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Abstract The Tertiary back‐arc sedimentary basin in East Java (Indonesia) hosts a large variety of
piercement structures and hydrocarbon fields. Some of the latter (Wunut, Tanggulangin, Carat,
Watudakon) are located a few kilometers away from the Arjuno‐Welirang volcanic complex and
neighboring Lusi, the largest active sediment‐hosted hydrothermal system on Earth. In order to
investigate interactions between volcanic and sedimentary settings, we performed gas sampling on these
four shallow (200‐ to 1,000‐m depth) petroleum fields. The fields around Lusi are dominated by
thermogenic gas that was altered during biodegradation processes. The helium isotope ratios (3He/4He)
are as high as 6.7 RA, which is remarkably similar to those measured at the fumaroles of the adjacent
volcanic complex (R = 7.3 RA) and at the Lusi site (up to 6.5 RA). This highlights the pervasive outgassing
of mantle‐derived fluids in the sedimentary basin. Despite these two systems sharing the same
mantle‐derived helium source, their hydrocarbons have two different genetic histories: Lusi hydrocarbon
gas has been more recently generated and is less molecularly and isotopically fractionated, while the gas
trapped in the reservoirs is older and more altered. Unlike Lusi, the hydrocarbon fields contain small
amounts of CO2 resulting from biodegradation processes. The Watukosek fault system, originating from
the Arjuno‐Welirang volcanic complex and extending toward the northeast of Java, intersects Lusi and
the hydrocarbon fields. This network of faults controls the migration of mantle‐derived fluids within the
sedimentary basin, feeding the focused venting at the Lusi site and promoting the slower and pervasive
migration in the reservoirs.

Plain Language Summary The East Java sedimentary basin is located to the north of the E‐W
trending chain of active volcanoes that transects the Java Island. The basin hosts numerous oil and gas
fields, as well as buried diapirs and active mud eruption sites. This study focuses on gas geochemical analyses
from the surface seeps and four shallow petroleum fields located around Lusi, the largest active mud
eruption on Earth. Comparative results show that the biodegraded thermogenic gas in the reservoirs differs
from the thermogenic gas vented at Lusi and its surrounding seeps. In contrast, helium gas analysis from the
hydrocarbon reservoirs, the Lusi eruption and satellite seeps, and from the fumaroles at the neighboring
Arjuno‐Welirang volcanic complex share a common mantle‐derived component. Available seismic data
from the region confirm that a system of faults (Watukosek fault system), extending from the volcanic
complex toward the sedimentary basin, promotes the migration of mantle‐derived fluids through a broad
area in the East Java sedimentary basin. These results confirm that the Lusi system is fueled by the lateral
migration of mantle‐derived fluids that trigger reactions within the organic rich formations in the
sedimentary basin.

1. Introduction

The presence of mantle‐derived volatiles is typically associated with degassing of volcanic plumes, diffuse
emissions around volcanic edifices, mid‐ocean ridges, modern continental rifts, or deep active fault systems
(e.g., Caracausi et al., 2015; Caracausi & Sulli, 2019; Halldórsson et al., 2013; Lee et al., 2016; Sano &
Fischer, 2013). These systems are commonly dominated by water and CO2 and contain trace amounts of
noble gases with specific isotopic compositions that indicate a mantle‐derived origin (Moreira & Kurz,
2013). Some sedimentary basins have been documented to host hydrocarbon (HC) reservoirs containing
mantle‐derived volatiles, for example, Green Tuff Basin in Japan, Okinawa Trough in East China Sea,
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Sacramento Basin and Escanaba Trough in California, and multiple basins distributed in New Zealand,
Thailand, Indonesia, Philippines, Taiwan, and Kamchatka peninsula (Ishibashi et al., 2002; Jenden et al.,
1993; Kamenskiy et al., 1971; Poreda et al., 1986; Sakata et al., 1997; Xu et al., 1995). Thermogenic gas
produced at these localities (δ13CCH4 between −30‰ and −60 ‰) was mainly generated by the thermal
cracking of organic matter. Helium (hereafter He) isotope compositions at these reservoirs indicate the
presence of mantle‐derived volatiles (R = 0.2–7.7 RA, where R = 3He/4He of the sample, RA = 3He/4He
of air (1.4 × 10−6)).

A setting similar to those described above is encountered in the Tertiary‐aged East Java sedimentary basin,
north of the volcanic Sunda Arc, formed by the subduction of the Indo‐Australian plate beneath the
Eurasian continental plate (Hall, 2002; Figure 1a). The basin is characterized by high sedimentation rates,
deposition of organic‐rich sediments, and volcaniclastic and carbonate traps, resulting in the formation of
a HC province with numerous oil and gas fields and diffused surface and subsurface piercement structures
(Istadi et al., 2012; Mazzini et al., 2018; Mazzini et al., 2007; Moscariello et al., 2018; Satyana &
Purwaningsih, 2003a, 2003b). The basin bordered to the south by the Penanggungan, Arjuno‐Welirang,
and Bromo volcanoes and represents an ideal opportunity to investigate the relationship between mantle‐
derived volatiles and HC fluids in oil and gas reservoirs.

This region is also of particular interest because of the Lusi piercement, the world's largest active mud erup-
tion neighboring the Holocene Penanggungan and Arjuno‐Welirang volcanoes, situated, respectively, at 10
and 25 km to the southwest (Figures 1b and 2). Lusi (named after LUmpur, meaningmud in Indonesian, and
SIdoarjo, the Local Regency) started its eruptive activity on the 29May 2006 and has since been continuously

