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Evolution and future of the Lusi mud eruption inferred from

ground deformation

M. L. Rudolph1, M. Shirzaei1, M. Manga1, and Y. Fukushima2

The ongoing eruption of the Lusi mud volcano in East
Java, Indonesia offers the unprecedented opportunity to
study a large eruption from its beginning to its eventual end.
We use new observations of ground deformation obtained
from multitemporal interferometric analysis of L-band syn-
thetic aperture radar data to show that Lusi will stop erupt-
ing much sooner than previously anticipated. Using princi-
pal component analysis, we find that the rate of ground de-
formation, and by implication, pressure in the mud source
region, has been decaying exponentially with an e-folding
time scale of 2.1 ± 0.4 years. We anticipate that discharge
will decrease to 10% of the present rate in 5 years.

1. Introduction

The ongoing eruption of the Lusi mud volcano, East Java,
Indonesia (Figure 1) offers the unprecedented opportunity
to study a large eruption from its beginning to its even-
tual end. This eruption has devastated local communities,
displacing more than 60,000 people and causing >$4B in
economic losses [Richards, 2011]. Despite significant efforts
to understand the eruption and predict its longevity [Istadi
et al., 2009; Davies et al., 2011; Rudolph et al., 2011; Mazz-
ini et al., 2012], the spatiotemporal evolution of the source
feeding the eruption is not well understood.

We present new observations of ground deformation that
indicate that Lusi will stop erupting much sooner than pre-
viously anticipated [Istadi et al., 2009; Davies et al., 2011;
Rudolph et al., 2011]. Previous assessments of the hazard
posed by Lusi relied upon estimates of discharge during the
first three years of the eruption [Mazzini et al., 2007; Tingay
et al., 2008; Istadi et al., 2009], concluding that the eruption
will last 23-50 years [Istadi et al., 2009; Davies et al., 2011;
Rudolph et al., 2011]. Although ground deformation near
Lusi has been used previously to characterize the spatial
pattern and rate of subsidence [Abidin et al., 2008] and to
study the source of the ground deformation during the first
year of the eruption [Fukushima et al., 2009], ground defor-
mation has not been used directly to estimate the longevity
of the eruption. We find that the rate of ground deforma-
tion, and by inference, pressure in the mud source region, is
decreasing exponentially and that discharge will decrease to
10% of the present rate in 5 years.

2. Methods

We measured ground deformation near Lusi using mul-
titemporal interferometric analysis [Shirzaei , 2012] of 46 L-
band synthetic aperture radar images acquired by the ALOS
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satellite between October 8, 2006 and April 21, 2011. We
list the dates of acquisition in Table 1. To generate a time
series of the surface deformation field over Lusi, we employ
a multiple-master SAR interferometry approach [Shirzaei ,
2012]. Given 21 and 25 SAR scenes acquired in descending
orbit mode (azimuth = 188◦ and incidence angle ∼ 34.3◦)
from paths 91 and 92, respectively, we generated 400 in-
terferograms. We provide examples of four interferograms
in Supplementary Figure 1. The geometrical phase is esti-
mated and subtracted using satellite precise ephemeris data
and a reference SRTM digital elevation model of 90 m res-
olution [Farr et al., 2007; Franceschetti , 1999]. To obtain
an unambiguous phase observation from modulo 2π phase
change measured in each interferogram, we use a model-
assisted approach [Bathke et al., 2011] combined with a 2D
phase unwrapping operator [Chen and Zebker , 2001] and
apply it to high quality pixels in the image [Costantini and
Rosen, 1999]. The algorithm for identifying high quality
pixels is based on estimated phase noise [Shirzaei , 2012].
Then, each data set is inverted using a linear unbiased esti-
mation approach [Bjerhammar , 1973] to generate the time
series of the displacement field. We note that through this
procedure very localized and rapid deformation components
may be lost, but the general trend due to mud source defor-
mation, the subject of this study, is preserved. By applying
a temporal high pass and spatial low pass filter we reduce
the effect of atmospheric delay on the displacement time se-
ries [Shirzaei , 2012]. The cumulative displacements during
the period of study are shown as contours in Figure 1 and
we show the intermediate displacements in Supplementary
Figure 2. Time series of displacements at several locations
are shown in Supplementary Figure 3.

