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A B S T R A C T

For the first time we present the geochemical characterization of fluids emitted from the Arjuno-Welirang
volcanic complex and compare the results with those obtained sampling the neighboring spectacular Lusi
eruption site (Java Island, Indonesia).

The isotopic composition of the hydrothermal and cold waters from the Welirang volcanic complex indicate a
meteoric origin for these springs, with values ranging from −65 to −50 and −6 to −1‰ vs V-SMOW re-
spectively for δD and δ18O. The water erupted from the Lusi site showed clustered higher δD and δ18O isotopic
values, ranging around −6 and +10 vs V-SMOW respectively. We ascribe these results to mixing between
hydrothermal fluids, meteoric water, saline formation fluids, and water released during clay mineral illitization
ultimately altered by additional evaporation processes. The chemical and isotopic composition of fluids emitted
from fumaroles and hydrothermal springs of the Welirang volcano showed a clear magmatic signature where a
CO2-dominated gas reveals δ13CCO2 ranging between −5.9 and −2.4 and helium isotope with R/Ra = 7.3.
These values are very close to those measured at Lusi site (R/Ra = 7) that also have high CO2/CH4 ratio
(1.7–2.2) supporting the high contribution of magmatic gases. Moreover, a great contribution of andesitic water
has been recognized in the water vapour emitted from the summit fumaroles.

Converging geochemical data indicate that the plumbing system of the Lusi eruption site is connected at depth
with the Arjuno-Welirang volcanic complex. These data support a scenario where hydrothermal fluids from the
volcanic system migrated in the sedimentary basin triggering metamorphic reactions in the organic-rich sedi-
ments that ultimately resulted in a venting system at the surface. After eleven years of incessant activity this
venting system remains constantly fed by the fluids from the volcanic complex and became world known as
“Lusi”, the largest ongoing clastic geysering system on Earth.

1. Introduction

The Island of Java is located between the Island of Bali in the
Eastern part of the Indonesian archipelago and the island of Sumatra in
its Western part. Throughout its length it is characterized by more than
hundred volcanic edifices most of which are still active today. The
volcanism of the Indonesian archipelago is intimately connected with
the activity occurring in the subduction zone framing the southern part
of the island (Fig. 1). Here is ongoing the shift of three crustal blocks
and consequently the creation of arc-trench systems resulting in mainly
calk-alkaline magmatism (Katili, 1980). The back arc of the island is a
Tertiary-aged basin where organic rich units were deposited with high
sedimentation rates (Kusumastuti et al., 2000; Willumsen and Schiller,

1994). In the NE of Java the sedimentation rates reach about 2.5 km/
Ma since the Pleistocene. This part of the island is a rich hydrocarbon
province and also characterized by the presence of numerous mud
volcanoes and hydrothermal springs (Satyana and Purwaningsih, 2003;
Satyana, 2008; Mazzini et al., 2009a; Istadi et al., 2012).

The 29th of May 2006 several sudden hot mud eruptions, with fluids
around 100 °C, occurred in the NE side of the island resulting in a
prominent eruption named Lusi (contraction of Lumpur-Sidoarjo). This
eruption was characterized by two anomalous characteristic, the
boiling temperature of fluids and CO2-dominant gas emissions (Mazzini
et al., 2012; Vanderkluysen et al., 2014). In addition, an abnormal
behavior was observed: the long-time duration of eruption that still
persists after 11 years. The eruptions were aligned with the Watukosek
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strikeslip fault zone. The Watukosek fault system (Fig. 2a), strikes from
the South-west potentially crossing Kelut and Arjuno-Welirang (AW)
volcanic complex, then intersecting Lusi and extending towards the NE
of Java (Mazzini et al., 2009b; Istadi et al., 2009; Karyono et al., 2017.,
Moscariello et al., 2017; Obermann et al., 2017; Sciarra et al., 2017).
Mud volcanoes are broadly distributed in the Java island (Istadi et al.,
2009; Mazzini et al., 2012) and typically erupt CH4-dominated gas,
mud clast breccia rising from “cold” sedimentary basins, and are
characterized by short-lived (several day at most) eruptive events. In
contrast Lusi erupts boiling fluids, dominated by aqueous vapour, CO2

