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The Lusi mud eruption in East Java continues unabated after more than a decade of activity as a 
pulsating geyser system bursting mud, clasts, water, and gas. The origin of the fluids and their properties 
at depth are not well constrained, thus hampering our understanding and modelling of the system. 
Previous geochemical and geophysical studies show that Lusi is a sediment-hosted hydrothermal system 
with two sources of mud at depths between 0.3–2 km and another between 3.5–4.75 km. Here, we 
present results of mineral thermometry using Raman spectroscopy and chlorite composition on clasts 
erupted at Lusi. The results show that some of these specimens originate from the two main fluid 
sources, and at depths consistent with the geochemical and geophysical interpretation. Two main clast 
lithotypes erupt at Lusi. The first lithotype is a light grey shale returned to the surface from the 
Upper Kalibeng Formation (the primary mud source) and equilibrated at temperatures below 200 ◦C. 
The second lithotype is a black shale, whose source is the Ngimbang Formation at >3800 m depth. 
Two distinct temperature clusters are recorded in these black shales: one at 179 ± 17 ◦C, consistent 
with the temperature estimate at 3800 m depth with the pre-eruption geothermal gradient, while 
younger minerals in the same specimen recorded substantial anomalous heating at ∼250 ◦C. These 
high temperatures indicate interaction with a heat source associated with the eruption through mixing 
with hydrothermal fluids. This temperature jump suggests rapid heating at ∼4000 m depth, consistent 
with a scenario of a magmatic intrusion and hydrothermal fluids circulation. This rapid and significant 
temperature increase would initiate devolatilisation reactions of hydrous minerals within the deep 
sedimentary package and generate substantial (highly overpressured) fluids at depths significantly below 
the main source of erupted mud. We infer that reactive and thermal pressurisation led to a deep and 
metastable system susceptible to e.g. seismic activity ultimately opening fluid pathways towards the 
surface along the Watukosek fault system. The two temperatures clusters recorded in the clasts show 
that conductive heat flow was the dominant heat transport prior to the eruption, while the system 
is now driven by large-scale convection and advective heat transport. The Lusi eruption occurred in a 
highly populated area forcing the evacuation of several tens of thousands of people. This system appears 
unstoppable and poses a real and present hazard for the settlements still surrounding the eruption site. 
Continuous research is necessary to understand this spectacular phenomenon, both for its important 
scientific relevance, and the societal impact of this natural disaster.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The most spectacular (and on-going) mud eruption on Earth be-
gan May 29, 2006, in East Java, Indonesia, subsequently burying an 
urban area and displacing 60,000 people and costing an estimated 
$4 billion (Richards, 2011; Fig. 1). Understanding this system and 
predicting its evolution requires constraining what controls rock 
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brecciation and mud generation at depth. The regional stratigra-
phy is well-constrained up to a depth of 2833 m (i.e. from the 
exploration well BJP1; Mazzini et al., 2007) while deeper forma-
tions are inferred from regional geology studies, seismic data and 
dating of erupted clasts (Istadi et al., 2009; Moscariello et al., 
2018; Mudjiono and Pireno, 2002; Samankassou et al., 2018). The 
formations present below Lusi consist of: recent Holocene allu-
vial sediments (0–290 m), Pucangan Formation (shale-sandstone 
290–900 m), Upper Kalibeng Fm. (bluish grey clay 900–1871 m), 
Upper Kalibeng Fm. (volcanic and volcanoclastic 1871–at least up 
to ∼2833 m), Tuban Fm. (marls >2833–3260 m), Kujung Fm. 
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Fig. 1. Inset map of Java Island, Indonesia, with Lusi location. (a) Google Earth satellite image (2017) of the Lusi eruption site. (b) Field view of the drying mud intersected 
by small streams transporting the erupted fluid away from the crater. The crater vapour plume is visible in the background.
(reefal and platform carbonates 3260–∼3800 m), Ngimbang Fm. 
(shales >3800 m). Studies conducted during the early stages of 
the eruption showed that a substantial amount of erupted mud 
originated from the overpressured clays from the Upper Kalibeng 
Formation (ca. 1615–1828 m depth; Mazzini et al., 2007). A deeper 
source of mud breccia has also been observed since the early phase 
of the eruption (Samankassou et al., 2018). A deep origin of the 
erupted gases is evidenced by the presence of hydrocarbons with 
thermogenic signature of the known Ngimbang Formation (Mazzini 
et al., 2012). The Ngimbang Formation (at ∼3800 m depth) is also 
the regional source rock where the hydrocarbons of the NE Java 
petroleum province are generated. A deep mantle-derived origin 
of the erupted gas is also confirmed by helium isotopic signatures 
and by the equilibrium formation temperature of CH4 and CO2 up 
to 400 ◦C (Inguaggiato et al., 2018; Mazzini et al., 2012). Recent in-
verse modelling of surface deformation confirmed these previous 
findings and showed volume changes (e.g. material loss) at two 
different depths; between 0.3–∼2 km and 3.5–4.75 km (Shirzaei 
et al., 2015). Similarly, Lusi water geochemistry also shows com-
ponents from the upper (<2 km) sedimentary units as well as 
deep hydrothermal fluids (Mazzini et al., 2018). All the data ac-
quired so far indicate that the Lusi system interacts with the 
neighbouring Arjuno–Welirang volcanic complex. The Watukosek 
fault system (Moscariello et al., 2018; Obermann et al., 2018;
Sciarra et al., 2018) connects at depth the conduit of the erup-
tion site with the volcanic complex explaining the hybrid nature 
of Lusi. Lusi, therefore, is fed by both shallow and deep sources, 
but the composition, the state, and the fluid generation processes 
from these two sources are not well constrained.

