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ABSTRACT: Rising global energy needs have intensified the search for unconventional hydrocarbon sources, espe-
cially in under-selected areas like the Northeast Java Basin. This region harbors promising unconventional hydrocarbon
reserves, where source rocks function as dual-phase systems for both hydrocarbon generation and storage. This research
investigates how metal-based catalysts, particularly iron (Fe), can expedite hydrocarbon maturation in such reservoirs.
Combining well logging, geochemical assessments, seismic data, and advanced lab techniques, including X-ray
Diffraction (XRD), we pinpoint optimal zones for exploration. Results indicate that the Tuban, Kujung, and Ngimbang
formations contain economically viable unconventional deposits, exhibiting tight reservoir properties (permeability:
0.01-1 md) and moderate to good Total Organic Carbon (TOC) levels (1%-2%). Spatial analysis reveals elevated
density concentrations in the northern sector, indicative of high-viscosity hydrocarbons typical of unconventional plays.
Crucially, Fe additives were found to markedly enhance organic matter conversion, shortening maturation periods
and boosting hydrocarbon yield. XRD data confirms that Fe alters crystalline configurations, increasing reactivity and
speeding up thermal breakdown (shifting immature organic compounds toward maturity at an accelerated rate). These
findings contribute to the evolving discourse on unconventional resource exploitation by proposing an innovative
recovery enhancement strategy. The study also sets a precedent for investigating metal-assisted hydrocarbon conversion
in geologically comparable basins globally.
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1 Introduction

The increasing global energy demand has necessitated exploring unconventional hydrocarbon resources
as a viable alternative to conventional reserves. In the Northeast Java Basin, these resources remain under-
explored, particularly regarding the acceleration of hydrocarbon maturation processes. This study examines
the catalytic role of metals in enhancing maturation rates, offering innovative insights into optimizing
hydrocarbon recovery from unconventional sources in the region.
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Research on unconventional hydrocarbons has been conducted by several scholars [1-5]. According to
Abdelfattah et al., the identification of unconventional hydrocarbons is characterized by impermeable zones,
low effective porosity, and lithology predominantly composed of shale, with permeability values below 1
millidarcy (md) [6]. Shale rich in organic minerals will be anisotropic due to its laminated structure and
chemical properties [7]. Ahmed & Meehan, further elaborate that while shale typically serves as a source
rock in conventional hydrocarbon systems, it acts as both the source and reservoir rock in unconventional
hydrocarbon systems [8]. The conceptual framework distinguishing conventional and unconventional
hydrocarbon systems is derived from the research of Zendehboudi & Bahadori [9].

Katz et al. define unconventional hydrocarbons as those primarily produced from shale or carbonate
formations with extremely low permeability. These hydrocarbons accumulate in poor-quality reservoirs,
typically within formations exhibiting effective porosity below 10% [10]. Kingsley, Umeji and Klokov et al.
investigated formation evaluation techniques to assess unconventional hydrocarbon prospects, while other
researchers have focused on characterizing shale and carbonate formations in unconventional settings
[11-15]. Organic-rich shales have made a significant contribution to gas production in the US [16]. In
Indonesia, one of the most promising unconventional hydrocarbon resources is located in the Northeast
Java Basin, which contains an estimated 42 trillion cubic feet (TCF) of shale gas [17,18]. The East Java Basin,
recognized as one of Indonesia’s most productive basins, has been a site of hydrocarbon production since
the late 19th century. The region’s complex geological structure, influenced by stratigraphic variations and
structural dynamics, further supports its hydrocarbon potential [19]. Among the 128 basins in Indonesia,
the Northeast Java Basin holds substantial hydrocarbon reserves, with an estimated 53.7 million stock
tank barrels (MMSTB) of oil and condensate, alongside 480.1 billion standard cubic feet (BSCF) of gas
reserves [20]. Previous studies by Fadlilah and Sekarsari, have identified unconventional reservoirs within
the X field of the Northeast Java Basin, based on permeability, mobility, and transmissibility assessments.
Their findings indicate that the Tuban, Kujung, and Ngimbang formations—targeted as unconventional
hydrocarbon zones—exhibit significantly low permeability, mobility, and transmissibility values [21,22].

