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Abstract: The increasing demand for carbon-free energy in recent years has positioned
hydrogen as a viable option. However, its current production remains largely dependent on
carbon-emitting sources. In this context, natural hydrogen, generated through geological
processes in the Earth’s subsurface, has emerged as a promising alternative. The present
study provides the first national-scale assessment of natural dihydrogen (H;) potential in
Uruguay by developing a catalog of potential Hy-generating rocks, identifying prospective
exploration areas, and proposing H, systems there. The analysis includes a review of
geological and geophysical data from basement rocks and onshore sedimentary basins.
Uruguay stands out as a promising region for natural H, exploration due to the significant
presence of potential Hy-generating rocks in its basement, such as large iron formations
(BIFs), radioactive rocks, and basic and ultrabasic rocks. Additionally, the Norte Basin
exhibits potential efficient cap rocks, including basalts and dolerites, with geological analo-
gies to the Mali field. Indirect evidence of Hj in a free gas phase has been observed in the
western Norte Basin. This suggests the presence of a potential H, system in this area, linked
to the Arapey Formation basalts (seal) and Mesozoic sandstones (reservoir). Furthermore,
the proposed H; system could expand exploration opportunities in northeastern Argentina
and southern Brazil, given the potential presence of similar play/tramp.

Keywords: Uruguay; natural hydrogen

1. Introduction

Climate change, as a global phenomenon driven by anthropogenic activities and
greenhouse gas emissions, has become one of the most urgent global challenges of the
21st century. According to the annual climate change report of the Intergovernmental
Panel on Climate Change (IPCC), achieving the Paris Agreement’s goals to limit the global
temperature increase to 1.5 °C requires a rapid and significant reduction in greenhouse
gases by 2050 [1]. In this global context, increasing the production of low-carbon energy
sources and minimizing the CO, emissions from raw material production are essential.

In the last decades, dihydrogen (H) has emerged as part of the new energy mix to
help carry out decarbonization of the industry and mobility. Its demand has increased
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significantly, rising from approximately 40 Mt (million metric tons) in 1990-1995 to 94 Mt
in 2021, with expectations to reach 180 Mt in 2030 [2]. H; can be generated from multiple
sources, including hydrocarbons (with and without carbon capture and sequestration) or
water, thanks to the electrolysis process, thus giving it the status of an energy vector. How-
ever, today, most of the produced Hj is generated from fossil sources with CO,-intensive
processes. According to IRENA (n.d.), global H, production at the end of 2021 primarily
came from natural gas (47%), coal (27%), oil as a by-product (22%), and electrolysis (4%)
but mainly from H;S. The water electrolysis from renewable electricity represents less
than 0.5% of the production, evidencing that the current state of Hy production is still
significantly reliant on carbon-emitting processes.

In this global context, Uruguay presents a highly diversified energy matrix with a
significant contribution from renewable energy sources, demonstrating the success of
having undergone a first energy transition. According to the 2022 energy balance report
published by the ministry, the BEN, electricity generation comes from hydroelectric (39%),
wind (32%), thermal-biomass (18%), thermal-fossil (9%), and solar (3%) energy sources.
Since the electricity sector is largely decarbonized, Uruguay is currently positioned to carry
out a second energy transition. In this context, a national “Uruguay’s Roadmap for Green
Hydrogen and Derivatives” was released in 2023, supporting a national development for a
green hydrogen economy.

However, in recent decades, natural H; has emerged as an alternative energy source. It
is defined as a “new, clean and low-carbon source of hydrogen that is produced by the Earth,
and can migrate and accumulate in geological reservoirs” [3,4]. According to [5], natural
Hj generation may result from different reactions in rocks, such as oxide reduction between
Fe?* and H,O, water radiolysis, and organic late maturation. Its expected commercial costs
range between $1-2/kg or less, which could make it competitive with H; from natural
gas and coal, which are around $2/kg and significantly cheaper than green hydrogen,
which is announced at around $ 8/kg but remains much expensive due to the slow start of
this industry (Reference [4] and references therein). Therefore, natural H; represents one
promising new energy source for the 21st century, offering a low-carbon, sustainable, and
potentially renewable alternative for hydrocarbons [3,6].

Its natural occurrence has been widely reported. Reference [6] listed 465 sites world-
wide, with H; appearing as a free, inclusion or dissolved gas in several geological envi-
ronments, but the list has become larger since the prospection started. Its exploration has
been overlooked in the past due to the lack of interest in low-carbon Hy, as well as several
erroneous ideas about the impossibility of finding Hy accumulation, its diffusive character,
and fast consumption by microorganisms. All these assumptions were initially incorrect,
but exploration remains limited since the mining code still does not include this natural
resource in many countries [7].

Currently, H, has been exploited in the Bourakebougou field in Mali (West Africa)
since 2011 by HYDROMA in the Neo-Proterozoic Taoudeni Basin. They reported a gas
composition of mostly pure hydrogen (98%), nitrogen (1%), and methane (1%) [8]. Ac-
cording to [9], the upper reservoirs of the Bourakebougou field are a dynamic hydrogen
system that is recharged with natural H-rich gas at a production timescale. Other com-
mercial prospectives (currently not exploited) are also reported from geothermal plants
in Iceland [10]. The authors reported a total H, emissions of 1.16 Kt/year from seven
operational geothermal plants with a capacity of approximately 740 MWe between 2019
and 2020. Several natural H, occurrences on surface sub-circular depressions (SCDs) or
“fairy circles” with specific characteristics in terms of geometry and influence on the vege-
tation represent an indicator for natural Hj exploration [11,12]. They have been reported
in Russia [13], United States [14], Mali [8], Brazil [15,16], Namibia [12], Australia [17,18],
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and Colombia [19], among others. Additionally, natural H, exploration worldwide has
significantly increased in recent years, with several discoveries reported in the United
States, Australia, and France, among others. As a result of this growing and exponential
interest in understanding and exploring natural Hy, the number of scientific publications
explicitly reporting natural H; occurrences has increased significantly over the last few
decades [3]. Reserves can not be precisely evaluated since the number of dedicated wells is
small, but resources are huge, and they allow for being optimistic about the quantity that
could be produced [20,21].

This study presents a first review of potential natural Hy-generating rocks in Uruguay
outcropping basement, including their location, geochemical data, and main geological
characteristics. Identifying the most promising generating rocks on the surface allows us to
infer their presence underlying onshore sedimentary basins, which will be the necessary
primary setting for Hy accumulation. Exploration areas are proposed with a prospective
geological analysis (H,-generating rocks, migration pathways, reservoirs, and cap rocks),
providing potential natural H; systems for the most promising onshore sedimentary basins.
Given the absence of background knowledge on natural Hp in Uruguay, both from a
scientific and governmental perspective, the objective of this study is to conduct the
first preliminary assessment of the natural Hy potential in Uruguay, contributing to its
knowledge and establishing guides for its exploration.

2. Uruguay Geological Framework

The Uruguay geological setting is divided into two lithospheric units: a cratonic
area (the Rio de la Plata Craton) and an orogenic belt (the Dom Feliciano Belt), along
with three main Phanerozoic sedimentary basins (Figure 1). The basement rocks are
composed of Precambrian rocks, outcropping in the southern region and in the Rivera
and Acegud “crystalline islands” (northeast Uruguay). Despite different interpretations,
three main domains are recognized in the Uruguayan basement from west to east: the
Piedra Alta Terrain (PAT), the Nico Pérez Terrain (NPT), and the Dom Feliciano Belt (DFB)
(Figure 1A) [22-27].

