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Abstract This study presents a soil gas geochemical survey in the Kircaoglu and Reyhanh regions of
Hatay Province, southeastern Tiirkiye, following the 2023 Kahramanmarag earthquake doublet. The aim was
to identify concealed faults and assess seismic hazard through analysis of soil CO, flux, CO, and 222Rn
concentrations, and carbon and helium isotopic compositions. A total of 98 sites were surveyed, and graphical
statistical methods were used to establish geochemical anomaly thresholds. In Kircaoglu, two prominent gas
anomaly zones were delineated with dominant NW-SE and NE-SW trends, likely representing buried faults
linked to the Yesemek Segment, including one beneath the Reyhanli Dam. In Reyhanli, an east-west gas
anomaly suggests a possible westward extension of the Reyhanli Fault. These findings refine the region's
structural framework and highlight seismic risks from buried faults. Isotopic analyses show CO, derives from
biogenic and deep crustal reservoirs, with “He/*’Ne and *He/*He ratios confirming up to 7.1% crustal helium
and <1% mantle helium. Heavier 8'°C values and elevated crustal helium in Kircaoglu support deep gas
migration along fault zones. Natural CO, emissions are estimated at 66 t/d in Kircaoglu and 60 t/d in
Reyhanli. Regionally, emissions from the Amik Basin (~15,586 t/d) comprise ~1.5% of Tiirkiye's daily
anthropogenic CO,. The overlap between gas anomalies and surface ruptures and liquefaction zones from the
2023 earthquakes confirms the effectiveness of soil gas surveys for buried fault detection. These results
highlight the utility of soil gas geochemistry as a non-invasive tool for fault detection and seismic hazard
assessment.

Plain Language Summary In this study, scientists examined soil gases in the Kircaoglu and
Reyhanli regions of Hatay Province, southeastern Tiirkiye, after the 2023 earthquakes. The goal was to better
understand hidden faults underground that could cause future earthquakes. CO, and Rn gases were measured at
98 sites using specialized equipment. Two areas showed unusual gas patterns. In Kircaoglu, gas was leaking
along two narrow subsurface paths, likely linked to the Yesemek Segment fault. One of these paths passes
beneath the Reyhanli Dam. In Reyhanli, the gas distribution indicated that the local fault might extend farther
west than previously believed. The gases came from surface biological activity and deep underground sources.
The presence of deep gases, especially in Kircaoglu, suggests that these faults may allow gases to rise from the
Earth's crust. This helps in assessing earthquake risk. The CO, emissions from both areas are significant and
contribute to Tiirkiye's natural greenhouse gases. Notably, gas patterns corresponded with areas damaged by the
2023 quakes, including surface ruptures and soil liquefaction. This confirms that soil gas studies can help detect
buried faults. Researchers suggest that soil gas monitoring can improve earthquake hazard assessments in
densely populated regions and places with critical infrastructure.
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1. Introduction

Earthquakes rank among the most destructive natural disasters, often resulting in widespread devastation and
significant loss of life. Identifying and monitoring active fault lines, especially those invisible at the surface, is
essential for assessing earthquake risks and implementing effective mitigation strategies. Terrestrial degassing is
a continuous geological process governed primarily by the nature of gas sources, migration pathways, and driving
mechanisms. Deep-sourced gases, originating from the crust and upper mantle, commonly ascend through
structurally weak zones in the lithosphere (e.g., active faults, plate boundaries, and hot springs) before being
released into the atmosphere, which serves as a preferential conduit for gas transport (e.g., D’Alessandro
etal., 2020; Hu et al., 2025). Near the surface, soil gases typically exhibit signatures resulting from the mixing of
shallow and deep sources. Variations in their composition and flux reflect the complex coupling between internal
geodynamic processes and the mechanisms governing degassing at the Earth's surface. In faulted and fractured
zones, deep gases such as carbon dioxide (CO,), helium (He), and radon (**Rn) can migrate upward, often
accumulating in shallow strata and producing localized anomalies in soil gas concentrations and fluxes. These
anomalies serve as valuable indicators of subsurface fractures and active faults. Elevated concentrations of these
gases may indicate the presence of concealed or unmapped fault structures. Such anomalies have been widely
employed for the identification and monitoring of fault systems, making them crucial tools for seismic studies
(Annunziatellis et al., 2008; Caracausi et al., 2023; Dogan et al., 2009; Fu et al., 2005, 2008, 2025; Fu, Yang,
Chen, et al., 2017; Li et al., 2024; Z. Liu et al., 2024; Walia et al., 2005, 2010; Y. Wang et al., 2023, J. Wang
et al., 2024; Yuce et al., 2017).

Moreover, seismic activity may induce rock fracturing, thereby increasing subsurface porosity and permeability,
which facilitates gas release and fluid migration. Changes in soil gas composition and fluxes have therefore
emerged as valuable indicators for assessing fault activity. In summary, gas geochemistry has become a powerful
and promising tool for investigating tectonic processes and evaluating seismic hazards (Chiodini et al., 2020;
Ciotoli et al., 2014; Cui et al., 2024; D’Alessandro et al., 2020; Girault et al., 2018; Fu & Lee, 2018; Fu
et al., 2008; Fu, Yang, Tsai, et al., 2017; Walia et al., 2013; Yang et al., 2006). Notably, between 2013 and 2014,
Yuce et al. (2017) conducted a detailed soil gas survey across the Amik Basin in Hatay Province. Their results
revealed that anomalous gas emissions spatially coincided with areas of surface rupture and soil liquefaction
caused by the 6 February 2023 earthquake (Kiirger, Doma¢ Yalgin, et al., 2025; Kiirger, Elmaci, et al., 2025;
Taftsoglou et al., 2023). Therefore, the current study was conducted to investigate the post-2023 earthquake
conditions of the high-anomaly points previously identified in soil-gas radon and CO, measurements carried out
in the Reyhanli region (Yuce et al., 2017) and to obtain data with improved resolution. These findings underscore
the value of soil gas geochemistry as a tool for detecting hidden fault structures and enhancing seismic hazard
assessments.

This approach is especially relevant in earthquake-prone regions such as Osmaniye Province in Tiirkiye, which is
situated along tectonically active zones, and for this reason, the study was extended to include this area. On 6
February 2023, two devastating earthquakes with magnitudes of Mw 7.8 and Mw 7.6 struck the border region
between Tiirkiye and Syria (Dal Zilio & Ampuero, 2023). Collectively referred to as the Kahramanmaras
earthquake doublet, the mainshock ruptured along the East Anatolian Fault (EAF), while the subsequent event
propagated toward the Cardak Fault (CF), a subsidiary branch of the EAF (Figure 1). These events resulted in
widespread destruction and significant casualties (Erdik et al., 2023). The earthquake sequence comprised six
kinematically related sub-events, revealing complex rupture dynamics and stress transfer mechanisms (Barbot
et al., 2023; Jia et al., 2023).

Studies on static Coulomb stress changes induced by both historical earthquakes and the 2023 sequence have
demonstrated the critical role of pre-existing stress accumulation in rupture initiation. This pre-existing stress has
been suggested to contribute to stress loading and the triggering of rupture in specific fault segments (Carena
et al., 2023; Chen et al., 2024; Ragon et al., 2021). These earthquakes, among the most powerful ever recorded in
the region's history, underscored the seismic hazards associated with the EAF, which is a complex tectonic
boundary between the Arabian Plate and the Anatolian Plate.