and, in smaller amount, CH4. This seemingly unstoppable eruptive ac-
tivity is ongoing since May 2006. Geochemical analyses of the erupted
fluids indicate a deep origin and hydrothermal/mantellic signature
(Mazzini et al., 2012). Results are consistent with a scenario where
magmatic intrusions and hydrothermal fluids migrated from the
neighboring AW volcanic complex towards the NE. Mazzini et al.
(2012) suggested that the fractured Watukosek fault system acted as
preferential pathway for fluids movement triggering fluid-rock inter-
action processes within the organic-rich sediments deposited in the
back arc basin hosting Lusi and other piercements. Accordingly, the
authors defined Lusi as a sediment-hosted hydrothermal system
(SHHS). These hybrid systems result from the mixing of fluids coming
from the two different geological environments: volcanic and sedi-
mentary (Mazzini and Etiope, 2017). Other examples of SHHS have
been suggested to be linked to Etna (Giammanco et al., 1998; Caracausi
et al., 2003), in the Salton Sea geothermal field in California (e.g.
Helgeson, 1968; Svensen et al., 2009; Mazzini et al., 2004), the
Guaymas Basin rift zone in the Pacific (Welhan and Lupton, 1987), the

aligned eruptions in central Java, the Tiber-Delta gas system near Rome
(Ciotoli et al., 2016), and the areas with large igneous intrusions such as
in the Northeast Atlantic, in South Africa and Australia (Jamtveit et al.,
2004; Holford et al., 2013).

As mentioned above, the geochemical composition of the Lusi
system has been previously investigated, and the composition of some
of the hydrothermal springs present in the flanks of the AW complex is
known (Mazzini et al., 2012). However, to our knowledge, the fumar-
oles present in the summit part of the AW complex have never been
sampled before. The aim of this work was to (1) characterize from a
chemical and isotopic point of view the remote fumaroles active in the
crater of Welirang volcano and (2) to compare their chemical and iso-
topic composition with that of the fluids sampled at Lusi site. The
sample collection is complemented with several hydrothermal springs
explored and sampled on the flanks of the volcanic complex. The ulti-
mate goal is to unravel the geochemical reactions that characterize the
fluids migrating from the volcanic complex and ultimately reach the
interconnected Lusi feeder conduit.

2. Arjuno-Welirang volcano and Lusi

Arjuno-Welirang (AW) is a twin strato-volcano system located in the
eastern part of Java. Lusi is located ∼25 km to the NE of the central
part of the volcanic complex and just 10 km to the NE of Penanggungan,
the northernmost volcano of the complex (Fig. 2a and b). The AW
volcanic complex features two main peaks: Arjuno (3339 masl) and
Welirang (3156 masl). The last recorded eruptive activity took place in
August 1950 from the flanks of Kawah Plupuh and in October 1950

Fig. 1. Java Island, within the Indonesian archipelago, geodynamic setting. Modified from Waltham et al. (2008); and Earth Observing System Data and Information System
(EOSDIS).2009.

S. Inguaggiato et al. Marine and Petroleum Geology 90 (2018) 67–76

68



from the NW part of the Gunung Welirang. Solfataric fields characterize
the crater of Welirang Volcano, while several hydrothermal springs,
distributed on the flanks of the complex, indicate the presence of a large
hydrothermal system (Daud et al., 2015; Purnomo and Pichler, 2014).

The Lusi eruption is located in the back arc basin adjacent to the
north of the volcanic arc. The mud breccia-covered zone extends for
∼7 km2 with two active geysering vents located in its central part. The
inaccessible venting zone covers a vast sub-circular area of ∼600 m in
diameter. The outskirts of this active area consist of dry mud breccia
that is accessible and hosts the activity of thousands of small active gas
seeps. This zone of dry mud breccia is intersected by numerous streams
that radially flush the mud and the hot water erupted by the active
vents.