Figure 1. (a) Digital elevationmodel of the central and eastern Java withmain tectonic zones (redrawn andmodified after
Istadi et al., 2009; Smyth et al., 2008); the yellow rectangle indicates the study area depicted at (b); inset map of Indonesia;
(b) location of the sampled wells in the Wunut, Tanggulangin, Carat, Watudakon fields, bottom hole depth, and
drilling year. Dashed line indicates the location of the seismic profile, shown at Figure 7.
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bursting boiling water, gas, mud, oil, and rock clasts (Van Noorden, 2006). A set of targeted field campaigns
has been completed since the beginning of the eruption to investigate the origin of the erupted fluids and the
subsurface plumbing system (Miller & Mazzini, 2018, and references therein). Results revealed that
outgassing boiling fluids at the Lusi surface contain evidence of hydrothermal waters and a mix of
inorganic and organic gases, including geothermal (thermo‐metamorphic and mantle‐derived) and biotic
(i.e., thermogenic methane) gases (Mazzini et al., 2012; Mazzini et al., 2018). Ambient noise tomography
revealed a connection between the Arjuno‐Welirang magma chamber and the Lusi conduit at around 4.5‐
km depth, indicating the migration of magmatic and hydrothermal fluids toward the sedimentary basin
(Fallahi et al., 2017). These results confirmed that Lusi is indeed not a mud volcano but rather a
sediment‐hosted geothermal system (Mazzini & Etiope, 2017; Procesi et al., 2019). Sampling from the
fumaroles of the Arjuno‐Welirang volcanic complex provided further evidence of the connection between
these two eruptive systems (Inguaggiato et al., 2018). The authors revealed that both the fumaroles of the
Arjuno‐Welirang and gas at the Lusi site contain magmatic volatiles with high 3He abundance (R = 7.3
and 6.5 RA, respectively). Furthermore, the Watukosek fault system (WFS), extending toward the
northeast of the island from the Arjuno‐Welirang volcanic complex (Figure 2), hosts Lusi and several
mud volcanoes (Fallahi et al., 2017; Mazzini et al., 2009; Mazzini et al., 2012; Moscariello et al., 2018;
Obermann et al., 2018; Sciarra et al., 2018). The authors indicate that this sinistral strike‐slip system
provides an ideal pathway for the propagation of the deep overpressured hydrothermal fluids toward the
sedimentary basin and further to the surface.

This complex plumbing system and tectonic structures are largely controlling the past and present
migration of fluids. Lusi is surrounded by three shallow oil and gas fields (Figures 1b and 2) that reflect
the paleo‐migration of HCs in the basin. Despite the obvious proximity between Lusi and these HC
reservoirs, no dedicated studies have yet been conducted to investigate (1) if the HC gas currently
erupted at Lusi is the same as that stored in the reservoirs, (2) if any correlation represents a potential
connection between these two systems, and (3) whether the WFS could also provide a migration path-
way for the mantle‐derived fluids to the shallow reservoirs. This study aims to characterize the composi-
tion and origin of the gas trapped in the subsurface and to unravel the above questions by analyzing
targeted samples.

2. Geological Setting

The East Java Basin is located on the southeastern margin of the Sunda plate, bounded to the south by the
northward subduction of the Indian‐Australian Plate. The subduction initiated in the Middle Eocene
and resulted in the formation of two volcanic arcs: the Southern Mountain Arc (active between ca. 45 and

Figure 2. 3‐DGoogle Earth view of the study area with indicated location of the oil and gas fields (color shaded areas), the
sampling stations, and the Watukosek fault system (red shaded area).
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20Ma) and Sunda Arc (active since ca. 12–10Ma; Hall, 2013; Smyth et al., 2008). The axis of the Sunda Arc is
located 50 km to the north from the older Southern Mountain Arc. The Arjuno‐Welirang volcanic complex
consists of Holocene stratovolcanoes, located in the eastern part of the Sunda Arc. Penanggungan is the
northeasternmost volcano of this complex and is in the vicinity (~10 km) of the Lusi mud eruption and
the studied oil and gas fields. The most recent recorded eruptive activity occurred at the Welirang volcano
in 1952 (Global Volcanism Program, 2013). Currently, the crater is characterized by solfataric fields, with
several hydrothermal seeps distributed on the flanks (Inguaggiato et al., 2018; Mazzini et al., 2012;
Mazzini et al., 2018).

The East Java Basin comprises a complex of northeast to southwest trending troughs, developed during Late
Eocene to Early Miocene due to the extensional regime of the Sunda plate (Doust & Noble, 2008). The sedi-
mentary section contains more than 5 km of deposits, spanning in age from Eocene to recent, overlying the
pre‐Tertiary basement, with the maximum sediment thickness of 8–10 km in the Kengden graben (Hall
et al., 2011; Kusumastuti et al., 1999; Martha et al., 2017). In the study area, the lithostratigraphic section
is constrained by drilled boreholes, analyzed clasts erupted at the Lusi site, and by seismic surveys from
the 1990s–2000s (Istadi et al., 2009; Malvoisin et al., 2018; Mazzini et al., 2018; Mazzini et al., 2007;
Moscariello et al., 2018; Samankassou et al., 2018; Satyana & Purwaningsih, 2003b; Sharaf et al., 2005;
Tingay, 2015). The sedimentary section constrained in the deepest well (BJP1, TVD 2,833 m) consists of
(from top to down) the following:

1. recent alluvial sediments (intercalated sands, shales, and volcaniclastic sands and clays), 0–290 m;
2. volcaniclastic shales and sands of the Pucangan Formation, Pleistocene, 290–900 m;
3. bluish gray shales of the upper part of the Upper Kalibeng Formation, Pleistocene, 900–1,871 m; and
4. tight volcanic and volcaniclastic units of the lower part of the Upper Kalibeng Formation, Upper

Pliocene‐Pleistocene, 1,871 to at least ~2,833 m.

Lithostratigraphy below 2,833 m is based on regional studies, Lusi mud breccia analyses, and
seismic data

1. marls and shales of the Tuban Formation, Lower‐Upper Miocene, from >2,833 to ~3,250 m;
2. reefal and platform carbonates of the Kujung Formation, Upper Oligocene‐Lower Miocene, from ~3,250

to ~3,800 m; and
3. organic‐rich black shales of the Ngimbang Formation, Middle Eocene‐Lower Oligocene, >3,800 m.

The basin is characterized by high sedimentation rates (0.7 km/Ma) since Late Pliocene, which resulted in
fast burial and preservation of the semilithified deposits.

3. Petroleum System of the East Java Basin

The East Java Basin is a petroleum province with a total reserve volume of 1,830 Million Barrels of Oil
Equivalent (Doust & Noble, 2008). The HC accumulations in the basin are confined to shallow volcaniclastic
Pleistocene reservoirs (Pucangan Fm.), Miocene sands of the Ngrayong and Woncolo Formations, Upper
Oligocene‐Lower Miocene reefal carbonates of the Kujung Fm., and carbonates and sands of the
Ngimbang Formation (Doust & Noble, 2008; Satyana & Purwaningsih, 2003b).

