝑎 − 𝑏𝑏𝑏𝑏 (1) 

where 𝑁𝑁 is the total number of events with magnitudes 
higher than or equal to 𝑀𝑀, 𝑎𝑎 refers to the overall seismicity 
rate and 𝑏𝑏 describes the relative size distribution of FMD. 
Estimation of 𝑎𝑎 and 𝑏𝑏-values using a maximum likelihood 
method for magnitudes of completeness 𝑀𝑀𝐶𝐶  has 
demonstrated a perfect fit to the G-R power law (Aki, 1965; 
Bender, 1983). 𝑀𝑀𝐶𝐶   is the lowest magnitude at which a 
seismic network can detect an earthquake (Rydelek et al., 
1989). A correct choice of 𝑀𝑀𝐶𝐶  is crucial for the estimation of 
𝑎𝑎 and 𝑏𝑏 and their uncertainties. Woessner et al. (2005) 
detailed four methods of assessing 𝑀𝑀𝐶𝐶; Entire-magnitude-
range method (EMR), Maximum curvature (MAXC), 
Goodness of-fit test (GFT) and 𝑀𝑀𝐶𝐶 by b-value stability. 
Between these methods, MAXC is recommended for a fast 
computation of 𝑀𝑀𝐶𝐶 

The parameter 𝑏𝑏 helps better understand the physics of 
subsurface mechanisms for earthquakes triggering (Wyss et 
al. 2000; Wyss, 1973). An overview of physical causes 
associated with b-value variations has been compiled by El-
Isa et al. (2014) For instance, b-value variations over time 
and space have been associated with: 

• Intrusions and magma chambers: high b-value 
anomalies are related to magma bodies (Wyss, 
1997; Wiemer et al., 1997; Murru et al., 1999; 
Wyss et al., 2001; Wiemer et al., 2002; Murru et 
al., 2005; Murru et al., 2007; Lamessa et al., 2019), 

• Geothermal activities (high b-values) (Lin et al., 
2007; Wiemer et al., 2002), 

• Increase of pore pressure (high b-values) (Murru et 
al., 2007), 

• Thermal stresses (high b-values) (Warren et al., 
1970; Wiemer et al., 1997), 

• Increase of shallow crustal heterogeneities (high b-
value) (Enescu et al. 2011), 

• Differential stress (inversely proportional) 
(Schorlemmer et al., 2005; Wu et al., 2005),  

• P-wave velocities (inversely proportional) (Ogata 
et al., 1991; Wiemer et al., 1997). 

• Dynamic failure and large earthquakes (decrease 
of b-value). (Schorlemmer et al., 2005). 

2. METHODOLOGY 
The parameters 𝑀𝑀𝐶𝐶  and 𝑏𝑏 value are determined by using the 
Zmap code developed by Wiemer (2001). The earthquake 
catalogue of duration magnitudes (𝑀𝑀𝑑𝑑)from NRV during the 
time period of 2000 and 2018 is analyzed. From this analysis, 
horizontal slices and 3D b-value distribution maps are 
obtained.  
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2.1 Earthquake Catalogue 
The whole seismicity catalog comprise an area defined by 
the coordinates {4.78 < latitude < 5.03; -75.11 < longitude < 
-75.55}. This catalog was acquired by the seismic network 
of the Colombian Geological Survey. It contains the 
information of date, epicentral coordinates (longitude and 
latitude), magnitude (𝑀𝑀𝑑𝑑) and depth relative to the reference 
elevation of 5.1 km. The catalog comprises a total of 94.022 
events for duration magnitudes 𝑀𝑀𝑑𝑑 ranging from -2.59 to 4.4 
and depths up to 35.5 km. For the analysis, only 
microseismic events with depths up to 10 km were chosen 
(93776 events) as the events located deeper are few and 
probably the result of other processes (Figure 3). 

Between 2000 and 2018 the basic configuration of the 
seismic network at NRV has not varied significantly. 
Londono (2016) reported some changes until 2015 which 
relate to changing seismic stations from short-period to 
broad-band, as well as increasing the number of near-field 
stations to improve the earthquake coverage and location 
calculations. Londono (2016) also demonstrated that these 
changes in the basic configuration of the seismic network do 
not have a significant effect on the spatial distributions of 
seismicity, meaning that the main changes in the seismic 
activity are due to volcanic activity. 

