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Abstract 

 

The Lusi mud eruption in East Java, Indonesia, has continued unabated for more than ten 

years with no end in sight. This review summarizes what has been learned about this intriguing 

system, from its inception to the current (2017) well-established metastable geysering system that 

continuously erupts mud breccia, gas, steam, and water. We discuss the initiation of Lusi, 

highlighting discrepancies and evidence through the published data, to build a 

comprehensive database that emphasizes how the results converge towards a natural 

scenario of this system. We argue that attempts to understand, constrain, or predict the behaviour 

of this system that rely on a drilling trigger can not explain subsequent observations. On the other 

hand, we show that a well-constrained conceptual model recognizing Lusi as a volcanically-

linked hydrothermal system, has provided important insights for the documented observations 

over the last ten years. The response of Lusi to the Yogykarta earthquake falls directly within the 

range of earthquake triggering phenomena (globally) of similar hydrothermal/geothermal 

systems, suggesting a natural trigger as the more likely culprit for the Lusi phenomenon. We also 
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offer some future directions of additional scrutiny for understanding this newborn, tectonic scale, 

volcanic-hydrothermal complex.  

 

Keywords: Lusi eruption site, sediment-hosted hydrothermal system, natural vs drilling trigger, 

distant earthquake triggering, Indonesia 

 

 

1. 0 Introduction 

 

The Lusi mud eruption that appeared in East Java the 29th of May 2006 elicited debate, science, 

and politics [Drake, 2015]. Less than two days after a powerful earthquake struck and decimated 

Yogyakarta, 250 km to the southwest, and with all eyes focused there, mud started coming 

through the surface at five different locations near Surabaya, East Java [Mazzini et al., 2007]. The 

mud first appeared along a thousand meter lineament that, incidentally, follows the same trend of 

the adjacent Watukosek fault system (Figure 1-3). This is a tectonic-scale sinistral strike-slip fault 

that runs from the nearby Arjuno-Welirang volcanic complex directly through the region, hosting 

many pre-historic mud eruptions [Istadi et al., 2009; Mazzini, 2009; Mazzini et al., 2009; 

Moscariello et al., 2017; Satyana, 2008] (Figure 2). Gas and mud first appeared as small vents 

through cracks formed in the ground, likely in response to slip on the Watukosek fault system 

(Figure 1-3). This diffuse pattern soon gave way to focused geysers and a relentless eruption of 

mud breccia, water, and gas. The mud quickly overtook an urban area near the city of Sidoarjo, 

permanently displacing 60,000 persons [Richards, 2011], while swallowing the main highway 

linking East Java to the rest of the Island (Figure 2, 4). And the mud kept coming, emitting up to 

180,000 m3/day with powerfully erupting plumes. Nothing could stop it. Thousands of concrete 

spheres chained together were lowered into the throat hoping to choke the flow [Mazzini et al., 
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2007] but the eruption continued unabated. Attempts to cement the upwelling of fluids at depth 

using a relief well also failed due to the continuous shearing of the fractured zone [Sutrisna, 

2009]. Berms built to contain the mud (Figure 4) evolved to 10 m high embankments that now 

surround Lusi framing a region of 7 km2. That is, a 7km2 swimming pool filled with erupted mud 

breccia, which could unleash the next disaster were the embankment walls to fail (Figure 1B).  

 

More than ten years later the mud keeps coming, with Lusi now a perpetual geyser system 

[Karyono et al., 2017] hosting two (since 2010) and, sometimes three, migrating main vents that 

erupt with enhanced activity on timescales of several minutes. The recent flow rate discharge is 

about 80,000 m3/day, with significant earthquake-triggered increases up to 120,000 m3/day. From 

a science perspective, it is a fascinating system; a newborn tectonic-scale hydrothermal system 

that offers countless research opportunities for studying the birth and evolution of young 

volcanic-hydrothermal systems, geysers, and active tectonics (Figure 5).  

 

But something strange happened along the way, with much of the last ten years centered on the 

debate about what triggered Lusi. Was it due to a gas exploration well drilled in the area? Or was 

Lusi a natural tectonic response the Yogykarta earthquake? This debate has gone back and forth, 

with drilling-trigger proponents and natural- trigger proponents each hunkered down in their 

respective trenches. Even today, neither theory can be entirely rejected, but we argue through 

extensive circumstantial evidence that the drilling trigger scenario is flawed, presents curious 

discrepancies with many observations, and has trouble reconciling a remarkable series of 

coincidences at its birth at a regional scale. Here we list a sequence of some of the most 

remarkable events that occurred and were reported soon after to the 27th of May 2006 6.3M 

earthquake: 
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• Boiling mud suddenly started to erupt in the Sidoarjo Regency and mapped at five 

different locations forming a long NE-SW oriented alignment over 1 km in length and 

aligned with the Watukosek fault system (Figure 3A-F). 