The main HC source rock is suggested to be the Middle Eocene‐Lower Oligocene organic‐rich shales, coals,
and coaly shales of the Ngimbang Fm. (Devi et al., 2018; Satyana & Purwaningsih, 2003a). These sediments
were deposited in a fluvio‐deltaic to near‐shore marine environment. Organic‐rich shales of the Ngimbang
Fm. contain up to 5.7 wt.% Total Organic Carbon (TOC) and coal bearing interval with TOC up to 67 wt.%
(Satyana & Purwaningsih, 2003a).

The study area is located in the southern part of the East Java Basin, to the north of the Arjuno‐Welirang
volcanic complex and in the neighborhood of the Lusi eruption site. Three production HC fields, Wunut,
Tanggulangin, and Carat, surrounding Lusi site were targeted for investigation. Here producing reservoir
intervals are confined to the Pucangan Fm., 200‐ to 1,000‐m depth, that was deposited as a northeastward
prograding, volcaniclastic sedimentary wedge (Istadi et al., 2009; Kusumastuti et al., 1999). The Pucangan
Fm. consists of predominantly fine‐grained material (up to 80% of net shales) and layers of sandstones,
3–47 m thick (Kusumastuti et al., 1999). The intercalating shales seal the HC accumulations. The traps
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are four‐way dip closures with multiple reservoir layers. The lower intervals of the Pucangan Fm. contain
oil, while the shallower units are gas prone. The measured thermal gradient in the wells varies from 2.8 to
4.9 °C/100 m.

4. Sampling and Analytical Procedures

During spring 2017, a gas sampling campaign was conducted in northeast Java with the aim to obtain sur-
face and subsurface gas samples of the southern part of the East Java Basin. Two main settings and localities
have been targeted (Figures 1b and 2). The first set of samples (Group 1) was collected from several produc-
tion wells of targeted gas fields (Wunut, Tanggulangin, and Carat). Surface seeping gas was collected from
bubbling pools, located above the Wunut field (Group 2). In addition, theWatudakon gas field (~36 kmwest
of the Lusi on the outskirts of the Arjuno‐Welirang volcanic complex) was sampled (Group 3). Formation
waters from the Wunut and Watudakon fields were also sampled to conduct dissolved gas analyses
(Group 4). Finally, selected rock cuttings from the BJP1‐R1 well, originally drilled in the outskirts of the
Lusi eruption site (Sutrisna, 2009), were analyzed for the TOC content through the interval 543–884 m of
the Pucangan Fm. and 900–993 m of the Up. Kalibeng Fm.

Gas samples were collected in two valve steel and glass samplers. Prior to sampling, the head well was rou-
tinely flushed for 20 min to reduce potential contamination of the sample. Bubbling seeps were sampled
using a plastic funnel positioned upside‐down and connected by silicone tubes to glass or steel tanks.
Water was collected in crimped 245‐ml glass water flasks.

The analyses of chemical composition of fluids were completed at the Istituto Nazionale di Geofisica e
Vulcanologia (INGV‐Palermo, Italy). Gas chromatography (GC) was performed using a gas chromatograph
(Perkin Elmer Clarus 500) equipped with a double detector (thermal conductivity detector and a flame ioni-
zation detector with a methanizer) using Ar as the carrier gas and a 3‐m packed column (Restek Shincarbon
ST), with analytical errors of <3%.

Dissolved gas samples were extracted by the collected waters and analyzed by using the methodology pro-
posed by Capasso and Inguaggiato (1998).

The carbon isotopic composition of CO2 (δ
13CCO2) was determined using a Thermo Delta XP Isotope Ratio

Mass Spectrometer coupled with a Thermo Scientific™ TRACE™ Ultra Gas Chromatograph. Separation
prior to analysis was done through a 30‐m Q‐plot column (i.e., of 0.32 mm). The resulting δ13CCO2 values
are expressed in per mil notation with respect to the international Vienna Pee Dee Belemnite (VPDB) stan-
dard and analytical uncertainties of ±0.15‰.

The carbon and deuterium isotopic composition of CH4 (δ13CCH4 and δDCH4) was determined using a
Thermo TRACE GC interfaced to a Delta Plus XP gas source mass spectrometer and equipped with a
Thermo GC/C III (for Carbon) and with GC/TC peripherals (for Hydrogen). The 13C/12C ratios are reported
as δ13CCH4 values with respect to the VPDB standard, and 2H/1H ratios are reported here as δDCH4 values
with respect to the Vienna Standard Mean Ocean Water (VSMOW) standard. The analytical uncertainty
of the measurements was 0.1‰.

Carbon isotopes of themethane homologs were measured in the Isotech Labs Inc. (Illinois, USA) using three
IRMS instruments: Delta Plus, Delta Plus XL, and Delta V Plus.
3He, 4He and 20Ne, and the 4He/20Ne ratios were determined by separately injecting He and Ne into a
split flight tube mass spectrometer (GVI‐Helix SFT, for He analysis) and then into a multicollector mass
spectrometer (Thermo‐Helix MC plus, for Ne analysis), after standard purification procedures (Correale
et al., 2012). The analytical error was generally less than 1%. The R/RA values were corrected for atmo-
spheric contamination based on the 4He/20Ne ratio (Sano & Wakita, 1985). The Ar‐isotope composition
was measured in a multicollector mass spectrometer (GVI Argus), for which the analytical uncertainty
was 0.5%.

Measured He isotopes values are reported as R/RA, where R = 3He/4He, measured in the sample, and RA =
3He/4He of air (1.4 × 10−6). Helium concentrations in the analyzed samples range from 5 to 140 ppm. 4He/
20Ne ratio is 120–1,690 times higher than that measured in air (4He/20Ne = 0.318), confirming very low air
contamination and validating the accuracy of the results.
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TOC measurements were performed on the LECO CS‐230, in the Federal Institute for Geosciences and
Natural Resources (BGR), Germany. The method is described in Blumenberg et al. (2016).

5. Results

Gas geochemistry results obtained from the sampled localities are summarized in Tables 1 and 2. All
sampled gases are methane‐dominated (CH4 > 91.6 vol.%). N2 is present in variable concentrations (from
0.5 to 7.5 vol.%), and O2 concentrations are up to 1.13 vol.%. The O2/N2 ratio in the collected gases is lower
than 0.1 (except the sample JV17‐50, 0.21), that is, lower than the same ratio in air (0.27) and in the air satu-
rated water (0.53) showing that these fluids were not affected by strong air contamination.

