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Abstract

A mud eruption, nicknamed Lusi, began near Sidoarjo, East, Ja May 2006.

It has discharged 10* — 10° m®/day of mud ever since. In order to understand
the nature of the eruption and its potential longevity, weellep a model for the
coupled evolution of the mud source and ascent of mud thraeuggnduit to the
surface. The ascent of the mud is driven by overpressureimtid source and by
the exsolution and expansion of dissolved gases. We asswanerupted fluids
originate in the mud source region. Mobilization of the madcaused by elas-
tic stresses induced by mud evacuation from the subsurffleeperform Monte
Carlo simulations to explore model outcomes while pertuglihe unknown ma-
terial properties of the mud and surrounding medium. Usingpoeferred model,
we calculate a 50% chance of the eruption lastidd years and a 33% chance
that it lasts>84 years. Eruptions often end with the formation of a caldbua
longer eruptions are less likely to form a caldera. Modeflfntgons can be refined

with additional, but currently unavailable constraintsore precise estimates of
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mud discharge, the yielding behavior of the materials instesurface, total gas
content in the mud source, and identification of any eruptaid<lthat do not

originate in the mud source.

1. Introduction

On 29th May, 2006 an eruption of mud and fluids occurred in &ido In-
donesia, creating a mud eruption named Lusi (short for LunSpdioarjo). Ap-
proximately 16—10° m®/day of mud has erupted ever since (Mazzini et al., 2007),
displacing>60,000 people (Bayuni, 2009). The large and active subs&lere-
ated by the eruption continues to damage transportatiorcamnunication in-
frastructure.

The birth and evolution of the Lusi eruption are well docuteen(Istadi et
al., 2009; Mazzini et al., 2007) providing a special oppoityito study how and
why large mud eruptions occur (Davies et al., 2007). Bec#usesruption oc-
curred next to a 3 km deep gas exploration well, we also haiguannsight into
the subsurface lithology and properties immediately podhe eruption. Specif-
ically, we can constrain the source of the mud, origin of eddluids, and the
driving mechanism of the eruption.

In this study, we develop a mechanical model for the Lusi @oaghat cou-
ples mud transport to the surface through a conduit with vio&uigon of the mud
source at depth. The model is analogous to those used for atagvolcanoes
in that there is a mud chamber and a conduit, and dissolvezs gday a key role
in sustaining the eruption. It flers in that the volume of mobilized mud (analo-
gous to eruptible magma at a volcano) increases over timegaw progressive

mobilization of mud in the source region. We begin by sumgiag some of
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the key observations that guide model development. Nextlaseribe the model
and governing equations. We end by predicting the long@fitire eruption and

outline how to test and improve the model.

2. Observational Constraints

Microfossils imply a mud source in the upper Kalibeng forimat occurring
at depths between 1220-1860 m, which consists of Pleistocky (Sawolo et
al., 2009). The observed clay mineralogy is most similar tmftom 1600-1800
m (Mazzini et al., 2007). Kerogen compositions of eruptedirace also similar
to those obtained from side-wall cores taken at a depth of h7QSawolo et al.,
2009). Drilling logs indicate that the Kalibeng formatiaunder-compacted and
over-pressured, with porosity of about 30% (Istadi et D02, Tanikawa et al.,
2010). There is some controversy over the porosity of theblkéah formation.
Based on density logs from the well Banjar Panji-1 (BJP1)i&=aet al. (2011a)
estimate lower porosities (10-13%), which would necetsitan external water
source.

While there is no debate about the source of mud, there iSdeEnable dis-
agreement about the source of fluid. The water content of the during the
earliest stages of eruption was 60-70% (Mazzini et al., 269&di et al., 2009).
This is greater than the porosity of the Kalibeng formatior80%, implying an
additional source of fluid. Davies et al. (2007) suggestweder is sourced from
a carbonate aquifer at depths of 3 km. Mazzini et al. (200@ysst that the pri-
mary source of water is diagenesis and dehydration withensthurce region of
the erupted mud. The lower concentrations of B, Li, and Clyal as thes*®O

enrichment of the water, can be explained by clay dehydrati@arbon isotope
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measurements of hydrocarbons and methane in the eruptethdicate the pres-
ence of both biogenic methane, which could be produced isdbhece muds, and
thermogenic methane, which, along with heavier hydrogastend HS, must
have migrated from greater depths (Mazzini et al., 2007)e ifigration could
have preceded the eruption.

