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Summary

We examine the deep geothermal potential beneath Malargiie, Argentina, using global-phase seismic
interferometry (GloPSI) and ghost reflections, retrieved from it, to analyze the intrinsic attenuation in
the crust and upper mantle. By processing data from the MalARRglie seismic array and distant
earthquakes, we identify distinct patterns of seismic-wave attenuation: the crust displays moderate
attenuation, while the upper mantle near the Moho discontinuity shows much higher attenuation. This
sharp contrast suggests the presence of elevated temperatures or partial melt, possibly linked to a magma
chamber, which could enhance geothermal potential in the region. The method provides higher spatial
resolution and depth-specific information than traditional models, allowing non-invasive identification
of zones with increased heat flow—potential geothermal “sweet spots.” This approach also avoids the
need for expensive drilling, making it valuable for large-scale geothermal assessment.
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Layer-specific Q estimation for deep geothermal potential beneath Malargiie, Argentina, using
seismic interferometry and ghost reflections

Introduction

Geothermal energy has emerged as a promising renewable resource for sustainable power generation
and direct-use applications. As global energy demands rise, there is increasing interest in exploring
deep geothermal resources to tap into the Earth's vast heat reserves (IEA 2024). However, accurately
characterizing deep geothermal reservoirs remains challenging due to subsurface complexities at great
depths (Medici et al. 2023).

Seismic interferometry has proven powerful for imaging and monitoring subsurface structures relevant
to geothermal exploration (Chang and Nakata 2022). This method allows researchers to study upper
mantle properties, crucial for understanding deep geothermal potential (Lehujeur et al. 2015; Nishitsuji
and Masaya 2021). The quality factor @, which quantifies seismic wave attenuation, provides valuable
insights into the Earth's interior thermal and compositional state.

Estimating Q in the upper mantle and near the Moho discontinuity is vital for advancing our
understanding of deep geothermal resources (Zhu et al. 2022). It elucidates the crust-mantle transition
and its implications for heat transfer, fundamental to assessing geothermal potential. Non-physical
arrivals or "ghosts" in seismic-interferometric results could be used to extract valuable information
about specific subsurface-layers' seismic properties (Draganov et al. 2013).

This study applies global-phase seismic interferometry (GloPSI; Ruigrok et al. 2008) to estimate Q at
greater depths using ghost reflections, focusing on the crust and the upper mantle in Argentina's
Malargiie region, part of the Neuquén basin known for its deep geothermal potential (Vieira and Hamza
2019) (Figure 1). Using distant-earthquake arrivals, we create high-resolution images around the upper
mantle, Moho, and crust. This approach offers enhanced spatial resolution, more uniform sampling of
the Earth's deep interior, and the ability to probe deeper structures using body waves.
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Figure 1 (left) Thermal resource base per unit area (GJ) for South America at depth of 3 km, 4 km, 5
km, and 6 km. The green circles correspond to our study region. (right) Distribution of deep geothermal
systems at depth of 3 km. The figures are modified after Vieira and Hamza (2019).
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Method

The Malargiie region in Argentina offers an intriguing setting for studying @, with its complex
geological structure including its deep geothermal potential in the Neuquén basin. The MalARRgiie
seismic array, deployed in 2012, provides an excellent opportunity to investigate @ with its T-shaped
configuration consisting of two linear arrays spanning approximately 60 km (Ruigrok et al. 2012).

Our study utilized data from 72 distant earthquakes with magnitude My, > 5.5 and epicentral distances
> 120° recorded at the TN-array (19 stations in the north-south direction of MalARRgiie). After quality
control, we select four events for further analysis based on the clarity of their PKIKP phases.

The overall processing workflow to estimate Q consists of two main steps (Figure 2):
1. Using GloPSI, retrieval of a ghost reflection between two reflectors
2. Using the retrieved ghost reflections, estimate the effective @ for the overburden above the top
of the two reflectors
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Figure 2 Overall processing flow of this study. Q estimation is carried out using two parts of a ghost
reflection using GloPSI, following Draganov et al. (2013).

Key processing steps for effective ghost-reflection retrieval include:
e Careful preprocessing of the data, including deconvolution and muting of undesired events;
® Modal separation to isolate specific arrivals (wave types);
o Identification of key seismic phases: PKIKP, Moho, and a target reflector.