Determining the source and the properties of the fluid driving 
Lusi requires constraints on the fluid composition and the tem-
perature. The temperature gradient during eruption is largely un-
known, but borehole data documented a pre-eruption temperature 
gradient of 42 ◦C/km. The temperature gradient increased substan-
tially since the eruption and now produces mud at approximately 
100 ◦C at the surface (Di Felice et al., 2018; Fig. 1). In order to 
constrain a hydrothermal model for the mud eruption dynamics, 
we selected a suite of clasts erupted at the Lusi crater to investi-
gate the thermal record imprinted by targeted minerals growing in 
the formations intersected by the active conduit.
2. Methods

We characterised the mineralogical composition, size and den-
sity of clasts erupted at Lusi to provide more constraints on the 
mineralogical and geological processes involved in the eruption. 
In particular, the chlorite and carbonaceous matter compositions 
were used to estimate temperature from which we derived an es-
timate of thermal overpressure. We also used the clast size and 
density to calculate an ascent velocity through the active Lusi con-
duit. The analytical and computational details for determining the 
above parameters are provided in the following sections.

2.1. Analytical techniques

Between 17 and 33 Raman spectra of carbonaceous matter 
were acquired in each collected clast sample following the proce-
dure described in Beyssac et al. (2002) and Lahfid et al. (2010). 
We used a Renishaw InVIA Raman microspectrometer equipped 
with a 514 nm Argon Spectra Physics laser at the Ecole Normale 
Supérieure (Paris). A silicon standard was used to calibrate the 
spectrometer before each session. The incident beam was then fo-
cused on the sample with a ×100 objective mounted on a Leica 
DMLM microscope. The reflected beam was then filtered with edge 
filters and dispersed using a 1,800 grooves/mm holographic grating 
to be analysed by a Peltier cooled CCD detector. Spectra were fitted 
with five Lorentzian functions corresponding to graphite and to the 
four defects of carbonaceous matter at low temperature. The maxi-
mum temperature of equilibration was then retrieved by using the 
calibration of Lahfid et al. (2010) with peak area ratio RA1 on low-
grade metasediments. Temperatures below 200 ◦C were attributed 
to RA1 peak area ratios below 0.52. Among the acquired spectra, 
the 15 spectra with the highest signal/noise ratio were selected 
to determine the standard deviation of the maximum tempera-
ture. Standard deviations below 26 ◦C were calculated for all the 
samples except one sample displaying two different RA1 ratios, 
one below 0.52 and another corresponding to a temperature of 
273 ± 8 ◦C. The signal was recorded on a large spectral window 
ranging from 900 to 1,900 cm−1 to accurately remove the baseline. 
Table 1 summarises the results obtained with Raman spectroscopy.
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Table 1
Results of mineral thermometry. The mean chlorite compositions, Raman peaks area ratios and temperature estimates are given for all the studied black shales.