More specifically, gas samples from the oil and gas production wells around Lusi (Group 1) contain methane
ranging from 91 to 99 vol.% and higher methane homologs (ethane < 2.7 vol.% and propane < 0.7 vol.%). The
gas dryness ratio C1/(C2 + C3) varies from 28 to 2,757 and follows a general trend decreasing with the reser-
voir depth (Figure 3a). CO2 concentrations are very low (average value 0.1 vol.%), except for the deepest pro-
ducing units of TG5 well of Tanggulangin field (4.6 vol.%). The δ13CCH4 varies from −40.7‰ to −58.3‰ and
δDCH4 from −201‰ to −177‰. The low CO2 content present in the samples allowed the isotopic measure-
ments to be performed in only two samples from Tanggulangin and Carat fields (18.9‰ and 22.8‰, respec-
tively). He isotopes have a R/RA ranging between 5.1 and 6.7, with the lowest values recorded in the deepest
samples. Ar isotope composition (40/36Ar) ranges between 303 and 435, higher than the same ratio in atmo-
sphere (298.6; Ozima & Podosek, 2002).

Two gas samples from the bubbling pools above the Wunut field (Group 2, named surface seep in the
Tables 1 and 2) revealed almost identical composition. Together with methane (average 84.3 vol.%) and
CO2 (average 1.14 vol.%), ethane and propane were also detected (3.9 and 1.6 vol.%, respectively). The aver-
age gas dryness ratio is 15.3, which is significantly lower than that measured for the Group 1 samples
(Figure 3a). The isotopic analyses reveal δ13CCH4 = −42.5‰ and ranges of δDCH4 from −170‰ to −173‰,
δ13CCO2 from 1.2‰ to 2.7‰, and R/RA = 6.1 and 40/36Ar from 330 to 357.

The gas sampled at theWatudakon gas field (Group 3) is also CH4‐dominated, with ethane abundance <0.09
vol.%. Isotopic analyses revealed δ13CCH4 =−62.4‰ and δDCH4 =−190‰, while δ13CCO2 was not measured
due to low CO2 concentration (599 ppm).

Table 1
Major Gas Components of the Sampled Free Gas (Group1‐3, in vol.%) and Dissolved Gas (Group 4, in cm3 per Liter at Standard Temperature and Pressure)

Sample
ID Group Field

Well, sampling depth
interval (m) He H2 O2 N2 CH4 CO H2S CO2 C2H6 C3H8

C1/
(C2 + C3)

JV17‐36 1 Tanggulangin Well TG5, 742–966 0.0008 nd 0.01 0.7 91.6 nd nd 4.58 2.66 0.66 28
JV17‐37 Well TG1, 468–471 0.0013 nd 0.20 2.1 97.7 nd nd 0.22 0.14 nd 698
JV17‐38 Well TG1SS, 417–425 0.0023 nd 0.11 2.6 96.9 nd nd 0.06 0.05 nd 1,978
JV17‐49 Well TG2, 435–460 0.0026 0.0043 0.16 3.3 96.1 nd nd 0.08 0.05 nd 2,056
JV17‐41 Wunut Well WU‐1ST,

218–246
0.0050 0.0005 1.13 6.9 91.0 nd nd 0.05 0.03 nd 2,757

JV17‐42 Well WU 1A‐LS,
341–347

0.0046 0.0002 0.06 2.7 97.2 nd nd 0.10 0.04 nd 2,745

JV17‐50 Well WU9LS,
790–885

0.0005 0.0007 0.25 1.2 96.5 nd nd 0.37 0.61 nd 158

JV17‐39 Well WU16, 627–807
(?573?)

0.0015 0.0008 0.07 1.3 96.3 nd nd 0.02 1.72 0.42 45

JV17‐43 Carat Well CA‐1, 494–500 0.0012 0.0002 0.004 1.2 98.7 nd nd 0.06 0.06 nd 1,646
JV17‐03 2 Surface seep Bubbling pool 0.0141 0.0043 0.33 7.0 85.2 nd nd 1.10 3.88 1.60 16
JV17‐04 Bubbling pool 0.0139 0.0040 0.28 6.9 83.4 nd nd 1.18 3.86 1.68 15
JV17‐44 3 Watudakon well WD20, ~350 m 0.0006 0.0011 0.04 0.5 100.0 nd nd 0.04 0.09 nd 1,118
JV17‐46 4 Watudakon well WD17, ~600 m 0.000426 0.024 0.17 2.33 20.8 0.00204 b.d.l. 8.28 b.d.l. b.d.l.
JV18‐08 Wunut well WU15, ~900 m 0.0002 0.00004 3.26 10.5 14.0 b.d.l. b.d.l. 28.15 b.d.l. b.d.l.

Note. nd = not defined, b.d.l. = below detection limit.
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The measurements of water‐dissolved gases of the Watudakon gas field
(Group 4) are CH4‐dominated (20.8‐cm3/l Standard Temperature and
Pressure (STP); Table 1) but with also high content of CO2 (up to
8.28 cm3/l STP). This last value is 27 times higher than that measured
in the Air Saturated Waters values (ASW = 0.31 cm3/l STP). Helium iso-
tope composition revealed R/RA = 2.14 and 40/36Ar equals to 300.5‰.
Water‐dissolved gases at the Wunut field (Group 4) are CO2‐dominated
(28.15 cm3/l STP, Table 1) with CH4 content of 13.97 cm3/l STP.

Measured TOC in the cuttings of the Pucangan and Upper Kalibeng
Formations from the BJP‐R1 well resulted in 0.5 to 1.75 wt.% (average
0.9 wt.%).

6. Discussion

The acquired geochemical data set allowed to identify the origin of the
gases that are trapped in the shallowHC reservoirs produced in the north-
east Java. Furthermore, we combined the data in order to investigate if a
possible connection exists between the neighboring Arjuno‐Welirang vol-
canic complex and the reservoirs. This is described in detail in the
following sections.