The PAT, bounded to the east by the Sarandi del Yi Shear Zone (SYSZ) (Figure 1A), rep-
resents a juvenile Paleoproterozoic unit related to the Transamazonic orogenic event [24,25].
From south to north, it is composed of three supracrustal metamorphic belts, an extensive
granite-gneissic-migmatite area, and late to post-orogenic granitic intrusions [24,28]. In
addition, an east-northeast (N70°E) dyke swarm, named Florida Dyke Swarm, intruded
the PAT during the Paleoproterozoic [29,30,30,31], among others.

The NPT, located between the SYSZ and the Retamosa Thrust (Figure 1A) [23], is
composed of two main structural blocks named Valentines-Rivera Granulitic Complex [24]
and Pavas Block [32] (Figure 1A), which were reworked during the Brasiliano-Panafricano
Orogenic Cycle [24,33]. It presents high-grade metamorphic Archean to Paleoproterozoic
rocks, an extensive anorogenic batholite (Illescas Batholite), and post-orogenic Ediacaran
granitic intrusions.

The DFB, located east of the SYSZ and Retamosa Thrust (Figure 1A), represents the
results of the Brasiliano—Panafrican Orogenic Cycle (ca. 750-550 Ma) in Uruguay [25].
It extends in a regional northeast direction until the state of Santa Catarina in southern
Brazil [34] and comprises basement inliers, supracrustal rocks, granitic intrusions, late
Brazilian extensional magmatism, and molassic sequences [23]. Following the regional
direction, the DFB is affected by NNE-trending shear zones.
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Figure 1. (A) Precambrian basement and its Phanerozoic sedimentary basins (modified from [23,35])
In subfigure the location of Uruguay in South America. (B) Bouguer anomaly map of Uruguay
(modified from [36]). Red dotted circles indicate the ring complexes [37] indicated. PAT: Piedra
Alta Terrain; NPT: Nico Pérez Terrain; DFB: Dom Feliciano Belt; RCI: Rivera “Crystalline Island”;
ACI: Acegua Crystalline Island; SLB: Santa Lucia Basin; LMB: Laguna Merin Basin; SYSZ: Sarandi del
Yi Shear Zone; RT: Retamosa Thrust; SBSZ: Sierra Ballena Shear Zone; CTSZ: Cueva del Tigre Shear
Zone; ACSZ: Alferez-Cordillera Shear Zone; AF: Arapey Fault; DF: Dayman Fault; QF: Queguay
Fault; IH: Itapebi High; P-CH: Paguero-Cuar6 High; SRH: Santa Rosa High; CML: Cebollati-Merin
Lineament; AICL: Aigué-India Muerta-Chuy Lineament.

Three main sedimentary basins are recognized in onshore Uruguay: the Paleo-
Mesozoic Norte Basin (NB), the Mesozoic Santa Lucia (SLB), and the Laguna Merin (LMB)
basins in the south (Figure 1A). The NB represents the Uruguayan portion of the larger
intracratonic Parand Basin (Brazil) and Chaco-Parand Basin (Argentina). Located in north-
ern Uruguay, it comprises Paleozoic to Mesozoic sedimentary rocks and basaltic flows
related to the western Gondwana fragmentation and evolution. Basin infill is divided
into four mega-sequences bounded by regional unconformities: (a) Devonian: shallow
marine and transitional sedimentary rocks outcropping in the south NB region [38]; (b) late-
Carboniferous to Permian: glacial deposits that transition to fluvial and aeolian deposits at
top [39]; (c) Jurassic—Cretaceous: continental, fluvial and aeolian sedimentary rocks, and
volcanic rocks up to 1000 m thickness of basalt flows [39,40]; (d) Upper Cretaceous: fluvial
continental deposits restricted to the western NB region [41]. The maximum sedimentary
thickness was recorded in the Salto and Belén wells (2206 and 2336 m, respectively). How-
ever, the targets of both exploratory wells were anticline structural highs [42]. Based on
geophysical information, [35] infer a potential maximum basin thickness of ~3500-3700 m
in western NB lows through the Arapey—Dayman corridor. Basin infill is controlled by two
main structural features inherited from basement compartmentalization. The NNE-SSW
structures are associated with regional discontinuities that were reactivated during the Late
Paleozoic by dextral transcurrent movements, while the NW-SE structures were reactivated
during the Late Permian and primarily the Mesozoic, controlling the Cretaceous volcanic
emplacement and structural lows and highs [43] (Figure 1).
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In southern Uruguay, two pull-apart intracratonic basins are present through the
Santa Lucia-Aigua-Merin N70° structural lineament [44—46]. The SLB was formed through
ENE crustal weakness in the PAT [24,47] (Figure 1A). It comprises a sedimentary infill of
basaltic flows at the base and continental Mesozoic fluvial, aeolian, and lacustrine deposits,
with a thin Cenozoic sedimentary cover. Its internal configuration presents two main
sub-basins to the north and south of the E-W Santa Rosa High (Figure 1). The LMB,
in southeastern Uruguay, has an ENE structural configuration bounded to the north by
the Cebollati-Merin Lineament (N50°) and to the south by the Aigua-India Muerta-Chuy
Lineament (N85°) (Figure 1) [44,48]. It is mainly composed of igneous Jurassic-Cretaceous
rocks and a Cretaceous to Cenozoic sedimentary cover. Maximum depths were recorded
in the Puerto Gomez N°502 well with a total depth of 1360 m [49]. Based on the results
from magnetotelluric surveys, Reference [49] indicates a maximum basin thickness infill of
2500 m.

3. Material and Methods

Firstly, a potential Hp-generating rock catalog was performed, following the generating
rock classification described by [5], which defines four types of rocks based on their
affinity for hydrogen generation processes: (i) H,_GR1: basic and ultrabasic rocks of
mantellic/oceanic affinity (e.g., peridotites, gabbros, and basalts), which generate natural
Hj through their hydrothermal alteration; (ii) Hy_GR2: iron-bearing rocks (banded iron
formations (BIFs), intrusive rocks (e.g., biotite-rich granites)) with the potential to generate
natural Hy through redox processes during aqueous alteration; (iii) H,_GR3: radioactive
continental rocks, which generate natural Hj through radiolysis processes involving H,O;
(iv) Hp_GR4: organic-rich rocks (coal, shaly coals, and shales) that generate natural H; at
high temperatures regardless of H,O presence. The potential for natural H, generation
is related to critical parameters such as FeZ* /Fe'°t for Hy,_GR1 and H,_GR?2, the content
of radioactive elements (U, Th, and K) for H,_GR3 and the Total Organic Carbon (TOC)
for Hy_GR4. Due to the absence of Fe-speciation data on potential natural Hy-generating
rocks in Uruguay, the total content of FeO or Fe;Oj is provided as a preliminary proxy.
For generating rock abbreviations references, see the summarized catalog in Table 1. This
catalog details the location, geochemical data, and main geological characteristics of each
Hy-generating rock. The data were collected from a literature review and from airborne
geophysical data for radioactive elements (U, Th, and K) content. The geophysical data
were acquired during 2014-2015 by the Geological Survey of Uruguay (DINAMIGE-MIEM),
covering close to 90% of Uruguayan basement rocks (excluding the Rivera “Crystalline
Island”) [23].