Sample BS0615-1 BS0615-4 BS0615-5 BS0615-6 BS0615-7 BS0615-8 SV11 SV12

Chlorite thermometry

Mean STD n.f. Mean STD n.f. Mean STD Mean STD Mean STD
Conditions LT LT LT HT LT HT LT LT
Nb analyses 2 1 29 1 30 6 1 3

SiO2 29.67 0.99 30.34 27.32 0.88 24.75 28.50 0.46 27.93 0.49 26.07 28.92 0.33
TiO2 0.08 0.05 0.07 0.35 0.24 0.25 0.06 0.02 0.06 0.02 0.11 0.13 0.06
Al2O3 19.01 0.07 16.67 22.93 0.62 23.16 16.80 0.29 16.74 0.56 22.04 14.22 1.14
FeO 27.72 0.12 27.53 28.57 1.18 30.24 31.43 0.68 32.13 0.55 27.01 31.91 1.20
MnO 0.27 0.04 0.28 0.42 0.08 0.68 0.40 0.04 0.45 0.04 0.37 0.37 0.08
MgO 12.44 0.24 13.27 9.75 1.32 8.53 10.37 0.33 10.68 0.31 9.79 10.31 1.00
CaO 0.46 0.03 0.34 0.16 0.04 0.11 0.45 0.09 0.44 0.10 0.27 0.45 0.16
Na2O 0.14 0.06 0.03 0.04 0.02 0.04 0.15 0.08 0.15 0.07 0.23 0.05 0.02
K2O 0.11 0.05 0.42 0.23 0.10 0.04 0.03 0.02 0.02 0.01 0.27 0.04 0.00
Total 89.62 1.04 88.78 89.49 0.73 87.49 87.96 1.28 88.34 1.34 86.21 86.42 0.79
Si 3.06 0.05 3.17 2.84 0.06 2.67 3.08 0.02 3.02 0.02 2.82 3.21 0.05
Ti 0.01 bdl 0.01 0.03 0.02 0.02 0.01 0.00 0.01 0.00 0.01 0.01 0.00
Al 2.31 0.03 2.05 2.81 0.09 2.95 2.14 0.04 2.14 0.05 2.81 1.86 0.14
Fe 2.39 0.05 2.41 2.48 0.13 2.73 2.84 0.04 2.91 0.06 2.44 2.96 0.14
Mn 0.02 0.00 0.03 0.04 0.01 0.06 0.04 0.00 0.04 0.00 0.03 0.04 0.01
Mg 1.91 0.00 2.07 1.51 0.19 1.37 1.67 0.04 1.72 0.03 1.58 1.71 0.15
Ca 0.05 0.00 0.04 0.02 0.00 0.01 0.05 0.01 0.05 0.01 0.03 0.05 0.02
Na 0.03 0.01 0.01 0.01 0.00 0.01 0.03 0.02 0.03 0.01 0.05 0.01 0.00
K 0.01 0.01 0.06 0.03 0.01 0.01 0.01 0.00 0.01 bdl 0.04 0.01 0.00
TB2013 (◦C) 156 19 149 178 21 245 182 12 239 12 182 173 21

Raman spectroscopy of carbonaceous material
Nb analyses 15 15 15 15 15 4 15 15
Mean RA1 0.571 0.584 0.551 0.621 0.578 0.594 0.555 0.568
STD RA1 0.019 0.006 0.010 0.011 0.018 0.006 0.004 0.021
TRSCM (◦C) 244 260 219 306 253 273 224 240
STD TRSCM 23 8 12 14 22 8 5 26

n.f.: not found; LT: low temperature (<220 ◦C); HT: high temperature (>220 ◦C); Nb analyses: Number of data points collected per sample; Mean: mean composition; STD: 
standard deviation; TB2013: temperature with Bourdelle et al. (2013) chlorite thermometer; RA1: Raman peaks area ratio from Lahfid et al. (2010); TRSCM, mean temperature 
estimate with Raman spectroscopy of carbonaceous material.
Mineralogical composition analyses were performed at ISTerre 
laboratory (Grenoble, France) with a JEOL JXA-8230 electron probe 
microanalyser operating at 15 keV and 12 nA for silicates and 
15 keV and 8 nA for carbonates. The beam size ranged from 2 to 
5 μm for silicates and from 10 to 20 μm for carbonates. Instrumen-
tal drift during the session was corrected by performing repeated 
measurements of hornblende, orthoclase and carbonates standards. 
The chlorite–quartz–water thermometer of Bourdelle et al. (2013)
appropriate for diagenetic conditions was used to determine the 
temperature of chlorite precipitation. This thermometer is based 
on a decomposition of the analyses in several end-members (chlo-
rite, amesite and sudoite), which are related through a reaction for 
which the dependence on temperature was calibrated. The end-
member proportion is determined with a sequence of cation as-
signment in the various sites of chlorite structure. Analyses with 
oxide totals below 85 wt.% or CaO + Na2O + K2O >1 wt.% were 
not selected for thermometry. The main results of the chlorite ther-
mometry are given in Table 1 (all the analyses used in this study 
are also provided in Table S1).