Unconventional hydrocarbons often display immature to early mature stages of thermal maturity,
necessitating interventions to accelerate the maturation process within source rocks. Experimental research
conducted by Dewanto et al., demonstrated that the addition of iron (Fe) as a catalytic metal enhances the
rate of organic matter transformation reactions. This experiment utilized Scanning Electron Microscopy
(SEM) to examine particle size variations within clay, carbonate, clay-carbonate, carbonate-organic, and
shale materials treated with Fe metal [23]. The SEM-Edax analysis provided insights into the morphological
characteristics and elemental composition of these materials [24]. Recent studies in nanocatalysis have
revealed that metal oxide-supported multielement nanoparticles exhibit outstanding catalytic performance,
combining high efficiency with cost-effectiveness while allowing for nearly limitless compositional varia-
tions [25]. Among these, the CuAgNiFeCoRuMn@MgO-P3000 catalyst displayed exceptional efficacy in
selectively hydrogenating nitro compounds, highlighting its potential for industrial applications. These
findings confirm that transition metals, including iron (Fe), serve as highly effective catalytic agents in
facilitating diverse chemical reactions.

This study aims to determine the target zones for unconventional hydrocarbon exploration in wells
within the Northeast Java Basin, providing critical information on hydrocarbon source potential. The
research integrates well-log data, geochemical analysis, and seismic data to characterize unconventional
hydrocarbon-bearing formations. Additionally, SEM and X-ray Diffraction (XRD) analyses were conducted
with the incorporation of organic compounds, specifically salicylic acid (Asl) and iron (Fe) metal, to
evaluate their impact on accelerating organic matter transformation and hydrocarbon maturation. The
significance of this study lies in addressing the urgent need for unconventional hydrocarbon production to
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meet domestic energy demands. The findings will contribute to the identification of viable and non-viable
unconventional reservoir zones based on permeability assessments. Furthermore, this research will provide
valuable insights into the quality and prospectivity of unconventional hydrocarbon zones by evaluating
permeability distribution and density variations. The results of metal additive analysis on source rocks will
also inform strategies for enhancing hydrocarbon maturation processes, thereby improving unconventional
hydrocarbon recovery potential.

2 Literature Review

2.1 Regional Geology and Physiography of the Northeast Java Basin
2.1.1 Geological Framework

The formation of the East Java Basin is attributed to complex geological processes involving uplift,
variations in sea level subsidence, and tectonic plate movements. Structurally, the basin is characterized by
a series of normal faults, reverse faults, strike-slip faults, and fold systems oriented predominantly in the
west-east direction. These structural features are largely influenced by compressional forces exerted from the
north-south axis. The most recent tectonic configuration of this region is primarily driven by the interaction
between the Australian and Sunda Plates. Over time, regional structural variations have evolved in response
to continuous geodynamic changes [26].

The Northeast Java Basin, a prominent Tertiary Basin in western Indonesia, is a product of the complex
interplay of three major tectonic plates. This basin has been a significant source of hydrocarbon reserves,
particularly oil and natural gas. However, the evolution and structural development of the Northeast Java
Basin remains a subject of ongoing scientific debate [27].

2.1.2 Physiographical Setting

Physiographically, the Northeast Java Basin is subdivided into three primary zones: the Kendeng Zone,
the Randublatung Zone, and the Rembang Zone [28]. The study area in this research is situated within the
Rembang Zone, a distinct physiographic unit characterized by a series of anticlinorial hills extending in an
east-west orientation along the northern part of Java Island. This zone stretches from the northern Purwodadi
region to Madura Island, with structural folds displaying an elongated axis in the east-west direction. These
folds vary in length, ranging from a few kilometers up to approximately 100 km, as exemplified by the Dokoro
Anticline north of Grobogan [29]. A detailed representation of the physiographic configuration of the study
area within the Northeast Java Basin is illustrated in Fig. la.

2.2 Stratigraphy of the Northeast Java Basin

The stratigraphic framework of the Northeast Java Basin is characterized by pre-Tertiary bedrock
formations, comprising igneous rocks, ophiolites, metasedimentary sequences, and metamorphic assem-
blages. These lithological units are structurally segmented by northeast-southwest trending elevations [30].
Regionally, the study area is situated within the Rembang Zone, an integral part of the East Java sedimentary
basin [29]. Based on the lithostratigraphic classification proposed by Pringgoprawiro, the stratigraphic
succession in the Rembang Zone progresses from the oldest to the youngest as follows: the Ngimbang
Formation, the Kujung Formation, the Prupuh Formation, the Tuban Formation, the Ledok Formation,
the Mundu Formation, the Paciran Formation, and the Tongue Formation [28]. The Ngimbang Formation,
which represents the oldest stratigraphic unit in this succession, rests upon the basin’s basement and is
estimated to have been deposited from the Eocene to the Late Miocene [31,32]. A detailed lithostratigraphic
depiction of the Rembang Zone, as outlined by Husein [33], is presented in Fig. 1b.
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Figure 1: (a) Physiographic cross-section of the Northeast Java Basin Basin [29]; (b) Stratigraphy of the Northeast Java
Basin [33]; (c) Conventional and unconventional petroleum systems [9]