3. Materials and method

During July 2015, in the framework of the Lusi Lab project (ERC
grant n˚ 308126), we carried out a geochemical field campaign on the
AW volcanic complex and the neighboring Lusi area collecting water
and gas samples at numerous sites. Two fumaroles (HT and LT) have
been sampled in the summit crater area of Welirang volcano (Fig. 3),
together with four hydrothermal and 2 cold springs out-flowing on the
flanks of the volcanic complex (Welirang and Butak region). Three
additional samples were collected from the water streams flushing Lusi
crater fluids (Table 1) and several gas samples from seeps scattered
around the crater (Sciarra et al., 2017). Moreover, gas samples have
been collected from the Lusi crater plume, using a remote controlled
drone equipped with vacuum-isotube sampler to determine the CO2/
CH4 ratio of the emitted gas (Di Stefano et al., 2017).

Dissolved gases sampled from the Lusi streams were analyzed fol-
lowing the methodology of Capasso and Inguaggiato (1998) which is
based on the equilibrium partition of gas species, between a liquid and
a gas phase, after the introduction of a host gas (Ar) into the sample.
The analysis was performed utilizing a gas chromatograph (Perkin
Elmer Clarus 500) equipped with a double detector (thermal con-
ductivity detector [TCD] and a flame ionization detector [FID] with a
methanizer) using Ar as the carrier gas and a 3-m packed column
(Restek Shincarbon ST). While, the helium isotope dissolved gases were
sampled and analyzed following the methodology proposed by
Inguaggiato and Rizzo, 2004.

The outlet temperature, electrical conductivity, and pH of the wa-
ters at were measured every site using a conductimeter (ORION
250A+), a thermometer, and a pH meter (ORION 250A+), respec-
tively. Water was sampled in several polyethylene bottles to allow its
major components and its stable isotopes compositions (δ18O and δD) to
be analyzed. The samples for cations analysis were filtered and acidified
with suprapure HNO3. Alkalinity was determined in situ by titration
with 0.1 N HCl, whereas major elements were analyzed in the labora-
tory using a double ion chromatograph (Dionex-Thermo ICS 1100) at
an accuracy of± 2%. A column (Dionex CS-12A) with a conductivity
suppressor (CSRS 300) was used for the cations (Li, Na, K, Mg, and Ca),
while a column (Dionex AS14A-SC) with conductivity suppressor (ASRS
300), were used for the anions (F, Cl, Br, and SO4).

The O and H isotopic compositions of the water samples were de-
termined using an Analytical Precision AP 2003 device and Thermo
Finnigan Xp Plus IRMS interface to TC/EA, respectively. The isotopic va-
lues for the waters are expressed in δ‰ vs V-SMOW, with an accuracy of
0.2‰. The uncertainties were±0.1% for δ18O and±1% for δD.

Fig. 2. (a) Inset of the east part of Java Island with the Lusi eruption site and the Arjuno-Welirang volcanic complex. The Watukosek fault system originating from the Arjuno-Welirang
volcanic complex. (b) Location map indicating the position of: fumarole (yellow star); hydrothermal (red drop) and cold (blue drop) springs in the Welirang system; and waters from the
Lusi eruption site (white drop). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The gases discharged by the fumaroles (HT and LT) were sampled
by inserting a titanium pipe 50 cm into the fumarole and connecting
this pipe via a Dewar tube to a Giggenbach bottle filled with 4 M NaOH
solution (Giggenbach, 1975). The CO2 content of the solution was
analyzed by potentiometric titration, and for Stot, HCl, and HF ac-
cording to the method described by Sortino et al. (1991). The sampled
gases (from the Welirang fumaroles, bubbling gases and those dissolved
in the waters) were analyzed using a gas chromatograph (Perkin Elmer

Clarus 500) equipped with a double detector (thermal conductivity
detector [TCD] and a flame ionization detector [FID] with a metha-
nizer) using Ar as the carrier gas and a 3-m packed column (Restek
Shincarbon ST). He, H2, O2, N2, and CO2 were measured using a TCD
detector, while CH4 and CO were determined using an FID detector
coupled to a methanizer.

The abundance and isotopic composition of He as well the 4He/20Ne
ratios were determined by separately admitting He and Ne into a split

Table 1
Chemical and isotopic composition of cold and hydrothermal waters of the Welirang complex and the Lusi site. The chemical composition is expressed in meq/l.

