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The Trans-Amazon Drilling Project (TADP) drilled a sequence of claystones, siltstones, and sandstones in the Acre sedimentary
basin, reaching a final depth of 923 m. This study characterizes the occurrence and compositional variation of light gaseous
hydrocarbons detected using the online gas analysis (OLGA) monitoring system deployed during drilling, along with methane
(CH,) and carbon dioxide (CO,) concentrations measured in discrete gas samples extracted from cores during drilling
operations. The gaseous hydrocarbons detected by the OLGA system are predominantly CH, but with the regular presence of
ethane (C,Hy), propane (C;Hg), isobutane (i-C,H,,), and n-butane (n-C,H,;). Zones with higher CH,, C,H,, and C,Hy
concentrations were observed at depth intervals of 250-380 and 420-588 m. These higher concentrations of CH,, C,H, and
C,Hg occur in siltstone or sandstone layers capped by claystones, suggesting that these lithological associations act as
stratigraphic gas traps. The Bernard parameter (CH,/C,H, + C;H,) varied from a low value of 2 at 466 m depth to a maximum
value of 1904 at 621 m depth. Stable carbon isotope ratios of CH, show 8'°C values between —35%o and —25%o, suggesting the
nearly ubiquitous presence of thermogenic gas. The discrete gas samples from cores exhibited CO, concentrations between 230
and 1400 ppm in claystones, 850 and 950 ppm in siltstones, and 240-820 ppm in sandstones, indicating higher concentrations
in fine-grained sediments. The CH, concentration ranges from 2 to 6 ppm in sandstone layers and from 2 to 4 ppm in siltstone
and claystone layers. There is no significant correlation between CH, and CO, concentrations. These results provide evidence
of light hydrocarbon migration from deeper thermally mature source rocks, with entrapment in sandstone layers capped by
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fine-grained sedimentary rock layers. The high concentration of CO, relative to CH, in fine-grained rock layers points to
restricted conditions for microbial gas generation in the drilled sediments, possibly due to a combination of low organic
carbon content and oxidizing conditions. This is in accordance with the abundance of reddish fine-grained paleosols in the
drilled sedimentary units. The combination of online gas monitoring and discrete sampling methods allowed the comparison
between gas collected during drilling and in situ gas, contributing to a better understanding of the processes of the subsurface

carbon cycle.
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1. Introduction

The Trans-Amazon Drilling Project (TADP) is aimed at
reconstructing the Cenozoic evolution of the tropical South
American climate, forests, mountains, and rivers to shed
light on the origin of the Amazon biome [1]. Thus, scientific
drilling with continuous coring was performed in the Acre
and Marajo basins, respectively, in western and eastern low-
land Amazonia. The TADP completed drilling (TADP-AC-1
well) in the Acre Basin in December of 2023, with continu-
ous coring until a depth of 923 m. In addition to its paleoen-
vironmental and paleoclimatic goals, the TADP performed
the first systematic gas geochemical investigation in the Acre
Basin. This included the analysis of light hydrocarbons (C,-
C,) and carbon dioxide (CO,) during drilling, aimed at iden-
tifying microbial and thermogenic gas sources in the sedi-
mentary column. Gas analyses were conducted using both
real-time online gas analysis (OLGA) monitoring [2] and
discrete sampling of pore gas from sealed drill cores.

Real-time gas monitoring of drilling fluids provides
insights into gas flow and molecular composition, which
are essential for understanding the generation and migration
of hydrocarbons such as methane (CH,), ethane (C,H),
propane (C;Hg), isobutane (i-C,H,,), and n-butane (n-
C,H,,) [3-5]. While OLGA offers qualitative information
on gas abundance, it enables the identification of permeable
or sealing lithologies, aiding the reconstruction of hydrocar-
bon migration pathways and potential retention zones [6].
Additionally, molecular ratios (e.g, CH,/C,H¢+C,Hj,
C,H,/C,H,, and i-C,H,,/n-C,H,,) are used as proxies for
gas origin and generation temperature [7, 8]. For instance,
CH,/C,H; + C;Hg ratios>1000 are indicative of microbial
gas, while values < 100 suggest thermogenic origins. In paral-
lel with the OLGA, discrete gas sampling was performed in
cores during drilling. Thus, gas samples obtained from the
headspace of sealed drill cores were further analyzed to
obtain CH, and CO, concentrations as well as the CH, sta-
ble carbon isotope composition in discrete sedimentary rock
layers.