In the aftermath of the 2023 earthquakes, soil gas measurement studies were conducted to detect buried faults and
fracture lines along active fault segments that may potentially rupture in the future due to stress transfer. The
research primarily focused on the YS of the EAF zone (Kiircer, Domag¢ Yalgin, et al., 2025; Kiirger, Elmaci,
et al., 2025) and the surrounding area of the Reyhanli Fault. Building on these efforts, the present study was
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Figure 1. (a) Simplified tectonic framework of the region surrounding the study area. (b) Geological setting of southeastern Tiirkiye, showing the location of the study
area relative to regional tectonic features. The epicenters of the 2023 Mw 7.8 and Mw 7.6 earthquakes are marked by red stars, with corresponding focal mechanisms
represented by red beach ball diagrams. The blue star denotes the epicenter of the 1822 Aleppo earthquake (Ambraseys, 1989). Seismic activity recorded between 6 and
8 February 2023, is indicated by open circles. Active fault traces, compiled from Tari et al. (2013), are shown as red lines. Surface rupture zones associated with the 2023
Mw 7.8 and Mw 7.6 events are highlighted in bold orange. Blue squares indicate locations of liquefaction triggered by these earthquakes. (c) Simplified geological map
of the region outlined in panel (b), showing the spatial distribution of anomalous soil gas concentrations and fluxes reported by Yuce et al. (2017). The soil gas sampling
locations in the Kircaoglu and Reyhanli areas are marked with yellow circles. Detailed sampling site information, including coordinates, is provided in Fu (2025).

initiated to investigate the characteristics of soil gases along potentially active, buried faults, particularly in the
Kircaoglu and Reyhanli regions of Hatay Province. The objectives of this study are to (a) characterize soil gas
fluxes and compositions, (b) identify concealed fault traces, and (c) assess zones at elevated risk of future surface
rupture.

2. Geological Background

The Hatay region in southeastern Tiirkiye is situated at an active plate boundary between the African, and Arabian
plates (Mahmoud et al., 2005). This tectonic setting is characterized by the connection between the Dead Sea
Fault (DSF) and the EAF, which are linked through the Karasu Fault (KF) or Amanos Fault (AF) in the north of
the Amik basin. These major left-lateral strike-slip faults exert a dominant control on the tectonic evolution and
seismic activity of the region, and are among the primary structures accommodating the westward extrusion of the
Anatolian plate (Freund et al., 1968; Hempton, 1987; Saroglu et al., 1992; Sengtr & Yilmaz, 1981). From a
geologic perspective, the region can be broadly divided into paleotectonic and neotectonic periods. The paleo-
tectonic period spans from the Late Cretaceous to the Miocene and is associated with the closure of the
southward-subducting Tethys Ocean (Sengér & Yilmaz, 1981). The stratigraphic units of this period include
extensively exposed Cretaceous ophiolites, consisting of ultramafic tectonites, gabbros, sheeted dike complexes,
plagiogranites, and pillow basalts, along with deep marine sedimentary rocks such as bedded cherts and pelagic
limestones that reflect the former deep oceanic environment (Dilek & Thy, 2009). Overlying these are the
Campanian to Miocene-aged units, composed predominantly of carbonates and clastic sediments. The neo-
tectonic period, beginning in the Late Miocene and continuing to the present, is closely associated with the
propagation of the DSF and its linkage to the EAF. During this time, significant subsidence and sediment
accumulation occurred in structural depressions such as the Amik, Karasu, and Antakya basins. These
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depressions contain thick sequences of Late Cenozoic to Quaternary fluvial and volcaniclastic deposits (Boulton
etal., 2006; Seyrek et al., 2007). The Quaternary alkaline basaltic volcanism has been identified along the Karasu
Rift Valley, interbedded with basin-fill sediments and is interpreted as a result of neotectonic faulting and
associated mantle processes (Capan et al., 1987; Rojay et al., 2001).

The Karasu Rift Valley itself is interpreted as a transtensional structure that may be classified as either a pull-apart
basin or a graben formed in a left-lateral strike-slip regime (Karabacak & Altunel, 2013; Karabacak et al., 2010;
Rojay et al., 2001). Based on the fault kinematic analyses, tectonic evolution reflects a transition from trans-
pressional to transtensional deformation (Rojay et al., 2001; Over, Ozden, & Yilmaz, 2004), accompanied by
clockwise rotation of block-bounding faults (Tatar et al., 2004). Seismic and GPS observations support the ex-
istence of a left-lateral strike-slip fault system with extensional components (Kiratzi, 1993; McClusky et al., 2000;
Reilinger et al., 1997). The Amik basin is a structurally controlled sedimentary depression located within this
tectonic regime. The eastern margin of the basin corresponds to the Reyhanli region, which is structurally
influenced by the YS and RF. The YS defines the eastern boundary of the Karasu Valley, while the AF lies along
its western edge (Karabulut et al., 2023). The YS is a significant left-lateral strike-slip structure. Seismic activity
observed along this fault suggests that it partially accommodates relative plate motion during interseismic periods
through transtensional deformation (Karabulut et al., 2023). Although active during the interseismic period, the
YS displayed relatively low aftershock activity following the 2023 earthquake sequence, which may indicate a
continued accumulation of tectonic stress. The RF (Emre et al., 2018; Saroglu et al., 1992) plays an important role
in the structural framework of the Amik basin. This fault was developed as a right lateral strike slip transform fault
between the EAF and DSF (Emre et al., 2018). Regional geological and GPS data indicate a left-lateral kinematic
behavior similar to that of the YS. Together, they constitute a coupled strike-slip fault system that governs the
basin's transtensional deformation and subsidence (Mahmoud et al., 2005; Rojay et al., 2001). In addition, the
SSF, which represents one of the braided faults along the DSF, extends in a north-northeast to south-southwest
direction from the northeastern margin of the Ghab pull-apart basin. This fault is situated west of Aleppo and has
been confirmed to be active based on geomorphic evidence of left-lateral displacement and surface deformation
(Karakhanian et al., 2008). North of Afrin, the Afrin Fault merges with the SSF. The SSF is considered the most
probable causative fault of the destructive 1822 Aleppo earthquake (Darawcheh et al., 2022). The geological
setting of the Saint Simeon Fault (SSF) is particularly relevant to this investigation because its active and braided
structure, situated within the broader DSF system, contributes to a highly fractured crustal environment that
promotes the migration of deep fluids and gases. The SSF has been associated with significant seismic activity,
including its likely involvement in the 1822 Aleppo earthquake (Darawcheh et al., 2022), and is structurally
linked to the Afrin Fault. These features enhance subsurface permeability and establish the region as a critical
zone for fault-controlled degassing. A thorough understanding of this tectonic framework is therefore essential for
interpreting the observed gas anomalies and fluid signatures.

The EAF and DSF represent two of the most seismically active left-lateral strike-slip fault systems along the
eastern Mediterranean plate boundaries. These fault systems intersect in southeastern Tiirkiye near the Amik
Basin, forming a tectonic triple junction (Yiiriir & Chorowicz, 1998; Over & Unll’jgeng, 1998; Over, Kavak,
et al., 2004). Since the 19th century, multiple Mw > 6.5 earthquakes have occurred along the EAF, and several
prominent seismic gaps have been identified. These gaps, having experienced progressive stress accumulation,
pose elevated seismic hazards. Consequently, the seismic risk along the northern DSF system is considered
significant and warrants enhanced monitoring and mitigation efforts (Barbot et al., 2023; Chen et al., 2024).