The reported water content of the erupting mud provides aitiadal con-
straint. While the initial water content was high, 60-70%ayBaji et al., 2009),
it gradually decreased to 30% over the first year (Mazzini.e2807). As this
value is similar to the porosity of the source layer, we asstimare is no signifi-
cant addition of fluids to the mud source during the bulk ofehgotion.

The temperature of the erupting mud is 70-2@XSawolo et al., 2009). The
geotherm measured in the BJRR00 m from the site of the eruption) is 42km
and the mean annual air temperature i¥2{Bayuaji et al., 2009); temperatures
of 100°C are reached at depths of 1700 m (Mazzini et al., 2007). Tkerobd
mud temperature does not require the addition of signifiaardunts of fluid hot-

ter than the temperature at the source depth of the mud.

3. Modd

We develop a model that is motivated and constrained by thieservations.
The fluids, mud and gas for the bulk of the eruption are sourosa the Kalibeng
formation. Additional fluids may have played a key role in ihigéation (Davies
et al., 2007; Tingay et al., 2008) and during the early stajele eruption, but
will not influence subsequent dynamics, evolution, and émitg.

Our model is conceptually similar to typical models for magim volcanoes

in that the system consists of a “chamber” coupled to a “cahdudi ffers, how-
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ever, in the nature and origin of the chamber component dsas¢he boundary
condition imposed on the conduit at the surface. For magnvaticanoes and
some mud volcano models (Zoporowski and Miller, 2009), theneber boundary
is a material surface and the chamber volume changes owindjus or outflux

during the eruption. In our model, an initially sphericahafber consists of mobi-
lized mud — mud with a rheology that allows it to flow and to druhis chamber
is surrounded laterally by mud of the same composition thatriot yet become
mobilized. The lateral extent of the mud chamber is theeettafined by a rheo-
logical, rather than a compositional, transition and eeslaver time (Figure 1).
Mud erupts through a cylindrical conduit, driven by gas éxson and expansion

and by chamber overpressure.

3.1. Mud Source

We model the mud chamber as a cylindrical cavity of thickr@3 m cen-
tered at a depth of 1500 m. The edges of the cavity are rourkdgdré 1), and
the radius of curvature remains constant as the chambenéspdhe details of
the assumed chamber geometry (e.g. radius of curvatureeafdpes) are less
important than the aspect ratio, which exerts the dominantrol on the stress
concentration near the lateral boundary of the chambertHéopurposes of cal-
culating stresses outside the chamber, we assume thatritieuzom surrounding
the chamber is a linear elastic solid over the time scale @ktluption. Stresses
are governed by

V.-c=0, 1)

whereo is the Cauchy stress, related to straintfirough the constitutive equation
gij = /lEkk(iij + 2/16”'. (2)

5
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Here A andu are the Lamé constants. The model domain is subject tosstres

boundary conditions at the chamber walb] and free surfacez(= 0):
onlas = APc (3)

Onlz=0 = Otlz=0 = 0. (4)

Hereo, ando are the normal and tangential stresses, respectid@ly.is equal
to the diference between the current pressure in the mud sourceRg{tgrand
the initial source pressurB¢(0), and obeys the equation of state of the material in
the chamber, described later. We calculate elastic ss@sgkstrains numerically,
using the axisymmetric program mode in FEAP, version 8.316fa2008). We
assume an isotropic initial stress state, neglecting #iegts arising from devia-
toric tectonic stresses.

The equation of state relates specific volwgévolume per unit mass) of the
3-phase mixture inside the chamber to pressuréd we denote the undeformed
volume of the cavity/oc and the deformed volume of the caviy, the pressure
satisfies

poVoc + fo M(x)dr = Ve(P)/vs(P) (5)

where M is the time derivative of chamber mass, which is the oppaitthe
eruptive mass discharge, apgl is the in-situ density of the mud at the initial
chamber pressure. We perform Newton-Raphson iteratiort@airoa chamber
pressure that is consistent with the deformed volume ofakiéy; the equation of
state of the material inside the chamber, and the mass ofialagamaining in the
chamber.

We adopt a von Mises yield stress (and equivalently, sti@itgrion for mo-

bilizing additional mud from the chamber’s surroundingfievon Mises stress

6
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ov = V3, (6)

whereJ, is the second deviatoric stress invariant. As mud erupta tiee cham-
ber, the chamber deflates and its pressure decreases, ipgpdtresses in the
surrounding mud. Once the von Mises stress in the unmodifizet of the mud
layer exceeds a critical valug, camer We assume that additional mud is mobi-
lized and becomes part of the chamber. We solve for the expguathamber
radius iteratively so that the von Mises stress at the peenad the chamber is
everywhere less than the yield stress. The von Mises strigssan has been used
to model mud yielding in other studies (e.g. Mazzini et al0®?) and is the best
higher-dimension analogue to the yielding criterion ugestady mudflows in one

dimension (e.g. Marr et al., 2002).