6.1. HC Origin and Alteration Processes in the Reservoirs

The origin of natural gases, trapped in the porous media, is commonly
characterized using binary genetic diagrams of δ13CCH4 versus δDCH4,
δ13CCH4 versus C1/(C2 + C3), and δ13CCH4 versus δ

13CCO2. These empiri-
cal diagrams were first proposed in 1970s–1980s (Bernard et al., 1977;
Gutsalo & Plotnikov, 1981; Schoell, 1983; Whiticar et al., 1986) and have
been more recently revised based on >690,000 data entries (Milkov &
Etiope, 2018). This recent study highlights that the original molecular
and isotopic composition of CH4, its homologs, and CO2 could be affected
by several post‐generation processes, including mixing, migration, biode-
gradation, thermochemical sulfate reduction, and oxidation. Therefore, a
combined use of these plots is required to obtain distinctive conclusions
in order to classify gases in natural systems.

Methane isotope composition of the gas from Group 1 (δ13CCH4 range
from −58.3‰ to −40.7‰ and δDCH4 from −201‰ to −170‰) coupled
to the ratio C1/(C2 + C3) indicates that the studied natural gases have
mainly thermogenic origin (i.e., generated within organic‐rich sediments
due to thermal cracking of the kerogen), even if CH4 from different reser-
voirs of the Group 1 shows a large variability of its isotopic composition
(Figures 3b and 3c). These results are consistent with the migration of
HCs from the organic‐rich deep sited (>4 km) Middle Eocene‐Lower
Oligocene Ngimbang source rock (Kusumastuti et al., 1999). The HCs
were presumably initially trapped in the Miocene reef carbonates of the
Porong structure (located few kilometers to the east from the studied
HC fields; see Figure 1b for location). After the collapse of the seal above
this carbonate reservoir, HCs migrated through a system of faults to the
shallow porous units of the Pucangan Fm during the Late Pleistocene‐
Holocene and migrated toward the west in the targeted reservoirs
(Kusumastuti et al., 1999).

The positive carbon isotope ratio of the CO2 (δ13CCO2 +18.9‰ and
+22.8‰) indicates that the HC reservoirs are affected by biodegradation
processes (Figure 3d). Biodegradation is commonly taking place inT
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shallow HC reservoirs at temperatures below 80–90 °C (Head et al., 2003; Milkov, 2010, and references
therein) and can be simplified in two main steps: 1) anaerobic oxidation of the thermogenic HCs followed
by microbial CO2 production, combined with (2) microbial (operated by methanogens) CH4 generation
via CO2 reduction (Etiope et al., 2009; Milkov, 2018). Due to preferential selection by the methanogens of
the 13C‐depleted CO2, the residue CO2 is enriched in 13C carbon isotope (Head et al., 2003; Milkov, 2011).
Occurrence of biodegradation process in the reservoirs is also supported by the available carbon isotope
analyses of the methane homologs (CnH2n+2) in the studied samples. The δ13C measured on gaseous HCs
formed due to thermocracking processes of, typically follows a regression trend (i.e., δ13CCH4 < δ13CC2H6

< δ13CC3H8 < δ13CC4H10, Chung et al., 1988; Schoell, 1983). An irregular trend is instead present in
reservoirs with T < 80–90 °C affected by the HC biodegradation processes. This process occurs because of
the selective preference of bacteria to use some homologs over others, that is propane and n‐butane over
ethane and isobutane (Wenger et al., 2002). Similarly to CO2 microbial consumption, the bacteria favor
the 13C‐depleted CnH2n+2, that is controlled by the bacterial enzymatic processes and C‐C bond energies
(Peters et al., 2005). As a result, the remaining CnH2n+2 molecules are enriched in 13C carbon. Our
analyses, and the one described in Mazzini et al. (2012), reveal that the observed carbon isotope ratios
trend (Figure 4) are consistent with the biodegradation processes described above.

A potential contribution of methane generated within the shales of the Pucangan and/or Kalibeng
Formations cannot be excluded; however, this should be a limited amount given the relatively low TOC
in this formation (TOC from 0.5 to 1.75 wt.%, average 0.9 wt.%).

The natural gas sampled at theWatudakon field is essentially methane‐dominated with a clearmicrobial iso-
topic signature (δ13CCH4 and δDCH4 are −62.4‰ and −190.1‰, respectively; Figures 3b and 3c). This

Figure 3. (a) The dryness plot of the sampled HC gases versus the reservoir depth reveals decreasing values at higher
depths. The gas erupted at the Lusi surface, and adjacent seepages is wet. Gas genetic diagrams of (b) C1/(C2 +
C3) versus δ

13CCH4; (c) δ
13CCH4 versus δDCH4; (d) δ

13CCO2 versus δ
13CCH4; after Milkov and Etiope (2018). The genetic

diagrams reveal the thermogenic origin of the gas sampled from the shallow HC reservoirs at Wunut, Tanggulangin, and
Carat fields (Group 1) and the surface seepages (Group 2). The gas composition is altered by biodegradation processes,
therefore mixed with secondary microbial gas. The gas sampled from the Watudakon field is of primary microbial origin.
The majority of the sampled HC gas from the reservoirs is dry. HC gas from the Lusi crater (Mazzini et al., 2012), surface
seepages, and two HC reservoirs (this study) is wet. EMT = Early Mature Thermogenic gas; LMT = Late Mature
Thermogenic gas; OA = oil‐associated gas; HC = hydrocarbon.
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indicates either (1) biodegradation processes of thermogenic HCs (gas-
eous and liquid), earlier generated by thermocracking process, or (2)
ongoing microbial methanogenesis in the shallow organic‐rich clays that
interbed the porous media hosting the gas. According to the well log data
from the Watudakon 20 well, there is no record of oil shows or other oil
traces in the well. The trace amount of C2+ gases (lower than 0.1%) also
supports a primary microbial origin of the methane. These data may sug-
gest that the migration of HCs from the Ngimbang source rock did not
occur in this peripheral part of the basin and that more recent microbial
processes are currently very active.

6.2. Migration of the Mantle‐Derived Fluids in the
Sedimentary Basin

He isotopes represent a powerful tool for recognizing the occurrence of
mantle‐derived fluids in sedimentary HC reservoirs and in continental
region away from volcanism (e.g., O'Nions & Oxburgh, 1988; Prinzhofer,
2013). He is an inert gas, highly mobile, physically stable, it has two stable
isotopes (3He and 4He), and their isotopic signatures in the pristine reser-
voirs (atmosphere, crust and mantle) are strongly different: 3He has a pri-
mordial origin and is usually degassed from the mantle (Ozima &
Podosek, 2002); 4He is produced by U and Th decay. Threemajor He reser-
voirs have distinct 3He/4He isotope ratios: (1) crust 0.01 RA (RA= 3He/4He
of air, 1.4 × 10−6); (2) atmosphere 1 RA; and (3) mantle from ~8 ± 1 RA

(Mid‐Ocean Ridge Basalts mantle reservoir; Ozima & Podosek, 2002).