Darawcheh et al. (2022) revisited the 1822 Aleppo earthquake, a catastrophic event that caused extensive
destruction in southeastern Tiirkiye and northwestern Syria. The study identified the Saint Simeon Fault (SSF), a
left-lateral strike-slip fault west of Aleppo, as the most probable source of the earthquake. Although the SSF has
received limited attention in previous studies, and recent research has primarily focused on the main segments of
the EAF, historical earthquake records suggest that fault systems located east of the EAF may have already
accumulated significant strain energy and could interact with adjacent structures, such as the Reyhanli Fault (RF)
and Yesemek Segment (YS), particularly given the absence of major earthquakes in this area for an extended
period. In addition, based on active fault mapping and integration of current seismological and paleoseismological
data sets, the YS has been proposed as the most plausible rupture source for the 1822 earthquake (Duman &
Emre, 2013). Other studies, however, have suggested that the event may have originated from the rupture of one
of several north-south striking faults between the northern Ghab Basin and the Amik Basin (Ambraseys, 1989). It
has been demonstrated that fault activity can be influenced by stress loading from past seismic events
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(Freed, 2005; Freed & Lin, 2002; Sieh et al., 1989); for instance, the rupture of the Pazarcik segment of the EAF
during the 2023 Mw 7.8 earthquake may have been facilitated by stress transferred from earlier historical
earthquakes that occurred prior to 2019 (Sunbul, 2019). The RF, YF, and SSF are located within the southeastern
extension zone of the 2023 rupture area, which itself has not experienced large-magnitude earthquakes for a long
time. This spatial gap in seismicity may indicate a potential seismic gap, thereby further increasing the regional
seismic hazard.

Given these considerations, in addition to continued surveillance of the EAF's main segments, it is imperative to
strengthen investigations and real-time monitoring of faults along the eastern margin of the Amik Basin,
particularly those adjacent to the Reyhanli District and critical infrastructure such as the Reyhanli Dam.

3. Methodology

In September 2024, a 7-day soil gas survey was conducted in the Kircaoglu and Reyhanli regions of southeastern
Tiirkiye to investigate spatial variations in soil gas emissions. To minimize the influence of short-term meteo-
rological effects on the measurements (e.g., Fu et al., 2005; Yuce et al., 2017), all sampling and measurements
were conducted under comparable environmental conditions characterized by overcast and rain-free weather,
limited temperature variability, and negligible barometric differences across the area. These stable conditions
ensured that the observed soil gas patterns primarily reflect subsurface geological controls rather than atmo-
spheric fluctuations. A systematic, grid-based sampling approach was adopted, with inter-site spacing ranging
from 100 to 500 m, depending on local accessibility and terrain.

A total of 98 sampling sites were established, comprising 52 locations in Kircaoglu and 46 in Reyhanli. At each
sampling point, in situ measurements of soil CO, flux, CO, concentration, and radon (***Rn) concentration were
conducted. In addition, gas samples were collected from selected sites exhibiting elevated flux values or
anomalous gas concentrations for subsequent laboratory-based isotopic analyses. The spatial distribution of all
sampling locations is illustrated in Figure 1.

3.1. CO, Flux Measurement

Soil CO, fluxes were quantified using a closed-chamber technique, following the methodology outlined in
Chiodini et al. (1998), with a systematic uncertainty estimated at approximately 10%. The system comprised a
custom-designed, airtight acrylic chamber (base area: 314 cm?, height: 10 cm, and total internal volume:
3.14 X 10° cm?) coupled with an LI-850 CO,/H,O gas analyzer (LI-COR Inc.), which operates within a detection
range of 0-20,000 ppm and a precision of +1.5%. A dust filter was installed at the chamber inlet to minimize
particulate contamination. To ensure homogeneous mixing of the internal atmosphere, the chamber was equipped
with a single inlet at the top connected to the analyzer and four lateral outlets for gas return, forming a closed-
circulation loop. This configuration facilitated continuous circulation of the gas phase between the chamber and
the analyzer, thereby reducing the influence of ambient air and enhancing measurement reliability. At each
sampling location, the chamber was carefully placed on the soil surface to maintain an airtight seal. Soil tem-
perature at a depth of 10 cm was recorded using a digital thermometer (ST-9215C, ATM Limited), while daily
atmospheric pressure data were retrieved from the Turkish State Meteorological Service (https:/www.csb.gov.tr/).
These parameters were used to convert the observed rate of CO, concentration change (ppm/s) into flux values
(g/m*/day) using the following equation:

PV dc
Feo, =k— — 1
co, =k & (1
where Feq, is the soil CO, flux (g/m*/day), k is the gas constant, P is atmospheric pressure (Pa), V is the chamber
volume (m?), S is the base area of the chamber (m?), T is soil temperature (K), and dc/dt is the rate of CO,
concentration change over time.

3.2. Soil Gas Sampling and Analytical Procedures

Soil gas sampling was conducted to determine the concentrations and isotopic compositions of gases, including
CO,, **Rn, and helium. Samples were obtained using a stainless steel probe (length: ~130 cm; diameter: 3 cm)
equipped with a sharpened tip to facilitate penetration and minimize clogging. The probe was inserted into a depth
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of approximately 1 m. A solid rod was then used to dislodge the tip, allowing gas to flow freely into the probe.
Subsequently, the probe was connected to a custom-built gas extraction system. The system was purged for ~30 s
using a hand pump to remove residual air and potential contamination from previous samples. For the deter-
mination of CO, concentrations, the probe was directly connected to a CO, analyzer. Two types of instruments
were employed: a LI-850 CO,/H,0 gas analyzer and a Guardian NG DC CO, detector (Edinburgh Instruments
Ltd.; range: 0%-30%; precision: +2%), collectively covering a concentration range of 1 ppm—30%. Soil gas was
collected into two types of containers: (a) 3-L Tedlar bags for *’Rn analysis, and (b) glass bottles for helium and
carbon isotopic measurements. The glass bottles, made of potassium glass, effectively prevent helium loss by
minimizing diffusive escape. Prior to fieldwork, each bottle was evacuated to create a vacuum, allowing soil gas
samples to be collected and securely preserved (e.g., Fu et al., 2005; Yang et al., 2005; Yuce et al., 2017).

The concentrations of 2?>Rn were determined using an RTM 2100 detector (SARAD GmbH), which has a
measurement uncertainty of +£10%. Each analysis was conducted using a closed-circuit configuration between the
sample bag and the radon detector, maintained for 30—60 min until the **Rn concentration stabilized. All samples
were analyzed within several hours of collection to minimize decay-related bias (Fu et al., 2008; Walia
et al., 2005; Yuce et al., 2017). Given the radioactive decay of 222Rn (half-life = 3.82 days), all measured
concentrations were decay-corrected using the following equation (Sensintaffar & Windham, 1990):

Rn,, = Ry e 70 2)

where Rn,), is the measured 222Rn concentration, Rn;, ;.1 1S the concentration at the time of sampling, A is the decay
constant (0.1813 d™"), 1, is the sampling time, and 7, is the time of measurement.