Based on a review of geological and geophysical data from onshore sedimentary
basins, an integral analysis of prospective areas and potential H, systems was performed,
defining the generation, accumulation, and trapping processes. The models were conducted
following the analogy to petroleum systems already exposed in the literature for natural Hp
exploration [6,17,19,50-53], among others. These areas will represent the most favorable
locations for large-scale natural H, accumulation for future exploration. A review of
logging data from old exploration wells in the most promising areas was also conducted.
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Table 1. Summarized potential natural H,-generating rocks catalog.
H, GR1 Geological unit ID Domain Fe content References
Paso del Dragén Fm. S1 DFB 2.55-5.17%; 10.25-17.68% (Fe>03) [34,54]
. Ojosmin Complex S2 TPA 9.7% (Tremolite); 16.5% (Gabbro) (Fe;O3) [28]
Serpentinites
Tapes Complex S3 DFB 7.56%; 15.88% (Fex03) [55,56]
Arroyo Grande Fm. S4 TPA n.d -
Guaycuru Complex G1 TPA 8.0% (FeO); 3.2% (Fep0O3) [57,58]
Isla Mala Suite G2 TPA 8.5 £ 1%; 7.71-9.84% (Fe203) (Rospide) [58,59]
Gabbros Lascano alkaline serie ~ G3 LMB 12.39-13.08% (Fe»O3) [37]
Coronilla G4 LMB 11.38-15.97% (Fe»O3) [37]
Carbonera G5 LMB 9.86-11.19% (Fe,03) [37]
Mafic Dyke Florida DS1 TPA 8.21-12.67%; 7.93-13.25% (FeO) [22,60]
Swarms Nico Pérez-Zapican =~ DS2 TPA/NPT/DFB n.d -
H;_GR2 Geological unit ID Domain Fe content References
Valentines Fm. I1 NPT 33-46%; 40.83-52.25% (Fe) [61,62]
Vicahedero Fm. 12 NPT n.d [63]
Cebol(ljez)trl’r{gﬁi Tetas 3 DFB nd B
BIFs A“"Y"Gig{l?omado 14 DFB 35.45-40.06% (Fe203) (Yerbal Fm.) [64]
Marco de los Reyes Fm. 15 DFB 55 4+ 6% (Fe203) [28]
Manguera Azul Fm. 16 DFB n.d -
Paso Severino Fm. 17 PAT n.d -
H,_GR3 Geological unit ID Domain Rad(ig;r;)etric K (%) Th(ppm) U (ppm) References
Tllescas batholith R1 NPT 12,100 5.1 132 28 [23]
Flof;ﬁglgt‘;i)gué R2 DFB 3900 44 34 7 23]
Los C;;{;}é?ﬁﬁ;*igm R3 DFB 3480 41 28 6 [23]
Granite José Ignacio R4 DFB 2800 4.2 21 2 [23]
Intrusions  ganta Lucfa batholith RS DFB 4557 5.2 48 7 [23]
Polanco R6 DFB 4245 4.1 36 7 [23]
Cerro de las Cuentas R7 NPT 4345 4.9 38 6 [23]
Cuchilla Dionisio g DFB 3680 41 33 4 [23]
Cerrezuelo R9 NPT 3320 4.7 27 3 [23]
11\1;(;11:;‘11:);(:5 Sierr(fjiofrel ﬁé‘imas R10 DFB 3320 46 2 5 [23]
Sierra de Rios Fm. R11 DFB 3560 4.2 33 5 [23]
H, GR4% Geological unit ID Domain TOC (%) References
Coals Tres Islas Fm. 01 NB n.d -
Oil shales Mangrullo Fm. 02 NB 8.93;12.5 [65,66]
Gas shales Cordobés Fm. 03 NB 3.6 [65]

4. Results: Potential Natural H>-Generating Rocks
4.1. Basic and Ultrabasic Rocks from Mantellic/Oceanic Affinity (Hy_GR1)

Basic and ultrabasic rocks, serpentinites, gabbros, and mafic dyke swarms, are widely

present in Uruguay, mainly in the PAT and LMB.
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4.1.1. Serpentinites

The presence of serpentinites in Uruguay is restricted to the Paso del Dragén Complex
and the Tapes Complex in the DFB, and the Ojosmin Complex and the Arroyo Grande
Formation in the PAT.

The Paso del Dragén Complex (S1; hereafter refer to Figure 2 and Table 1), located at
the northern extreme of the DFB, is an allochthonous Neoproterozoic fragment composed
of two lithodemc units: La Micaela Schist and Cerro La Tuna serpentinites [34]. According
to the authors, the Cerro La Tuna serpentinites comprise deformed and lower greenschist
metamorphic facies serpentinites, tremolite schists/granofels, talc, and chlorite schists.
These mafic and ultramafic rocks exhibit a trend ranging from N20°E to E-W within the
Paso del Dragén Complex. Several authors, including [67], consider the Paso del Dragén
Complex as an ophiolite relict, and regional correlations link this complex to the Chameis
Gate Ophiolitic Complex (Marmora Terrain of the Gariep Belt) in South Africa [54] or with
the Arroio Grande Ophiolitic Complex in Rio Grande do Sul, Brazil [68]. Despite different
interpretations, the possible ophiolitic genesis of the Paso del Dragén Complex highlights
its potential as a natural Hy generating rock. However, its outcropping area is restricted,
and superficial rocks present high alteration (already serpentinized), so its potential interest
has to be considered in its subsurface extent. Reference [56] presents geochemical data for
the Cerro La Tuna amphibolites, with Fe,O3 values ranging from 10.25% to 17.68% (wt.%),
while others present values between 2.55% to 5.17% (wt.%).

In the central PAT, an assemblage of tremolites, gabbros, and a meta volcano-
sedimentary succession grouped in the Ojosmin Complex (S2) (probably Paleoproterozoic)
is described by [28], outcropping as a tectonic fenster. Geochemical data for tremolites and
gabbros indicate MORB and depleted mantle affinity, suggesting to the authors that the
Ojosmin Complex could be related to an ophiolitic relict. Fe;O3 values for the tremolites
and gabbros are 9.7% and 16.5% (wt.%), respectively, based on the average of only two
samples. Despite the authors highlighting its potential interest as an ophiolitic relict, no
additional studies were conducted subsequently.

The Tapes Complex (S3) is a Mesoproterozoic volcano-sedimentary succession charac-
terized by low-grade metamorphism (greenschist facies). It is composed of chlorite schist,
metawackes, serpentinites, tremolitites, cherts, and limestones. With a regional NE struc-
tural trending orientation, the Tapes Complex outcrops in two main areas: the Mariscala
(N30°E) and Zapican (N70°E) belts (see review in [56]). According to petrographic analysis,
serpentinites mineralogy presents serpentine, talc, tremolite, chlorite, dolomite, and mag-
netite. Reported serpentines geochemical data present Fe; O3 values of 7.56% (wt.%) [56]
and 15.88% (wt.%) [55].

The Arroyo Grande Formation (S4) is a lower to middle-grade metamorphic volcano-
sedimentary succession located in the northern PAT with a regional NNE-E structural trend.
It is composed of Paleoproterozoic [69] serpentinites, rhyolites, metabasalts, andesites, and
variable sedimentary facies from conglomerates to mudstones [28]. No geochemical data
are presented for the serpentinites until date.
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Figure 2. Serpentinites, gabbros, and mafic dyke swarm locations, i.e., Hy_GR1, in southern Uruguay
(modified from [23,31]). SLB: Santa Lucia Basin; LMB: Laguna Merin Basin; SYSZ: Sarandi del Yi
Shear Zone; RT: Retamosa Thrust; SBSZ: Sierra Ballena Shear Zone; CTSZ: Cueva del Tigre Shear
Zone; ACSZ: Alferez-Cordillera Shear Zone; TSZ: Tupambaé Shear Zone.