Our results (Table 2) reveal that all the samples from the HC reservoirs
have a high 3He/4He isotope ratios (R/RA as high as 6.7). Argon isotope composition (40/36Ar) in the col-
lected fluids shows that these fluids have low air contamination. This is confirmed by the values of the
4He/20Ne ratios that are higher than the same ratio in the atmosphere (4He/20NeAIR = 0.318, Table 2).

Figure 4. Carbon isotope distribution of the methane homologues in the
samples from the Tanggulangin, Wunut, and Watudakon fields and sur-
face seep. The plot indicates the occurrence of the hydrocarbon biodegra-
dation processes in the Tanggulangin andWunut reservoirs. Gas sampled at
the surface seep above the Wunut field does not show the evidence of sig-
nificant biodegradation.

Figure 5. (a) Plot of the measured He isotopes versus 4He/20Ne ratio showing the integrity of the He isotope results. The curves represent mixing between air‐
saturated water (1 RA), Mid‐Ocean Ridge Basalts (8 RA), and crust (0.01 RA); (b) plot of the CH4/

3He ratio versus He isotopes (R/RA). Black lines indicate two‐
component mixing of the mantle‐derived end‐member (CH4/

3He = 1.0 × 105 and 3He/4He = 8 RA) and crustal end‐member with three possible compositions
(CH4/

3He = 5.0 × 1010, 1.3 × 1012, and 3.0 × 1013 with a common 3He/4He = 0.01 RA), adopted after Halldórsson et al. (2013) and Jenden et al. (1993). The plot
demonstrates that even in the systems with high CH4 abundance, He could have low crustal contamination.
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The ranges of the measured He‐isotope compositions and 4He/20Ne ratios
in the collected gases can be explained in terms of mixing between three
sources of He (Sano et al., 1997): atmosphere, mantle, and crust
(Figure 5a). Since the investigated systems are located in a continental
region, we assumed a Mid‐Ocean Ridge Basalts mantle source in the area
with a He‐isotope ratio of 8 ± 1 Ra, as suggested by Halldórsson et al.
(2013). We then computed the contributions of atmospheric, radiogenic,
and mantle‐derived He on the basis of the analytical 3He/4He and 4He/
20Ne ratios (Sano et al., 1997). The fluids associated with the investigated
HCs contain mantle He contributions from ~98% to ~99.9% (Figure 5a).

In order to constrain the possible origin of CH4 in the HC reservoirs, we
used the approach proposed by Poreda et al. (1988) that is based on a
two component crust‐mantle mixing model, CH4/

3He ratios versus He
isotopes (Figure 5b). We used three possible crustal end‐members with
CH4/

3He = 5.0 × 1010, 1.3 × 1012, and 3.0 × 1013, with common 3He/
4He = 0.01 RA, and a mantle‐derived end‐member with CH4/

3He = 1 ×
105 and 3He/4He = 8 RA (Halldórsson et al., 2013). The proposed mixing
model reveals that crustal end‐member with CH4/

3He = 3.0 × 1013 is
the most suitable for our data set. Although the investigated reservoirs
are methane‐dominated, the measured CH4/

3He ratios are similar to
those in the geothermal systems of subduction zones (Snyder et al.,

2003, and references therein) and those measured in the volcanic rock reservoirs of natural gas fields in
the Green Tuff basin, Japan (Sakata et al., 1997; Figure 5b). However, CH4/

3He ratio in the HC reservoirs
is 2 to 3 orders of magnitude higher than in the volcanic centers along the western Sunda Arc
(Halldórsson et al., 2013). These findings confirm the presence of a specific setting where methane‐
dominated reservoirs are heavily affected by the migration of mantle‐derived He. This situation presents
new questions and scenarios regarding the migration of magmatic fluids that are typically CO2‐dominated.

6.3. Noble Gas Distribution Through the Sunda Arc

Our data fit well with those from previous investigations in natural fluids emitted in volcanic and hydro-
thermal systems in the western and central Sunda Arc (Halldórsson et al., 2013), where the outgassing vola-
tiles are dominated by CO2. Here the majority of the He isotopes ratios range from 5.3 to 8.1 RA (Figure 6).
Hence, at regional scale, the mantle wedge is considered to be the principal source of He at volcanic centers.
However, a minor radiogenic contamination from the subducted crust can also be inferred, particularly in
the western part of the Sunda Arc, where thicker and older crust is present, decreasing the typical mantle‐
derived He signature in the emitted volatiles. However, the large database described by Halldórsson et al.
(2013) contains a gap in the central and eastern part of Java. Our novel data together with the He data from
the Arjuno‐Welirang volcanic system (Inguaggiato et al., 2018) and those from the Lusi crater (Mazzini
et al., 2012) contribute to the filling of this gap and to the reconstruction of the general distribution of
the magmatic volatile sources along the eastern Sunda Arc. Furthermore, our results demonstrate a propa-
gation of the mantle‐derived volatiles from the volcanic complex to the sedimentary basin around the
Lusi system.

6.4. The Fate of Magmatic CO2

CO2, CH4, and H2O are considered as the main He carriers for migration through the crust in sedimen-
tary and volcanic settings. Previous results and modeling indicate that CO2 is the major magmatic volatile
migrating through the East Java Basin, particularly at and around the Lusi eruption site (Mazzini et al.,
2012; Sciarra et al., 2018; Svensen et al., 2018; Vanderkluysen et al., 2014). Therefore, in our study case,
CO2 is assumed to be the carrier for the migration of the mantle‐derived He in the sedimentary basin and
the HC reservoirs. Nevertheless, the gas sampled in the HC reservoirs (Group 1) reveals very low CO2

concentrations, varying from 0.02 to 0.37 vol.% (except for the well TG5), and concurrently high R/RA

values (Tables 1 and 2). Furthermore, the carbon isotopic composition of CO2 is extremely positive (from
+18.9‰ to +22.8‰) and significantly different from the typical composition of the mantle‐derived CO2