Here, we report data on light gaseous hydrocarbons and
CO, recorded during drilling in the Acre Basin in the west-
ern Amazon. Gas concentration and composition variations
in depth are discussed in terms of changes in sedimentary
rock types and properties derived from the description of
core catcher samples and downhole geophysical logging.
CH, is recognized as a key greenhouse gas in the Earth’s
atmosphere [9]. While geological emissions have been rec-
ognized as a significant natural source of CH, to the atmo-
sphere, with estimate ranging from 40 to 60Tg yr '[10],
recent studies have questioned the significance of these

emissions and their role in influencing global climate [11]
Consequently, assessing the migration patterns and genera-
tion mechanism of both microbial and thermogenic CH,
in sedimentary basins is essential for elucidating the rele-
vance of geological sources of greenhouse gases.

2. The Acre Basin and the TADP-AC-1 Well

The Acre Basin in the lowland Amazon region, in the far
west of Brazil (Figure 1b,c), covers an area of approximately
150,000 km? [12], of which around 40,000 km? includes bur-
ied Paleozoic rocks [13]. It is separated from the adjacent
Solimées, Maraiion, Ucayali, and Madre de Dios Basins by
structural arches. Notably, the Acre Basin stands out in Bra-
zil as the sole representative of a retroarc foreland basin type,
directly impacted by Andean tectonics, showcasing well-
defined Cenozoic fault systems and fold structures [14].
The Acre Basin had a multiphase long-term filling and com-
prises Paleozoic (Apui, Cruzeiro do Sul, Rio do Moura For-
mations), Mesozoic (Jurud-Mirim, Moa, Rio Azul, Divisor
Formations), and Cenozoic (Ramon and Solimées Forma-
tions) sedimentary rocks [15].

The Solimées Formation is characterized mostly by fine-
grained rocks (siltstones and claystones) and sandstones,
with subordinate conglomerates and great lateral heteroge-
neities [13, 16-19], reaching up to 2200m of thickness
[13]. The upper Solimdes Formation consists of interbedded
sandstones and white-reddish claystones, while the lower
portion, referred to as the Lower Solimdes Formation, con-
sists of claystone strata interbedded with siltstones, fine
sandstones, and lignites, likely deposited in a reducing
near-surface environment. The Solimdes Formation has
been assigned a Miocene age [20], but it can possibly reach
the Pleistocene, with a depositional hiatus in the Pliocene
[21]. Until 2000, 11 exploration wells were drilled in the
Acre Basin. Three of these wells showed evidence of thermo-
genic hydrocarbon generation, indicating the existence of an
active petroleum system [22, 23]. The well 1-RM-001-AC
drilled by Petrobras found sediment layers with total organic
carbon (TOC), with a maximum value of 6.45% [24] in the
Permo-Carboniferous Cruzeiro do Sul Formation [24],
which represents a potential deeper hydrocarbon source
rock. No hydrocarbon shows were reported for Well 2-
CDST1-AC (located about 0.6 km from our drill site) drilled
through the Cruzeiro do Sul Formation and reached igneous
basement rocks at ~2637 m depth. An east-west multichan-
nel seismic line passing near the TADP-AC-1 drill site
reveals nearly flat-lying strata. At depths below about
1000 m, reverse faults occur with minor vertical offset [23].
Elsewhere in the Acre Basin, surface geochemical studies
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FIGURE 1: (a) Geological map of the Acre Basin showing the Cenozoic sedimentary cover and the location of the TADP-AC-1 drilling site in
Rodrigues Alves, Acre State, Brazil. The undifferentiated alluvial-fluvial deposits correspond to Quaternary sediments accumulated in

floodplains and low-elevation terraces. (b) Location of the municipality of Rodrigues Alves. (c) Location of Acre State within Brazil.

identified microseepages above and on the flanks of large
magnetic highs, as well as along the traces of regional faults,
indicating significant subsurface lateral and upward fluid
movement with potential for hydrocarbons accumulation
in upper sedimentary units of the Acre Basin, such as the
Solimoées Formation [13, 25, 26].

The TADP-AC-1 drilling site (07°43'42.01" $//72°39'
9.86" 0) is located ~700 m northwest of well 2CDST1AC
and ~600 m west of the Jurud River in the municipality of
Rodrigues Alves, Acre State (Figure la). The TADP-AC-1
drilling was executed using a Boart Longyear LF-230 drill
rig (slim hole) operated by Geosol Geologia e Sondagens
drilling company. Bentonite-based drilling fluid was used
in Phase 1 of drilling (0-40 m depth), whereas cationic poly-
meric fluid was used in Phases 2, 3, and 4 (40-923 m depth).
Drilling at the TADP-AC-1 site recovered 858.71 m of core,
reaching a depth of 923.35m (core recovery of 93%). Dril-
ling Phase 1 reached 40m depth with a core diameter of
8.3cm and borehole enlargement to 31.11cm for casing
installation. Drilling with 8.3cm (PQ) core diameter pro-

ceeded until 746 m depth (Phase 3), when it was reduced
to a core diameter of 6.3cm (HQ) until the final depth of
923 m (Phase 4).