4.1.2. Gabbros

The presence of basic igneous intrusions is mostly restricted to the PAT in southwest
Uruguay and to the LMB, where several gabbros are mapped (Figure 2).

The Guaycura Complex (G1), located in south—central region of the PAT, presents
several Paleoproterozoic gabbros, gabbro-norites, and norites intrusions of tholeiitic
affinity [28]. The presence of olivine in the different intrusion mineralogy has been re-
ported by several authors [70], highlighting a 5-10% olivine content in La Mandarina
gabbro [57]. Additionally, [70] report FeO and Fe,O3 content values of 8.0% and 3.2%
(wt.%), respectively, based on a single sample from the Mahoma gabbro. The gravimet-
ric results presented by [71] suggest an average depth of 2000 m for the intrusion in the
same area.

Reference [60] compiled several Paleoproterozoic intrusions in the PAT and re-
ferred to them as the Isla Mala Suite (G2). The authors included the Rospide gabbro,
the Carreta Quemada hornblende gabbro, and Reboledo (gabbros and hornblendites).
For a detailed mineralogical description, refer to the review by [55]. Regarding the
Rospide gabbro, [58] presented geochemical results of Fe,O3 with values around 8.5 &+ 1%
(wt.%), while [59] indicates Fe,O3 values ranging between 7.71% to 9.84% (wt.%) (from
four samples).

Other individual gabbros are reported in the PAT (e.g., San Carlos gabbro and Marin-
cho Complex, among others). However, due to the absence of detailed petrographic and
geochemical studies, they are not considered in the current catalog.

In southeastern Uruguay, Reference [38] described several early Cretaceous gabbro
intrusions within four ring complexes related to the intrusive magmatic evolution of the
LMB (Figures 1B and 2). They reported a series of gabbros within the Puerto Gémez
Formation [72], specifically the Lascano alkaline series (G3), Coronilla (G4), and Carbon-
eras Units (G5). The gabbros present the highest densities (up to 2.00 g/cc) and Fe,O3
content within the intrusive complex, with values ranging from 9.86% to 15.97% (wt.%).
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Additionally, the authors propose that gravity anomalies in the area (Figure 1B) are the
result of the shallow emplacement of these gabbro dykes, sills, and plugs, which are ge-
netically related to a possible more voluminous underlying intrusion at depths of up to
5 km.

4.1.3. Mafic Dyke Swarms

Based on recent airborne magnetic data, Reference [32] characterized two main re-
gional dyke swarms in the Uruguay basement, named Florida and Nico Pérez-Zapican
(Figure 2). According to Euler deconvolution results, the authors estimated root depths
ranging from 0 to 500 m, suggesting surface to shallow dyke emplacements.

The Florida Dyke Swarm (DS1) is restricted to the PAT and represents a 250 km long
and 200 km wide swarm of ENE dyke intrusions with dips around 90° to 60° (to the
north). According to field data from [60], individual intrusions present a 30 m width
and an average length of 1000 m. Outcropping dolerites dykes from the Florida Dyke
Swarm were characterized by [27], which described rocks of andesitic composition with
high titanium content (group A) and andesitic-basaltic rocks of low titanium content
(group B). Reference [23] presents geochemical results from 14 samples, with FeO values
mainly ranging between 8.21% to 12.67% (wt.%) (except for one sample with 1.54% FeO
content). Additionally, [60] differentiated the same groups described by [27] and presented
geochemical data of FeO with values ranging from 10.95% to 13.25% (wt.%) (group A) and
7.93% t0 9.07% (wt.%) (group B), from 28 sampled taken from 16 individual dykes.

The Nico Pérez-Zapican Dyke Swarm (DS2) crosscuts the Uruguayan basement, mostly
in the NPT. It has a general ESE orientation (N100-110°E) and covers an area of 350 km
long and 150 km wide. Mesozoic tholeiitic basalt dykes with the same trend were described
by [73] in a limited area within the region of the Nico Pérez-Zapican Dyke Swarm, as
identified by [31]. No geochemical data are reported.

Despite being individual intrusive rocks, the high spatial frequency of these regional
and voluminous mafic dyke swarms in Uruguay suggests they may be considered as an
additional potential source of natural Hy. The mapped area extent of the dyke swarms
observed in Figure 2 reflects the limits of the airborne survey coverage.

4.2. Iron-Bearing Rocks (H,_GR2)
Banded Iron Formation

Paleoproterozoic and Neoproterozoic BIFs have been described in the basement rocks
of Uruguay. The most voluminous iron resources in Uruguay are within the Valentines For-
mation in central NPT and Vichadero Formation in the Rivera “Crystalline Island” (NPT),
both part of the Valentines-Rivera Granulitic Complex [24] (Figures 1 and 3). According
to the authors, this complex may continue in southeastern Brazil (~100-130 km from the
Uruguayan frontier) in the Taquaremb¢ Block.

The Valentines Formation (I1; hereafter refer to Figure 3 and Table 1) is an Arquean to
Paleoproterozoic high-metamorphic (granulitic facies) and deformed iron-rich formation
located in central NPT [74,75]. With an outcropping area of ~850 km?, the Valentines
Formation represents one of the highest magnetic anomalous units (up to 3185 nT in its
internal subdomain) in the Uruguayan basement rocks [23] (Figure 3B). It is composed
of gneisses, granites, pyroxenites, and magnetite-augitic quartzites, locally referred to as
“Valentinesite” due to its unique mineral composition not previously described in the
literature. The Valentinesites are banded iron formations with a maximum Fe, O3 between
28 and 35%, and a mineral assemblage of quartz (40%), magnetite (33%), and aegirine-
augite (25%) [61]. Based on the results from around 800 drill cores and surface geochemical
samples, a minimum Fe content of 33%, a maximum of 46%, and an average of 38.5% (wt.%)
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were reported. Additionally, geochemical results from drill cores in the Valentines and Las
Palmas areas reported Fe concentrations ranging from 40.83% to 52.25% (wt.%) (in terms
of total Fe,O3) [62]. Geochemical signatures suggest that iron-rich rock protolith from the
Valentines Formation were deposited in suboxic to anoxic waters with high-temperature
hydrothermal fluids [62].

The Valentines Formation represents the largest iron-rich deposit in Uruguay. Explo-
ration campaigns in the area were conducted between 1950 and 1960, and more recently
in the 2010s, when detailed mapping and drilling quantified the mineral resources [76].
According to information from the recent exploration company, a total resource of 764 Mt
of iron was measured.

The Vichadero Formation (I12) is an Early Paleoproterozoic [77] high-metamorphic
(granulitic facies) and deformed iron-rich formation outcropping in the Rivera “Crystalline
Island” basement horst, within the NB [76]. According to the authors, the Vichadero For-
mation comprises BIFs, manganese iron formations, quartzite, forsterite marble, calcsilicate
granofels, clinopyroxene granofels, tremolite granofels, and mafic metavolcanic rocks.
Based on petrographic and geochemical results, four types of BIFs and Mn-rich formations
were classified. Group 1 represents BIFs composed of centimeter-sized quartz, magnetite,
and hematite minerals, while group 2 presents BIFs with the same mineralogical content
as group 1 with manganese silicates, including pyroxene, pyroxenoid, and amphibole.
Both groups present SiO, and Fe;O3 values > 90% (wt.%). Group 3 consists mostly of
garnet-bearing rocks, and group 4 comprises massive iron-manganese rocks. Protolith
genetic interpretations suggest a chemical sediment enrichment in a chert and carbonate
shelf succession for the BIFs.