2.3 Unconventional Hydrocarbon Petroleum System of the Northeast Java Basin

The Northeast Java Basin is recognized as the most structurally and stratigraphically complex back-
arc basin in Indonesia, making it a highly prospective region for petroleum systems [34]. Unconventional
hydrocarbons, as described by Zhang et al., typically accumulate in reservoirs of exceptionally poor quality
due to their occurrence within shale formations or adjacent low-permeability lithologies [35].

These reservoirs are characterized by non-interconnected pore networks, resulting in extremely low
permeability. The primary source rock of unconventional hydrocarbons consists predominantly of shale
interlaminated with tight siltstone or sandstone, leading to the classification of these deposits as hydrocarbon
shale formations [36]. In such systems, shale functions not only as the source rock but also as a natural seal
due to its impermeable nature. When all five essential elements of a conventional petroleum system—source,
reservoir, seal, trap, and migration—coexist within the same stratigraphic unit, the accumulation can be
categorized as an unconventional hydrocarbon resource. A schematic representation of the unconventional
petroleum system is illustrated in Fig. Ic.

3 Materials and Methods

The location of the research area is in East Java Province, including the BGS4 well in Bojonegoro
Regency and the BGS5 well in Jombang Regency. The two research wells are included in the North East Java
Basin, geographically located at 007°19'33.014" S and 111°50'11.609" E. The map of the research area’s location
is shown in Fig. 2.
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Figure 2: Map of the location of the research area

3.1 Seismic and Well Log Data

This research was conducted at the Laboratory of Geophysical Engineering, University of Lampung,
employing a multi-disciplinary approach to assess the unconventional hydrocarbon potential of the North-
east Java Basin. A comprehensive dataset, encompassing well logs, geochemical analyses, seismic data,
checkshot surveys, and X-ray Diffraction (XRD) measurements, formed the foundation of this study.
Advanced software tools, including Interactive Petrophysics, Schlumberger Petrel, Hampson Russell Suite,
and specialized XRD software, were utilized for data processing, integration, and interpretation. The geo-
chemical analysis focused on vitrinite reflectance (Ro) and total organic carbon (TOC) from core samples,
providing critical insights into the basin’s source rock maturity and hydrocarbon potential.

Checkshot data played a pivotal role in establishing the depth-time relationship essential for seismic
interpretation. Of the seven wells analyzed, checkshot data were available for two (BGS4 and BGS5), facili-
tating the accurate conversion of depth-based measurements to time-domain seismic data. This correlation
enhances the reliability of seismic interpretation and well-log integration, ultimately improving the accuracy
of subsurface characterization.

The geological marker data provide crucial information about the depths of rock layers or formations
present within the research area. These marker data are instrumental in identifying and correlating different
rock units. In this context, lithological markers were defined by the top shale (Tsh) and bottom shale (Bsh) of
each formation under research. The Tsh and Bsh of the BGS4 Well in Tuban Formation are located at 3201-
4422 ft, Kujung Formation at 4860-6567 ft, and Ngimbang Formation at 7809-9300 ft. Meanwhile, the Tsh
and Bsh of BGS5 Well are located in the Tuban Formation at 3819-4497 ft. In addition, the seismic data used
in this study is 2D seismic data in *.segy format, comprising 13 seismic line profiles. Two seismic line profiles
intersect with the wells in the research area (BGS4 and BGS5) that are being utilized, as shown in Fig. 3.
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Figure 3: Seismic line cross-section and well location in the research area

3.2 Determination of Unconventional Hydrocarbon Target Zones

In this study, the determination of the target zone is primarily based on the quality of the source rock. A
qualitative approach to identifying the target zone of source rock involves analyzing the response of various
log curves. The types of well logs utilized in this research include gamma-ray logs, resistivity logs, sonic logs,
and porosity logs. Beyond qualitative assessment, the identification of unconventional hydrocarbon target
zones also requires a quantitative approach, which involves evaluating key physical parameters of the rock—
one of the most crucial being permeability. Permeability refers to the ability of a rock to transmit fluids,
including hydrocarbons. These parameters serve as validation criteria to ensure that the selected target zone
is not only suitable as a source rock but also viable as an unconventional hydrocarbon reservoir.