3.2. Conduit

Mud rises through a conduit towards the surface. The drifongg is provided
by a combination of mud chamber overpressure, and exsolafidissolved gas
and expansion of vapor during decompression and ascent.dtfelrmonduit pro-
cesses assuming steady one-dimensional multiphase flougihia cylinder (e.g.

Mastin, 2002; Dobran, 2001), subject to conservation ofwaasl momentum:

0

a_Z (Pmixu) =0 (7)
OP  —Pmix (g + pillil:z)
E = 71— w2 . (8)

c2

In equations 7-8u is the mixture velocity of mud plus ga®, is the pressure,
g is gravity, u is mud viscositys is the conduit radius. We note that the term

(8uu)/(omixr?) can be interpreted as a friction factor, and any change nolwio

7
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geometry (e.g. opening of multiple vents or widenoulapse of the main vent)

would simply change the functional form of this term,y is the mixture density,

given by:
n 1-n\"
= (2 221} .
Py Y
with n the mass fraction of gagy andp, the densities of gas and water plus
particles respectively.
op \?
c= ( ) (20)
apmix S

is the sound speed of the mixture, calculated numericalgnsure mass conser-

vation.

Equations 7-8 are solved with a bisection and shooting naesimal 4th order
Runge-Kutta integration to satisfy two boundary condisioa one-way coupling

to the chamber pressure evolution at the base of the conduit

P(z=-H) = P¢ (11)
and an atmospheric pressure boundary condition at theceurfa

P(z=0) = Pam (12)

We assume that gas bubbles are dynamically coupled to theufitiva critical
porosity (gas volume fraction) of 0.3 is reached (BlowelQ20Saar and Manga,
1999), which we take as the threshold permeability for gas.ld his limits the
acceleration of mud in the conduit anffextively ensures that velocities never
approach the sound speed of the mixture. We also assuméé¢haater and mud
particles are dynamically coupled. Tanikawa et al. (20Kl)n&ate permeabili-

ties of 102° to 10'1®* m? in the Upper Kalibeng Formation. Assuming a driving

8
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pressure gradient of 10 Mfan (estimated from chamber overpressure and con-

duit length scale), we compute the pore fluid velocitwas —k/(u¢)VP = 10712
m/s, many orders of magnitude smaller than the bulk velocitthefmultiphase
mixture.

The reservoir (chamber) enthalpy for a given initial tenapere ') and pres-
sure P) is calculated using the XSteam (www.x-eng.com) impleragon of the
International Association for the Properties of Water atea8 (IAPWS) IF-97
steam tables. We assume that the ascending mixture expesiesenthalpic de-
compression during transport (e.g. Lu andfiee, 2009), allowing us to calculate
T(2) from conservation of enthalpy and the steam tables. Ore®tfi decom-
pression path is known, we calculate the density and massdneof liquid and
gas phases, which are functions of T and P, using thg i@} equation of state
developed by Duan et al. (1992a,b) and implemented in HCEGNARY (Nieva
and Barragan, 2003) and the online calculator at geothesud.edu. It is through
this calculation that we account for changes in density dwgas exsolution and
expansion, and we emphasize that the gas solubility is aeddor through the
CH4-H,0 equation of state and that the conversion of liquid wateafmr during

ascent is limited by conservation of enthalpy.

4. Model Parameters

Our model contains a number of geometric and material pti@sesome that
are well-constrained and others that are poorly constiaamel treated as vari-
ables. The following have enough uncertainty to be treasedasiables: failure
strength of mud adjacent to the chambey e ), failure strength of the near-

surface materialdy cadera), YOUNg's modulusg), and Poisson’s ratio.
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4.1. Constants