Rock samples and mud were crushed and dispersed on a glass 
slice for analysis by X-ray diffraction with a Bruker D8 Advance 
diffractometer, equipped with a SolXE detector from Baltic Scien-
tific Instruments at ISTerre laboratory. The instrument was oper-
ating with CuKα radiation, 8 s counting time and a step size of 
0.026◦ 2θ . We determined the mineralogical composition of clast 
and mud samples by Rietveld refinement using the BGMN software 
(Taut et al., 1998; Table 2).

2.2. Estimation of ascent speed

We determined a range of minimum ascent mud breccia speed 
by calculating the settling speed of a clast in a viscous fluid (U ). 
Following Manga and Bonini (2012), we used the definition of the 
Table 2
Mineralogical composition of three samples (in wt.%) determined by Rietveld anal-
ysis.

Light grey shales Black shales Erupted mud

Quartz 18 29 17
Mica 13 35 15
Plagioclase 15 <1 10
Smectite 32 21 44
Chlorite 14 13 8
Titanium oxide <1 <1 <1
Calcite 2 <1 2
Pyrite <1 <1 <1
Gypsum 4 <1 2
Halite 1 1 1

drag coefficient (C D ) with the drag force being the gravity to ex-
press U :

U =
√

4

3

gd�ρ

ρ f C D
(1)

where g is gravitational acceleration, d is the maximum clast di-
ameter, ρ f is the fluid density and �ρ = ρs −ρ f with ρs the solid 
density. ρ f was set to 1396 kg m−3, the mean of density measure-
ments in Lusi mud with a water content comprised between 59 
and 62.5 wt.% (Rifai, 2008). C D was calculated differently depend-
ing on the ratio between inertial forces and viscosity (Reynolds 
number; Re):

Re = ρ f Ud

μ
(2)

where μ is the dynamic viscosity. The viscosity of water at depth 
(300 ◦C and 350 MPa for 4 km depth here) is low (1.1 ×10−4 Pa.s), 
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resulting in Re > 105. In that Re range, C D varies slightly between 
0.3 and 1.1 (Achenbach, 1968) and thus we selected an interme-
diate value of 0.6. The viscosity of mud was modelled with a 
Herschel–Bulkley rheology:

μ = k

(
U

d

)n−1

(3)

where k and n are two parameters determined in Manga and 
Bonini (2012) for mud (k = 1.8–5.3 and n = 0.22). These param-
eters are expected to reproduce well the rheological properties of 
mud at Lusi since the studied mud had comparable mineralogical 
composition and density (Rifai, 2008). For mud rheology and clast 
diameter above 10−2 m, Re is comprised between 0.1 and 104 and 
C D was thus modelled as a function of Re with the fit of Mikhailov 
and Freire (2013). Then, the system of equations (1) and (2) was 
solved to determine U and Re (Fig. S1).

2.3. Estimation of overpressure associated with temperature increase

To determine the impact of heating on hydrodynamics and 
brecciation, we estimated pressure variations associated with 
changes in temperature. Three main processes can contribute to 
pressure variations during heating at Lusi: I) thermal expansion 
of the fluid; II) dehydration reactions releasing fluids in the sys-
tem; and III) gas generation. For simplicity, we assumed in the 
following negligible fluid flux and no viscous deformation, which 
are valid assumptions for rapid temperature increases compared to 
fluid flow.

With these assumptions, the maximum fluid pressure change 
(�P f ) associated with thermal expansion (I) during heating (�T ) 
was calculated as:

�P f = α f

βeff
�T (4)

with α f the fluid thermal expansion and βeff = βφ + β f is 
the effective combined compressibility of the pore compressibil-
ity (βφ ) and the fluid compressibility (β f ). �P f was calculated 
here in the two main mud sources (Upper Kalibeng and Ngim-
bang Formations) for the temperature increases determined with 
mineral thermometry (Table 1). The pore compressibility was set 
to 1.5 × 10−9 Pa−1 and the fluid thermal expansion coefficient 
and compressibility were calculated with the IAPWS IF97 stan-
dard formulation for water in the two mud sources. In the Upper 
Kalibeng Formation, expansivity was calculated at a fixed pressure 
of 28 MPa corresponding to the pore pressure reported in Mazzini 
et al. (2007) and compressibility at a fixed temperature of 135 ◦C. 
In the Ngimbang Formation, expansivity was calculated at a fixed 
pressure of 67 MPa (extrapolation based on the data of Mazzini 
et al., 2007) and compressibility at a fixed temperature of 215 ◦C. 
The calculated values are 8.7 × 10−4 ◦C−1 and 1.1 × 10−3 ◦C−1

for expansivity, and 5.0 × 10−10 Pa−1 and 6.1 × 10−10 Pa−1 for 
compressibility for the Upper Kalibeng and Ngimbang Formations, 
respectively.