 

Figure 3: VT seismicity and depths. Most of the 
microseismic events occur at depths up to 10 km. Yellow 
stars refer to events with 𝑴𝑴𝒅𝒅 > 3.5. Square size 
represents relative magnitude of an event. 

2.2 Magnitude of Completeness 𝑴𝑴𝒄𝒄 
The changes in the seismic network results in the variation 
of the magnitude of completeness 𝑀𝑀𝐶𝐶  over time. 𝑀𝑀𝐶𝐶 is 
computed by using the MAXC method which consists of 
computing the maximum value of the first derivative of FMD 
which matches the magnitude with the highest amounts of 
events in the non-cumulative frequency distribution 
(Wiemer et al., 2000). 

2.2 b-value Mapping 
The estimation of 𝑏𝑏-value using a maximum-likelihood 
technique is given by:  

𝑏𝑏 = 𝑙𝑙𝑙𝑙𝑙𝑙10(𝑒𝑒)

�〈𝑀𝑀〉−�𝑀𝑀𝑐𝑐−
∆𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏

2� ��
 (2) 

where 〈𝑀𝑀〉 refers to the mean value of the magnitudes equal 
and higher than  𝑀𝑀𝐶𝐶  of the sample and ∆𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏 is the binning 
width of the catalogue. 

The mapping of b-values is carried out by using a grid of 
0.01° x 0.01° based on the high-density hypocenter 
distribution. One hundred and fifty earthquakes were used 
per grid cell with a minimum of fifty events with 𝑀𝑀𝑑𝑑   higher 
that 𝑀𝑀𝐶𝐶 required to compute a b value in each cell. Instead of 
assuming a unique 𝑀𝑀𝐶𝐶  value, 𝑀𝑀𝐶𝐶 is automatically calculated 
according to the FMD in each grid cell sample. The b-values 
estimations are finally obtained by using maximum 
likelihood using Zmap MATLAB code. 

3. RESULTS AND DISCUSSION 

The available seismic catalog was prepared by declustering 
(i.e. removing) foreshock and aftershock events using the 
Reasenberg algorithm (Reasenberg, 1985). This process 
found 836 clusters of earthquakes, removing a total of 89779 
events so that 3997 events are left. Out of the 3997 events, 
3628 are contained inside the study area (red box in figure 1) 
and were used for b value mapping. Figure 4 shows the 
cumulative events and cumulative moment release 
associated with these events. This results in a homogenized 
and complete catalog in time and 𝑀𝑀𝑑𝑑 magnitude (Figure 4a). 
Figure 4b shows that the main periods of abrupt increments 
in the cumulative moment release are also preserved when 
comparing with figure 2b influence by a few larger events. 

 

Figure 4: Declustered catalog of the study area. a) 
Cumulative events; b) Cumulative moment release. 

For the declustered catalog, 𝑀𝑀𝐶𝐶  is computed over time 
(Figure 5). During the study period this parameter dropped 
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from 0.8 to 0.2, which reflects the improved coverage of the 
seismic network increase during recent years. The main 
drops are associated with changes of stations from short-
period to broadband as it is reported by Londono (2016). 

Figure 5: 𝐌𝐌𝐜𝐜  over time using a sample window size of 500 
events with an overlap of 4. 

Also, the average 𝑀𝑀𝐶𝐶  and b values for the entire period of the 
declustered catalog were computed, resulting in 𝑀𝑀𝐶𝐶 =
0.41 ± 0.31  and 𝑏𝑏 = 0.82 ± 0.02 (Figure 6a). To determine 
uncertainties, bootstrapped distributions of 𝑀𝑀𝐶𝐶  and b values 
are obtained by doing sampling with replacement from the 
whole catalog. In addition, a general trend of increase of b 

value with depth is obtained (Figure 6b). These results could 
be associated with magma activity, the locations and 
connectivity of magma chambers suggested by Londono et 
al. (2018), Vargas et al. (2017), Gonzalez-García et al. 
(2015) and other related studies. Additionally, b value is 
increasing with time, reflecting the high magmatic activity 
happening in NRV mainly since 2007 (Londono, 2016; 
Vargas et al., 2017). The partial drops of this parameter over 
time could be related with degassing and the release of 
energy caused by the large earthquakes as it is also 
mentioned by the aforementioned studies. 