3.3. Isotope Analysis

The helium isotopic ratios and neon concentrations were analyzed using a high-vacuum noble gas mass spec-
trometer (Helix, Thermo Scientific) in conjunction with a quadrupole mass spectrometer (QMS200, Pfeiffer
Vacuum) at the Department of Geosciences, National Taiwan University, following analytical procedures similar
to those described by Yang et al. (2005) and Lin et al. (2023). Calibration of the helium isotopic ratios was
performed using both an atmospheric helium standard (Mishima et al., 2018) and a reference standard provided by
the University of Tokyo, characterized by a *He/*He ratio of 20.4 Ra, where Ra denotes the atmospheric ratio
(Sano et al., 2008). The overall analytical uncertainty, accounting for both instrumental precision and long-term
reproducibility, was controlled within 2% (Lin et al., 2023). Carbon isotopic compositions of soil CO, were
measured using a Thermo Scientific MAT 253 isotope ratio mass spectrometer (IRMS) at the Institute of
Oceanography, National Taiwan University, following the same analytical procedures described by Chang
et al. (2012). Results were reported in 8!3C notation relative to the Vienna Pee Dee Belemnite (V-PDB) standard,
with an analytical precision of +0.2%o.

3.4. Graphical Statistical Analysis

To interpret the spatial variability and source contributions of emitted CO,, graphical statistical analysis (GSA)
was performed following Chiodini et al. (1998). Log-transformed CO, flux values were plotted on cumulative
probability graphs to identify inflection points indicative of distinct populations. Based on these classifications,
distribution maps of CO, flux were constructed to visualize emission patterns across the study area.

4. Results and Discussion

Soil gas parameters across the Kircaoglu and Reyhanli regions exhibited a broad range of values, reflecting
substantial spatial heterogeneity. Notably, both CO, and **Rn concentrations at most sampling sites were
significantly elevated relative to typical atmospheric levels. For reference, ambient CO, concentrations are
approximately 422 ppm (https://www.co2.earth), while background **’Rn levels rarely exceed 100 Bq/m>. These
elevated values strongly suggest minimal dilution by atmospheric air, thereby affirming the integrity of the soil
gas measurements and the predominance of subsurface gas sources. In the Kircaoglu area, observed CO, fluxes
ranged from 0.1 to 18.6 g/m*/day, CO, concentrations from 117 to 25,200 ppm, **’Rn concentrations from 869 to
69,025 Bq/m®, and soil temperatures from 25.9 to 35.0°C. In contrast, the Reyhanl area exhibited slightly higher
flux and CO, values, with fluxes ranging from 0.4 to 26.3 g/m*/day, CO, concentrations from 510 to 33,000 ppm,
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Table 1
Main Statistical Parameters of Soil CO, Flux and Gas Concentration in the Kircaoglu and Reyhanli Area
Location Type N Mean Median SD* LQ?* uQ* IQR? Min Max
Kircaoglu  CO, flux (g/m*d) 52 6.8 6.4 4.1 3.6 8.6 5.0 0.1 18.6
CO, (ppm) 52 6,607 6,050 5,076 2,735 9,550 6,815 117 25,200
Rn (Bg/m®) 41 13,848 9,019 14,745 2,816 17,607 14,791 869 67,845
Reyhanli CO, flux (g/m*d) 46 6.3 5.1 53 2.6 8.8 6.2 0.4 26.3
CO, (ppm) 46 7,038 4,050 7,340 2,200 10,100 7,900 510 33,000
Rn (Bg/m?) 46 10,029 8,656 7,716 4,666 13,180 8,514 962 40,291
4SD: Standard deviation; LQ: Lower quartile; UQ: Upper quartile; IQR: Interquartile rang.
222Rn concentrations from 962 to 40,291 Bq/m>, and soil temperatures spanning 23.6-36.0°C. These measure-
ments highlight both localized degassing anomalies and broader regional patterns of soil gas emissions.
Summary statistics for soil CO, fluxes, gas concentrations, and soil temperature measurements from both regions
are provided in Table 1, and the distributional characteristics of these variables are further visualized using box
plots in Figure 2. Additionally, detailed measurements for each sampling point in the Kircaoglu and Reyhanh
areas are compiled in Fu (2025).
4.1. Classification of Soil CO, Flux and Identification of Anomalous Gas Emissions
Soil CO, degassing is influenced by a range of sources, typically categorized according to depth. High CO, flux
values are commonly attributed to deep-seated origins, such as mantle or crustal degassing, whereas low fluxes
Kircaoglu area
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Figure 2. Box plots showing soil CO, flux, CO,, and 222Rn concentrations, as well as soil temperature in the (a) Kircaoglu
and (b) Reyhanl areas.
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are primarily the result of near-surface biogenic activity. Flux values of intermediate magnitude are often
interpreted as arising from a mixing of these two end-member sources (Chiodini et al., 2008). Due to this diversity
in origin, soil gas flux data frequently exhibit a wide range of values and overlapping statistical distributions. To
characterize and classify this variability, graphical statistical analysis (GSA) was employed. Cumulative prob-
ability plots (Sinclair, 1974) were used to identify slope changes corresponding to distinct populations within the
data. These inflection points enabled the subdivision of flux data into discrete groups representing different
degassing domains. This approach not only highlights anomalies within the data set but also provides insight into
the underlying gas sources and their relative contributions.

In the Kircaoglu area, cumulative probability analysis revealed two major inflection points at approximately the
33rd (5.24 g/m>/day) and 75th percentiles (8.54 g/m*/day), allowing the classification of soil CO, fluxes into
three domains (Figure 3). As summarized in Table 2, the low-domain (LD) group (Group A) accounts for 33% of
the data, with a mean flux of 2.7 g/m*day. The medium-domain (MD) group (Group B) comprises 42% of the
measurements, with a mean flux of 6.8 g/m%day. The high-domain (HD) group (Group C), interpreted as
reflecting deep gas input, represents 25% of the samples and exhibits a mean flux of 12.3 g/m*/day. Anomalous
CO, fluxes in this area are thus defined by a threshold of 8.54 g/m*/day, corresponding to the second inflection
point.

Similarly, in the Reyhanli region, inflection points on the cumulative probability curve were identified at
1.98 g/m*/day (15th percentile) and 8.03 g/m?/day (70th percentile). Based on these thresholds, three flux groups
were also delineated (Table 2). The LD group (A) comprises 15% of the samples with a mean flux of 1.2 g/m?/day,
while the MD group (B) accounts for 55%, averaging 4.5 g/m*/day. The HD group (C), representing 30% of the
data, shows a mean flux of 12.2 g/m*/day. The anomalous flux threshold in this area was thus set at 8.03 g/m?/day.

In addition to CO, flux, cumulative probability analysis was applied to CO, and **?Rn concentrations to identify
anomalous values. In the Kircaoglu area, thresholds for anomalous CO, and **?Rn concentrations were deter-
mined to be 9,500 ppm and 15,464 Bq/m?, respectively. In contrast, the corresponding thresholds in the Reyhanl
area were 10,100 ppm for CO, and 11,558 Bq/m> for ?*’Rn. These thresholds, derived using the same GSA
method, serve to delineate zones of enhanced degassing activity.

To visualize the spatial variability of soil gas emissions, contour maps of CO, flux were generated using SURFER
software, applying Kriging interpolation for optimal spatial estimation (Figures 4 and 5). These maps reveal the
distribution and intensity of degassing anomalies, providing key insights into potential fault-related or deep-
source pathways for gas migration.