Mud viscosityu and conduit radius affect mud ascent through the grouping
u/r?. Manga et al. (2009) measured mud viscosity of R8s on sample JV07-05
(Mazzini et al., 2007) of Lusi mud with 43 wt.% water. Watentent has a large
effect on viscosity. Rifai (2008) measured viscosity of sammellected from
Lusi and found an approximately 80% increase in viscositgmivater content
decreased from 62.5 wt.% to 59.0 wt.%. Rudolph and MangaQRotasured
a fivefold increase in mud viscosity when water content desed from 40 wt.%
to 33 wt.%. The geometry of the conduit through which the misds cannot
be observed directly. The initial fissure, observed withia tirst few days, was
hundreds of meters long and tens of centimeters wide at tifi@ceu(Mazzini et
al., 2007). Its burial by erupted mud does not allow us torieitee how the con-
duit subsequently evolved and whether discharge becarabzed, as it does for
magmatic fissure eruptions. In March 2007, 10 months afteethption began,
40 cm diameter concrete balls were able to reach depths & d0Mazzini et
al., 2007). As these balls had nfiext on the eruption rate, their size provides a
minimum estimate of conduit dimensions. For a given disswlgas concentra-
tion, we choose a combined conduit dimension and viscadséiyreproduces the
observed 6< 10* m®/day mean discharge (Tingay, pers. comm. 2010), empha-
sizing again that viscosity and conduit radius enter thélera only through the
groupingu/r2.

The volume ratio of erupted gases is spatially and tempovaliable. Mazz-
ini et al. (2007) measured gas composition at seeps neardter and sampled
steam clouds emanating from the crater. The seeps discB@r§8% CH and

10-19% CQ. The gas samples from the steam cloud are more variableG@th

10
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comprising 28-74% and CHtomprising 24-72% of the gas among three samples.
In general, the C@enriched samples are also enriched jpf@r X > 1. We in-
terpret these measurements as indicating a methane-dechigas composition,
following two lines of reasoning. First, GQspecific gravity 1.53) and CX, X 2
are denser than air while GHk lighter than air (specific gravity 0.56). The steam
samples were collected downwind of the crater, and someatgpaof gases by
density may have occurred during transport. Second, wecexpat the local
gas seep chemistry, which is methane-rich, will be domahbtethe composition
of the erupting fluids. However, subsequent measurementsndecate that the
erupting gas composition is G@ominated (Mazzini, pers. comm. 2011). In
our model, the gas composition is unimportant. As long asltkeharge at ini-
tial chamber pressure fits the observational constraietrefationship between
chamber pressure and discharge is independent of gas citimpodVe show
this graphically in Figure 2. The only discrepancy in cunivamass removed
(Figure 2) for the model using Gand the model using CHarises from a small
mismatch in flux, less than 5%, the tolerance that we chosa wéileulating con-

duit velocities as a function of chamber pressure.

4.2. Unknowns

The value ofory camer fOr the mud source is not known. Kopf et al. (2009)
measured sediment shear strength in situ in the field (at ésb @l mud volcano,
Azerbaijan) using a Cone Penetration Test. They found gtinsras low as 150
kPa in the conduit and 300-700 kPa at other locations. Wedbosider values
of oy chamber With @ mean of 1 MPa for the pre-mobilized mud, and a standard
deviation of an order of magnitude in log-space. Once the lmsek strength and

enters the chamber or flows in the conduit, we treat it as @austiuid. The value

11
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of oy calgera IS @ISO Unknown, and we assume that it is 10 times largerdgime -
We experimented with values ofy cagera/0y,chamber @S large as 100 but found it
to be unimportant. We explore a range of values for E (Youngslulus) and
(Poisson’s ratio) for the surroundings centered abofiPE0and 0.15, respectively,
chosen to be consistent with the geodetic modeling of Fukuskt al. (2009).
The mean values and range of parameters used in the Monte Sanlila-
tions are summarized in Table 1. We considered three sosndn the first, our
preferred model, we give more weight to values of unknowmupesters near our

preferred mean value by using gaussian distribution ofaendumbers.E and

oy.chamber NAve values that are normally distributed in log-spacelog, (ay,chambe, (Pa)) =

6 + 1. We also performed the same suite of Monte Carlo simulatath proba-
bility density functions (pdfs) that are constant in thegafmean — o, mean + o]
or [mean — 20, mean + 20-] and zero elsewhere. We refer to theserasoxcar and

20-boxcar, respectively (Table 2).

5. Criteriato Terminate Eruption

The factors that cause eruptions to end are, in generallypoaderstood. We
consider two possible scenarios. First, the chamber predsgreases (sometimes
below lithostatic pressure) until there is ifiscient potential energy available to
drive the eruption. Alternatively, the eruption may endhié thear-surface mate-
rial fails, initiating caldera formation. The latter cotidn does not require that
the eruption has ended, just that it has entered a regime ichvdur model is
no longer applicable. Caldera formation occurs if conttheemoval of material
induces failure of the overlying layers, and becomes méwedylias the chamber

grows and deviatoric stresses are concentrated betwesnorfaee and regions of

12
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high curvature at the chamber walls. We evaluatésdcond deviatoric stress in-
variant) along a trajectory that begins at the tip of the mhaheber and progresses
upward always in the direction of greategt YVe then evaluatd, along this tra-
jectory at half the chamber depth. If the value at this pamgfreater thamy cgera,

we assume that a caldera forms. This method produces a vatigercriterion

for caldera formation becausgid greatest at the free surface and decreases with

increasing depth.