The permeability values in this study are calculated using the Timur method, which employs a constant
coefficient with parameters a = 0.136, b = 4.4, and ¢ = 2 [37]. Unconventional hydrocarbons are characterized
by extremely low permeability values. In addition to serving as a key criterion for reservoir identification,
permeability also plays a role in fluid type estimation. According to the findings of Abdelfattah et al., gaseous
hydrocarbons typically exhibit permeability values below 0.1 md, whereas liquid hydrocarbons, such as
oil, generally have permeability values below 1 md [6]. Furthermore, based on the qualitative classification
proposed by Koesoemadinata, rocks with permeability values below 10.5 md are considered tight, those
within the 11-15 md range are classified as poor, 15-50 md as fair, 50-250 md as good, 250-1000 md as very
good, and values exceeding 1000 md are categorized as excellent [38].

This study also employs the Passey method (AlogR) to identify potential zones with high organic
content, as indicated by the Total Organic Carbon (TOC) value. The TOC value serves as an essential
indicator of the quantity of organic matter within a rock, which is a critical factor for unconventional
hydrocarbon accumulation. The presence of a high TOC value directly influences hydrocarbon generation
and production potential within a target zone. Based on the classification by Peters & Cassa, TOC values
can be categorized as follows: <0.5% (poor quality), 0.5%-1% (fair quality), 1%-2% (good quality), 2%-4%
(very good quality), and >4% (excellent quality) [39]. These classifications provide a fundamental reference
for evaluating the organic richness of potential source rocks in unconventional hydrocarbon exploration.

3.3 The Addition of Metals to Accelerate Reaction Rates

The natural clay (kaolinite/illite) and natural carbonate (calcite CaCOs), both materials possessing
characteristics as organic containers according to the research objective, were obtained from coring at specific
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depthsin area X. Organic materials including a cyclic compound group in the form of salicylic acid (C;HsO,),
an aliphatic organic compound in the form of stearic acid (C,7H35COOH), and iron (Fe) metal, were added
as an additive to modify shale material. The addition of metals to the source rock was performed with a
specific compositional ratio, as indicated in Table 1.

Table 1: Composition ratios in the process of adding metals to the source rock

No. Sample name (Weight % Ratio)
1 Shale (50%) + Stearic acid organic (50%)
2 Shale (25%) + Stearic acid organic (50%) + Fe (25%)
3 Carbonate (51%) + Salicylic acid organic (49%)
4  Carbonate (25%) + Salicylic acid organic (50%) + Fe (25%)

The catalytic enhancement of rock samples through metal integration starts with selecting appropriate
materials, including shale or carbonate cores, organic components (salicylic acid), and a transition metal
catalyst (iron). The rock samples, acquired via controlled drilling and coring procedures, undergo thorough
purification to eliminate any residual fluid contaminants. Three sample categories are then systematically pre-
pared: (i) pristine rock matrices, (ii) hybrid rock-organic blends (shale/salicylic acid and carbonate/salicylic
acid), and (iii) ternary systems combining rock, organic matter, and iron (shale/salicylic acid/Fe and
carbonate/salicylic acid/Fe), with concentrations adjusted per Table 1. Advanced material characterization
techniques, such as X-ray diffraction (XRD), are employed to analyze crystallographic properties, phase com-
position, and structural features. Additionally, the synergistic effects between mineral substrates and organic
additives are evaluated by measuring activation energies and spectral intensities across the sample series.