4.2. The Estimation of Total CO, Emission

To estimate total soil CO, emissions within the study regions, the arithmetic mean flux value for each identified
degassing domain was extrapolated over its corresponding surface area. The arithmetic mean is widely employed
in such estimations due to its simplicity and its effectiveness in representing spatial variability (Chiodini
et al., 1998, 2008). This method provides a first-order approximation of total CO, emissions and supports
comparative analyses among regions and flux domains. The surveyed areas of Kircaoglu and Reyhanli encompass
approximately 9.7 and 9.4 km?, respectively. Based on the surface area and the proportional distribution of flux
domains as summarized in Table 2, the total soil CO, emissions are estimated to be 66 tonnes per day (t/d) for
Kircaoglu and 60 t/d for Reyhanli. Although the areas are comparable in size, the slightly higher emission rate in
Kircaoglu may reflect relatively stronger tectonic or magmatic activity. The distribution of the three degassing
domains within each area also reveals the relative contributions of background, transitional, and anomalous
emissions, thereby offering insights into the underlying subsurface gas dynamics. To explore the regional-scale
implications of diffuse CO, degassing, the same methodology was applied to the Amik Basin, which covers an
estimated area of approximately 2000 km? (Gulen et al., 1987). According to the flux domain classification
reported by Yuce et al. (2017), 24% of the basin corresponds to the low-domain (LD) group with a mean flux of
1.1 g/m*/day, 62% to the medium-domain (MD) group with a mean flux of 6.9 g/m*/day, and 14% to the high-
domain (HD) group with a mean flux of 24.1 g/m?/day. Based on these values, the total CO, emissions from the
Amik Basin are estimated at approximately 15,586 t/d, as shown in Table 2. For a broader context, data from the
International Energy Agency (IEA, 2024) indicate that daily energy-related CO, emissions in 2022 of Tiirkiye
averaged approximately 1,068,493 t/d. Thus, diffuse soil degassing from the Amik Basin accounts for an esti-
mated 1.5% of the country's daily CO, emissions, underscoring its substantial contribution despite its natural
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Figure 3. Cumulative probability plots of (a and d) soil CO, flux, (b and e) CO, concentration, and (c and f) 222Rn
concentration in the Kircaoglu and Reyhanli areas, respectively. Inflection points, marked by arrows, delineate distinct
populations within the data set and are used to classify the soil gas measurements into three groups: the low-domain (LD)
group (A), representing background levels; the high-domain (HD) group (C), indicative of anomalous degassing; and the
medium-domain (MD) group (B), representing transitional values that reflect mixed characteristics of both end-members.

origin. It is also noteworthy that the mean CO, fluxes recorded in Kircaoglu (6.8 g/m?day), Reyhanl
(6.3 g/m*/day), and the Amik Basin (7.8 g/m*/day) are relatively similar, suggesting comparable levels of tectonic
and crustal activity potentially governing diffuse CO, emissions across these regions.

4.3. Spatial Distribution of Soil Gas Anomalies and Structural Implications

The spatial distribution of soil gas fluxes serves as an effective proxy for identifying subsurface structural fea-
tures, particularly those associated with fault systems. Fault zones are typically characterized by increased
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Table 2
Statistical Parameters of the Soil CO, Flux Populations Around the Study Area Identified From GSA
Population Proportion Points Area (km?) Min flux (g/m?/d) Max flux (g/m*/d) Mean flux (g/m*/d) Total CO, output (t/d)
Kircaoglu
A (LD) 33 17 0.1 52 2.7 8.4
B (MD) 42 22 5.3 8.5 6.8 28.0
C (HD) 25 13 8.7 18.6 12.3 29.8
Total 100 313 9.7 0.1 18.6 6.8 66.2
Reyhanlt
A (LD) 15 7 0.4 2.0 1.2 1.7
B (MD) 55 25 2.0 8.3 4.5 23.1
C (HD) 30 14 8.4 26.3 12.2 34.8
Total 100 46 9.4 0.4 26.3 6.3 59.6
Amik basin®
A (LD) 24 54 0.2 2.0 1.1 516
B (MD) 62 138 2.0 14.7 6.9 8,569
C (HD) 14 30 14.9 55.4 24.1 6501
Total 100 222 2000° 0.2 554 7.8 15,586

Data from Yuce et al. (2017). "Data from Gulen et al. (1987).

porosity and permeability, which enhance the vertical migration of gases from deeper sources. Various gas
geochemical tracers (e.g., CO, and **?Rn) have been widely employed to delineate deformation zones, as their
anomalous concentrations often coincide with both active and buried faults (Fu et al., 2005; Fu, Yang, Chen,
et al., 2017; Yuce et al., 2017).

In the present investigation, spatial contour maps of CO, flux, CO, concentration, and *’Rn concentration were
constructed for the Kircaoglu area (Figures 4a—4c). To further delineate potential structurally controlled
degassing zones, anomaly maps were generated based on predefined threshold values for each gas species.
Regions exhibiting simultaneous anomalies in at least two gas species were classified as high soil gas anomaly
zones (Figure 4d). These locations are identified as multiple anomaly sites. Their spatial clustering and preferred
alignment form the principal criteria for inferring the orientations of potential structural lines or concealed faults,
and adjacent multiple anomaly sites are given priority when evaluating the continuity of these features. Con-
sistency among gas source signatures is also considered to reinforce the structural interpretation. These zones,
delineated by white dashed lines, are interpreted as indicative of possible subsurface fault structures. The results
reveal two prominent zones of soil gas enrichment located along the eastern and western portions of the study
area. Upon closer evaluation, the eastern anomaly zone exhibits a NW-SE orientation, whereas the western
anomaly zone follows a NE-SW trend and reflects a more accurate alignment with local structural and
geomorphic indicators.

The eastern anomaly aligns with a NW-SE trending topographic scarp that coincides with a lithological boundary
between alluvial deposits and carbonate bedrock, consistent with fault-controlled morphology. In contrast, the
NE-SW oriented western anomaly spatially coincides with documented surface deformation near the Reyhanl
Dam, suggesting a buried fault that may not follow the regional structural trend. These refined orientations may
reflect local structural segmentation and stress field complexities associated with the tectonic transition between
the EAF and DSF systems (Rojay et al., 2001; Over, OZden, & Yilmaz, 2004). It is noteworthy that several sites
exhibit anomalously high CO, fluxes while their CO, concentrations remain lower, as observed at K30, K33, and
K40. This pattern suggests that in zones characterized by locally enhanced permeability or well-developed
fracture networks, deep-sourced CO, may migrate through the overlying sediments at a relatively high flux.
However, the loose, fractured, and aerated near-surface layers promote intense mixing with atmospheric air,
leading to dilution of CO, concentrations (e.g., Fu et al., 2005). Consequently, both CO, and Rn concentrations
near the ground surface may appear subdued. The coexistence of high flux anomalies with low gas concentrations
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Figure 4. Spatial distribution of measured gas emissions. (a) Soil CO, flux, (b) CO, concentration, and (c) 222Rn concentration in the Kircaoglu area. Anomalous values
of s0il CO, flux, CO, concentration, and 222Rn concentration exceeding the threshold values of 8.54 g/m?/day, 9,500 ppm, and 15,464 Bq/m®, respectively, are indicated
by squares, circles, and triangles. (d) Composite anomaly map showing sites with at least two overlapping gas anomalies. White dashed lines outline high-anomaly
zones, interpreted as potential degassing corridors linked to buried fault structures. Crosses denote all measurement points.

is therefore not contradictory. Rather, it may reflect the presence of a concealed fault that facilitates the vertical
ascent of deep gases across the western side of the Kircaoglu area. In this scenario, the fault zone serves as a
tectonic bypass conduit that enables efficient upward gas transport, while near-surface mixing processes suppress
the detectable concentration. This interpretation is consistent with the structural inference of a buried fault in this
sector of the study area.