6. Results

To predict longevity, we performed Monte Carlo simulatiams/hich we per-
turbed the four unknown model parameters. We illustratestiodution of cham-
ber pressure, chamber radius, total mass removed, and mass f& function of
time during an individual Monte Carlo realization in Figuze Of 2584 simula-
tions, 1223 eruptions ended due to chamber underpres@iéoiimed a caldera,
397 lasted longer than 100 years (the maximum time alloweddmputational
purposes), and 239 produced unbounded chamber growthh(witot geolog-
ically reasonable, as the mud source has finite lateral gxtémgeneral terms,
eruptions that ended due to ifBaient chamber pressure never incorporated ad-
ditional mud into the chamber becausg..ne Was large; those that produced
unbounded growth had the lowes}n.me. Caldera formation was favored by
larger E and lowoy champer. OUr meank = 10 Pa (Fukushima et al., 2009) and
Oy.chamber l1€ ClOse to the line that divides model outcomesEiry cramner SPaCe
(Figure 3). Poisson’s ratio is unimportant.

Although short eruptions are the most frequent model ouéaime obser-

vation that Lusi has been erupting for more than 4.5 yeargighes an additional

13



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

constraint. If we exclude all eruptions shorter than 4.5yeaad give equal weight
to all durations greater than 4.5 years, we obtain a cunvelatiobability distribu-
tion (Figure 4). The gaussian model predicts that the esagias a 33% chance
of lasting<21 years, a 50% chance of lasting less than 40 years, and alGtéec
of lasting<84 years. Ther-boxcar and &-boxcar model results are summarized
in Table 2.

7. Discussion

Eruptions driven by overpressure have approximately expoally decaying
discharge because the mass removal decreases overp®¥sads and Huppert,
2003). In contrast, to date the Lusi eruption has displayeenzarkably uni-
form discharge, varying only by less than a factor of ten dkerfirst few years.
Eruption rates are flicult to determine accurately and the Lusi eruption is no ex-
ception. In the first few months discharge was about 50,090ay and increased
to as much as 180,000%day over the next year (Mazzini et al., 2009). Satel-
lite observations are most consistent with average enupéites of 90,000 Aiday
(Istadi et al., 2009). Our model produces approximatelystamt eruption rates
for a given conduit size because once the chamber beginadixygathe chamber
pressure is kiiered by incorporating additional material. Changes in olexe
eruption rates could reflect evolution of the conduit geaynet opening of new
conduits, phenomena not captured by our model.

Mud volcanoes are known to form calderas (Kopf, 2008). Ewara. (2008)
describe mud calderas, both on land and submarine, withedeamof 1-2 km.
Figure 3 shows theE andoygamer are the key variables controlling caldera for-

mation. Figure 5 is a histogram of eruption duration, alssmshg the breakdown
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between eruptions that end due to chamber underpressurerapiibns culmi-

nating in the formation of a caldera. Eruptions that lasgkmare more likely to
end due to chamber underpressure and less likely to forndarealFigure 6ais a
histogram of caldera radii, which we assume to be equal tclthenber radius at
the time of caldera formation. The calderas formed by ourehowst frequently

have radii less than 2 km, although larger calderas can féigure 6b is a scat-
ter plot of caldera radius as a function of time of formatidhe positive-sloping
trend of this plot implies that longer-lasting eruptionsdé¢o form larger calderas,
as expected.

There are two other models for the future of the Lusi eruptidhe first, by
Istadi et al. (2009) assumes an eruption rate and uses a @iSaah to account
for subsidence and ponding of mud on the surface. As it doesduress the
controls of eruption rate and processes driving the muddastinface we do not
discuss it further. This model does, however, address arkeaf the eruption that
we neglect, namely the emplacement and redistributioneofithd after eruption.