Figure 6. Map of Indonesia, modified after Halldórsson et al. (2013), show-
ing measured He isotopes distribution through the Sunda arc (Halldórsson
et al., 2013), at the Arjuno‐Welirang volcano (Inguaggiato et al., 2018),
and in the southern part of the East Java sedimentary basin (this study, red
diamonds). HC = hydrocarbon.
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(−8‰ < δ13CCO2 < −4‰; Clark & Fritz, 1997; Deines, 2002). Hence,
mantle‐derived CO2 seems to be decoupled from the mantle‐derived
He. There are two potential mechanisms able to mask the CO2 as carrier
gas: (1) CO2 transformation to CH4 by microbial activity and (2) CO2

dissolution in the water. The first hypothesis is that large part of the
CO2 is transformed by microbial activity operated by methanogens (as
described in the section 6.1). An additional hypothesis is that during
the migration of mantle‐derived He and CO2, the latter gets mainly dis-
solved in formation water. This process is able to reduce the amount of
CO2 in the gas phase and preserve the pristine isotopic ratio of He that
does not dissolve into water (Caracausi et al., 2003). This mechanism is
not applicable for ongoing focused and vigorous seepage. For example,
deep and hot CO2‐rich fluids at Lusi are flushed rapidly toward the sur-
face without cooling. When instead diffused fluids migration occurs at
slower rates through gradually colder sedimentary rock formations,
the dissolution of CO2 takes place. Furthermore, it is recognized that
the transport of He could be decoupled from that of carbon gases in
the areas away from the active volcanism (Giggenbach et al., 1993).
The depicted scenario is further supported by the significant concentra-
tion of dissolved CO2 in the water (8.28 and 28.15 cm3/l STP at the
Watudakon and Wunut fields, respectively, Group 4). Here the amount
of the dissolved CO2 is higher than in the water in equilibrium with the
atmosphere (0.31 cm3 SPT/l; Capasso & Inguaggiato, 1998), indicating
that part of CO2 can be dissolved in the shallow formation waters.

6.5. The Subsurface Plumbing System

To investigate potential fluid migration pathways, we compared the fluid geochemistry at different sites and
complemented these data with available subsurface geophysical data. Gas compositions of the fluids emitted
at the surface seepage sites above the Wunut reservoir (Group 2) are distinctively different from those
recorded at the adjacent WU1 well (Tables 1 and 2). However, the origin of the HC gases is always thermo-
genic (δ13CCH4 as high as −42.5‰ and δDCH4 as high as 170.4‰ C1/(C2 − C3) = 15; Table 2 and Figures 3b
and 3c). Furthermore, these seeps contain 5–10 times more CO2 than samples of Group 1 (where CO2 is
almost absent) with a different isotopic signature (i.e., δ13CCO2 between 1.2‰ and 2.7‰). These marked dif-
ferences suggest that a diverse source of fluids is present at this locality or that some processes (i.e., mixing)
may occur during the transfer of the fluids toward the surface.

Insights about the subsurface plumbing system are provided by seismic profiles acquired during the 1990–
2000s in this part of the basin. Geophysical data highlight the occurrence of the WFS that extends from
the Arjuno‐Welirang volcanic complex, intersects Lusi, and progresses toward the northeast Java
(Moscariello et al., 2018). The authors describe the presence of this deep‐rooted fault system that splits lat-
erally at shallower depths and creates a network of fractures. These faults either stop within the topmost
kilometer of sediments or can be traced all the way to the surface. This type of features can also be observed
on the seismic lines crossing theWunut field, sampled seepage zone (Group 2), and Lusi (Figure 7). Here one
of these faults reaches the surface exactly at the Group 2 seepages locality. Additional faults can also be
observed ending below, and sometimes within, the Wunut field. Therefore, these fractured zones represent
ideal pathways for the transfer of fluids due to their high permeability within the reservoir and at the surface.

An additional fluids source that is feeding the surface seeps at the Wunut locality (Group 2) is potentially
provided through broad caldera collapse and diffused fracturing ongoing around the neighboring Lusi cra-
ter, located 3.5 km to the east (Mauri et al., 2018; Panzera et al., 2018). These newborn fractures represent
additional active pathways for radial transfer of the Lusi fluids in the shallow surface. Here thousands of
active seeps are scattered around the Lusi vent and have CO2 and CH4 signatures similar to those measured
for Group 2 (Tables 1 and 2; Mazzini et al., 2012; Sciarra et al., 2018). Further, the authors also describe the
presence of ~W‐E‐oriented systems of newborn antithetic fractures that are interpreted to result from the
sinistral strike‐slip activity of the WFS. These fractures, similarly to the NE‐SW‐oriented WFS, are proven

Figure 7. W‐E‐oriented seismic profile from 2003, with indicated location of
the sampled surface seepage site, Lusi, the conditional location of the
shallow hydrocarbon reservoirs of the Wunut field and several faults as
part of the Watukosek Fault System (highlighted in red). Faults act as
migration pathway for the fluids. Profile location indicated in Figure 1b.
TWT represents two‐way travel time.
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to be an active advective pathway for the migration of fluids (Sciarra et al., 2018). Gravimetry data (Mauri
et al., 2018) also confirm the presence of these structures that are likely recycled by the radial fluids expul-
sion from the over pressured Lusi conduit.

6.6. HC Reservoirs, Lusi, and the Volcanic System

Our results indicate that mantle‐derived fluids not only migrate from the volcanic complex at focused local-
ities such as the Lusi site (Inguaggiato et al., 2018; Mazzini et al., 2012) but also disperse over a broader area
within the sedimentary basin through which the WFS extends. The highest He isotope signature was mea-
sured in the fluids trapped in the Carat field (6.7 RA), the closest field to the volcanic complex. (Figures 1b
and 2). In contrast, the lowest He isotope ratio was distinguished in the Watudakon field (2.1 RA), located
on the outskirts of the magmatic complex (Figures 1b and 2) but in a part of the basin that is not intersected
by the WFS (i.e. ~36 km west of Lusi). This lower He isotope signature indicates that here the crustal He
component (4He due to U and Th decay in the crust) is higher (Figures 5a and 5b). The migration pathway
of the mantle‐derived volatiles toward the Watudakon field is less developed than the one existing for the
fields located along the WFS. It is worth noting that the Watudakon field also has a different CH4 signature
indicated as primary microbial origin (Figures 3b and 3c). Hence, this reservoir contains volatiles that are
very distinct with respect to those in the Wunut, Tanggulangin, and Carat reservoirs. This observation
strengthens the hypothesis that the migration of mantle‐derived fluids mainly occurs in the region around
the volcanoes but that enhanced migration is promoted in the NE‐SW‐oriented corridor crossed by the
WFS. This observation is also consistent with the thermal gradient measured from these fields based on
the available shallow boreholes. The data indicate a gradient of 2.8–4.8 °C/100 m from Wunut field, 3.8–
4.8 °C/100 m from Tanggulangin, and 4.9 °C/100 m from Carat. These values are remarkably similar to
the gradient measured at the BJP‐1 well (4.2 °C/100 m; Mazzini et al., 2007) drilled prior to the occurrence
of the Lusi eruption. The evidence of a widespread high thermal gradient is in agreement with the broadly
diffused migration of mantle‐derived fluids.