Topographically, the western portion of the Kircaoglu area is relatively flat and lacks any visible fault scarps or
bedrock exposures. Therefore, the gas anomalies detected in this area represent the first indication of a potential
buried fault beneath this region. This interpretation is further supported by the field observations reported by
Cetin et al. (2025), who documented evidence of surface deformation near the Reyhanli Dam, including prom-
inent fractures up to 30 cm in width and vertical displacements of approximately 120 cm. These deformation
features are spatially proximal to sampling sites K31 and K35, where elevated soil gas anomalies were also
observed. The NE-SW orientation of this western gas anomaly is consistent with the trend of these coseismic
fractures, suggesting a structurally controlled deep gas conduit beneath the dam embankment.

In the eastern part of the area, the NW-SE trending anomaly is aligned with a linear topographic scarp and a
lithological contact with carbonate bedrock. The spatial coincidence between the gas anomaly, the geomorphic
break, and the lithological boundary strongly supports the interpretation of the eastern scarp as a fault-controlled
structure. The persistence of gas anomalies at more southern locations, including site K9, implies a southward

YUCE ET AL.

11 of 20

85UB01 7 SUOWILLIOD 381D 3[edt|dde ay) Aq peusenob ke ssjoiie YO 8sN JO Sa|n. Joj ARIq1T3UIIUQ AB|IA UO (SUORIPUCO-PUR-SULLBILOO" A8 | 1M AReIq 1 BUl[UO//SciY) SUORIPUOD Pue SW L 8U} 89S *[9202/70/y2] Uo AfelqiTauliuo Ao|Im ‘BeuoizeN oinips| 81911 SBO Ad 6T2T00DS202/620T OT/I0p/LI0d A8 M Al jpul|uo'sqndnBe//sdny wo.y pepeojumod ‘T ‘9202 ‘£20252ST



Y ed N | . .
A\IW Geochemistry, Geophysics, Geosystems 10.1029/2025GC012419
36.44° 36.46° 36.48° 36.50° 36.44° 36.46° 36.48° 36.50°
36.28° ; \
36.26°
36.24°
36.28°
36.26°
-
e
36.24° T T

Figure 5. Spatial distribution of interpretation measured gas emissions. (a) Soil CO, flux, (b) CO, concentration, and (c) 222Rn concentration in the Reyhanli area.
Anomalous values of soil CO, flux, CO, concentration, and 222Rn concentration exceeding the threshold values of 8.03 g/m*day, 10,100 ppm, and 11,558 Bq/m>,
respectively, are indicated by squares, circles, and triangles. (d) Composite anomaly map showing sites with at least two overlapping gas anomalies. White dashed lines
outline high-anomaly zones, interpreted as potential degassing corridors linked to buried fault structures. Crosses denote all measurement points.

continuation of the fault, which may present a regional seismic hazard. Notably, the eastern gas anomaly zone
corresponds closely with the structural line proposed by Yuce et al. (2017), and the high-resolution gas data from
this study further validate the utility of soil gas anomalies in delineating fault structures.

Additionally, radon concentrations in the eastern anomaly zone are significantly higher than those recorded in the
western part of the study area (Figure 4c). This spatial contrast may be attributed to lithological differences that
affect the mobility and retention of radon within the soil matrix, a phenomenon consistent with findings from
previous studies (Baixeras et al., 2001; Yuce et al., 2017).

Taken together, the spatial configuration of soil gas anomalies, combined with supporting field and geological
evidence, suggests the presence of two distinct subsurface fault structures in the Kircaoglu area. These structures
may represent splays of the YS, located just north of the study region. One of these inferred faults appears to
follow a NW-SE trend along the eastern topographic margin, while the other follows a NE-SW trend and
continues beneath the Reyhanli Dam. These findings highlight the utility of soil gas surveys as a non-invasive
method for detecting potentially active fault systems and underscore the importance of integrating geochem-
ical data with geological and geophysical investigations for structural interpretation and seismic risk assessment.

Figure 5 presents the spatial distribution of CO, flux, CO, concentration, and **’Rn concentration in the Reyhanl
area using contour maps (Figures 5a—5c). In addition, zones of high soil gas anomalies are delineated based on
threshold values for each parameter (Figure 5d). These spatial patterns provide valuable insights into potential
pathways of subsurface degassing and contribute to the interpretation of underlying structural controls.

Although the topography of the Reyhanli area is relatively subdued and no surface fault outcrops have been
observed, the contour maps reveal a distinct east-west (E-W) oriented zone of elevated CO, flux and soil gas
concentrations located in the central portion of the region. These anomalous patterns may indicate the presence of
an unrecognized buried fault trending in an E-W direction. Furthermore, the spatial distribution of soil gas
anomalies suggests that this potential structure may terminate within the central part of the Reyhanli area and does
not appear to extend toward the western boundary. This inferred structural feature may correspond to a previously
unidentified buried fault or represent a westward extension of the Reyhanli Fault originating from the eastern
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Table 3
Chemical and Isotopic Composition of Soil Gases in the Study Area Collected From September 2024

ID 83Cco, (%o) ~ *Hel*He (R/Ra)  *He/*°Ne  “He (ppm)  “He (ppm) A? C (%)* M?

K11 -21.0 1.00 0.336 7.32E—-06 5.26 94.6 4.7 0.7
K18 —14.4 0.92 0.338 7.14E—-06 5.59 93.8 6.2 0
K35 -15.0 0.97 0.341 7.08E—-06 5.22 93.2 6.3 0.5
K37 —23.5 1.01 0.340 7.21E-06 5.13 93.4 5.7 0.9
K43 =22.7 1.00 0.346 7.29E—-06 5.23 91.9 7.1 1
R7 -21.9 1.00 0.337 7.15E—-06 5.16 94.5 4.9 0.6
RI12 —20.1 0.98 0.319 7.19E—-06 5.28 99.4 0.6 0
R16 —20.8 1.01 0.333 7.19E—-06 5.10 95.4 39 0.7
R30 —22.3 1.02 0.337 7.19E—-06 5.09 94.4 4.7 0.9
R35 —22.8 1.01 0.341 7.23E—-06 5.14 93.4 5.7 0.9
A9 —5.6° 1.04 13.5 1.90E—-05 13.59 2 82 16
AlQ° —11.3° 0.89 0.315 7.53E-06 5.78 84 15 1

#A, C, and M denote contributions from air-saturated water, the crustal component, and the mantle component, respectively,
following the classification of Sano and Wakita (1985). "Data on dissolved gases in spring water from the Kircaoglu area
were obtained from Yuce et al. (2014). “C-isotopic composition of total dissolved inorganic carbon (TDIC) was obtained
from Yuce et al. (2014).

sector of the study area. If this interpretation is accurate, the total length of the Reyhanli Fault would exceed
previous estimates, which would also imply an increase in its associated seismic hazard potential.