Sample Locality Name T °C pH Cond Eh Li Na K Mg Ca Cl Br SO4 Alk δD δ18O δ13C δ13C SiO2

mS/cm mV CO2 TDIC mg/l

JV15-17 Welirang Cold
Water1

19.0 8.21 0.12 311 0.278 0.08 0.341 0.85 0.10 b.d.l. 0.29 1.2 −64.5 −10.4 61

JV15-19 Welirang Cold
Water2

17.0 8.21 0.12 311 0.207 0.07 0.145 0.56 0.10 b.d.l. 0.25 0.6 −71.9 −11.1 57

JV15-31 Welirang Padusan 53.1 6.47 2.84 −46 0.03 10.8 1.58 9.22 6.95 6.15 b.d.l. 4.16 18.4 −65.9 −10.1 −2.3 182
JV15-32 Welirang Pacet 42.3 6.42 1.84 −54 0.02 7.32 1.03 6.47 5.37 3.86 b.d.l. 2.61 13.4 −60.9 −9.5 −5.9 130
JV15-33 Welirang Cangar 51.8 6.64 1.63 −267 4.75 0.85 6.40 3.14 1.23 b.d.l. 1.92 12.2 −63.0 −9.7 −2.9 115
JV15-34 Butak Songoriti 1 45.9 6.33 5.24 −46 0.24 33.9 1.41 10.9 8.96 35.74 b.d.l. 0.10 19.0 −48.6 −6.5 −2.7 182
JV15-35 Butak Songoriti2 42.9 6.28 4.67 −77 0.21 29.9 1.27 9.52 7.96 31.10 b.d.l. 0.10 17.0 −48.8 −6.8 −4.8 −1.8 174
JV15-44 LUSI stream mud 49.50 7.040 30 −112.00 0.845 343 3.29 17.5 40.0 395 0.776 b.d.l. 8.6 −8.4 9.33 1.2 50
JV15-22 LUSI stream mud 53.0 7.25 44.90 −90 0.939 371 4.04 18.7 41.0 425 0.794 b.d.l. 8.2 −4.1 10.8 −1.2 39
JV15-45 LUSI Basin water

mud
30.4 7.73 41.4 118 0.936 394 3.86 21.6 40.8 461 0.908 b.d.l. 3.1 −6.3 9.9 24

LUSI Lusi Rain
water

−29.9 −5.1

Fig. 3. (a) Panoramic view of the Lusi eruption site with the Arjuno-Welirang volcano complex in the background. The Watukosek faults escarpment is also visible. (b, c, d) summit
fumaroles view with details of sulphur degassing area and gas sampling.
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flight tube mass spectrometer (Helix SFT). The measured elemental and
isotopic abundances of He were calibrated using the atmospheric
standard. The analytical error of the He isotope analysis was less than
0.3%. The 3He/4He ratios were corrected for the atmospheric con-
tamination on the basis of their 4He/20Ne ratios (Sano and Wakita,
1985), and are reported as R/Ra values (where Ra is equal to
1.39 × 10−6).

4. Results

The chemical composition of major elements of collected water
samples are reported in Table 1. The cold and hydrothermal water
samples from the Welirang springs show the most negative isotopic
values ranging around −65 and −10‰ vs V-SMOW respectively for
deuterium and oxygen. The samples collected at the Songgoriti hy-
drothermal springs (Butak area) are characterized by less negative va-
lues with δD around −50 and δ18O around −6‰ vs V-SMOW. The
water isotopic composition of the sampled fumaroles shows deuterium
isotopic values around−46‰ vs V-SMOW, with a clear isotopic shift of
oxygen up to +1‰ vs V-SMOW. The Lusi waters shown higher isotopic
values of deuterium and oxygen clustered between −6 and +10‰ vs
V-SMOW respectively.

The hydrothermal springs show high content of dissolved CO2 up to
430 cc/l STP (Table 2), several order of magnitude higher than the Air
Saturated Waters values (ASW = 0.31 cc/l STP). Moreover high iso-
topic values of dissolved helium (up to 7 R/Ra) and δ13CTDIC ranging
between −1.8 and −2.9‰ vs PDB standard, have been measured
(Tables 1 and 2). The summit solphataric area of Welirang is char-
acterized by the presence of many sulphur-rich fumaroles with mea-
sured temperatures up to 220 °C. The chemical composition of fumar-
oles (Table 3) revealed high water vapour content ranging between 93
and 96 %Vol and low CO2/SO2 ratio (1.8–3.8). The helium isotopic
composition of LT fumarole (Table 3) gave values with R/Ra = 7.3,
remarkably close to the helium isotope values of dissolved helium in the
hydrothermal springs (R/Ra = 7). The measured isotopic composition
of Carbon of CO2 was −2.5‰ vs PDB standard (Table 3).