3. Methods

3.1. OLGA During Drilling. Real-time OLGA of hydrocarbon
gases (CH,, C,H,, C;Hg, n-C,H,,, and i-C,H,,) was con-
ducted while drilling the TADP-AC-1 well. The OLGA uses
a system consisting of a water—gas separator designed to
mechanically extract gas dissolved in the drilling fluid [27,
28]. The degasser was placed in the drilling mud line outlet
to ensure efficient gas extraction and minimize air contami-
nation. The gas phase is continuously pumped through a 6-
mm plastic tube (inner diameter: 4mm) to the analytical
laboratory that was located approximately 15m from the
drilling fluid circulation system (Figure 2). Hydrocarbons
were analyzed continuously at 3-min intervals with a stan-
dard field automatic gas chromatograph (GC-SRI Instru-
ments 86105400) equipped with a flame ionization detector
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FIGURE 2: Schematic diagram of the gas monitoring system used during drilling of the TADP-AC-1 well. Gas released from the drilling fluid
at the shaker is transported through a pipeline system that includes a water trap, pump, and flowmeter before reaching the gas
chromatograph (GC-FID) for analysis. The system monitors light hydrocarbons represented by CH,, C,H,, C;Hy, i-C,H,,, and n-C,H,,.

(FID) and supported by a hydrogen generator (H2-100, SRI
Instruments) device. The instrument was fitted with a 6’ x
1/8" OD stainless steel packed column. Hydrogen was used
as the carrier gas at a flow rate of approximately 20 mL/min
(regulated at 20 psi), and air was supplied at ~250 mL/min
(5psi) to sustain the flame. The detector temperature was
set to 150°C, with FID gain set to “high” and the FID ignitor
voltage at =750 V. The detection limit for light hydrocarbons
(C,-C,) was approximately 0.1 ppm. Gas composition data
were recorded over time. Depth of delay (lag depth) and
penetration rate (ROP) provided by the drilling company
allowed for the conversion of gas composition from drilling
time to drilling depth. Instrument calibration was performed
using standard gases with the following concentrations:
CH,, 4870 ppm; C,Hg, 258 ppm; C;Hg, 200 ppm; i-C,H,,,
99 ppm; and n-C,H,,, 102 ppm, all with <2% uncertainties.

3.2. Pore Gas Analysis During Drilling. Discrete gas samples
were extracted directly from whole core sections using a
headspace method. This allowed determination of the inter-
stitial gas composition within specific sedimentary facies and
depth intervals, thus avoiding possible mixing when gas is
extracted from the drilling fluid circulation system. Intersti-
tial gas was extracted from whole-core samples of 1-5cm
thickness, collected approximately every 20m from 0 to
200 m depth and every 50 m below 200 m depth. The sam-
pling intervals were chosen based on drilling operation con-
straints, such as core recovery, as well as the need to obtain
representative gas samples across the sedimentary column.
The core sample was stored in a gas-tight bag sealed with a
manual heat sealer and then placed into a vacuum chamber
for 30 min. Afterwards, a syringe of 5cm’ (5mL) volume

was used to extract a gas sample from the bag and to inject
1 mL into the sample inlet of a gas chromatograph (model
SRI 8610 c) equipped with a FID detector [29, 30].

Below 550 m depth, an additional ~10 g sediment sample
was collected from each core catcher for storage in a 60-mL
glass vial, which was sealed with a septum. Ten milliliters of
distilled water was added, and the vial was shaken for 3 min
to release gases from the sedimentary rocks. The released gas
was transferred to pre-evacuated glass vials, sealed with
butyl rubber stoppers [30]. The gas samples were analyzed
at the Institute of Geosciences of the University of Sao Paulo,
using a gas chromatograph (TRACE 1310, Thermo Fisher
Scientific) equipped with a loop injection system and an
online methanizer coupled to a flame ionization detector
(GC-FID) to identify and quantify CH, and CO,. Readings
were calibrated using a standard three-level calibration: (I)
CH, at 1.519ppm and CO, at 300ppm, (II) CH, at
3.048ppm and CO, at 2514ppm, and (III) CH, at
50.59 ppm and CO, at 6007.00 ppm.