Davies et al. (2011b) develop a model that is more similappreach to our
own in that they model the mechanics of the eruption procedsrass transport.
The model difers significantly, however, in the inferred source of thedffuinat
mix with the mud, the plumbing system for the fluids and mudj #re driving
forces for the eruption. Davies et al. (2011b) assume thaerwfeom a deep
artesian carbonate aquifer flows upwards into the 15 cm-eli@nborehole created
by drilling operations. At the depths of the mud source, L&8km, the water
exits the conduit, mixes with mud in something analogousuoroud chamber,
and then erupts. The driving mechanism is overpressuresindatbonate aquifer,

and water from this aquifer entrains mud and carries it tostidace. Our model
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thus difers conceptually in two important respects: the importasfade deep
carbonate aquifer, and the driving forces. We have arguatdatisource of extra
fluid is not needed after the initial phases of the eruptioith@ut this additional
source of overpressure, our eruption is sustained by etsoland expansion
of gases derived from the mud source region. We note thatQtie fgercentile
eruption duration predicted by Davies et al. (2011b) is 2&yesubstantially less
than we predict without invoking an external fluid source. ¥pect that the
addition of an external source of fluids (and overpressweyur model would

increase the duration of our model eruptions.

8. Conclusions

In summary, we considered two possible scenarios underhwthe current
eruption may end, either through the eventual inabilityissdlved gases to sus-
tain the eruption, or the formation of a caldera. We made soesessary simpli-
fications in order to develop a tractable model, most impoitahe assumption
of constant conduit geometry and uniform material propsrtf the mud source
and surroundings. There is also considerable uncertaintyeichanical proper-
ties such as viscosity, failure strength of the mud, inigias content, and origin
of additional fluids. However, once we constrain the modgbrimduce the ob-
served eruption rate, uncertainty in viscosity and gasesdritave little &ect on
longevity predictions.

Validating our conceptual model is necessary for its pteshs to be relevant
and useful for planning. It should be possible to demorestita¢ existence and
amount of additional fluids (Davies et al., 2007, 2011b) byglng fluids from

the mud source and deeper aquifers, and comparing thesesavitples of the
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erupted mud. There is also some ambiguity in the measursmégas composi-
tion, and the collection of gas samples directly from Lusiater would better in-
form our model parameters. We have also neglected to inelsiplects of regional
tectonics that may influence the eruption, particularihé tmmud source expands.
Perhaps mostimportant is the role of stresses from thevatedd Watukosek fault
that passes through the eruption source (Mazzini et al920the spatial corre-
lation of mud volcano locations with the fault suggests thatfault influences at
least the location of the eruptions. Our treatment of mudldgy and mobiliza-
tion is simplified, as mud failure and flow are complicatedaHy, our treatment
of the region surrounding the mud chamber as elastic carmoouat for surface
cracks and motion on nearby faults, features that suggese hailure or plastic
deformation. Despite the uncertainties in material properand the model ap-
proximations, our modeling framework allows us to make piolistic estimates
of longevity and to highlight how predictions can be imprdve light of better
observational constraints.

Acknowledgements

This work was supported by the National Science FoundatimteuGrant No.
EAR-1114184. We thank A. Mazzini for providing mud samplesl &. Swar-
brick and R. Davies for discussions and for sharing theirkwdvl.L.R. is sup-
ported by a Graduate Research Fellowship from the NatiariahSe Foundation.
We thank Adriano Mazzini and two anonymous reviewers for c@nts that sub-

stantially improved the quality of the manuscript.

Abidin, H.Z., Davies, R.J., Kusuma, M.A., Andreas, H., Delgui T., 2008. Sub-
sidence and uplift of Sidoarjo (East Java) due to the eropifche Lusi mud

volcano (2006-present). Environ. Geol. 57(4), 833-844.

17



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

Bayuaji, L., Watanabe, H., Tonooka, H., Sumantyo, J.T.8zg{H. Study on land
surface temperature characteristics of ho mud eruptiorast Eava, Indonesia.
Intl. J. Rem. Sens. Earth Sci. 6, 14-28.

Bayuni, E.M., 2009, December 1. Lusi spurs geologists @sierThe Jakarta
Post. Retrieved from httpwww.thejakartapost.comewg200912/01/lusi-

spurs-geologists-interest.html.

Blower, J.D., 2001. Factors controlling permeability-psity relationships in
magma. Bull. Volcanol. 63, 497-504.

Davies, R.J., Swarbrick, R.E., Evans, R.J., Huuse, M., 2B of a mud vol-
cano: East Java, 29 May 2006. GSA Today 17, 4-9.

Davies, R.J., Manga, M., Tingay, M., and Swarbrick, R., 20Fluid
transport properties and estimation of overpressure atLti® mud vol-
cano, East Java Basin (Tanikawa et al., 2010). Engineeriegldgy,
doi:10.1014.enggeo0.2011.03.010.