We use PKIKP and Moho data from Nishitsuji et al. (2016), while identifying a suitable target reflector
deeper than the Moho. To retrieve the ghost reflection, we extract the arrivals around the Moho and the
target reflector using a 14-s time window; we use the extracted arrivals for cross-correlation in GloPSI.
Adopting the procedure of Draganov et al. (2013), we use the GloPSI retrieved ghost reflection to
estimate the effective Q of the overburden above the top of a layer that causes a ghost reflection to
appear. We apply Q compensation to the retrieved ghost reflections by multiplying the four individual
arrivals in Figure 2 with an amplitude damping-compensation parameter containing a trial Q.
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We investigate Q values < 200, based on recent global Q models for the region. To determine the
optimal Q above the target layer, we carry out seismic interpretation focusing on traces whose polarity
becomes reversed as a function of trial Q values. This technique allows us to achieve higher spatial
resolution, depth-specific information, and layer-specific Q@ values compared to global Q models,
providing a more nuanced picture of attenuation variations with depth in the upper mantle beneath the
Malargiie region.

Discussion

Using the green-highlighted ghost reflection in Figure 3, whose overburden corresponds to the crust,
we estimate Qg = 104.5 £ 13.9. On the other hand, using the magenta-highlighted ghost reflection
in Figure 3, whose overburden corresponds to the crust and the bifurcated Moho, as expected to exist
(Gilbert et al. 2006), we estimate Qcyyst+bifurcatedmono = 28.6 £ 5.2. The observed trend of low Q
values below the crust, suggests a complex upper mantle structure relevant to geothermal potential such
as magma or partial melting (Figure 3). Note that the estimated Q values should be increased to
compensate for using only four arrivals for the ghost-reflection retrieval (Figure 2) instead of all
multiple-scattered arrivals that would contribute to the ghost-reflection retrieval. In our case, using
impedance models (Brocher 2005; Farias et al. 2010), we estimate these corrections to be < 0.1%.
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Figure 3 Results of estimated Q. (left) Rectangular in magenta and green indicate where polarity
changes are evidently seen. Arrows point out locations where seismic phase begin to reverse or get
closest to amplitude of zero, which is an indication of Q. (right) Summary of Qqyer for four events we
evaluated.

Lower Q values near the Moho could be associated with higher temperatures or partial melt presence,
aligning with Gilbert et al. (2006)’s suggestion of a magma chamber between a bifurcated Moho in this
region. Such a feature could be a significant heat source for deep geothermal systems, enhancing the
area's geothermal potential.

The detailed Q structure revealed by our study could serve as a valuable tool for identifying and
characterizing deep geothermal reservoirs in the Neuquén basin. Areas with lower Q values may
correspond to zones of elevated temperature or fluid content, key factors in geothermal resource
assessment. The higher resolution and depth-specific information provided by our method allows for a
more nuanced understanding of the upper mantle structure, helping to (i) identify potential geothermal
"sweet spots" with highest heat flow, (ii) characterize depth and extent of potential geothermal
reservoirs, and (iii) understand heat transfer mechanisms from mantle to crust.
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Our approach offers several advantages over traditional geothermal exploration methods: non-invasive
deep imaging without expensive drilling operations; large-scale assessment to focus detailed
exploration efforts; integration with other geophysical and geological data for comprehensive
modelling. While our study demonstrates the potential for deep geothermal exploration using GloPSI
with Q estimates, further research, such as correlation with temperature data, is needed to fully leverage
this method in geothermal resource assessment and development.

Conclusions

We applied global-phase seismic interferometry to estimate Q values in the crust and upper mantle
beneath the Malargiie region, Argentina. We extracted ghost reflections and provided layer-specific Q
estimates, revealing values of 104.5 & 13.9 in the crust and below 28 at the bifurcated Moho, indicating
increasing attenuation at the Moho depth. Our approach offers higher spatial resolution and depth-
specific information compared to global  models. These insights have implications for understanding
the Neuquén basin's deep geothermal potential, as Q variations can indicate changes in temperature,
composition, or partial melt content. This method opens new avenues for investigating deep Earth
structures and understanding upper mantle dynamics.
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