4 Results and Discussion

4.1 Analysis of Unconventional Hydrocarbon Parameters Based on Permeability Value and Calculation
of Total Organic Carbon (TOC) Value in BGS4 Well

The BGS-4 well extends to a depth of 60-1070 ft, penetrating several key stratigraphic units of the
Northeast Java Basin, including the Wonocolo Formation, Tuban Formation, Kujung Formation, Ngimbang
Formation, and the Basement. Comprehensive analysis has identified multiple target zones for source rock
layers and unconventional hydrocarbon reservoirs. These zones are characterized by distinct geophysical log
responses, where high gamma-ray values indicate shale lithology, while low gamma-ray values correspond
to carbonate rock lithology. Additionally, the presence of a crossover between the deep resistivity log (LLD)
and sonic log (DT) further supports the identification of potential hydrocarbon-bearing formations. Three
primary source rock target zones have been delineated within the BGS-4 well, as illustrated in Fig. 4 and
detailed in Table 2.
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Figure 4: Identification of the source rock layer of the BGS4 well

Table 2: TOC value and permeability of BGS4 well

Well Targetzones Depth (ft) TOC (%) TOC quality Permeability (md)

1 3271-7092 0.89% Fair 62.32
BGS4 2 7312-7751 1.10% Good 54.89
3 9113-9420 1.89% Good 0.088

Among the three identified target zones, Zone 3 emerges as the most promising source rock interval.
This conclusion is supported by its carbonate rock lithology, which exhibits a significant organic content.
The total organic carbon (TOC) analysis reveals that Zone 3 has the highest TOC concentration, exceeding
1%, which aligns with the criteria established by Tissot & Welte. Their study suggests that hydrocarbon
generation is feasible when TOC values exceed 0.5% for shale or non-carbonate lithologies and 0.3% for
carbonate rocks [40]. Furthermore, permeability calculations indicate that Zone 3 has a permeability of
<0.1 md, classifying it as a tight reservoir with the potential to contain hydrocarbon gas. These characteristics
suggest that Zone 3 holds strong potential as an unconventional hydrocarbon reservoir.
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Conversely, Target Zones 1 and 2 exhibit higher permeability values (>1 md), indicative of good
reservoir quality but predominantly containing water-bearing fluids. The absence of significant hydrocarbon
accumulations in these zones diminishes their prospectivity as unconventional hydrocarbon reservoirs.
Thus, while Zones 1 and 2 may not be viable for unconventional hydrocarbon extraction, Zone 3 presents a
compelling target for further exploration and potential resource development.

Target Zone 3 in the BGS4 well is located at a depth of 9113-9420 feet and is characterized by carbonate
lithology. This interpretation aligns with the gamma-ray log response in the zone, which exhibits a leftward
deflection or low values, indicative of carbonate rock or limestone. Such characteristics are attributed to the
naturally low radioactive element content in carbonate formations. This observation is further supported by
the stratigraphy of the study area, where Target Zone 3 lies within the Ngimbang Formation, known for its
limestone lithology, particularly in its upper layers. Additionally, Target Zone 3 exhibits a distinct crossover
or separation between the resistivity log (LLD) and sonic log (DT), both showing significantly high values.
A strong sonic log response suggests the presence of a compact and dense carbonate rock layer with well-
interlocked constituent materials, resulting in low permeability and porosity. Meanwhile, high resistivity
values indicate the potential presence of hydrocarbon fluids.

Quantitative analysis of permeability in Target Zone 3 revealed a permeability value of 0.088 md.
According to Koesoemadinata’s research, this value classifies the rock as tight, implying that fluid flow within
the formation is highly restricted. Furthermore, research by Abdelfattah et al., categorizes Target Zone 3 as
an unconventional hydrocarbon reservoir, containing gaseous hydrocarbons, as indicated by its extremely
low permeability values (typically <0.1 md). Total Organic Carbon (TOC) analysis was also conducted to
evaluate the organic richness of the source rock in Target Zone 3. The results indicate an average TOC value
0f 1.89%. Based on the TOC quality classification by Peters & Cassa, this value suggests that Target Zone 3 in
the BGS4 well has good TOC quality, making it a promising candidate for hydrocarbon generation within
the petroleum system.

4.2 Analysis of Unconventional Hydrocarbon Parameters Based on Permeability Value and Calculation
of Total Organic Carbon (TOC) Value in BGS5 Well