Thermodynamic data indicate that clay dehydration (II) was 
largely complete in the Ngimbang formation before heating due 
to temperatures above 180 ◦C (Dubacq et al., 2010). In the Up-
per Kalibeng Formation, the dehydration was not complete before 
heating (Mazzini et al., 2007). We first estimated the amount of 
water released by clay dehydration by using the variation of wa-
ter amount in clay with temperature compiled by Dubacq et al.
(2010), the temperature increase during eruption determined by 
mineral thermometry, and an estimated amount of 35% of clays in 
the Upper Kalibeng Formation (Mazzini et al., 2007). The amount 
of released water was then converted into a change in volume 
(�r Vd/V with �r Vd the volume change during dehydration re-
action and V the volume) by using a water density of 923 kg/m3

(170 ◦C/45 MPa).
Modelling of organic matter maturation at Lusi during magma 

intrusion and hydrothermal fluids at depth shows significant gas 
generation in the Ngimbang formation (III), while this is limited 
in the Upper Kalibeng formation (Svensen et al., 2018). Estimates 
of total organic content (TOC) in the Ngimbang formation are of 
3.5 wt.% (Svensen et al., 2018). To estimate the maximum over-
pressure due to gas generation, we assumed that all the organic 
matter is converted into carbon dioxide during heating. We then 
used a CO2 density of 744 kg/m3 in the Ngimbang Formation 
(250 ◦C/100 MPa) to calculate the maximum volume change due 
to gas generation �r Vt/V with �r Vt the volume change during 
gas generation.

The volume increases resulting from dehydration and gas gen-
eration (�r Vd/V and �r Vt/V ) were related to a maximum over-
pressure by using the equation derived in Malvoisin et al. (2015)
for overpressure generation by reaction in a closed and elastic sys-
tem:

�P f = 1

βeff

�r V

V
(5)

3. Erupted clasts

Clasts and mud erupted to the surface were systematically col-
lected since the initiation of Lusi. The selected rounded-shaped 
clasts range in density between 1700 and 2100 kg m−3, and mea-
sure up to ∼15 cm. The clasts were brought to the surface 
rapidly, and calculations suggest an estimated ascent velocity of 
>0.5 m s−1 using the mud rheology given in Manga and Bonini
(2012). We constrain the maximum width of the conduit feeding 
the crater to ∼1 m by assuming a cylindrical pipe and a mud flow 
rate of 80,000 m3/day at the crater (Mazzini et al., 2009). We en-
visage that a perfectly cylindrical geometry is only acceptable for 
the shallow part of the Lusi plumbing system because at greater 
depths the Lusi conduit likely consists of a radially extensive net-
work of vertical open fractures forming the conduit damage zone. 
In any case, rapid ascent means little change in composition along 
the ascent path.

The erupted clasts can be subdivided in four different groups 
based on morphological and mineralogical characteristics (Fig. 2). 
The different groups indicate that the Lusi conduit intersects and 
brecciates different formations up to great depths. The first clast 
type consists of light grey shales (LGS) containing organic mat-
ter, plagioclase, carbonates and interlayered smectite–illite–chlorite 
(Table 2). Interstratified smectite, commonly found at low tem-
perature (<150 ◦C) in sedimentary basins (Pollastro, 1993; Velde 
and Vasseur, 1992), indicates the LGS originate from the shal-
low Upper Kalibeng formation. X-ray diffraction data on mud re-
veals a similar mineralogical composition to LGS clasts (Fig. 3; 
Table 2), so the Upper Kalibeng Formation is a key component 
of erupted material (Mazzini et al., 2007). The second clast type 
consists of igneous rocks originating from the volcanic and vol-
canoclastic unit of the Upper Kalibeng Formation located between 
∼1900 and ∼2900 m depth. The third clast type are white and 
fine-grained carbonates composed primarily of calcite, quartz and 
plagioclase with minor amount of clay. The fourth clast type con-
sists of black shales (BS), whose colour results from high organic 
matter content, and also contains quartz, plagioclase, interlayered 
smectite–illite–chlorite, distinct chlorite and white mica (Fig. 3; Ta-
ble 2). The distinct chlorite minerals were found to precipitate as 
10 to 100 μm large crystals (Fig. 4a). They can display ovoid shapes 
suggesting their formation at the expense of oolites during pseu-
domorphic replacement (Fig. 4b and c). The size and texture of 
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Fig. 2. Pictures of the four types of analysed clast. (a) Light grey shales originating from the Upper Kalibeng Formation (900–1871 m). (b) Volcanic rocks from the Upper 
Kalibeng Formation (1871–2833 (?) m). (c) Carbonates from the Kujung–Tuban Formations (>2833∼3800 m). (d) Black shales from the Ngimbang Formation (>3800 m).
these latter chlorites suggest a formation during diagenesis or hy-
drothermal fluids circulation. They are thus used in the following 
for safely constraining the post-sedimentation thermal history of 
the clasts erupted at Lusi. We also find minor amounts of iron 
and zinc sulphides, titanite, rutile, iron oxide and apatite. In ad-
dition to the mica flakes, reaction rims of calcite around siderite 
and Na-rich rims around Ca-rich plagioclase indicate hydrothermal 
alteration of the BS at high temperature (Fig. 4d; Coombs, 1954;
Moody et al., 1985; Perez, 2005).