3.3. Analysis of CH, Stable Carbon Isotope. Gas samples with
a volume of 25 mL were collected from the gas line when CH,
concentrations exceeded 100 ppm, which occurred at drilling
depths between 190 and 514 m. These samples were trans-
ferred into 12 mL Labco Exetainer vials for shipment and sub-
sequent analysis. The stable carbon isotope composition
(865C) of CH, was determined at the Department of Plant Sci-
ences, University of California, Davis, United States, following
the method described by Yarnes et al. [31]. Analyses were per-
formed using a Thermo Scientific GasBench II coupled with a
PreCon trace gas concentration system and a Thermo Scien-
tific Delta V Plus isotope-ratio mass spectrometer (IRMS).
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Methane was cryogenically trapped and separated using a GS-
Q column in dual LN, traps and then combusted to CO, in an
alumina reactor containing NiO and Pt at 1000°C. Water was
removed via a Nafion membrane prior to isotope measure-
ment. Calibration procedures were applied identically to refer-
ence and sample materials and were directly traceable to the
international standard VPDB for §"°C.

3.4. Lithological Description. The texture and mineral com-
position of drilled lithologies were described on-site, under
a binocular microscope, from core catcher samples. The
depth frequency of the samples described varied according
to each drilling maneuver, which reached up to 3m. Five
to ten grams was extracted from core catchers totaling 392
samples. This activity was performed by a sedimentologist
as part of the on-site science team. This dataset was used
to build a lithology column during drilling. The fragmented
nature and small size of the core catcher samples hindered
the descriptions of sedimentary structures.

3.5. Resistivity Downhole Logging. Resistivity downhole log-
ging was performed with the model 40-GRP-1000 from
Mount Sopris Instruments. This probe is capable of measur-
ing resistivities ranging from 0.1 to 100,000 ohm-m, with an
accuracy of less than 1% for values between 10 and
1000 ohm-m and less than 5% for values between 1 and
5000 ohm-m, and with a resolution of 0.04%. The opera-
tional principle is based on four electrodes, whose geometry
of data acquisition allows investigation of the resistivity of
two depths across the borehole wall. The first electrode at
the top of the probe emits the current. The midway probe
electrode measures resistivity 16in. into the borehole wall
(short normal), while another electrode at the base of the
probe measures deeper resistivity, reaching 64in. (long nor-
mal), possibly without or with minor influence of drilling
fluid invasion. The last electrode is positioned far from the
probe, acting as a reference and simulating electrical infinity
compared to the other electrodes (spontaneous potential
resistivity). Resistivity measurement was used to evaluate
permeability, assuming that sedimentary facies with higher
permeability exhibit significant contrast between short
(N16) and long-distance (N64) resistivities due to drilling
fluid invasion into the formation. The relative variation of
resistivities recorded by short and long-distance curves also
provides insight into natural fluid compositions, with higher
long-distance resistivity values associated with lower salinity
formation water or with the presence of hydrocarbons [32].
The resistivity downhole logging took place through the
open hole from 40 to 557.45m depth. The possibility of
drill-pipe entrapment precluded open hole profiling in dee-
per portions of the borehole.

4. Results

4.1. Downhole Lithologies and Resistivities. The drilled
sequence is composed of interbedded reddish claystone
and reddish siltstones, along with grayish fine to medium-
grained sandstones. The sandstone layers, in particular,
exhibit characteristics such as being friable, poorly cemen-

ted, and having a framework of moderately well-sorted
rounded grains of fine sand. The claystone layers are mainly
affected by intense mottling associated with heavy pedoge-
netic alterations.

Not surprisingly, sediments become increasingly consol-
idated with increased burial depth and age; however, even
near the base of the core, many of the sandstones are weakly
consolidated (Figure 3a). The entire drilled sequence is orga-
nized in stacked fining-upward cycles. In the interval from
the surface to approximately 120m depth, the fining-
upward cycle is composed primarily of thicker layers of
medium sandstones, with high-frequency intercalations of
fine-grained siltstones. The fining-upward cycles become
thicker, as well as the claystones turning more frequent in
the 125-260m depth interval. Thicker intercalations of
sandstone and claystone layers occur from 260 to 325m
depth. The 325-530m depth interval is characterized by
thicker claystone layers. Sandstone layers become thicker
downhole and intercalated, mostly with claystones, until
the 923 m depth. In the 540-750 m depth interval, the pres-
ence of fossil wood fragments (coal) was observed in the core
catcher samples. Thicker claystone layers occur in the 720-
745 and 870-890 m depth intervals.

Resistivity (short normal, long normal, and SPR) values
are generally higher in sandstone intervals (Figure 3c). This
is true for both short normal and long normal values, which
track each other quite closely. Thicker sandstone layers show
greater separation between short normal and long normal
curves, as well as higher amplitude of variation in the SPR
curve. This occurs, for example, at around 50, 100, and
300m depth (Figure 3c). The long normal curve always
recorded higher resistivity values compared to the short nor-
mal curve. The temperature profile across the studied depth
interval ranges from 28°C to 34°C (Figure 3d.