Chronological and geological similarities between the Valentines and Vichadero For-
mation indicate a coeval formation [76]. According to the authors, iron resources from both
BIFs represent more than 600 Mt with values around 28% Fe (wt.%), thereby representing
the main iron-bearing natural H, potential generating rocks of Uruguay.

GR2

3275

NORTE
BASIN

Figure 3. (A): BIFs locations (modified from [76]). (B): Anomalous magnetic field reduced to the pole
map (modified from [23]). SLB: Santa Lucia Basin; LMB: Laguna Merin Basin; SYSZ: Sarandi del Yi
Shear Zone; RT: Retamosa Thrust; SBSZ: Sierra Ballena Shear Zone; CTSZ: Cueva del Tigre Shear
Zone; ACSZ: Alferez-Cordillera Shear Zone; TSZ: Tupambaé Shear Zone.

In western DFB, the presence of Paleoproterozoic BIFs is described in the Cebollati
Complex (I3) [78], also known as the Las Tetas Complex [79]. The Archean to Paleoprotero-
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zoic succession presents highly deformed and medium metamorphic grade (amphibolite
facies) metaquarzite, micaschist, metaconglomerate, and marble. The authors indicate the
presence of BIFs in the Arroyo Malo Formation, and in the Cerro del Diamante Formation
(25 m thickness of BIFs), which the authors grouped into the Cebollati Group. According
to [76], the presence of BIFs in the Cebollati Group is scattered.

Neproterozoic BIFs are present in western DFB, in the Arroyo del Soldado Group
(I4) [80]. It represents an Ediacaran marine shelf succession, in which the presence of
BIFs is reported in the Cerro Espuelitas and Yerbal formations. The Cerro Espuelitas
Formation presents an upper succession of up to 110 m of BIFs and cherts. The BIFs
are alternating bands of magnetite to hematite with a maximum Fe,O3 content of 35%
(wt.%) and average values of 21% (based on 21 samples). The formations were later
redefined as a succession of shales and cherts, with iron-rich rocks at the top, indicating
that no BIFs were documented. The Yerbal Formation represents a 1500 m succession of
interbedded mudstones, sandstones, carbonates, cherts, and BIFs. BIFs from the Yerbal
Formation reach a maximum thickness of 50 m and, according to [81], are composed of 24%
magnetite/hematite. Total Fe;O3 content ranges between 35.45% to 40.06% (wt.%).

Reference [71] indicates the presence of metamorphic BIFs in amphibolite facies
(taconite) within the Marco de los Reyes Formation in the Carapé Group (I5) or Zanja
del Tigre Formation. According to the authors, the formation is a Neoproterozoic succes-
sion of taconites (metamorphic BIFs), limestones, micaschists, quartzites, amphibolites, and
gneisses. Average values of 55 £ 6% of Fe;O3 (wt.%) content were reported in the taconites.
However, its surface presence is not well developed.

Additional scattered BIF occurrences are also recorded in the Manguera Azul Forma-
tion (16) (Paleoproterozoic carbonatic succession) [82] with millimetric levels of quartz and
hematite in a lower dolomitic-siliciclastic member, and in the PAT in the Paso Severino For-
mation (I7) (Paleoproterozoic sedimentary succession). However, their spatial dimensions
are small, and no geochemical data for the BIFs are presented at date.

4.3. Radioactive Rocks (H,_GR3)

Radioactive rocks in the Uruguayan basement can be identified by the radiometric
(total counts) and potassium (K), thorium (Th), and uranium (U) signature content maps
presented by [23]. According to the authors, the radiogenic values of these elements were
mapped in the upper 0.5 m of the surface. As shown in Figure 4, the highest radiometric
values are predominantly related to intrusive rocks in the NPT and DFB. No anomalous
values are recognized in the PAT. Although the authors conduct a detailed analysis of the
radiometric content in the Valentines Formation, the Illescas Batholith, and the Sierra de
Animas Complex, the present catalog also includes a brief description of several Neopro-
terozoic intrusions in both domains, which exhibit high radiometric values, indicating their
potential as radioactive rocks. The Valentines Formation was previously characterized by
its iron-rich content; hence, no further information is provided below. For K (%), Th (ppm),
and U (ppm) contents, see Table 1.

The Illescas Batholith (R1; hereafter refer to Figure 4, Table 1), located in the western
NPT within the Valentines-Rivera Complex, presents the major radiometric anomalous
values in the NPT [23]. It represents the largest granitic intrusion with an outcropping
area up to 750 km?, crosscut on its western flank by the SYSZ (Figure 4). Geochronological
data indicate a Statherian crystallization age (1768 £ 11 Ma in [83]). It comprises mostly
granites with rapakivi texture, representing an anorogenic intraplate magmatism event.
According to [23], high values of radioactivity (up to 12,100 total cps) were verified in the
B2 subdomain defined by the authors, in which two anomalous peaks are observed. The
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south peak presents K, Th, and contents of 3.7%, 132 ppm, and 28 ppm, while the north
peak presents values of 2.7%, 117 ppm, and 12 ppm, respectively.

Figure 4. (A): Radioactive intrusive rocks in NPT and DFB with the position of the known H,_GR3.
(B): Radiometric map of total counts (counts per second) of the NPT and DFB (data from [23]).
SLB: Santa Lucfa Basin; LMB: Laguna Merin Basin; SYSZ: Sarandi del Yi Shear Zone; RT: Retamosa
Thrust; SBSZ: Sierra Ballena Shear Zone; CTSZ: Cueva del Tigre Shear Zone; ACSZ: Alferez-Cordillera
Shear Zone; TSZ: Tupambaé Shear Zone.

In the DFB, several high radiometric values are related to Brasiliano orogenic event
intrusive rocks. A series of calco-alkaline granite intrusions, grouped into the Aigua
batholith [32], are reported between the Sierra Ballena Shear Zone and Alferez-Cordillera
Shear Zone (R2 and R3). Figure 4B suggests that the highest total radiometric values up
to 3900 and 3480 (total cps) within the batholite correspond to the Florencia (R2) and Los
Cerrillos granites (R3), respectively, described by [84] in a detailed study of the area. The
intrusions consist of isotropic (Florencia) to deformed (Los Cerrillos) equigranular granites
with quartz, potassic feldspar, and biotite.

Southeast of the Alferez-Cordillera Shear Zone, high radiometric values (up to
2800 total cps) are also observed in the Ediacaran José Ignacio granite (R4) [85]. The intru-
sion outcrops in an area, extend ~270 km? and presents inequigranular granitic lithologies
compounds of quartz, feldspar, and biotite [84].

North of the city of Minas, several circular and sharp contact granitic intrusions exhibit
high radiometric values (Figure 4). Reference [82] named these individual granite intrusions
as Marmarajd, Arroyo del Soldado, Barriga Negra, and Polanco. The first three are usually
grouped into the Puntas del Santa Lucia batholith (R5). The batholith comprises several
intrusions of granites, granodiorites, monzogranites, and syenites with equigranular and
isotropic textures, reaching radiometric values up to 4557 (total cps). Reference [83] reported
a crystallization age of 633 & 8 Ma in a monzogranite. The Polanco granite (R6), northwest
of the Santa Lucia batholith, presents maximum radiometric values of 4245 (total cps).