Our new data also help to refine the fluids migration imaged by the ambient noise tomography acquired in
the region that indicates the migration of hydrothermal fluids from the volcanic arc toward the sedimentary
basin (Fallahi et al., 2017). The major migration pathway is linked to the WFS as well as W‐E‐oriented sys-
tems of antithetic fractures present around Lusi. Considering the remarkable variation of the geochemical
composition of the C‐rich gases (i.e., CO2 and CH4) sampled from the HC fields (this study) and the Lusi sys-
tem (Mazzini et al., 2012), we can conclude that these two systems are essentially compartmentalized and
input of fluids from the Lusi system to reservoirs is limited. The slow migration of mantle‐derived He in
the HC reservoirs occurs independently from the focused one occurring at the Lusi crater. We cannot rule
out the possibility that fluids (i.e., CO2 and CH4) outgassing from the Lusi system may also move laterally
toward the HC reservoirs (Wunut, Carat, and Tanggulangin) and are later modified by secondary processes
(i.e., biodegradation). However, the collected data do not support this scenario.

6.7. Basinal Fluids Migration

Based on the findings and observations reported herein, merged with the known regional studies, we have
developed a schematic model describing the fluids migration in the studied petroleum system (Figure 8).

1. Deposition of petroleum system elements: (a) Ngimbang Fm. HC source rock; (b) reservoir (volcaniclastic
sands and sandstones); and (c) seals (intercalating shales) both within the Pucangan Fm. HC generation
within the Ngimbang Fm., offshore northeast Java.

2. Late Pleistocene‐Holocene HC fluid migration to shallow reservoirs of the Pucangan Fm., following the
collapse of the Porong trap (7 km to the east).

3. Alteration of the gas and oil via HC biodegradation process.
4. Magmatic and hydrothermal fluids migration toward the organic‐rich shales of the deep‐seated

Ngimbang Fm. (>3,800‐m depth) generated additional HCs and CO2, creating overpressure within the
Ngimbang Fm., enriching the gas with mantle‐derived trace noble gases (3He and 36Ar).

5. These fluids migrated toward the surface through fractured and weak zones and are present today in the
producing HC reservoirs and at the Lusi eruption site.

The gas geochemistry survey described herein corroborates all the previously collected geophysical, petro-
graphic, geochemical, and modeling evidences (Collignon et al., 2018; Fallahi et al., 2017; Malvoisin et al.,
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2018; Mazzini et al., 2012; Mazzini et al., 2018; Samankassou et al., 2018; Svensen et al., 2018). These
converging data indicate that prior to the Lusi eruption and prior to the drilling of the BJP‐1 well, an
overpressured zone in the deeply buried Ngimbang Fm. (>4 km) already existed. Here the migration of
magma and hydrothermal fluids from the neighboring volcanic arc generated significant overpressure
confined in this proliferous source rock buried more than 1 km below the bottom of the BJP‐1 well.
Therefore, the presence of this naturally overpressured system and its final manifestation at the surface
appear to be unrelated to the drilling of the BJP‐1 well.

7. Conclusions

We report the results of a gas geochemistry survey conducted in the southern part of the East Java sedimen-
tary basin. Here several HC fields and adjacent surface seepage sites are located near the Arjuno‐Welirang
volcanic complex and around the Lusi eruption site. The samples collected from the shallow (200–1,000
m) HC fields (Group 1) reveal the presence of predominantly dry thermogenic gas (−58.3 <δ13CCH4 <
−40.7). Ongoing biodegradation processes are confirmed by the CO2 signature with +18.9 < δ13CCO2 <
+22.8. The surface seepages (Group 2) located above the reservoirs reveal a remarkably different geochem-
ical signature where less molecularly and isotopically fractionated and recently generated thermogenic gas is
mixed with CO2 with +1.2 < δ13CCO2 < +2.7. All the analyzed samples reveal the presence of noble gases
with a clear mantle‐derived He signature that is comparable to that in the fluids emitted at the Lusi and
Arjuno‐Welirang fumaroles. Only a moderate decrease in 3He/4He ratio is observed along a NE‐oriented
transect from the Arjuno‐Welirang fumaroles (R = 7.3 RA), through the neighboring Carat HC reservoir
(R = 6.7 RA), Lusi (R up to 6.5 RA), and the surrounding HC fields that still display remarkably high values
(R up to 6.3 RA).

The study region is intersected by theWFS that originates from the Arjuno‐Welirang volcanic complex, host-
ing Lusi and the sampled HC fields. Previous studies revealed that this fault system provided the pathway for
the magmatic fluids fueling the Lusi eruption. Our new results show that this system of faults also allows the
ongoing migration of mantle‐derived fluids over a larger region of the sedimentary basin hosting the HC
fields. Potential migration of the shallow Lusi fluids to the reservoirs followed by alteration processes (i.e.,
biodegradation) cannot be totally excluded. However, the distinct signature of the C gases (i.e., CO2 and

Figure 8. Conceptual geological model depicting the development of the petroleum system and themigration pathways of
the mantle‐derived and HC fluids in the study area. The major events are marked with Numbers 1–5, described in the
section 6.7.
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CH4) observed at the Lusi eruption site and in the HC fields indicates that this input should be limited.
Additional fluids expelled at the thousands of seeps around the Lusi crater (including those from Group
2) are migrating from the Lusi conduit through a network of fractures antithetic to the Watukosek strike slip
fault system and through the caldera collapse shallow fractures that extend over kilometers around the main
Lusi vent.

This study highlights that continuous monitoring of noble gas composition in HC fields neighboring volca-
nic centers could represent an efficient and logistically simple tool to distinguish perturbations of adjacent
magmatic complexes.
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