The chemical composition of the plume (consisting mainly of aqu-
eous vapour) released by the main Lusi vent, is revealed by samples
collected with a remote controlled drone. The gas is CO2-dominated
with CO2/CH4 ratio between 1.7 and 2.2. For comparison, here we
consider also the result of the gas sampled from the cold satellite seeps
scattered around the crater (Sciarra et al., 2017). These sites high-
lighted instead a CH4-dominated with CO2/CH4 ratio between 0.1 and
0.27 and CO2 content less of 10% Vol.

5. Discussion

The gas phase erupted from the Lusi crater is dominated by aqueous
vapour (∼98%), in addition to CO2 (∼1.5%) and CH4 (∼0.5%)
(Mazzini et al., 2012, Vanderkluysen et al., 2014). The eruption of
boiling fluids continues since 2006, and posed several questions to the
scientific community both on the mechanism that triggered the erup-
tion, and on the degassing model.

Comparing the chemical and isotopic composition of the fluids
vented from the Lusi crater with those released at the Lusi-feeding AW
magmatic complex, provides a unique opportunity to unravel some of
the geochemical reactions ongoing during the fluids migration.

Major elements analyses show that the waters sampled (Fig. 4) can
be subdivided in three groups: (a) bicarbonate-earth-alkaline waters
(Welirang hydrothermal and cold springs), (b) Chloride-bicarbonate
alkaline waters (Butak hydrothermal springs) and (c) Chloride-alkaline
waters (hot water streams at Lusi) (Table 1; Fig. 4a and b). This dif-
fering water chemical composition observed in the sampled cold and
hydrothermal waters reflects the various water-rock and gas/water
interactions processes occurring between recharge waters, sedimentary
layers, and hydrothermal fluids. The Welirang thermal springs with low
salinity, pH around 6.3 and relatively high bicarbonate content and
high pCO2, are ascribed to peripheral waters characterized by strong
gas/water interactions. The Songgoriti hydrothermal waters with
higher salinity and Cl content suggest stronger and prolonged water-
rock interaction processes with sedimentary layers coupled with CO2

dissolving process.
The water isotopic composition (deuterium and oxygen) of the

Welirang and Songgoriti cold and hydrothermal springs, highlight a
meteoric origin with different feeding recharge areas (Fig. 5a and b)
with a slight isotopic shift of oxygen for Songgoriti thermal springs.

The water vapour isotopic composition of Welirang fumaroles,
(−41 and 0.5‰ vs V-SMOW for δD and 18O respectively), could be
related to a presence of Andesitic Water (local subduction-zone mag-
matic water; Taran Yu et al., 1989; Giggenbach, 1992) mixed with
meteoric water (Welirang springs type) shifted in 18O due to interaction
processes with the local rocks of the geothermal system. A great con-
tribution of Andesitic water must be invoked to justify the observed
isotopic composition of Welirang fumaroles (about 40%).

A simple O-shift starting from meteoric waters can be ruled out
since at temperature of ∼250 °C (or higher), only 1 delta ‰ of positive
fractionation of 18O and a negative fractionation process of 6 delta ‰
for the deuterium occurs (Driesner and Seward, 2000). Moreover, in
this case a starting meteoric water with δD of −35‰, coming from a
much lower altitude (sea level) should be invoked to justify the summit

Table 2
Chemical and isotopic composition of bubbling and dissolved gases in the Welirang hydrothermal springs. The carbon isotope composition is expressed in ‰ vs PDB. The isotope
composition of helium is expressed in R/Ra (Ra = 1.39 × 10−6).