Additional high radiometric values are observed in the northern NPT close to the NB
boundary and in northern DFB, close to the Treinta y Tres city (Figure 4). These values are
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related to Brasiliano granitic intrusion and are named by [85] as the Cerro de las Cuentas
(R7), Treinta y Tres (R8) (DFB), and Cerrezuelo (R9) (NPT) granites. Reference [84] mapped
the Treinta y Tres as Cuchilla Dionisio granite (R8), describing a porphyric and isotropic
granite with high contents of biotite, in which a crystallization age of 577 &= 2 Ma is reported.
According to Figure 4, radiometric values up to 4345, 3680, and 3320 (total cps) are reported
for the Cerro de las Cuentas, Arroyo Malo, and Cerrezuelo granitic intrusions, respectively.

Volcanic intrusions with high radiometric values are also reported in the Sierra de
Animas Complex (R10) and Sierra de Rios Formation (R11). The first presents radiometric
counts up to 3320 total cps and high amounts of K, Th, and U [23]. The complex exhibits an
N-S trend with a length of 50 km and a width of 5-10 km, parallel to the SYSZ. Lithologies
comprise syenites, microsyenites, trachytes, granophyres, rhyolites, and basalts, represent-
ing an Ediacaran magmatism event [86]. The Sierra de Rios Formation reached radiometric
values up to 3560 (total cps). The formation is a compound of rhyolites and ignimbrites
with an age of 575 & 14 Ma.

4.4. Organic-Rich Rocks (Hy_GR4)

In Uruguay, the current O&G exploration is taking place offshore, but organic-rich
rocks are also mostly outcropping in the northeast NB within the Permian Tres Islas (coals)
and Mangrullo (oil shales) formations and in the Devonian Cordobés Formation (gas
shales) [65].

The Tres Islas Formation (O1; hereafter referred to as Figure 5, Table 1) is an Early
Permian deltaic sedimentary succession present in the north to northeast NB, with a
maximum thickness of 160 m, as reported in the El Aguila well [39]. According to [39], it is
divided into two members. The lower member comprises arkosic to subarcosis sandstones,
conglomeratic sandstones, and coglomerates restricted to the southeast basin boundary.
The upper member is compound of fine quartzose to micaceous sandstones, with black
shales, coals, and argillaceous limestones associated, suggesting the transition of deltaic
deposits to prodelta and marine shelf. The presence of coals in Uruguay is restricted
to the Tres Islas Formation, with the highest potential found south of the city of Melo
(Figure 5) [39]. Despite the fact that the presence of coal levels has been recognized in
several exploration wells, its exploration potential is limited by its small thickness. In Brazil,
its correlative formation (Rio Bonito Formation) hosts the vast majority of coal deposits
in the country. The Candiota coal deposit is located 50 km northwest of the Cerro Largo
department, in the Uruguayan frontier (Figure 5). Natural H, discoveries were recently
reported in four wells in the southern Parand Basin in Brazil (Rio Grande do Sul and Santa
Catarina states) [53]. The authors indicate that the highest values (up to 8.79% of H;) are
geologically linked to the maturation of coals and shales layers of the Rio Bonito, Taciba,
and Ponta Grossa formations.

Another potential organic-rich rock in Uruguay are the oil shales from the Mangrullo
Formation (O2). This formation is an Early Permian sedimentary succession developed
under restricted underwater conditions, with a maximum thickness of up to 35 m in the
northeast NB boundary, correlated to the Irati Formation in southern Brazil (Figure 5). It
comprises organic-rich shales, mudstones, and carbonates [39,87]. According to the authors,
the Mangrullo Formation is the only proven fossil fuel in Uruguay, with two main oil shales
levels with a maximum TOC of 12.5%. More recently, [66] exposed the results from a source
through rock quality analyses of two wells samples in which 8.93% of TOC and 2.02 (S1)
and 46.92 (52) mg/g from the Rock Eval analyses are presented. The Tmax and vitrinite
reflectance values were 399 & 3 °C and 0.61%. The authors define the Mangrullo Formation
shales as a good to excellent source rock, which is immature, but entering the oil window
near the outcropping area (Figure 5). According to the Hy occurrences already mentioned
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in southern Brazil, the organic-rich shales from the Irati Formation could also contribute
to natural H; generation in the Parana Basin. The most plausible areas are where the
organic-rich rocks are intruded by magmatic sills due to their maturation increase.
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Figure 5. Organic-rich rocks outcropping locations in northeast NB (data from de [39]) depicting the
Candiota coal deposit in southern Brazil (data from [53]). LMB: Laguna Merin Basin; RCI: Rivera
“Crystalline Island”.

The Cordobes Formation (O3) (its equivalent, Ponta Grossa Formation in Brazil) is the
third potential organic-rich rock in Uruguay. It comprises homogenous Early Devonian,
shallow marine shales with maximum thicknesses of 92 m (La Paloma well) located in the
southern NB boundary (Figure 5). It presents TOC values of around 3.6% [65].

Although the occurrence of potential organic-rich rocks is primarily restricted to
northeast Uruguay, their presence in western NB is also inferred from structural and
geophysical data [35,43,88]. According to the authors, the occurrence of pre-Carboniferous
rocks could be restricted to structural lows within the Arapey-Dayman corridor at depths of
approximately 3500 m (Figure 1). Assuming the presence of potential Devonian organic-rich
rocks at these depths, a higher maturation level is very likely.

5. Prospective Areas Analysis

Four regional prospective areas with differential geological characteristics for natural
H; exploration are presented (Figure 6). Each region was defined by its particular basement
rocks, sedimentary cover, and geophysical characteristics. While the LMB is presented indi-
vidually, the NB was divided into three potential areas (NB1, NB2, and NB3). The eastern
part of the NB (DFB domain) is considered to have no potential for natural H, exploration
due to the lack of sedimentary infill. This integral analysis summarizes the natural Hp
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system models for each region, depicting their potential H,-generating rocks, reservoirs,
traps, and migration pathways. A brief description of each region is presented below.

Helium anomalies: [ H2_GR1 B %
A -8 3 g |: Puerto Gémez Fm.
/\>21 He x 10°® (cm?¥g) . Ha_ GR2
= I Cuar6 Fm.
] H2_GR3 - Arapey Fm.

() H2_GR4
W "2 Precambrian basement

Figure 6. (A): Prospective onshore sedimentary basin areas, depicting the potential natural H,-
generating rocks location. (B): Basalt flows formations outcropping areal extent, depicting the
isopach map (m) of the Arapey Formation, and the maximum thickness in basin wells for the Puerto
Gomez Formation. AF: Arapey Fault; DF: Daymén Fault; QF: Queguay Fault; IH: Itapebi High;
P-CH: Paguero-Cuar6 High; CML: Cebollati-Merin Lineament; AICL: Aigua-India Muerta-Chuy
Lineament; SYSZ: Sarandi del Yi Shear Zone; RT: Retamosa Thrust.