4.2. OLGA Monitoring. The gas analyzed in the drilling fluid
returns from the TADP-AC-1 well is dominated by CH,,
with minor concentrations of C,H,, C;Hg, and n-C,H,,,.
The continuous OLGA measurements identified several
zones with higher concentrations of CH, and variations in
relative concentrations of CH,, C,H,, C;Hg, and i/n-C,H,,
(Figure 4). Zones of higher CH, abundance occur at depths
of 250-380 and 420-588 m (Figure 3b). The concentrations
of C,Hy and C,Hj exhibit marked fluctuations, with notable
peaks of both gases occurring at the same depths as those
with higher CH, levels. By contrast, the concentrations of
i-C,H,, and n-C,H,, are relatively lower in those intervals
compared to CH,, C,H,, and C;Hg, with higher relative con-
centrations of i-C,H,, and n-C,H,, between 600 and 700 m
(Figure 4). CH, exhibits a correlation of 0.34 (p > 0.05) with
C,H,, 038 (p>0.05) with C;H, 043 (p>0.05) with i-
C,H,,, and 043 (p>0.05) with n-C,H,, (Table 1). Addi-
tionally, C,H, shows a strong correlation with C;Hg, with
a value of 0.85 (p > 0.05). Spearman correlations are consid-
ered significant when the p value is below 0.05, indicating
that the observed relationship is unlikely due to random
chance.

Stable carbon isotopic analysis of eight samples of CH,
taken from the gas line yields 8"°C values between —35%o
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FiGure 3: Comparison of lithology, CH, concentration, temperature, and resistivity from the TADP-AC-1 well between 0 and 758 m depth.
(a) Lithological description based on core catcher samples. (b) Depth profile of CH, concentration in drilling mud obtained from online gas
monitoring. (c) Resistivity logs (short normal, long normal, and SPR). (d) Temperature profile from the TADP-AC-1 well.

and —25%o versus VPDB. The §'°C in CH, was lower than
—27%o versus VPDB in the depth interval between 474 and
514 m. More negative 8"°C values were observed at depths
from 300 to 314m compared to other depth intervals
(Figure 5b).

4.3. Measurements From Pore Gas Sampling. CH, concentra-
tions in both discrete core samples and in the drilling fluid
show similar variations (Figure 6a). In the samples between

50 and 750 m depth, CH, concentrations are low and show
limited variation, whereas values are higher than 2ppm
below 580 m. The average atmospheric CH, concentration
measured during drilling was 0.325 + 0.003 ppm across four
air samples. C,H, C;Hg, and i-C,H,, have concentrations
lower than 1 ppm and show peak concentrations in sediment
samples below 500 m depth. In addition, as depth increases,
C,H,, C;Hg, and i-C, H,, are detected in the pore gas sam-
ples. In the depth interval of 720-780 m (Figure 6b), CO,
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TABLE 1: Spearman correlation coefficients between the
concentrations of CH,, C,H,, C;Hy, and n-C,H,, measured using
the online gas monitoring system during drilling of the TADP-AC-
1 well. All correlations are significant at p < 0.05. A total of 11,070
measurements were performed between depths of 269 and 742.95 m.

Hydrocarbons CH, C,H, C;H; i-CH,, n-CH,,
CH4 1 0.3 0.38 0.44 0.27
C,H, 1 0.85 031 0.58
C,H, 1 043 0.74

concentrations range from 1632 to 182 ppm, with an average
of 616.75 + 387.06 ppm. In the same interval, CH, concen-
tration varies between 8.86 and 2.31 ppm, with an average
of 3.54 + 1.5 ppm. At depths between 783 and 923 m, CO,
concentrations range from 1290.47 to 239.48 ppm, with an
average of 550 + 240 ppm (Figure 6c, while CH, ranges from
6.1 to 1.9 ppm, with an average of 2.73 + 0.73 ppm.

5. Discussion

The microbial degradation of organic matter in the subsur-
face contributes approximately 20% of global natural gas
resources [33]. The remaining 80% originates from thermo-
genic gas, generated by the thermal cracking of organic mat-
ter when subjected to higher pressures and temperatures
(>80°C) in the subsurface during burial in sedimentary
basins [34, 35]. Microbial degradation primarily occurs in
anoxic environments where organic matter is decomposed
by methanogenic microbes (archaea) at lower temperatures,

producing microbial CH, [36, 37]. Both microbial and ther-
mogenic gases can significantly impact the surface carbon
cycle, because CH, may escape into the atmosphere if it is
not oxidized by methanotrophic microorganisms before
reaching the Earth’s surface [38, 39]. Microbial CH, can be
divided into two types based on its formation timing: (1) pri-
mary microbial biogenic CH,, which is generated from the
decomposition of recent organic matter, and (2) secondary
microbial biogenic CH,, which is produced when mature
organic matter, such as kerogen, or its derived products,
such as petroleum, are biodegraded by microorganisms after
being exposed to groundwater [33]. While C, and C, hydro-
carbons are thought to overwhelmingly arise from thermo-
genic decomposition (e.g., [40]), these gases can also be
formed by relatively low-temperature, microbial processes
[41], even in organic-poor sediments.