Irrespective of its precise geological origin, the structural anomaly identified in this study, whether a newly
recognized feature or an extension of the RF, is reported here for the first time. Its identification emphasizes the
importance of high-resolution soil gas surveys for fault detection and highlights the necessity for continued
geophysical and geological investigations to evaluate its potential tectonic significance.

4.4. Sources of the Soil Gases

To investigate the origins of soil gases, this study combined multiple geochemical approaches. In addition to
analyzing the correlation between CO, and **?Rn, 10 representative soil gas samples were selected from the
Kircaoglu and Reyhanli regions based on elevated CO, fluxes or anomalously high gas concentrations. Five
samples were collected from each area for helium and carbon isotopic analyses (Table 3), providing further
constraints on gas source characteristics.

Helium isotopes serve as robust tracers for distinguishing between atmospheric, crustal, and mantle-derived
components. To quantify the contribution of each, the three-component mixing model developed by Sano and
Wakita (1985) was applied. The assumed end-member values are as follows: for air, the (*He/*°Ne) and
(3He/4He) ratios are 0.318 and 1 Ra, respectively (Sano et al., 1982); for crustal and mantle sources, the
(*He/*°Ne) ratios are both set at 1000, while the (*He/*He) values are 0.02 Ra and 8 Ra, respectively (Sano &
Wakita, 1985). As summarized in Table 3 and shown in Figure 6a, soil gas samples from Kircaoglu and Reyhanl
exhibit *He/*He ratios ranging from 0.92 to 1.01 Ra and 0.98 to 1.02 Ra, respectively. The corresponding
“He/*°Ne ratios range from 0.319 to 0.346, exceeding atmospheric or air-saturated water (ASW) benchmarks of
0.265 and 0.318 (O'Nions & Oxburgh, 1988; Smith & Kennedy, 1983). These results suggest measurable con-
tributions from crustal helium, with maximum estimated proportions of 7.1% in Kircaoglu and 5.7% in Reyhanl.
In contrast, mantle-derived helium is minimal, contributing less than 1% in both areas. Ternary mixing analysis
indicates that soil gas compositions in both regions are dominated by crustal and atmospheric sources. This
pattern is consistent with previous observations of soil gas from fault zones in the Amik Basin, though it differs
from the isotopic signatures observed in dissolved gas samples from the same region (Yuce et al., 2014, 2017).
For comparison, helium isotope analyses of spring and cold spring samples from the Kircaoglu area yielded
values of 1.04 Ra and 0.89 Ra for samples A9 and A10, respectively. The estimated contributions of mantle
helium were 16% and 1%, while crustal contributions were 82% and 15% (Yuce et al., 2014). These spring gases,
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Figure 6. (a) Plot showing variations in CO, and 222Rn concentrations in the Kircaoglu and (b) Reyhanli areas. Three primary endmembers are identified:

(A) atmospheric source, characterized by low CO, and Rn concentrations, (S1) deep source, distinguished by elevated concentrations of both CO, and Rn, and (S2)
shallow source, marked by high CO, but low Rn concentrations. (c¢) Ternary diagram of helium isotopic composition in representative soil gas samples from the
Kircaoglu and Reyhanli regions. Data from soil gas, groundwater, and ophiolite samples in the Amik Basin are also shown for comparison (data from Yuce et al., 2014,
2017). ASW: air-saturated water; C: crustal component; M: mantle component. (d) Plot of 613CCO2 versus 1/CO, values from soil gas samples. The deep source (M + C)
represents a mixture of mantle and crustal endmembers (Sano & Marty, 1995), the biogenic source (B) corresponds to biogenic input (Hoefs, 2009), and the air source
reflects the atmospheric endmember.

collected from bubbling pools connected to deep hydrothermal conduits, are interpreted as minimally affected by
shallow contamination. In contrast, soil gas samples collected at a depth of approximately 1 m are more likely to
be influenced by air mixing or shallow biological activity, which dilutes the signal of deep-sourced gases during
their ascent. To estimate the extent of dilution, a simplified two-endmember mixing calculation was conducted
using spring sample A9 as the deep endmember and soil sample K43 as the air-diluted endmember. The results
suggest that mantle and crustal helium in the soil gas sample constitute only 8.7% and 6.3%, respectively, of their
original proportions. This implies that deep helium signals are substantially attenuated during upward migration
through fault systems, with only about 7% of the original signal remaining in near-surface soil gases.

As shown in Figure 6b, 613CCO2 values in soil gas from the Kircaoglu area range from —23.5%o to —14.4%o, while
those in Reyhanli range from —22.8%o to —20.1%o. These values fall between the characteristic deep endmembers
and biogenic endmembers, consistent with a mixing origin. Based on typical 6]3CCO2 signatures, mantle- and
crust-derived CO, exhibit values of approximately —6.5 and 0%o, respectively, while atmospheric and biogenic
endmembers are around —7 and —25%o (Hoefs, 2009; Sano & Marty, 1995). Most samples plot between the deep
endmember (M + C) and the biogenic endmember (B), with slight atmospheric influence observed in some cases.
The 8'3C distribution in Kircaoglu indicates a more prominent contribution from deep-sourced CO,, which is
consistent with the helium isotope results and suggests enhanced vertical gas migration through fault structures. In
Reyhanly, 813CCOz values suggest greater influence from biogenic sources, likely resulting from aerobic microbial
respiration in the soil (F. L. Liu et al., 2023). This biogenic dominance also explains the relatively low contri-
butions of both crustal and mantle helium in Reyhanli compared to Kircaoglu.
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Radon and CO, are widely recognized as effective geochemical tracers for identifying subsurface gas sources and
transport mechanisms. The utility of radon stems from its extremely low diffusion coefficient in porous media,
which restricts its ability to migrate over long distances under normal geological conditions. In the absence of
nearby radon-generating lithologies, such as uranium-rich rocks, the detection of radon at the surface is generally
interpreted as the result of advective transport. This process is typically facilitated by accompanying gases, known
as carrier gases, that enable the upward migration of radon from depth (e.g., Fu et al., 2005; Yang et al., 2003). As
shown in Figures 6¢ and 6d, the CO, and ***Rn data from the Kircaoglu and Reyhanli regions reveal two distinct
endmembers beyond the atmospheric component (A), designated as S1 and S2. The S1 endmember is charac-
terized by simultaneous enrichment in both CO, and radon, suggesting a deeper-seated gas source with limited
shallow interference. In contrast, the S2 endmember displays elevated CO, concentrations but only modest radon
enrichment, implying a relatively shallower deep source or a different migration pathway. The distinct slopes
observed in the CO,-radon correlation between these two groups support the existence of at least two gas end-
members originating from different depths or structural domains. This interpretation is further corroborated by the
carbon isotopic results (Figure 6b), which show that S1-type samples exhibit relatively heavier 8'°C values,
consistent with a stronger contribution from deep-sourced CO,. In contrast, the more depleted 5'>C values
observed in S2-type samples may reflect partial overprinting by near-surface processes such as microbial
respiration or organic carbon oxidation during upward migration. Taken together, these geochemical patterns
indicate that both S1 and S2 are linked to deep gas origins but likely represent distinct degassing pathways or
structural domains with different degrees of interaction with the shallow environment.