Figure 7 shows slices of b-value at different depths for the 
NRV area in the red box in Figure 1. The slight increase of 
b-value on the western and northern parts of NRV at depths 
between 2 and 4 km (from the surface) coincide with 
potential geothermal areas. The high anomalies of b-values 
in the deeper slices between 8 and 10 km could be associated 
with the magma chambers. The alignment SW-NE of the b-
value anomaly at 10 km in depth coincidences with the strike 
of the Palestina fault, the main fault that favoured the 
existence of NRV and the volcanoes associated with the 
volcanic complex known as Cerro Bravo-Cerro Machin 
(Londono, 2016). See also Figure 8. 

 

 

Figure 6: b-value for declustered catalog. a) FMD using maximum likelihood solution and uncertainty by bootstrapping: b 
value = 0.82 +/- 0.09, 𝑴𝑴𝑪𝑪 = 0.41 +/- 0.31; b) b value vs depth; c) b value over time. The results are computed using a minimum 
number of earthquakes for each grid cell ni = 150. 
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Figure 7: Depth slices of b-value. Surface faults and NRV contour are superimposed. The high b-values in red could be 
associated with the magma chambers of NRV controlled by the Palestina fault. Intermediate b-values in green at 4 km and 6 
km depth on the northwestern and northern part could be suggested as possible high pore pressure associated with 
hydrothermal activity controlled by the faults Nereidas, Olleta-Nereidas and Villa Maria-Termiales. The depths of the slices 
are relative to the peak of NRV. 
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Figure 8: b value volume. Black dots are the earthquakes of the declustered catalog. Horizontal slices are 2 km and 10 km 
depth. Vertical slices are the cross-sections indicated in Figure 1. 

The b-values mapping carried out in this work are averages 
for the 2000-2018 seismic period, and therefore do not show 
time-variations. Future work will be carried out to choose 
different time periods in order to map time-dependence 
anomalies and compare their geometries. Additionally, a 
sensitivity analysis on cell sizes and declustering would be 
useful to demonstrate the robustness of the b value 
distribution. It should be highlighted that the discussion 
about the location of geothermal reservoirs north-west and 
north of NRV is still subjected to geoscientific 
interpretations as no wells have been drilled to prove the 
geothermal resources in NRV.  

4. CONCLUSION 
The VT earthquake catalog of NRV reflects the changes and 
increasing magmatic and hydrothermal activity this volcano 
is experiencing over the last decade. This information was 
used to map b-values, a parameter typically computed to 
describe the abundance of high magnitude earthquakes. It 
has also demonstrated that the estimation of this parameter 
offers information of different physical subsurface processes 
such as fracturing, stress levels, thermal gradients and fluid 
pressures.  

For NRV, the 𝑀𝑀𝐶𝐶 value average variations in time were 
computed to demonstrate the completeness of the NRV 
seismic network, which has been improved during the last 
years. Also, the average of the seismicity parameters b-value 
= 0.82 ± 0.09, and magnitude of completeness 𝑀𝑀𝐶𝐶 = 0.41 ± 
0.31 from 2000 to 2018 were determined after declustering 
the earthquake catalog. Moreover, the computed average 
variation of b-values with depth and time agrees with the 
increase of magmatic activity of NRV deeper and more 
recently. 

The b-values mapping for the period of 2000-2018 shows 
spatial anomalies that agree with previous descriptions of 
strong magma activity happening beneath the volcano’s 
peak, mainly between 6 and 10 km in depth. Additionally, a 

slight increase of the b-values at shallower depths (2-4 km) 
on the northwestern and northern parts suggest the existence 
of potential geothermal areas. A lineament of high b-values 
is oriented parallel to the Palestina Fault, which is the main 
path of magma that has favoured the existence of NRV and 
other discontinuities that allow the upflow of hydrothermal 
fluids. 
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