Given the relatively high 6"°C values of the discrete CH,
samples, the parsimonious explanation for the origins of
C,H,, C;Hg, n-C,H,,, and i-C,H,, that were observed in
the core is that they were mainly products of the thermal
decomposition of organic matter, reactions that were
observed at depths and temperatures greater than ever wit-
nessed by the present host sediment. According to the mea-
surements, temperatures between depths of 0 and 578 m
range from 28°C to 34°C, which would not be sufficient to
generate these hydrocarbons through recent thermal pro-
cesses. Thermogenic gases are generally characterized by
higher concentrations of C,+ hydrocarbons and by CH,
with 8"°C values ranging from —50%o to —30%o versus
VPDB [42, 43]. Microbial CH, produced in natural systems
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FIGURE 5: (a) Bernard parameter CH,/C,H, + C;H, variation in the TADP-AC-1 well as an indicator of microbial and thermogenic gas
origin. (b) Carbon stable isotope (§'>C) composition of CH, from the OLGA gas line plotted against drilling depth from the TADP-AC-
1 well. Values higher than —55%o are indicative of thermogenic sources, while values lower than —55%o are indicative of microbial sources.

has 8"°C values ranging from —100%o to approximately
~55%o versus VPDB, whereas the expected §'°C range for
thermogenic CH, is approximately —55%o to —20%o versus
VPDB [39, 40, 44, 45].

In TADP-AC-1 well, the peaks of CH,, C,H,, and C;H,
occur in layers of higher permeability rocks (sandstone). In
the 540-750m depth interval, a higher accumulation of
gases (CH, and C,H,) was observed, with sandstone layers
predominating. In the 540-921 m depth interval, the pres-
ence of fossil wood fragments (coal) was observed in the core
catcher samples, suggesting a local source of microbial gas. A
similar correlation between CH, distribution and layers con-
taining coal and fossil wood fragments was observed during
gas monitoring in the Kumano Basin during IODP NanTro-
SEIZE Expedition 219 [46]. At a depth of 750m, the pres-
ence of degraded heavy oil was observed, providing
evidence of hydrocarbon migration. The Acre Basin shares
similarities with foreland basins showing extensive and elon-
gated depression formed by isostatic crustal subsidence due
to the tectonic load imposed during a mountain building.
This structural-stratigraphic geometry favors deep burial
of eventually organic-rich sediments prone to the generation
of thermogenic hydrocarbons, which can experience long-
distance migration through continuous permeable sandy
layers [47]. The thermally generated hydrocarbons can
migrate laterally and upward along the inclined strata of per-
meable rocks connected with the source rocks, traveling sev-
eral kilometers to structural and stratigraphic traps that are
shallower and cooler, located at the basin margins [47].
Thus, light hydrocarbons detected in shallow sedimentary
layers of the Acre Basin could be sourced by distant and
deep buried organic-rich sediments, such as the Paleozoic
shales of the Cruzeiro do Sul Formation. Vertical faults

affecting the Acre Basin, such as the Bata Fault near the
TADP-AC-1 drilling site, may also serve as potential vertical
migration pathways for hydrocarbons. The Batd Fault is a
prominent compressive structure located approximately
50km east of the Divisor Fault, trending subparallel to it. It
is interpreted that the Bata Fault originated during a Jurassic
extensional deformation phase and was later inverted during
the Andean orogeny [48]. The Batd Fault marks a notable
deformation along the western margin of the Acre Basin, with
most significant structures north of 9°S [26], where thicker
sediment layers are preserved and fault-related folds may favor
the trapping of hydrocarbons [12, 49].

Discrete pore gas samples obtained from the 500 to 600-
700 m depth interval show a notable correlation among the
CH,, C,H,, and C;H; concentrations, suggesting CH, of
thermogenic origin. These gases are concentrated in sand-
stone layers interbedded with claystones and siltstones,
according to the lithological descriptions from the core
catchers. The sandstone layers, in particular, exhibit charac-
teristics such as being friable, poorly cemented, and having a
framework of moderately well-sorted rounded grains of fine
sand. These sandstone properties can lead to high perme-
ability, allowing gases like CH,, C,H,, and C;H, to accumu-
late and migrate more effectively through these layers
compared to more compacted or less porous layers such as
claystones.