4.5. Integrated Interpretation of Gas Origins and Structural Controls

To synthesize the geochemical, isotopic, and structural evidence obtained in this study, we provide an integrated
interpretation of gas origins and their spatial relationships with subsurface fault architecture in the Kircaoglu-
Reyhanli region. Our multi-parameter analysis reveals a complex degassing system in which both shallow and
deep sources contribute to the observed soil gas anomalies, with fault-related structures acting as preferential
pathways that control the vertical migration and surface expression of these gases.

To further illustrate the complexity of &'>C interpretation, we examine sample K11, which presents an apparent
inconsistency between its geochemical and isotopic signatures. Although classified as part of the S1 group, K11
shows a 8'*C value of approximately —21%o, which falls within the typical range of biogenic CO,. At this site,
elevated CO, flux, high CO, concentration, and strong **’Rn anomalies were observed, collectively suggesting a
structurally fractured and highly permeable zone that facilitates efficient gas migration. However, the 8'°C value
implies that the near-surface CO, is predominantly influenced by shallow biogenic processes. These contrasting
observations are not contradictory. Fault damage zones primarily enhance vertical transport but do not alter the
original source isotopic signature. In cases where the proportion of deep-sourced CO, is relatively low, upward
migrating gas may undergo isotopic dilution through shallow biogenic overprinting, particularly within loose,
aerated sediments (e.g., Fu et al., 2005). As a result, the measured 8'3C may underestimate the true deep
contribution. Furthermore, elevated radon values reflect structural permeability rather than the origin of CO,
itself. The combination of high CO, flux and Rn concentrations, together with a biogenic-like 8'>C value, likely
indicates a gas escape window with high permeability but limited deep CO, input.

To quantify these observations and assess the relative proportions of deep CO, input, we applied a two-
endmember isotopic mixing model using —25%o and 0%o as the representative endmembers for biogenic and
crustal CO,, respectively (Chiodini et al., 2008). The results indicate that sample K11 has a deep CO, proportion
of only 16%, meaning that out of its total CO, concentration of 20,500 ppm, approximately 3,280 ppm is derived
from a deep source. Among all samples with available 8'°C data (Table 3), K18 and K35 exhibit the most
prominent deep signatures, with deep-source proportions of 42% and 40%, corresponding to roughly 6,975 ppm
and 4,500 ppm of deep-derived CO,, respectively. For the remaining samples, the average deep CO, contribution
is approximately 10%, indicating that most of the measured CO, is dominated by biogenic components.

Despite these quantitative estimates, the limited spatial coverage of isotopic data constrains the broader appli-
cability of deep CO, mapping across the study area. As a result, it is currently not feasible to construct a
comprehensive spatial map of deep-corrected CO, concentrations or to directly assess their structural correlation.
Nevertheless, although shallow biogenic processes may overprint &'>C signatures and obscure deep-sourced CO,
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contributions, the detection of relatively heavier 8'>C values serves as strong geochemical evidence for a genuine
deep origin.

The crustal thickness beneath the study area is approximately 10 km (Keskin, 2003), a setting consistent with
widespread Neogene volcanic activity and the presence of relatively young basaltic eruptions (Rojay et al., 2001).
Moreover, stratigraphic profiles from boreholes in the Reyhanli Dam area reveal that basaltic basement is
encountered at a depth of approximately 25 m (Cetin et al., 2025). This suggests that mantle-derived fluids may
ascend through reactivated magmatic pathways. Torfstein et al. (2013) and Yuce et al. (2014) proposed that deep
mantle-derived CO, can act as a carrier gas, facilitating the upward migration of volatiles through the active DSF
system and eventually reaching the surface (Inguaggiato et al., 2016). Within the Amik Basin, the DSF and EAF
systems play a key role in controlling the degassing of both mantle- and crustal-derived volatile components
(Yuce et al., 2014, 2017). Accordingly, the YS, as part of the EAF system (Kiircer, Domag¢ Yalgin, et al., 2025;
Kiircer, Elmaci, et al., 2025), together with the adjacent RF, as a segment of the DSF system (Duman &
Emre, 2013), is expected to exert a significant influence on the release of deep-sourced gases.

Results from the present soil gas investigation indicate that both the Kircaoglu and Reyhanli areas exhibit a
mixture of deep and shallow gas components. Previously unrecognized linear structures were identified in both
regions based on high soil gas fluxes and elevated gas concentrations. These features suggest the development of
deep-seated rupture zones along buried fault branches of the DSF and EAF systems, which serve as conduits for
deep gas migration toward the surface. Moreover, the gas anomalies observed in the Kircaoglu area are slightly
more pronounced than those in the Reyhanli area, potentially implying that the Yesemek segment may exhibit a
higher degree of tectonic activity compared to the Reyhanli Fault.

Taken together, our findings suggest that the degassing patterns observed in this study reflect the interplay of
complex geochemical signatures, isotopic overprinting, and crustal-scale structural controls. The integration of
multi-parameter geochemical data with geological context highlights the utility of soil gas surveys for identifying
active fault zones and provides valuable insight into deep fluid transport processes in seismically active regions.

5. Conclusions

This study presents a systematic soil gas geochemical investigation conducted in the Kircaoglu and Reyhanl
regions of Hatay Province, Tiirkiye, in the context of the 2023 Kahramanmaras earthquake sequence. The primary
findings are as follows:

1. Based on the spatial distribution of soil gas anomalies, two north-south trending potential buried fault
structures were identified in the Kircaoglu area, one of which extends beneath the Reyhanli Dam. These
findings underscore the effectiveness of soil gas investigations in delineating structurally controlled degassing
zones in areas lacking visible surface fault expressions. This discovery holds significant implications for
re-evaluating seismic hazard potential, particularly in densely populated areas and near critical infrastructure.

2. In the Reyhanli region, a prominent east-west trending soil gas anomaly was identified in the central part of the
study area, suggesting a possible westward extension of the RF. If confirmed, this extension would sub-
stantially increase the estimated fault length and consequently elevate the associated seismic hazard potential.

3. Isotopic analyses of CO, and helium in the Kircaoglu region reveal that while most samples are dominated by
biogenic contributions, several sites exhibit relatively heavy 8'*C values and elevated *He/*He ratios, indi-
cating the presence of crustal or mixed deep-sourced gases. These isotopic fingerprints, despite possible
shallow overprinting, support the interpretation of distinct degassing pathways and varying degrees of deep-
shallow interaction across structurally controlled gas migration zones.

4. Natural CO, emissions were estimated at approximately 66 and 60 t/d for the Kircaoglu and Reyhanl areas,
respectively, while the broader Amik Basin was estimated to emit approximately 15,586 t/d. These consid-
erable fluxes, in combination with spatial gas anomalies and permeability-enhanced zones, may reflect the
ongoing release of tectonic stress and highlight the relevance of fluid-fault coupling processes in this complex
tectonic setting.

5. Previous studies have shown a strong spatial correlation between soil gas anomalies and zones of surface
rupture and liquefaction induced by the 2023 earthquakes (Taftsoglou et al., 2023; Yuce et al., 2017). Building
upon this foundation, the present study identified several new zones of gas anomalies that delineate previously
unrecognized fault structures and may represent areas of elevated seismic risk. These findings further validate
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Erratum

The originally published version of this article contained a typographical error. Coauthor S. Giirboga's name was
incorrectly presented as S.D Giirboga. The error has been corrected, and this may be considered the authoritative
version of record.
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