We performed principal component analysis (PCA)
[Eckart and Young , 1936; Jolliffe, 1986] directly on the dis-
placement time series. We use PCA because we are inter-
ested in extracting the dominant temporal behavior from
a spatio-temporal dataset and PCA provides us a tool to
do this in a way that is optimal in the sense that the first
principal component represents a maximal amount of the
variance in our data. We represent the displacement time
series U , as an m-x-p matrix of displacements at m points
sampled at p time steps. PCA allows us to represent U as
a sum of spatial modes (Xi, m-x-1) multiplied by temporal
amplitude coefficients (λi, 1-x-p):

U =
N∑
i=1

Xiλi (1)

The spatial modes Xi are orthonormal and the first princi-
pal component maximizes the variance of the displacement
data along the axis Xi. Because our deformation time series
covers an area containing both Lusi and a nearby gas well,
we divide the data spatially into two regions. We performed
PCA separately for the West and East regions, and we calcu-
late the fraction of the variance in each region explained by
the first principal component in each region, denoted fw and
fe. The West and East regions are separated by a straight
line whose azimuth and position were determined by max-
imizing the 2-norm of the fractional variances in the west
and east (

√
f2
w + f2

e ).
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3. Results

The spatial modes associated with the first principal com-
ponents for both West and East regions are shown in Figure
2a. The first principal component for the West region ac-
counts for 90% of the variance in the displacement dataset
and in the East region, the first principal component ex-
plains 93% of the variance. In Figure 2b-c, we show the
temporal amplitude coefficient for the first principal compo-
nent for the East and West regions. The temporal amplitude
coefficient for each region is well-approximated by an expo-
nential function of time of the form λ = a exp (−t/b) + c,
where t is time. We fit exponential functions of this form to
the temporal amplitude coefficient in both East and West
regions and recover b-values of 2.1 ± 0.4 and 4.0 ± 1.4 years
with R2 values of 0.98 and 0.97, respectively. Including ad-
ditional exponential terms did not significantly improve the
quality of the fit. The orientation and horizontal position
of the line separating the East and West regions affects the
recovered b value for the East region by less than 10%, indi-
cating that our results are not contingent upon the precise
choice of the boundary between the regions containing the
well and Lusi. The higher principal components (Supple-
mentary Figure 4) contain no obvious signal.

4. Discussion

Previous attempts to estimate the longevity of the Lusi
eruption have relied significantly upon estimates of mud dis-
charge combined with differing conceptual models for the
mechanics of the eruption. The volume of erupted mud was
estimated from detailed field surveys of deposit thickness
combined with estimates of inundated area based on satel-
lite photographs [Istadi et al., 2009]. Using estimates of
mud source thickness and aerial extent derived from seismic
reflection profiles and gravity surveys, Istadi et al. [2009]
obtained a conservative estimate of longevity (23-35 years)
by dividing the available volume of mud by the volumetric
discharge.

While the longevity estimate of Istadi et al. [2009] made
no assumptions about the mechanics of the eruption, subse-
quent estimates have relied upon mechanical models of the
eruption [Davies et al., 2011; Rudolph et al., 2011]. By tak-
ing the Monte-Carlo approach to explore the influence of un-
known model parameters, probabilistic longevity estimates
can be generated from such mechanical models. Davies et al.
[2011] assumed that the eruption is sustained by overpres-
sure in a deep carbonate aquifer. Water ascends from this
aquifer and entrains mud at a rate proportional to the water
discharge. Using this conceptual model, the 50th percentile
longevity estimate is 26 years [Davies et al., 2011]. Rudolph
et al. [2011] proposed a different conceptual model for the
eruption in which the eruption is driven by overpressure in
the mud source region and gas exsolution and expansion,
and the mud source expands during the eruption as mud
is progressively mobilized. Using this conceptual model,
Rudolph et al. [2011] obtained 50th percentile longevity es-
timates between 25-50 years using different probability dis-
tributions for the unknown model parameters.