The clasts erupted at Lusi are dominated by shales, with ap-
proximately 80% of the clasts belonging to the first and fourth clast 
types, and 20% belonging to the second and third clast types.

4. Temperature record in the clasts

Table 1 provides a summary of the results for mineral ther-
mometry with the mean chlorite composition and the results of 
RSCM analysis. These measurements cannot be performed on the 
carbonate samples because the carbonaceous matter is limited, and 
there is no chlorite. Temperature estimates from the LGS are un-
fortunately not possible applying chlorite thermometry because of 
the intermixing of chlorite with smectite and illite. However, RSCM 
reveals poorly organised carbonaceous materials characteristic of 
low temperatures (i.e. <200 ◦C). Temperatures lower than 200 ◦C 
are in agreement with the geothermal gradient measured before 
the eruption for the bluish grey shales of the Upper Kalibeng For-
mation (Mazzini et al., 2007). The mica and chlorite contents are 
higher in the LGS than in the erupted mud although the Lusi con-
duit intersects the same formation from which they originate. This 
difference in content of low-grade metamorphic minerals likely in-
dicates that the LGS recorded heating by the hot erupting fluid 
because of slower ascent speeds of the clasts relative to the mud. 
Table 1 and Fig. 5 show the temperatures recorded in BS measured 
with RSCM; and range from 219 ◦C to 306 ◦C. These BS are also 
composed of two spatially distinct generations of chlorite. The first 
generation (G1) recorded temperatures of 179 ± 17 ◦C whereas the 
other generation (G2) recorded higher temperatures of 240 ± 11 ◦C 
(Table 1). The lack of overlap between these two distinct tempera-
ture records in chlorite suggests an abrupt change in temperature, 
which can only be explained by an advection process. Therefore, 
the two distinct generations are interpreted as a two-step process, 
with generation G1 representing the sedimentary phase within the 
prevailing regional geothermal gradient, and later generation G2 
recording the interaction of the shales with high temperature hy-
drothermal fluids. Hydrothermal experiments (Aagaard et al., 2000;
Small et al., 1992) and observations of chlorite in geothermal fields 
(Browne, 1978) both indicate that chlorite precipitation at ∼250 ◦C 
is rapid (typically less than several months). Therefore, this mineral 
may be used to record rapid temperature changes.
Fig. 3. X-ray diffraction patterns for samples of mud, light grey shales and black 
shales. The main diffraction peaks are indexed. C: chlorite; S: smectite; M: mica; 
Q: quartz; P: plagioclase; Ca: calcite; H: halite. Note the similarities between diffrac-
tion patterns acquired on mud and light grey shale both containing plagioclase and 
calcite. This suggests that the mud erupted in 2016 mainly originates from the same 
source as the light grey shale (Upper Kalibeng Formation). The higher content in 
chlorite and the lower content in smectite in the light grey shale compared to the 
mud suggest that smectite conversion into chlorite is more pronounced in the light 
grey shale than in the mud. Therefore, light grey shales probably experienced a 
longer interaction with high temperature hydrothermal fluids due to their slower 
ascent speed.