Welirang dissolved gases

Sample Locality Name N2 CO CH4 CO2 CO2 pN2 pCO pCH4 pCO2 Ptot T°C R/Ra He/Ne [He] Ne corr R/Ra c

cc STP/l cc STP/l cc STP/l cc STP/l mmol

JV15-31 Welirang Padusan 4.8 0.0002543666 0.02 300.00 13.39 0.42 1.6E-05 7.6E-04 0.70 1.13 53.1 2.51 1.46 1.9E-04 1.3E-04 2.93
JV15-33 Welirang Cangar 13.1 0.000259584 0.30 156.81 7.00 1.15 1.6E-05 1.4E-02 0.36 1.53 51.8 6.31 2.80 2.3E-04 8.2E-05 6.99
JV15-34 Butak Songoriti 1 3.5 0.0081892346 0.00 404.76 18.07 0.30 4.8E-04 9.3E-05 0.84 1.14 45.9 0.93 0.44 3.1E-05 6.9E-05
JV15-35 Butak Songoriti2 1.4 0.0038089463 0.05 431.39 19.26 0.11 2.2E-04 2.0E-03 0.84 0.96 42.9 1.67 0.41 3.9E-05 9.4E-05

Welirang bubbling gases

N2 CO CH4 CO2 R/Ra He/Ne [He] Ne corr R/Ra c

JV15-32 Welirang Pacet 7.0 1E-05 0.1 94.3 7.0 31.8 13.28 0.4 7.1
JV15-34 Butak Songgoriti 1 0.1 2E-05 0.0 97.8 1.4 1.5 0.03 2.0E-02 1.5
JV15-35 Butak Songgoriti2 0.3 1E-05 0.3 97.8 6.6 231.0 2.02 8.7E-03 6.6
JV15-20 Lusi seep mud 6.4 3E-04 84.6 0.3 5.6 355.4 152.22 4.3E-01 5.6
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fumaroles composition (located at around 2800 masl).
The results of the water collected from the Lusi stream have been

integrated and plotted (Fig. 5) with those reported by Mazzini et al.
(2017). These authors report the database of the waters collected since
Lusi inception in 2006. Our results fit inside the cluster of the other Lusi
stream values. Our interpretation is in agreement with that of Mazzini
et al. (2017) that suggested that a significant part of the fluids originate
from clay mineral dehydration from buried marine deposits (including
the formation waters of the Kalibeng Fm. at 1.5 km depth and probably
also from the deep-seated Ngimbang Formation more than 4 km deep)
in addition to input of hydrothermal fluids and seawater. The illitiza-
tion trend points towards a18O enrichment and more negative δD. A
final phase of evaporation further enriched the remaining fluids in 18O
and increased the δD values (Fig. 5a).

Fig. 5b plots the elevation of each sampling site versus δD values
and indicates the theoretical line of vertical isotope gradient for Java
(computed on the basis of world water isotope network rain-gauge,
waterisotope.org). Only the Songgoriti hydrothermal springs values fall
on the theoretical line showing a close relationship between the ele-
vation of the springs and the altitude of the feeding recharge areas
(≈1000 m asl). The Welirang hydrothermal springs recharge areas are
higher than their flow-out elevation that occurs at an altitude of≈2000
m asl. Coupling the information of the chemistry of major elements of
the Welirang and Songgoriti hydrothermal springs and the different
feeding recharge areas, above 2000 masl and ≈1000 masl respectively,
two distinct reservoirs have been hypothesized. (Fig. 4a and b; 5a,b).
The deuterium isotope composition of water vapour (Fig. 5b) of the
crater fumarolic manifestations of Welirang (≈-41‰ vs V-SMOW)
cannot used to infer the feeding rain recharge area because these data
are affected by mixing and cynetic fractionation processes at high
temperature. The samples from the Lusi streams, plot to the right of the
theoretical vertical isotope gradient, don't give any indication of rain
water supply, confirming a marine modified origin.