In general, the drilled sequence of the Solimdes Forma-
tion is composed of intercalations of sandstone, claystone,
and siltstone layers, which provide extensive gas storage
(sandstone) and seal (claystone or siltstone) capacity [50].
Microbial gas could be generated in organic-rich layers, usu-
ally represented by fine-grained sedimentary rocks such as
claystones, migrating to those nearby sandstone layers that
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chromatograph (TRACE 1310, Thermo Fisher Scientific).

exhibit higher porosity (meso and macropores) and perme-
ability [51]. These conditions could occur in the sedimentary
layers drilled in the TADP-AC-1 well, as suggested by fre-
quent intercalations of sandstones and claystones or silt-
stones. The presence of organic-rich claystone interbedded
with highly porous and permeable sandstone creates the
ideal conditions for the generation and migration of micro-
bial gas in the subsurface [52, 53]. In the long normal resis-
tivity profile (N-64) of the TADP-AC-1 well, higher
resistivity was observed in the sandstone layers at depths of
295-310, 340-350, and 375-385m. Deep resistivity mea-
surement assesses the virgin zone that is relatively unaffected
by drilling processes [54, 55]. Small amounts of gas can
influence the long normal resistivity reading (Figure 3),
depending on the quantity of gas and water salinity. High
resistivity values are associated with the presence of free, that
is, nondissolved gas in the formation [5], as gas is a noncon-
ductive material, which increases the formation’s resistivity.

However, this effect is dependent on gas solubility, which
is controlled by gas concentration, pressure, temperature,
and other factors, such as groundwater salinity.

The molecular ratios (Bernard parameters) of hydrocar-
bon gases typically vary within sedimentary basins [40, 56].
The CH,/C,H¢+ C;Hj{ ratio is a sensitive indicator of gas
origin, often decreasing with increasing depth due to the
increasing contribution of thermogenic gas with increasing
depth and temperature [40, 57]. Ratios greater than ~1000
would indicate microbial gas generation, while ratios less
than ~100 point to thermogenic gas origins [44, 58].

In the TADP-AC-1 well, the Bernard parameter showed
values below 50 from the surface down to 466 m depth, indi-
cating a strong influence of thermogenic gas in this interval.
At 621 m, the maximum value of 1904 was recorded. To
identify the CH, origin (microbial vs. thermogenic), the car-
bon stable isotopic (8'C) composition of CH, was analyzed
both in gas samples collected from the drilling fluid and drill
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cores. The analysis of §'°C in CH, gives values lower than
—27%o PDB in the 474-514m depth interval, suggesting a
thermogenic origin [37]. At depths from 300 to 314 m, more
negative values of 8"°C in CH, are observed compared to
other depths. Changes in the isotopic composition of CH,
may indicate different methanogenic pathways, such as a
mixture of thermogenic and microbial methane or variations
in the sources of carbon substrates [33, 59]. These isotopic
variations may be associated with localized enrichment of
organic matter, supported by the observation of plant-
derived carbon fragments in certain intervals of the forma-
tion. These plant residues can break down to generate '*C-
enriched compounds like CO, and acetate—key substrates
for microbial methanogenesis [40]. Acetate is efficiently con-
verted to CH, by methanogenic archaea [43, 60, 61].
Increased availability of these light carbon sources leads to
more negative 8'>C-CH, values, which are typical of micro-
bial methane production [61]. Additionally, the mixing of
microbial and thermogenic gases could increase the propor-
tion of CH, relative to C,H,, producing more negative §'°C
values in CH, compared to the theoretical thermogenic end-
member [62, 63]. The 8'°C values around —35%o, observed
at shallow depths (300-350m) and moderate subsurface
temperatures (~30°C) in the Acre Basin, suggest a mixed ori-
gin of CH,, likely involving contributions from both early-
mature thermogenic gas and secondary microbial CH,.
These intermediate isotopic signatures fall within the transi-
tion zone proposed by Milkov et al. [64], where microbial
CH, generated during petroleum biodegradation can be
enriched in >C (8"°C between —40%o and —30%o). At such
shallow depths, primary thermogenic gas generation is
unlikely due to the absence of volcanic activity affecting
the Acre Basin, but microbial activity is favored. This sup-
ports the interpretation that secondary microbial methano-
genesis played a role in altering the original gas composition.

Similar §"°C values and high CH,/(C,H, + C,Hy) ratios
(Figure 5a), as observed in the TADP-AC-1 well, have been
reported in other sedimentary basins, such as in the Gulf of
Mexico and North Carnarvon Basin [64, 65], where biodeg-
radation and secondary microbial gas production are com-
mon. However, the drilled Solimées Formation in the Acre
Basin presents distinctive features, including the persistence
of isotopically mixed gases at very shallow depths and their
stratigraphic association with fine-grained and/or organic-
rich lithologies.

