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H. Kennedy et al.: Constraints on fracture distribution in the Los Humeros geothermal field 1849

Figure 4. (a) Example source distribution (red stars) around the Los Humeros stations (black triangles) with the real part of the resulting
synthetic wavefield shown in the background. The wavefield is computed in the frequency domain for one frequency; thus there is no
time dependency. (b) Beam response obtained for synthetic data shown in (a). The white circle marks the true horizontal wavenumber
k = f/v = 0.115 km�1.

Figure 5. Histogram from synthetic data modelled from 10 000 time
windows with fitted anisotropy curves from bootstrap resampling
(grey) and the average curve shown in red. Bars on the bottom give
the distribution of receiver pair orientations.

Figure 6. Histogram showing the mean anisotropy (black) of retro-
grade Rayleigh waves at a frequency of 0.25 Hz, with each resam-
pling of the bootstrap algorithm plotted as a curve (grey) acting as
an uncertainty in anisotropy and the corrected anisotropy based on
synthetic wavefield (red).

north. Different curves show the mean anisotropy (black), the
anisotropy for each resamples of the bootstrap (grey) and the
anisotropy corrected for the effect of the array (red). There
are minimal changes in the anisotropy curve after correction,
decreasing the velocity of two troughs at 120 and 310� and
slightly broadening the azimuth of the two fastest directions
at 45 and 210�, thus making these the clear fastest directions
at this frequency. These slight corrections suggest a marginal
interference of the array when source distribution is not ac-
counted for.

To better visualize the fast directions, a comparison of the
corrected curve, mean anisotropy and uncertainty are shown
as polar plots (Fig. 7). The mean anisotropy has been cor-
rected for the array interference (red), whereas the mean
anisotropy (black) and the uncertainty (grey) have not been
corrected for the effect of the array. It is evident that al-
though the effect of the array is minor, the correction focuses
on the fast direction of a Rayleigh wave at a frequency of
0.25 Hz to the NE–SW direction, therefore indicating a po-
tential anisotropic structure at that strike.

The fastest directions for each depth (gained from the
sensitivity kernels for the frequencies) for both retrograde
Rayleigh and Love waves are shown in Fig. 8. The fastest
directions have been corrected (Fig. 8) with respect to the
array using the synthetic wavefield that was generated in
Sect. 2.4. The black arrows convey the directional of the re-
gional stress acting on the LHVC and thus altering strikes of
faults/folds that the fast directions may be corresponding to.
The fast directions for Rayleigh waves (Fig. 8a) tend towards
the NE–SW strike at depths of 1.5–2.5 km as well as 3.5 km,
while depths of Fig. 8b have a similar trend but for shallower
depths.

The stratigraphy of the LHGF is extremely complex and
varies with depth with differing anisotropic signals; thus
Fig. 9 shows the fast direction and apparent magnitude at
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Figure 9. Fastest direction (red) and magnitude of apparent anisotropy (black) with depth for (a) retrograde Rayleigh and (b) Love waves;
the results have been corrected with synthetic wavefield. The red and black bars depict the area of uncertainty and the shaded areas represent
the average depth of the different lithologies using well data from various sources (Arellano et al., 2003; Carrasco-Núñez et al., 2017a, b;
Cedillo-Rodríguez, 1997; Norini et al., 2019). The numbers 1 and 2 marked on the graph represent the zone orientation from Fig. 1 that
matches the fast directions.

to match our observations with results from other studies fo-
cusing on dominant contrasts that are likely to have a strong
effect on propagation velocities.

4.1 Limitations

The results were corrected for any potential array effect,
which, based on the corrections, had a minimal effect on
the fast directions. The correction does not consider the ef-
fects introduced by the source distribution of the real data; in-
stead, it assumes a random source distribution (as described
in Sect. 2.4) to minimize the effect of sources on the appar-
ent anisotropy. We acknowledge that the source distribution
can have a similar effect to the station distribution (Lu et al.,
2018), and future work will improve the synthetic wavefield
generation and investigate source effects further. The lower
frequencies were also not used because of the histograms’
lower resolution, thus leading to high uncertainties.

Interpretation of the results assumes the seismic velocity
is faster along the orientation of a fault based on the fact that
seismic waves will slow down when travelling across bound-
aries of different material through a fault rather than along it.
Another speculation can be linked to different temperature
variations within the geothermal field, thus affecting the ve-
locity of the seismic waves; however, this is very speculative.
Furthermore, the thermal state of the field is higher along
the fault planes within the LHGF (Norini et al., 2019), more
specifically, the Maxtaloya–Los Humeros Fault swarm plane
(Norini and Groppelli, 2020), thus suggesting the seismic
velocity is slower along faults rather than faster. Therefore,

the opposite assumption may be made. The thermal state of
the field is higher along the fault planes in the Maxtaloya–
Los Humeros Fault swarm (Norini et al., 2019), suggesting
seismic velocity is slower along faults, so the opposite as-
sumption may be made (Norini and Groppelli, 2020). There
is also the potential that the fluid state, the known presence
of hydrothermal waters flowing through the fractures, slows
down the seismic velocity because of the shear component of
Rayleigh and Love waves (Haldar, 2018), contradicting the
assumption that seismic waves running along faults are faster
(Telford et al., 1990). Testing this hypothesis would require
detailed numerical studies, which we aim to address in our
future work.

The beamforming method takes the average over the
whole area covered by the array. To observe lateral varia-
tions, for example, across the three main fault swarm sec-
tors mentioned by Norini et al. (2019) and Rodríguez et al.
(2012), it would be both interesting and beneficial to ap-
ply beamforming to smaller subarrays in the different sec-
tors. However, these subarrays will suffer from poorer az-
imuthal and velocity resolution due to smaller apertures and
the reduced number of stations. Additionally, there are plans
to apply this technique to other geothermally related data
sets to further improve the beamforming method and to
test the sensitivity of the beamforming method on numeri-
cal, anisotropic earth models to better image the geothermal
reservoir.

There was a degree of uncertainty when looking at the re-
sults for Love waves, as it was originally expected to have
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Thank you!

• EGU 2023 | Today, 9:25, TS2.1, Heather Kennedy:
Characterising faults in geothermal fields using 
surface waves: a numerical study
• EGU 2023 | Today, 10:55, SM3.1, Claudia Finger: 

Depth of sudden velocity increases from multi-
mode Rayleigh waves derived with three-
component ambient noise beamforming
• EAGE 2023 | June 8th, 10:30, Ebitimi Obiri: 

Wavefield composition analysis from three-
component beamforming improves thickness 
estimates of sedimentary layers

Please test and 
give feedback!
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