The BGS5 well has a depth of 20-4960 ft. According to the stratigraphy of the North East Java Basin, it
comprises the Wonocolo Formation and the Tuban Formation. Based on the analysis that has been carried
out, there are several target areas of the source rock layer that can be identified with layers that have a high
gamma ray value response as shale lithology or a low gamma ray value response as carbonate lithology and
there is a crossover between log resistivity (RILD) and neutron log (CNCF). In the BGS5 well, there are 2
target zones of the source rock layer which can be seen in Fig. 5 and Table 3 below. Based on the analysis
of the two target zones in the BGS5 Well, it can be known that Target Zone 2 is a good source rock target
zone because it has a carbonate rock lithology that is rich in organic elements, with a value of more than 1%
which has good quality and in accordance with research conducted by Tissot & Welte, stating that the TOC
content that is sufficient to produce hydrocarbons is around 0.5% for shale or non-carbonate materials and
0.3% for carbonate rocks [40]. Additionally, the results of the permeability value calculation in target zone 2
have a permeability value of <1 md with tight quality and have an oil fluid type hydrocarbon fluid. Based on
this, Target Zone 2 has the prospect of being an unconventional hydrocarbon target zone. Meanwhile, Target
Zone 1 has a permeability value of >1 md with good quality and has a water-type fluid, so it is not a prospect
as an unconventional hydrocarbon target zone.
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Figure 5: Identification of the source rock layer of the BGS4 well

Table 3: TOC value and permeability of BGS5 well

Well Target zones Depth (ft) TOC (%) TOC quality Permeability (md)

1 2910-3228 1.96% Good 127
2 4458-4652 1.07% Good 0.83

BGS-5

Target zone 2 in the BGS5 well has a depth of 4458-4652 ft with a lithology of carbonate rocks. This is in
accordance with the response of the gamma ray log in Target Zone 2, which shows a curve deflection to the
left or a small value that can be identified as a lithology of carbonate rocks or limestone because carbonate
rocks have a low content of radioactive elements. This is also in accordance with the stratigraphy of the study
area where the Target Zone 2 is located in the Tuban Formation where the formation has limestone lithology.
In addition, in Target Zone 2 there is a crossover or separation between the resistivity log (RILD) and the
neutron log (CNCF) of equal magnitude. A large neutron log response can be identified as a compact (hard)
carbonate rock because denser (compact) rocks will have more interactions between neutrons and atoms in
the rock, which can also increase the probability of neutron throttling and produce a large response. A high
resistivity log response is identified by the presence of hydrocarbon fluids.
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Quantitatively, in the Target Zone 2, the permeability value was calculated and a permeability value of
0.83 md was obtained. According to Koesoemadinata’s research, it can be seen that the permeability value in
the Target Zone 2 is included in the strict quality or can be interpreted as difficult to drain the fluid. According
to the research of Abdelfattah et al,, it can be seen that Target Zone 2 is an unconventional hydrocarbon
target zone that has a type of fluid, namely oil fluid because of the permeability value which generally has
a value of <1 md. In Target Zone 2, the TOC value is also calculated which is used to determine the level
of organic mineral wealth contained in the source rock. Based on the calculation results, it can be seen that
Target Zone 2 has an average TOC value of 1.07%. According to the quality classification of TOC values by
Paters & Cassa, the BGS5 well in Target Zone 2 has good TOC quality.

4.3 Distribution of Density Values

Based on Fig. 6a, which illustrates the density distribution on the top shale (TSh) horizon of the Tuban
Formation, a clear trend can be observed: regions with higher density values (>2.25 g/cc) predominantly
extend towards the northern direction, as indicated by color gradients ranging from yellow to red. Con-
versely, areas with lower density values (<2.25 g/cc) are oriented towards the southern region, represented
by shades of blue to purple. Similarly, Fig. 6b, depicting the density distribution on the bottom shale (BSh)
horizon of the Tuban Formation, reveals a comparable pattern, with higher density values (>2.20 g/cc)
concentrated in the northern direction and lower density values (<2.20 g/cc) extending towards the south.
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Figure 6: (a) Distribution of density values in top shale (TSh) Tuban; (b) Distribution of density values in bottom shale
(BSh) Tuban