5.1. Western Norte Basin

The NB1 area is restricted to the south of the Arapey Fault, overlying the PAT. Ac-
cording to recent studies, the SYSZ (PAT eastern limit) continuing beneath the NB follows
the Bouguer anomaly map lineament (Figures 1B and 6), aligning in the northwest with
the orientation of the Arapey Fault [89]. Higher values of up to 25-30 mGal are observed
in the NB1 relative to the outcropping PAT, matching the B2 and B3 structural domains
with a mean crustal thickness of 37.5 and 36 km, respectively, as defined by [36]. Based
on the Hj-generating rock catalog, gabbros and mafic dyke swarms are expected to be the
potential Hy-generating rocks for the area. The serpentinization of gabbros has already been
proposed as responsible for natural H, generation in Kansas, United States [90]. According
to [91], serpentinization processes are most active at temperatures between 200 and 300 °C.
Based on average geothermal gradient values in the area [92,93], the most productive
serpentinization processes are expected to occur at depths of more than 7 km in the area.
However, other authors showed that low-temperature serpentinization also took place,
as currently in Oman [94], very likely due to the oxidation of other iron oxides [95] or
iron carbonates [96]. In addition, H; generation, through radiolysis processes, must be
considered due to the presence of helium anomalies in the dissolved gases of the confined
Guarani Aquifer System [97]. The study reported maximum values ranging from 21 to
97 x 1078 cm3/g in five wells located along the Dayman and Arapey Faults in the NB1
area (Figure 6A), suggesting radioactive decay processes.

As expressed in the catalog, additional H, generation could be related to the late
maturation of pre-Carboniferous organic-rich rocks preserved on structural lows (Figure 7).
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1,000 m

The maximum sedimentary cover is reached in the northern region, where more than
2500-3000 m depths are expected between the Arapey and Daymédn Faults, and more than
4000 m to the west in Argentina [88]. It is not deep enough to generate Hy with a normal
gradient; at least 200 °C is necessary [98,99], but local higher maturation could be present
in this volcano-sedimentary basin. The presence of deep-seated faults, which intersect
basement rocks is observed from the seismic sections in the area [35]. The Guarani Aquifer
System, hosted by Mesozoic sandstones and trapped by the Arapey Formation (Figure 7),
presents evidence of mixing with deeper waters in this area, suggesting that deep-seated
faults may act as fluid migration pathways.
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Figure 7. Geological cross section of the western NB (see location in Figure 6), depicting potential
natural Hy generation, migration pathways, and trapping (section modified from [35]). PAT: Piedra
Alta Terrain; NPT: Nico Pérez Terrain; GAS: Guarani Aquifer System.

The NB2 area is located north of the Arapey Fault, overlying the western NPT. Its
eastern limit is defined by a strong change in gravity values (between 0 to —30 mGal)
(Figures 1B and 6) and by the different potential reservoirs and cap rocks compared to
the NB3 area. It presents a maximum mean crustal thickness of 38.5 km [36]. Potential
Hj-generating rocks are related to those described in the catalog for the NPT (BIFs and
radioactive rocks). The maximum basin sedimentary infill is reached in its northwestern
area, with values up to 2500 m, but higher depths are inferred at structural lows (Figure 7).

The main potential reservoirs for NB1 and NB2 are represented by the sandstones of
the Mesozoic Tacuaremb6 and Itacumbti, and Early and Late Permian Tres Islas and Buena
Vista formations. Depths must be considered for natural H; solubility in the presence
of aquifers, and will be discussed later in the natural Hy system section. We propose
that the cap rocks would be the basalt flows of the Arapey Formation (equivalent to
the Serra Geral Formation) and genetically related dolerite sills interbedded in the Late
Carboniferous-Permian mega-sequence (Figures 6B and 7). The Arapey Formation [72],
represents more than 40,000 km? of the Lower Cretaceous tholeiitic basalt flows related to
the Parana-Etendeka province’s effusive lavas (Figure 6B). Maximum thickness values of
955 and 460 m are recorded in the NO3S (NB1) and NO9B (NB2), respectively (Figure 7).
The philonian rocks related to NB magmatic evolution are grouped within the Cuaré
Formation [85]. It comprises the Cretaceous tholeiitic sills and dykes mainly developed in
a regional NW-SE trend (Figure 6B). Several dolerite sills are reported in exploration wells
in NB2, interbedded within the Late Carboniferous—Permian mega-sequence, suggesting
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deeper and potentially localized cap rocks (Figure 7). According to [100], the thickness of
the dolerites in the Bourakebougou field represents a key control on H, accumulation and
trapping. Subsurface efficient dolerites’ thickness ranges between 100 and 150 m, while
below 20 m thick their trapping efficiency is non-effective. Figure 7 illustrates dolerites sills
with thicknesses of more than 100 m drilled by wells.

5.2. Eastern Norte Basin

The NB3 represents the eastern part of the NB overlying the NPT. Higher gravity
values are observed compared to the NB2 (0 to 20 mGal) and a mean crustal thickness of
36.5 km [36]. The presence of outcropping BIFs between the geologically linked Valentines
and Vichadero formations suggests that these rocks may also be present in the southern
area of the Rivera “Crystalline Island”, in the NB3 basement (Figure 6). As documented
in the catalog, the iron content in both BIFs represents the major volumes in Uruguay.
Additionally, the highest radioactive values are present in the NPT outcropping area
(Ilescas batholith), suggesting potentially similar Hy-generating rocks for the NB3. In this
area, basin depths range from 200 to 600 m from east to west [101]. Recent studies on redox
processes in BIFs provide evidence that natural H; could be generated at very shallow
depths (<50 °C) through aqueous alteration during surface weathering processes [102].
In addition, batch reactor experiments on magnetite minerals (previously considered a
by-product of H, generation) interacting with anoxic waters have been shown to generate
H, at low temperatures [95]. The occurrence of shallower basement rocks in regions
predominantly characterized by BIFs indicates a highly promising exploration area.

The potential targeted reservoirs will be shallower than those of the northwest NB.
Early Permian Tres Islas Formation sandstones are the only expected reservoir in this area.
Cap rocks will relate to cretaceous dolerite sills, which outcrop in the area (Figure 6B), but
may also be interbedded deeper within the proposed reservoirs. The Bourakebougou field
presents shallow reservoirs at depths of 100 m within dolerites traps as well [8,9]. The
presence of water in this area is associated with the San Gregorio and Tres Islas formation
aquifers, which can be located at the base of the basin in this region and, therefore, reacting
with basement rocks.

5.3. Laguna Merin Basin

H,-generating rocks related to the DFB (radioactive, gabbros) may be present in the
LMB basement. This region exhibits a positive Bouguer anomaly of up to ~100 mGal in the
subsurface and a mean crustal thickness of 33.5 km [36], aligned with a magnetic anomaly
of up to ~1200 nT [37]. This feature has an ellipsoidal shape measuring 80 km by 40 km,
oriented structurally from east to northeast [37]. This anomaly suggests the presence of an
ultramafic rock body located at depths greater than 4 km beneath the LMB, as indicated
by magnetotelluric profiles of the area, which reported a deep, conductive, intrusive
body in the basement [48]. Additionally, high-resolution airborne gravity and magnetic
data revealed several anomalous circular features (20-30 km diameter) related to volcanic
intrusive rocks’ ring complexes [37] (Figure 1B). These features correspond to the same area
where the gabbros previously reported in the catalog for the LMB were described. Genetic
interpretations suggest mafic intrusions akin to the Bushveld- or Trumpsberg-type [103]
or caldera structures associated with mafic intrusive complexes [37]. The presence of
geophysical anomalies and potential ultramafic rocks in the subsurface suggest that the
serpentinization of such rocks could potentially generate significant volumes of natural
H,. However, there is a lack of hydrogeological information regarding potential deep
aquifers. According to magnetotelluric data [48], the basin is bounded by deep-seated
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normal faults rooted in the basement. The southern fault could connect the subsurface
potential ultramafic rocks to potential shallow reservoirs.