In the TADP-AC-1 well, a Spearman correlation index
of 0.34 (p <0.05) (Table 1) was obtained between CH, and
C,H,, indicating a moderate positive relationship between
these two hydrocarbon types. However, the relationship
between CH, and C,H, concentrations is not strong, sug-
gesting that there may be other sources or factors influenc-
ing the presence of C,Hy in the composition of the
Solim&es Formation gases. Additionally, C,H, can originate
from thermogenic processes, as its concentration tends to
increase with depth, suggesting a greater contribution of
thermogenic gases in deeper layers [66]. However, the tem-
perature variation in the drilled interval is minor, suggesting
that the concentration of C,H is determined by migration
and trapping controls. C;H;, showed a high and significant
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correlation with C,H, (0.846, p < 0.05) and n-C,H,, (0.737,
p <0.05), indicating a possibly similar source rock. As dis-
cussed, organic gases, represented by hydrocarbons and
CO,, generated by thermal degradation or biodegradation
of organic matter could be produced in situ or migrate from
a mature source at greater depths [3]. In the pore gas analy-
sis, between depths of 720 and 920 m, CO, was detected, and
although its concentration exhibited a weak positive correla-
tion with CH, levels measured in the discrete samples
(Spearman’s p =0.1412), this relationship was not statisti-
cally significant (p = 0.2438), indicating limited evidence of
association between these gases. During the migration of
thermogenic gas, CO, concentrations can be relatively high
along with CH, [62, 63]. In contrast, in microbial degrada-
tion of organic matter, CO, produced by microbial processes
or by the decomposition of organic matter can be incorpo-
rated into the methanogenic pathway, contributing to CH,
generation in anoxic environments [42, 61].

The burial depth at the final depth of 923 m is unsuitable
for reaching temperatures needed for the thermogenic gen-
eration of CH, or other gaseous hydrocarbons, which
demand temperatures exceeding 70°C [66, 67]. Hence, the
presence of thermogenic hydrocarbons in the well TADP-
AC-1 points to hydrocarbon migration from deeper source
rocks or exhumation of the Solimées Formation. Exhuma-
tion from burial depths reaching temperatures needed for
thermogenic CH, to n-C,H,, generation would imply the
erosive removal of a few kilometers of overlying sediments
from the Miocene. This scenario is unsuitable considering
the sedimentation ages attributed to the Solimées Formation
[21]. Thus, hydrocarbon migration from greater depths and/
or over long horizontal distances is the most suitable expla-
nation for the occurrence of thermogenic hydrocarbons in
the upper portion of the Solimdes Formation.

6. Conclusions

The analysis of gas composition obtained through continu-
ous monitoring during drilling and discrete gas sampling
in the TADP-AC-1 well in the Acre Basin provides insights
into the geochemistry of subsurface fluids.

The distribution of CH,, C,H,, C;Hg, and i-C,H,, aligns
with the lithological characteristics of the drilled layers, par-
ticularly with sandstone and claystone layers, respectively,
acting as gas storage and barrier migration layers, thus form-
ing stratigraphic gas traps. A mixture of microbial and ther-
mogenic CH, was detected, highlighting the presence of
both shallow microbial activity and deeper thermal pro-
cesses contributing to gas generation. However, there is a
marked predominance of thermogenic gases over microbial
gases, as indicated by the Bernard parameter and 6"°C in
CH,. The observed increase in C,H,, C;Hy, and i-C,H,,
concentrations with depth indicates that these sedimentary
rocks contain minor amounts of migrated thermogenic
hydrocarbons, consistent with the drilling site’s location on
the tapered eastern edge of the basin. Thermogenic gases
would migrate from deeper layers and become trapped in
sandstone layers with higher permeability. CH, released into
the atmosphere, if not oxidized in the Solimées Formation
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and overlying sediments, represents a potential contribution
to the budget of climate-relevant gases to the atmosphere.

Regarding CO,, elevated and variable concentrations
were observed in the deeper intervals (720-923 m), reaching
up to 1632 ppm. Although the correlation between CH, and
CO, was not statistically significant, the coexistence of both
gases in organic-rich levels suggests the influence of micro-
bial and/or thermogenic processes in the carbon cycle. These
results highlight the importance of including CO, analysis in
subsurface gas studies, particularly in tropical and underex-
plored settings such as the Acre Basin.

To improve the understanding of gas origin and migra-
tion processes in the Acre Basin, we recommend conducting
complementary studies that include geochemical characteri-
zation of potential source rocks at greater depths, especially
targeting intervals that may have reached sufficient thermal
maturity to generate thermogenic hydrocarbons. Addition-
ally, 3D basin modeling and hydrocarbon migration simula-
tions could be employed to reconstruct possible migration
pathways and evaluate the role of faults, stratigraphic dis-
continuities, and cap rocks in controlling gas distribution.
These approaches will enhance the predictive capability
regarding the origin, migration, and accumulation of natural
gases in shallow formations such as the Solimées Formation.
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