The chemical composition of the gas from the AW volcanic system
shows that both fumaroles and hydrothermal springs have a CO2-
dominated composition with a trend mixing with air. To constrain more
rigorously the equilibrium temperature of this deep hydrothermal
system, we compare the chemical composition of gaseous C species
(CO2, CO, and CH4) at the summit fumaroles (HT and LT) with the free
gases collected at the hydrothermal springs. Using the graphical
method proposed by Giggenbach (1991) we assume a homogeneous
equilibration of all three gases in a hydrothermal system. The plot of log
(CO2/CO) vs log(CO2/CH4) (Fig. 6a) indicates an equilibrium tem-
perature of about 300 °C for the fumarole Welirang samples, while the
bubbling gas collected from the hydrothermal springs shows equili-
brium temperature around 200 °C.

The helium isotopic composition [R⁄Ra; Ra = 1.39*10−6] versus He⁄
Ne ratio of all the collected samples is plotted in Fig. 6b where air satu-
rated water (ASW), mid-ocean ridge basalts (MORB) and crust fields
(Radiogenic) are reported as reference. The samples display a mixing
distribution between MORB and ASW end-members. Both, Welirang and
Lusi fluids show similar values around 7 R/Ra suggesting a common
magmatic origin. The new values are similar to those described by Mazzini
et al. (2012) where Lusi R/Ra is reported as high as 6.5.

A way to better constrain the origin of the fluids and the processes
during their ascent to the surface, is to use the chemical and isotopic
compositions of He and C (log(C/3He) against the R/Ra values (Marty
and Jambon, 1987). Fig. 7a reveals that the fluids from Welirang,
coupled with R/Ra around 7.30, falls inside of the signature of MORB/
arc volcanism fields, indicating a clear magmatic signature. Lusi
seeping fluids show a wider range of log(C/3He) values (i.e from 10.16
to 6.37) with a narrow range of values from 7.6 to 5.8 R/Ra). The lower
log(C/3He) values suggest a process of CO2 removal in the waters with a
virtual decrease of CO2/He ratio in the gas phase due to the different
solubility coefficient of these two gases, β = 730 and 9 cm3 [STP]/l
respectively. In order to further pin point the end members controllingTa
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the fluids composition, we combined the log(C/3He) values with the
δ13CCO2 (Fig. 7b) with highlighted the magmatic (M), sedimentary (S)
and limestone (L) endmembers together with their theoretical mixing
trends. The plot shows that all the samples fall close to the magmatic
field, and indicate that the carbon dioxide results from the mixing be-
tween fluids of magmatic and carbonate thermometamorphism origin.
Carbonate rocks are interpreted to be deposited between 2840 and
3850 m (Moscariello et al., 2017). The unit between 2840 and 3260 m
(Tuban Formation) is reported to be mixed carbonate and siliciclastics
while the interval 3260–3850 m is represented by the Kujun Formation
(carbonate mound and off-mound) (Sharaf et al., 2005). The flushing of
hydrothermal fluids through the above mentioned carbonate units
would result in fluid-rock interactions and ultimately a significant
contribution of CO2.

The discussed geochemical data show that the fluids erupted at Lusi
site have a clear magmatic contribution similarly to those sampled from
Welirang magmatic complex. The compositional ratio of CO2 and CH4

plotted on Fig. 8 summarizes all the information acquired. The We-
lirang CO2-rich fluids (CO2-vertex) feed the Lusi hydrothermal system
mixing with sedimentary CH4-rich fluids resulting in the CO2-domi-
nated gases (CO2/CH4 ratio around 1.7–2.2) vented from the Lusi
crater. A different composition is instead reported for the gas seeping
from the active satellite pools scattered in the peripheral area around
the central conduit. These seeps are characterized by CH4-dominated
fluids (CO2/CH4 ratio around 0.1–0.27) due to the fractionation pro-
cesses caused by the different solubility of CO2 and CH4 in the waters.
We cannot rule out the possibility that these peripheral pools are fed
also by shallow microbial fluids richer in hydrocarbon thus reducing

Fig. 4. (a) Langelier-Ludwig diagram allows to group the waters in three different families (1) bicarbonate-earth-alkaline waters (Welirang hydrothermal and cold springs), (2) Chloride-
bicarbonate alkaline waters (Butak hydrothermal springs) and (3) Chloride-alkaline waters (hot water streams around Lusi). (b) Triangular diagram showing that the Welirang hy-
drothermal springs fall in the peripheral waters while the Songgoriti hydrothermal springs fall along the mixing line between bicarbonate and Chlorine. Finally, the Lusi stream waters fall
to the vertex of Chlorine showing a clear strong interaction with Na-Cl salt minerals.