5. Scenario for mud eruption at Lusi

Using the measured geothermal gradient of 42◦/km prior to 
the eruption (Mazzini et al., 2007), generation G1 measured in 
the BS samples corresponds to a depth of 3600 ± 400 m, par-
tially falling above and partially overlapping the depth of the 
Ngimbang Formation (>3800 m). A temperature record indicating 
slightly shallower depths is expected for the Ngimbang Forma-
tion because even though chlorite precipitation proceeds quickly, 
its progressive re-equilibration during diagenesis may be slower 
than temperature increases during sedimentation due to the high 
sedimentation rate in the East Java Basin (Schiller et al., 1994;
Willumsen and Schiller, 1994). The dark colour of the clasts pro-
vides more evidence for the origin of the BS, in agreement with 
the total organic content (between 1.6 and 5.7%; Satyana and Pur-
waningsih, 2003) in the mudstones from the Ngimbang formation. 
The second generation, G2, recorded on the same samples shows a 
sudden jump in temperature that strongly points to a rapid flush of 
high-temperature hydrothermal fluids, consistent with a magmatic 
intrusion and migration of hydrothermal fluids originating from 
the neighbouring volcanic complex. Our results support a scenario 
where fluids beneath Lusi are expelled from two shale reservoirs 
located at depths of 900–1871 m and >3800 m as suggested by 
the imaged volume changes, and by the isotopic signature of fluids 
(Inguaggiato et al., 2018; Mazzini et al., 2018, 2012; Shirzaei et al., 
2015). The presence of H2S recorded during the early phases of the 
Lusi eruption (Tingay et al., 2015) strengthen the scenario of the 
contribution of a deep hydrothermal source to the fluids erupted 
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Fig. 4. Back-scattered electron images of hydrothermal alteration in black shales. (a) Large chlorite mineral precipitation in a fine grained matrix mainly composed of clays. 
((b) and (c)) Pseudomorphic replacement of carbonate oolites by hydrothermal chlorite. (d) Replacement of carbonates by a plagioclase and then by a sodium-rich plagioclase. 
Abbreviations: Chl: chlorite; Qz: quartz; Sm/Ill/Chl: smectite/illite/chlorite; Pl: plagioclase; Carb: carbonate.

Fig. 5. Temperature constraints beneath Lusi. (a) Temperature/depth relationship recorded by erupted clasts. RSCM and chlorite thermometry indicate temperatures <200 ◦C 
(probably ∼100 ◦C) in the light grey shales of the Upper Kalibeng Formation (blue box TR1). In the black shales, TC1 (chlorite thermometry) is in agreement with the 
pre-eruption geothermal gradient (dotted black line) and indicates an origin in the Ngimbang Formation; TR2 (RSCM) and TC2 (chlorite thermometry) are ∼70 ◦C higher than 
TC1 indicating heating during eruption (black line). The liquid–vapour curve for salt water (composition from Mazzini et al., 2018) and the saturation curve for a H2O–CO2

fluid mixture (composition from Mazzini et al., 2012; calculation from Duan and Sun, 2003) separate the two phase fluid domain from the one phase fluid domains found at 
high temperature above 1300 m and below 2200 m depth. (b) Distribution of chlorite temperatures measured in the black shales showing TC1 and TC2. (For interpretation of 
the colours in the figure(s), the reader is referred to the web version of this article.)
at Lusi. Indeed, the analysed black shales contain iron sulphide 
(greigite, Fe3S4 and pyrite, FeS2), typically formed by a reaction 
between iron-bearing minerals and H2S-rich fluids, and thus indi-
cating the presence of H2S in the Ngimbang formation. Two main 
mechanisms can account for H2S presence at depth: 1) H2S-rich 
mantle-derived fluids migration beneath Lusi (Mazzini et al., 2012)
as suggested by the widespread occurrence of H2S in volcanic and 
geothermal systems (Henley and Ellis, 1983); and 2) microbial sul-
fate reduction occurring during early sedimentation (Berner, 1970;
Schoonen and Barnes, 1991). The high sedimentation rate in the 
East Java Basin (Schiller et al., 1994; Willumsen and Schiller, 1994)
requires that such fluids are entrapped during diagenesis. Some 
fluids also probably originate from the carbonate-rich Kujung-
Propuh and Tuban Formations (estimated to be situated between 
∼2800–3800 m; Moscariello et al., 2018) but our evidence, com-
bined with the surface deformation data (Shirzaei et al., 2015), 
makes clear that much deeper fluid sources must have contributed 
to feeding from the very onset of the eruption.