A similar density distribution pattern is observed in the Kujung Formation. As shown in Fig. 7a,
the density distribution on the top shale (TSh) horizon indicates that regions with higher density values
(>2.28 g/cc) are oriented towards the north, with corresponding color variations from yellow to red. In
contrast, lower density values (<2.28 g/cc) are predominantly found in the southern region, illustrated by
blue to purple shades. Fig. 7b further supports this observation, showing that on the bottom shale (BSh)
horizon of the Kujung Formation, higher density values (>2.31 g/cc) are concentrated in the north, while
lower values (<2.31 g/cc) extend towards the south. The Ngimbang Formation follows the same trend. Fig. 8a,
which portrays the density distribution on the top shale (TSh) horizon, demonstrates that regions with
density values exceeding 2.34 g/cc are primarily located in the northern part of the study area, whereas areas
with density values below 2.34 g/cc are concentrated towards the south. This pattern is further reinforced
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by Fig. 8b, depicting the density distribution on the bottom shale (BSh) horizon, which also shows a
predominance of higher density values (>2.34 g/cc) in the north and lower values (<2.34 g/cc) in the south.
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Figure 7: (a) Distribution of density values in bottom shale (BSh) Kujung; (b) Distribution of density values in top
shale (TSh) Ngimbang
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Figure 8: (a) Distribution of density values in top shale (T'Sh) Ngimbang; (b) Distribution of density values in bottom
shale (BSh) Ngimbang

An overall assessment of the density distribution across the Tuban, Kujung, and Ngimbang Formations
indicates a consistent trend: higher density values are predominantly oriented toward the north, while
lower values extend toward the south. This significant variation in density suggests the potential presence
of unconventional hydrocarbons. High-density hydrocarbons typically exhibit greater viscosity, rendering
them less mobile and more challenging to extract. This characteristic aligns with the general properties
of unconventional hydrocarbons, which tend to have elevated viscosity levels, thus requiring specialized
extraction techniques.
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4.4 X-Ray Diffraction (XRD) Testing on the Addition of Metals
4.4.1 X-Ray Diffraction (XRD) Testing on the Addition of Metals to Shale Source Rock

The occurrence of intricate combinations of organic substances and metals within shale specimens can
be likened to a crucial element for understanding the level of thermal alteration in source rocks, particularly
those geological units primarily composed of this thinly bedded rock type. This intervention intends to
accelerate the process by which trapped hydrocarbon compounds reach maturity, functioning by decreasing
the energy threshold that must be overcome for reactions and increasing the pace of chemical changes
that naturally progress at a glacial pace over geological epochs. To illustrate, the incorporation of organic
compounds chemically linked with iron (Fe) can trigger the disruption of the carbon frameworks that
constitute hydrocarbons, consequently speeding up the achievement of the desired level of maturity in the
source rock.

The source rock core in the target area was taken to the laboratory, and metals with a predetermined
composition (shale/carbonate, organic, metal) were added. The results of research that have been carried
out with each composition are shown in Fig. 9. It shows the XRD graph of clay material, which results from
XRD testing on clay at high angles (10°~80°). When observed using the High Score Plus (HSP) software, it is
evident that the dominant compound identified in the XRD graph for kaolinite is SiO; (Silicon Dioxide). The
XRD characterization results of the two samples, shale and organic material (as stearic acid), can be observed
in Fig. 9. We can identify the two highest peaks at different 2 theta angles for analysis from both graphs. In
both materials, no reaction occurs, but the intensity values increase with the addition of organic matter or the
organic material composition. If we increase the amount of clay material compared to the organic material,
the intensity value becomes lower or slightly approaches that of the clay material.

Since no reaction occurs, the addition of organic material results in the occurrence of the preferred
orientation on specific crystal planes. It leads to these planes having higher intensities compared to before.
However, there is no change in the 2 theta angle and hkl planes. Based on the Figure, we can understand
that the intensity of X-rays absorbed by the detector differs for each sample. The height and depth of the X-
ray intensity captured by the X-ray detector are influenced by the level of the regular arrangement of atoms
in the crystal as diffracted by the X-ray. The more regularly arranged atoms, the higher the intensity the
detector captures.

After analyzing the addition of organic material, adding iron (Fe) to the mixture of shale-organic-
Fe (with a composition of 25% shale, 50% stearic acid, and 25% Fe) was carried out. It also resulted
in a reaction due to the differences or changes in compounds and hkl planes at the same 2 theta angle
while adding Fe. The intensity values dramatically decreased. It can be attributed to the level of regular
arrangement of atoms within the crystal, as diffracted by X-rays. In this case, numerous atoms are irregularly
arranged, causing the captured intensity to decrease further. A diminishing intensity signifies that the
sample has a greater degree of crystal disorder, with more atoms in the layers being irregularly arranged.
The formation of the X-ray diffraction pattern occurs due to the scattering of atoms situated on a specific
hkl plane within the crystal. The results of the XRD characterization for the shale material (clay-organic)
with the addition of Fe can be observed in Fig. 9. Consequently, adding iron to the source rock with shale
lithology can have triggered reactions within the shale source rock. Fig. 9 demonstrates that introducing
organic minerals and iron (Fe) into shale samples extracted from source rocks markedly diminishes reaction
intensity. This observation implies a catalytic mechanism, where such additives could effectively reduce
the activation energy required for the reaction, thus enhancing the rate of hydrocarbon generation during
thermal maturation in source rocks.
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Figure 9: Composition comparison in adding metal to shale source rock