Davies, R.J., Mathias, S.A., Swarbrick, R.E., and Tingayl.M2011. Probabilistic
longevity estimate for the LUSI mud volcano, East Java. blG&oc. Lond.
168, 1-7.

Dobran, F., 2001. Volcanic processes: mechanisms in rahteansport. Kluwer
Academic, New York USA.

Duan, Z., Moller, N., Weare, J.H., 1992. An equation of sfatethe CH;-CO,-
H,O system: I. Pure systems from 0 to 1000and O to 8000 bar. Geochim.
Cosmochim. Acta 56, 2605-2617.

18



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

Duan, Z., Moller, N., Weare, J.H., 1992. An equation of sfatethe CH;-CO,-
H,O system: Il. Mixtures from 50 to 100Q and O to 8000 bar. Geochim.
Cosmochim. Acta. 56, 2619-2631.

Evans, R.J., Stewart, S.A., Davies, R.J., 2008. The straind formation of mud
volcano summit calderas. J. Geol. Soc. 165(4), 769-780.

Fukushima, Y., Mori, J., Hashimoto, M., Kano, Y., 2009. Sdbsace associated
with the Lusi mud eruption, East Java, investigated by SAfRrfarometry.
Mar. Pet. Geol. 26(9), 1740-1750.

Istadi, B., Pramono, G.H., Sumintadireja, P., Alam, S.,20odeling study of
growth and potential geohazard for LUSI mud volcano: EagaJendonesia.
Mar. Pet. Geol. 26(9), 1724-1739.

Kopf, A.J., 2008. Volcanoes: Making calderas from mud. NatGeosci. 1(8),
500-501.

Kopf, A., Stegmann, S., Delisle, G., Panahi, B., Aliyev, C&uliyev, I., 2009. In
situ cone penetration tests at the active Dashgil mud volcarerbaijan: Evi-
dence for excess fluid pressure, updoming, and possiblesfutoient eruption.
Mar. Pet. Geol. 26(9), 1716-1723.

Lu, X., Kieffer, S., 2009. Thermodynamics and mass transport in mulpooent,
multiphase H20 systems of planetary interest. Ann. RevhElanet. Sci. 37,
449-477.

Manga M., Brumm M., Rudolph, M.L., 2009. Earthquake trigggrof mud vol-
canoes. Mar. Pet. Geol. 26(9), 1785-1798.

19



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

Marr, J. G., Elverhgi, A., Harbitz, C., Imran, J., HlaiP., 2002. Numerical sim-
ulation of mud-rich subaqueous debris flows on the glaceityve margins of
the Svalbard-Barents Sea. Mar. Geol., 188(3-4), 351364.

Mastin, L., 2002. Insights into volcanic conduit flow from epen-source numer-

ical model. Geochem. Geophys. Geosyst. 3(7), 1037.

Mazzini, A., Svensen, H., Akhmanov, G., Aloisi, G., Plank&, Malthe-
Sgrenssen, A., Istadi, B., 2007. Triggering and dynamitugm of Lusi mud
volcano, Indonesia. Earth Planet. Sci. Lett. 261, 375388.

Mazzini, A., Nermoen, A., Krotkiewski, M., Podladchikov,.,YPlanke, S.,
Svensen, H., 2009. Strike-slip faulting as a trigger meidmarfior overpressure
release through piercement structures. Implicationsheriusi mud volcano,
Indonesia. Mar. Pet. Geol. 26(9), 1751-1765.

Nieva, D., Barragan, R.. 2003. HCO-TERNARY: A FORTRAN code ¢talcu-
lating P-V-T-X properties and liquid vapor equilibria of iflis in the system
H20-C0O2-CH4. Computers and Geosciences 29(4):469-485.

Rifai, R., 2008. Spatial modelling and risk assesment ob&ig mud volcanic

flow. M. Sc. Thesis, Gadjah Mada University.

Rudolph, M.L., Manga, M., 2010. Mud volcano response to ti#gdl 2010 El
Mayor-Cucapah earthquake. J. Geophys. Res. 115, B12211.

Saar, M.O., Manga, M., 1999. Permeability-porosity relaship in vesicular
basalts. Geophys. Res. Lett. 26(1), 111-114.

20



439

440

441

442

443

444

445

446

447

448

449

450

451

452

Sawolo, N., Sutriono, E., Istadi, B.P., Darmoyo, A.B., 2008e LUSI mud vol-
cano triggering controversy: Was it caused by drilling? Mat. Geol. 26(9),
1766-1784.