Fig. 5. (a) δD-δ18O diagram: the Welirang and Songgoriti
cold and hydrothermal springs, plot along the world me-
teoric water line and local meteoric waters (blue circle
and blue diamond, respectively for Welirang and Lusi
areas). Lusi waters show heavier isotopic values due to
evaporating process and or mixing with heavy fluids, such
as those released from the clay illitization (Mazzini et al.,
2017; light green circle). To explain the fumaroles isotope
composition (yellow stars), a mixing process between
Andesitic water and meteoric O-shifted waters (Welirang
type) are invoked. (b) the elevation of each sampling site
versus δD values, as well as the theoretical line of vertical
isotope gradient for Java is reported. The water isotopic
composition values (deuterium and oxygen) of hydro-
thermal springs, highlight a meteoric origin with different
feeding recharge areas. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred
to the web version of this article.)
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the amount of magmatic CO2 diffused in the system.
The continuous feeding of magmatic fluids (originating from the

neighboring volcanic system) towards of the Lusi hydrothermal system
is the engine of the mud-eruption allowing to maintain the high tem-
perature and fluidity of the mud and well justify the long lasting mud-
eruption, still active after eleven years.

6. Concluding remarks and implications

The new data acquired from the Welirang and Lusi areas coupled
with the previous data and interpretations, allowed us to refine the
previous geochemical model for the origins of the fluids and the geo-
metry of the Lusi plumbing system.

• The chemical and isotopic composition of Welirang and Lusi fluids
shows in both cases evidence of a magmatic origin. This signature is
typically highlighted by the high helium R/Ra values (as high as 7 at
Lusi). The sole candidate able to feed this type of fluids is the
neighboring Arjuno Welirang volcanic complex. For comparison the
Welirang fumaroles have similar R/Ra values (I.e. 7.3). The ab-
normal high CO2 content of Lusi gas emission corroborates the hy-
pothesis of the magmatic origin for these fluids.

• The carbon dioxide is chemically highly reactive and therefore is
challenging to strip the various components that contribute to the
final mix. Three sources may be suggested: magmatic CO2 from
Welirang, carbonatic CO2 from the thermometamorphism, and CO2

of organic origin from secondary sedimentary methanogenesis that
occurs within the organic-rich shale interval (Etiope et al., 2009;
Mazzini et al., 2012).

• All the data clearly indicate that the Lusi plumbing system is deep
and complex and that exists a connection between the volcanic
system and the active Lusi vent. The results fully support the sce-
nario depicted by Mazzini et al. (2012) and Fallahi et al. (2017)
where a northeastward magmatic intrusion and hydrothermal fluids
migrate from the Arjuno-Welirang volcano towards the NE. The
resulting metamorphic reactions occurring within the organic-rich
sediments triggered overpressure that continues today feeding the
Lusi vent and its geysering activity.

• The connection of these two systems implies that any volcanic ac-
tivity (e.g. typically induced or enhanced by the seismicity occurring
in the subduction zone) will inevitably alter and affect the Lusi
behavior. Any modelling attempting to predict the Lusi longevity
should consider the hardly predictable behavior of this complex
ensemble of mechanisms, structures and reactions.

Fig. 6. (a) Giggenbach geothermometry gases CO2-CH4-CO. The gas-geothermometric estimation with the graphical method proposed by Giggenbach on the basis of CO2-CH4-CO
equilibrium give values around 300 °C for the geothermal system of Welirang volcano, while the estimated temperature for the thermal springs gave a values around 200 °C. (b) R/Ra vs
He/Ne at Welirang springs, fumaroles, and Lusi waters. The values of both Lusi and Welirang fumaroles highlight a magmatic origin for helium. The new values are integrated with those
from Mazzini et al. (2012).

Fig. 7. (a) LogC/3He vs R/Ra. The values of Lusi and Welirang fluids fall in the field of Arc Volcanism field. A CO2 removal is invoked to explain the lower Log C/3He values; (b) LogC/3He
vs δ13CCO2. The Lusi fluids show a magmatic origin with a mixing with carbonate thermometamorphism end-member.
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