4.4.2 X-Ray Diffraction (XRD) Testing on Metal Addition to Carbonate Source Rock

Like shale rocks, carbonate formations can also benefit from the addition of organic minerals and
certain metals, particularly iron (Fe) to assess source rock maturity. These additives act as natural catalysts,
lowering the energy barrier required for hydrocarbon generation and speeding up reaction rates. In nature,
the maturation of hydrocarbons is an extremely slow process, but the presence of organic minerals and Fe
facilitates the breakdown of complex hydrocarbon chains, significantly accelerating thermal maturation. This
method provides valuable insights into the hydrocarbon generation potential of carbonate-rich source rocks
under controlled conditions, offering a practical tool for researchers studying petroleum systems.

Iron (Fe) with a composition of 25% carbonate, 50% salicylic acid, and 25% Fe was added. Similar to
the previous cases, when Fe was added, a reaction occurred due to differences or changes in compounds
and hkl planes at the same 2 theta angle during the addition of Fe. It resulted in a significant decrease in
intensity values. This phenomenon can be attributed to the level of the regular arrangement of atoms within
the crystal, as diffracted by X-rays. In this scenario, numerous atoms are irregularly arranged, leading to a
further decrease in captured intensity. Diminishing intensity indicates that the sample has a greater degree
of crystal disorder, with more atoms in the layers being irregularly arranged.

The formation of the X-ray diffraction pattern is a consequence of the scattering of atoms situated on
a specific hkl plane within the crystal. The results of the XRD characterization for the carbonate material,
salicylic acid, with the addition of Fe, can be seen in Fig. 10. Consequently, adding iron to the source rock with
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carbonate lithology can be concluded to have triggered reactions within the carbonate source rock. Fig. 10
demonstrates that introducing organic minerals and iron (Fe) into carbonate samples extracted from source
rocks leads to a measurable decrease in reaction intensity. This observation implies a catalytic role, where
these additives may facilitate a reduction in activation energy, subsequently enhancing the reaction rate of
hydrocarbon generation in source rocks.
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Figure 10: Composition ratios in metal addition to carbonate source rock

5 Conclusion

This study advances the understanding of unconventional hydrocarbon maturation in the Northeast
Java Basin by examining the role of metal additives, particularly iron (Fe), in accelerating organic matter
transformation. The integration of well log data, geochemical characterization, and seismic interpretation
enabled the identification of promising unconventional hydrocarbon reservoirs within the Tuban, Kujung,
and Ngimbang formations. Target zones were defined based on permeability and TOC values, with
carbonate-rich lithologies exhibiting the highest potential for hydrocarbon generation. The experimental
addition of Fe demonstrated a significant enhancement in hydrocarbon maturation rates, as evidenced by
XRD analysis, which revealed structural modifications in source rock minerals. This catalytic effect suggests a
promising avenue for improving hydrocarbon recovery from low-permeability reservoirs. However, practical
implementation requires further optimization to determine the ideal concentration of metal additives, assess
potential side reactions, and evaluate the environmental implications of large-scale deployment.
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The findings of this study contribute to the broader discourse on unconventional hydrocarbon
extraction by offering a novel methodology that combines geophysical assessments with chemical interven-
tions. This integrated approach provides a more comprehensive framework for evaluating and enhancing
hydrocarbon maturation in complex geological settings. Future research should focus on refining metal-
catalyzed maturation processes, assessing their long-term impact on reservoir integrity, and exploring
alternative catalysts to improve efficiency. Additionally, economic feasibility studies should be conducted to
determine the viability of scaling these techniques for commercial hydrocarbon production. The successful
application of this methodology could significantly enhance energy security by unlocking unconventional
hydrocarbon reserves that were previously deemed uneconomical. This research underscores the necessity of
interdisciplinary approaches in advancing hydrocarbon exploration and production. By bridging geophysics,
geochemistry, and engineering, this study lays the foundation for further innovation in unconventional
resource development, with potential implications for global energy sustainability.
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