Magnetotelluric profiles evidence the presence of conductive levels up to 500 m
thickness at the lower half of the basin infill [48]. The authors correlate these conductive
values (<25 ().m) with possible inter-trap sandstones or highly altered basalts, suggesting
potential reservoirs, covered by a thick volume (non-conductive) of volcanic rocks (Figure 8).
No deepest potential reservoirs are expected at the basin base, beneath the basalts. In LMB,
Early Cretaceous basalt flows are grouped into the Puerto Gémez Formation [72], where
more than 1000 m thickness are reached in the Puerto Gémez N°502 well (Figure 6B). These
volcanic rocks have to be considered as primary cap rocks for the basin.
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Figure 8. Geological cross section of the LMB (see location in Figure 6), depicting potential natural
H, generation, migration pathways, and trapping (modified from [35]). DFB: Dom Feliciano Belt;
CML: Cebollati-Merin Lineament; AICL: Aigud-India Muerta-Chuy Lineament.

6. Discussion: An Analogous Natural H, System from the Malian Field
in Uruguay?

The Bourakebougou field in Mali represents the only commercially exploited natural
H; system worldwide to date, operating at a very local scale. Recent studies have focused
on the reservoir and seal characteristics [8,9,100]. It presents the first shallow carbonate-free
gas Hj reservoir at about 100 m depth, along with two additional deeper free gas Hj
sandstone reservoirs. The shallower reservoir appears to cover an 8 km regional area extent.
The brine spot of the seismic suggests that the accumulation is not continuous, but rather
that it consists of various small shallow free gas accumulations. In addition, dissolved Hp
has also been reported in two other sandstone reservoirs below an 800 m depth, where wells
have been drilled down to 2 km, suggesting that the aquifer is saturated in H,. Dolerite
sills have been there identified as efficient seals.

Neutron logging is the primary tool for identifying potential natural H; reservoirs
when simple gas logging data are absent [9]. Neutron logging reflects the hydrogen atom
content in rocks and fluids, with higher values indicating high clay content or a gas effect
in rocks. In the carbonate upper reservoir, the authors observed a clear offset between the
neutron and density logging, suggesting that it is a preliminary indirect indicator of natural
H, presence.

We conducted a review of neutron logging borehole data from deep exploration wells
drilled in the 1980s in western NB, Uruguay. Neutron logging values from the NO8Y well
in the NB2 area (Figure 6) show an anomalous increase between 421 and 433 m depths with
a clear offset with the density log, not observed at deeper depths (Figure 9A). Similarly to
observations in Mali, this offset could suggest the hypothesis of the presence of a gas phase
containing Hy. This interval, ranging up to 10 m thick, is identified in a medium to coarse
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quartzose sandstone to conglomerate, with rounded grains and good sorting, within the
upper Tacuaremb6 Formation. Gamma-ray values in this interval are very low, measuring
up to 20 gAPI below a depth of 422 m (Figure 9A), suggesting no clay content.
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Figure 9. (A): NO8Y (Yacaré) well logging borehole data. (B): NO7P (Pelado) well logging borehole
data (modified from [104]). See locations in Figure 6A. CALI: caliper; GR: natural gamma-ray log;
STEMP: temperature log; RHOB: bulk density log; NPHI: neutron log; DPHI: density log.

The upper Tacuarembé Formation is bounded to the top by the Arapey Formation
basalts that reach 421 m in thickness in the NOS8Y well, probably acting as a seal for this
potential natural Hj reservoir. An abrupt change in temperature logging at 431 m is likely
associated with the presence of the aquifer (Figure 9A). The interval between 431 and 433
may represent a transition phase between the aquifer and the upper free gas zone. It is
noteworthy that no hydrocarbon gas content was detected at this interval during continuous
mud logging, and while chromatography analysis was conducted during drilling.

Only one additional well (NO7P) has neutron logging data in the same stratigraphic
interval (at the base of the Arapey Formation basalts). The well is located 37 km southeast
of the previously described well (Figure 6). The NO7P well did not report any increase in
neutron values below the contact between the Arapey and upper Tacuarembé formations
(Figure 9B). These data support the hypothesis that the neutron anomaly in the NO8Y well
could be related to a potential natural Hy reservoir with a limited areal extent.

Indirect borehole data allows us to propose a natural H, system in western NB, related
to the upper Tacuarembé Formation sandstones as reservoirs, trapped by the basalts of the
Arapey Formation (Figure 7), representing the most promising efficient seal. Potentially
lower dolerite sills, with more than 100 m thickness, may act as an additional cap rock
for lower reservoirs. Free gas H, window depths in the presence of aquifers must be
considered according to experimental data [105] or modeling [106] on the solubility of Hp
in water and brine. As observed in the Mali case, increasing quantities of H; are expected
to be dissolved at greatest depths. Events related to the proposed potential hydrogen
system for NB are summarized in Figure 10. The presence of helium anomalies in the same
stratigraphic interval, as indirect borehole data suggest a possible co-association of both
gases, as observed in other locations [107]. A gas vector (or mixture) is required for the
movement and migration of helium in the subsurface, such as Hy, Ny, CO,, or hydrocarbon
gases (Brown, 2010).
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Figure 10. Natural H; system events chart proposed for NB. The red star indicates a neutron anomaly.

The proposed hydrogen system and plays may also be present in northeastern Ar-
gentina (Chaco-Parand Basin), and southern Brazil (Parand Basin). It is noteworthy that
the only commercial hydrocarbon discovery in the Parand Basin, the Barra Bonita gas field
(southern Brazil), is found in Carboniferous-Permian sandstones, which are trapped by
dolerite sills [108,109].

7. Conclusions

Uruguay exhibits significant potential for natural hydrogen exploration. Based on the
results of the present study, several conclusions regarding the prospectivity of natural Hp
in Uruguay can be drawn:

1.  The presence of outcropping rocks with the potential for natural H, generation has
been identified and cataloged, allowing for the inference of expected H; generation
underlying onshore sedimentary basins at optimal conditions of depth, temperature,
and H,O presence.

2. The western NB is identified as a key area for exploration due to the presence of major
basement depths, potential sandstone reservoirs, basalts, and related dolerite cap
rocks, deep-seated faults, and inferred deep aquifers.

3. Notable potential is observed in the eastern NB, associated with H, generation from
the oxidation of potential BIFs and potential trapping by dolerites, as well as in the
LMB, due to gravimetric anomalies. However, further studies and data acquisition
are required in both areas for further exploration.

4. A hydrogen system is proposed for western NB, related to upper Tacuarembé Forma-
tion sandstones as reservoirs, trapped by the Arapey Formation basalts as cap rocks.
Additional lower reservoirs with dolerites as cap rocks are proposed. The proposed
plays/tramps for western NB present geological analogies of the Mali field, and the
only proven hydrocarbon commercial discovery in the Parand Basin.

The present study represents the first national-scale assessment of natural H, potential
in Uruguay, providing an example of analysis for other regions. Despite the fact that
scientific knowledge on natural H, generation, migration, and trapping processes is still
in its “infancy”, this assessment of the most prolific exploration areas in Uruguay will
support increased scientific and industrial interest. Further studies by the present research
group will focus on surface gas seep detection and monitoring across deep-seated faults
and sub-circular depressions, along with total gas geochemistry and isotopic signature
analysis, in the most promising exploration areas.
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