A recent seismic tomography survey in the region shows ev-
idence of a >6 km vertical hydrothermal plume extending be-
low Lusi. This plume is connected with the magma chamber 
of the neighbouring volcanic complex by an elongated corridor 
at 4.5 km depth that follows the orientation of the Watukosek 
Fault system (Fallahi et al., 2017). We concur with Fallahi et al.
(2017) that the Watukosek fault system acted at depth as pref-
erential pathway for the migration of magma and hydrothermal 
fluids towards the backarc sedimentary basin. This migration of 
hot fluids in the organic-rich Ngimbang Fm. triggered metamor-
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Fig. 6. Schematic model showing the new scenario of hydrothermal circulation prior to the mud eruption at Lusi. The inferred thermal (left) and geological structures 
(right) are both displayed. High temperature hydrothermal fluids are produced at depth through interaction with a magmatic intrusion and hydrothermal fluids migration 
in the Ngimbang Formation along the Watukosek fault system (1). Heating of the porous fluids of the Ngimbang Formation by the incoming hydrothermal fluids induces 
overpressure generation sufficient to allow the reactivation of the upper part of the fault (2). The hydrothermal fluids migrate through the Upper Kalibeng Formation and 
further to the surface leading to mud generation and eruption (3).
phic (fluid-producing) reactions and thus overpressure in the black 
shales (Fig. 6). The diapir-like deformation observed on seismic 
images below and within the carbonates (Mazzini et al., 2009;
Moscariello et al., 2018; Samankassou et al., 2018) suggests that 
these overpressured fluids migrated from greater depth and de-
formed and brecciated the formations inducing hydrothermal al-
teration of the rocks. Following the minimum eruption gradient 
(Fig. 5), these CO2-rich fluids (Vanderkluysen et al., 2014), ex-
pelled at 100 ◦C at the surface (Mazzini et al., 2007), will un-mix 
at ∼225 ◦C during their ascent when meeting the CO2 saturation 
curve. This forms a water-dominated liquid and a CO2-rich gas 
phase that then meets the liquid–vapour curve (Fig. 5). The tem-
perature beneath Lusi therefore increased by at least 70 ◦C during 
the eruption, resulting in temperature increases from 100 ◦C to 
170 ◦C in the primary mud reservoir (Shirzaei et al., 2015; Up-
per Kalibeng Formation), and from 200 ◦C to more than 250 ◦C 
in the Ngimbang Formation (Fig. 5). This substantial temperature 
increase through interaction with hydrothermal fluids could have 
enhanced post-eruption clay dehydration in the Upper Kalibeng 
Formation and must consequently have produced substantial ad-
ditional water that feeds the Lusi eruption. Indeed, the smectite to 
illite transition releases approximately 0.25 m3 of water per m3 of 
clay around 160 ◦C (Dubacq et al., 2010). Fluids released from the 
Ngimbang Formation were most likely pore fluids entrained during 
sedimentation, or produced during diagenesis prior to the eruption 
(Fig. 6). These fluids expanded in response to the abrupt temper-
ature increase resulting in a pore pressure increase in a system 
already overpressurised prior to Lusi eruption by disequilibrium 
compaction and the catagenesis of kerogen into gas (Ramdhan and 
Goulty, 2010; Tingay, 2015). We estimated an increase in pressure 
of at least 30.5 and 36.5 MPa in the Upper Kalibeng and Ngim-
bang formations, respectively. This increase could even be almost 
double if the contributions of clay dehydration and catagenesis are 
considered. Heating by 70 ◦C indeed induces increases in volume 
in the Upper Kalibeng Formation due to clay dehydration, and in 
the Ngimbang Formation due to gas generation of 4 and 2.6%, re-
spectively. Equation (5) indicates that these volume changes are as-
sociated with overpressures of 27 and 17 MPa, respectively. These 
values are of the same order as overpressures generated prior to 
the eruption (Tanikawa et al., 2010; Tingay, 2015).

The overpressure generated from rapid heating in the Ngim-
bang Formation led to a metastable system potentially able to re-
activate the upper part of the Watukosek fault system (Rutqvist 
et al., 2007) or, in any case, to recycle the pre-existing faults 
(the Watukosek and the antithetic Siring faults, see Moscariello 
et al., 2018) as preferential fluid pathway to access the (already 
overpressured) Upper Kalibeng Formation. This charged system ul-
timately reached the surface resulting in the manifestation of Lusi 
(Fig. 6). Our results show an eruption-induced temperature step of 
at least 70 ◦C within the sedimentary succession, providing strong 
further evidence for the magmatic intrusion and hydrothermal flu-
ids migration at depth. We constrain the role of this magmatic 
intrusion for overpressure generation, fluid production by dehydra-
tion, and phase mixing/un-mixing in the fluid at depth. Lusi is thus 
a newborn and large-scale magmatically-driven hydrothermal sys-
tem. Lusi is not only a natural disaster, it is also a unique natural 



B. Malvoisin et al. / Earth and Planetary Science Letters 497 (2018) 42–49 49
laboratory for studying (in an area of only several kilometres) the 
couplings between processes that also occur at plate boundaries 
including magma emplacement, heat and mass transfer, dehydra-
tion reactions in sedimentary rocks, and fluid extraction in a frac-
ture network.
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