Tanikawa, W., Sakaguchi, M., Wibowo, H.T., Shimamoto, Tadai, O., 2010.
Fluid transport properties and estimation of overpresatithe Lusi mud vol-

cano, East Java Basin. Eng. Geol. 116(1-2), 73-85.
Taylor, R.L., 2008. FEAP: A Finite Element Analysis Progrdgser Manual.

Tingay, M.R.P., Heidbach, O., Davies, R., Swarbrick, RZ08. Triggering of
the Lusi mud eruption: earthquake versus drilling inibatiGeology 36, 639-
642.

Woods, A.M., Huppert, H.E., 2003. On magma chamber evailutioring slow
effusive eruptions. J. Geophys. Res. 108(B8), 2403.

Zoporowski, A., Miller, S.A., 2009. Modelling eruption dgs and decay of mud
volcanoes. Mar. Pet. Geol. 26(9), 1879-1887.

21



Symbol Value (or Mean)| Standard Deviation Description
logio(E (Pa)) 8 1 Young’s modulus
v 0.15 0.1 Poisson’s ratio
l0010(07y,chamber (P&)) 6 1 Yield strength of mud source layer
Oy caldera 10 oy chamber N/A Yield strength of near-surface mater
u 10* Pas N/A Viscosity in conduit
r 1.4m N/A Conduit radius
[CH4] 0.5 wt % N/A Methane mole fraction
[CO,] 1wt% N/A CO, mole fraction

Table 1. Summary of the values for model parameters. The snaach standard deviations listed

were used in our Monte Carlo simulations.

Prior PDF Shape | Gaussian o boxcar| 20 boxcar
33% Longevity (years 21 27 14
50% Longevity (years 40 50 25
75% Longevity (years 84 >100 52

Table 2: Summary of model results for both choices of gas amitipn and diferent assumptions

about the distribution of model unknowns. Models with géarsgdfs use the means and standard

deviations shown in Table 1. Models witttboxcar and 2-boxcar distributions use mean values

and standard deviations’) from Table 1 and assume a flat pdf withinor 20- of the mean.
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Figure 1: An illustration of model geometry and how it refate subsurface lithology, (left of
conduit) and our calculate#} (second deviatoric stress invariant), right of conduitriter colors
indicate larger values af,. Stratigraphy is adopted from (Mazzini et al., 2007) andasdud on
logs of BJP1.

23



o 31 - —CH,
S 30} | 0]
I
o !
& ogl | | Chamber Pressure
€
=
(2]
>
3
o 0 Chamber Radius
. 3 X1§01o -
2 2 =
P -
3 1l _ =
2 _ _ —
0 = Total Mass Erupted
— 2
]
o
=3
o 17
»n
o
n 0 Maximum J2 on Chamber Boundary

0 0.1 0.2 0.3 0.4 0.5
Time (years)

Figure 2: Temporal plots of chamber pressure, chamber (imethiregion) radius, cumulative
mass erupted, and maximumahn the chamber boundary (top to bottom). The red dashed lines
are from a model in which we used 0.5 mol % £Whhile the blue curves are for a model with 1
mol % CG,.. The two models are otherwise identical. The most impoffizatiure of the model
results, illustrated here, is that once yielding begindi@iated by dashed vertical line), there is a
drastic change in system behavior. Chamber radius begimgtease, and chamber pressure is
buffered by the incorporation of material with higher pore puesshan that of the material filling

the chamber prior to expansion. Like chamber pressure, fhass bufered and varies only by

about 1% andaJremains constant at the value of the yield strengglamber)-
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Figure 3: Regime diagram illustratingfect of variables on model outcome (gaussian model).
Each glyph represents one model realization and csloapes correspond to outcomes: blue
squares - indicient chamber pressure ends eruption, red circles - calders, green triangles -

eruption lasts longer than 100 years.
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Figure 4: Cumulative probability that the eruption has ehfibe all three distributions of unkown
variables. Horizontal axis is time since eruption startestfical axis is likelihood that eruption
will have ended or formed a caldera. Green dotted, blue diasimel red dot-dashed lines indicate

times at which likelihood is A3, 1/2, and 23, respectively.
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Figure 5: Histogram of eruption durations for gaussian nhoBed bars indicate eruptions that

formed a caldera and blue bars indicate eruptions that eshaketb insiificient chamber pressure.

We list the percentage of the eruptions in a given bin thaedmllie to caldera formation.
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Figure 6: (a) Histogram of caldera radii for gaussian moBetquency of radii of caldera formed

in the model, normalized so that bins sum to 1. (b) Relatignishtween caldera radius and time

of formation.
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