Based on the evolution of the temporal amplitude coef-
ficient of the first principal component of the ground de-
formation (Figure 2), we conclude that the rate of ground
deformation is decreasing in time. If the mud is erupting
from a chamber with fixed spatial boundaries and elastic
surroundings, surface deformation is linearly proportional
to the change in pressure within the mud chamber. Under
these assumptions, the evolution of the temporal amplitude
coefficient can be used directly as a proxy for the evolution of

pressure in the mud source, and the exponential decay time
scale of the ground deformation (2.1±0.4 years) is the same
as the exponential decay time scale of pressure in the mud
source region. Because discharge is linearly proportional to
the driving pressure gradient when conduit geometry and
mud rheology are constant, we can use the exponential de-
cay timescale associated with ground deformation directly
as a proxy for the exponential decay timescale of discharge.
Discharge from an overpressured mud chamber with elastic
surroundings is expected to decrease exponentially, a result
that holds true regardless of whether volatile exsolution oc-
curs in the mud source [Woods and Huppert , 2003].

Discharge from Lusi was ∼ 105 m3/day in late 2006
[Mazzini et al., 2007] and has subsequently decreased to
∼ 104 m3/day [Mazzini et al., 2012]. We plot discharge
measurements together with an exponential fit to the dis-
charge measurements of the form y = a exp (−t/b) in Figure
3. The e-folding time b recovered by fitting the discharge
measurements is 1.2 ± 0.8 years. The reported uncertainty
should be viewed as a lower bound as the methodology, tim-
ing, and uncertainty associated with the discharge measure-
ments are not documented in the literature. Thus, we find
that the evolution of the eruption inferred from discharge
measurements is consistent with (though less certain than)
our geodetic observations. Assuming that the same behav-
ior of the eruption over the last six years continues (e.g.
no caldera forms and the mud chamber and conduit geom-
etry do not change), we expect that the discharge at Lusi
will decrease by an order of magnitude to < 103 m3/day by
2017 ±1 year.

As the eruption proceeds, elastic stresses generated in re-
sponse to the withdrawal of mud from depth will continue
to increase, and these stresses could still become sufficiently
large to mobilize additional mud [Rudolph et al., 2011] or
to cause a caldera to form. If a caldera forms, pressure in
the mud source region is no longer expected to decrease ex-
ponentially in time. Rather, pressure will be buffered by
the overburden of the caldera’s lid, which will be coupled
to its surroundings by friction on Caldera-bounding faults.
If there is an external fluid reservoir involved in the erup-
tion [Davies et al., 2011; Mazzini et al., 2012], our longevity
assessment is unaffected because the surface deformations
result from withdrawal of mud that becomes entrained in
the erupting water, and the entrainment rate is related to
the discharge from (and overpressure in) the hypothetical
external fluid reservoir, in which pressure is expected to de-
crease exponentially in time.
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Figure 1. (a) Regional map showing Lusi’s location
(indicated by red star) in East Java. (b) Contour plot
of cumulative vertical displacement showing subsidence
due to Lusi and a nearby well between October, 2006
and April, 2011 superimposed on a satellite photo of the
affected area.
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Figure 2. Results of principle component analysis of
ground deformation data. (a) Spatial pattern associated
with first principal component. Data has been projected
onto a regular grid for visualization. White dashed line
indicates boundary between West (well) and East (Lusi)
regions. (b) Temporal weighting coefficient (black) and a
best fit exponential curve (red) for East region. (c) same
as (b) for West region. Both positive and negative values
are expected because the deformation described by PCA
is measured relative to the temporal mean displacement.
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Figure 3. Discharge measured at Lusi from December
2006 onwards [Mazzini et al., 2007, 2009, 2012]. Vertical
bars indicate the range of reported values. The precise
date on which discharge measurements were made are not
always reported and horizontal bars indicate the approx-
imate time period in which each discharge measurement
was made. The red solid line is the best fit to the dis-
charge measurements and the dashed lines show the 95%
confidence interval for this fit.
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Supplementary Figure 1: Four interferograms, each spanning 46 days (except 
for lower left - 92 days). Interferograms are shown in the radar coordinate 
system, with pixel size approximately 40x40 m. No filtering has been applied, 
and orbital ramps have not been corrected. The radar wavelength is 23.6 cm. 
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Supplementray Figure 3: (top left) Cumulative vertical line-of-sight (LOS) displacements 
between October 2006 and April 2011. Other panels show displacement time series at 
locations indicated by numbered triangles in top left panel.
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