• Several NE–SW oriented fractures were reported in village of Sidoarjo and in the areas 

around the eruption sites. 

• Increased activity was reported for Merapi and Semeru volcanoes [Harris and Ripepe, 

2007] (with Semeru located even further away than Lusi from the epicenter) (Figure 1). 

• Increased activity in gas and mud expulsion was reported at the other 40 km more distant 

mud volcanoes hosted by the Watukosek fault system [Mazzini et al., 2007](Figure 1).  

• Drops in water well levels reported in villages 40 km to the NE of Lusi (e.g. more distant 

from the epicenter) (Figure 1). 

• Sudden changes in production recorded in the Carat, Tanggulangin, and Wunut fields 

located in the Sidoarjo region [Mazzini et al., 2009]. 

• BJP-1 well recorded partial losses of drilling mud directly after the earthquake and 

followed by total loss of drilling mud directly after two strong aftershocks of the 

Yogyakarta earthquake [Sawolo et al., 2009]. 

• Three high pressure injection tests performed after a reported kick showed sustained pressures (up 

to 8 MPa), demonstrated conclusively that the borehole was intact and the well had been 

successfully killed. This rules out an underground blowout [Sawolo et al., 2010]. 

• No Lusi mud exited the borehole, and no oil-based drilling mud was observed (and would have 

been easily detected) mixing with the Lusi mud. This demonstrates two isolated systems.  

The drilling trigger scenario had a substantial media advantage, but has a scientific 

disadvantage because it relies for the most part on recorded borehole logs that prevent viewing 

this active system at a larger scale. This led to a variety of explanations that changed over time to 

make a drilling trigger viable, and provided limited options for conceptual models to explain the 
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behaviour and the geological evidence of this system. The drilling-trigger proponents [Davies et 

al., 2008; Davies et al., 2010; Davies et al., 2007; Tingay et al., 2008; Tingay et al., 2015] must 

necessarily include a borehole in explaining this system, but since no evidence exists that Lusi 

mud either exited via the borehole or that drilling mud mixed with Lusi mud [Sawolo et al., 

2010], the borehole is both unnecessary and interferes with insight into the evolution of Lusi. 

This is expanded upon in more detail below.  

 

 

2. 0 The inception of a drilling trigger 

 

Although the trigger for Lusi should have been settled long ago, it is not. This debate has 

persisted, so it is important to address the arguments against  a drilling trigger head-on. It is fair 

to say that initially there was uncertainty in the cause of Lusi, and arguments could be made that 

drilling might have played a part. However, observations over the last eleven years, combined 

with observations on the scene at the time of its inception, overwhelm various observations of the 

borehole response and point solidly towards a natural system. Since various arguments in support 

of the drilling trigger are scattered about in the literature and in personal communications, we 

take this opportunity to consolidate all of these into a single document. If drilling were the 

trigger, Lusi would represent the only example in geological history of a tectonically driven 

system conceived from a 30 cm diameter borehole.  

 

From its inception, there was a rush to blame it on drilling, with only "unreleased geological 

data" used to make the original case [Davies et al., 2007]. This set in motion a media creation 

fertilized by a very quick response time from the arrival of a new publication claiming a drilling 

trigger, and the phone call to the media. This was exacerbated at an AAPG Conference in 
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Capetown, South Africa in 2008, where, at the end of a session on Lusi, the conference chairman 

called for a “vote” as to the trigger. When a majority of those present raised their hand in favor of 

a drilling trigger, this was quickly relayed to the media as “proof” that Lusi was triggered by 

drilling. Science by a show of hands is unheard of, especially in the context of random people 

sitting in on an open session, but nevertheless, the proponents of the drilling trigger let it be 

known to the media that such a vote is proof-of-cause. The media took the bait, and the drilling-

trigger became entrenched in the minds of the public. Meanwhile, the drilling trigger proponents 

turned down invitations in Capetown to examine the entire dataset made available by Lapindo 

[Sawolo et al., 2010], and also found no need to collect data on site of the eruption to reach their 

conclusions.  

 

The public perception of a drilling trigger had enormous social, economic, and political 

consequences. The most immediate consequence was that the international community refused to 

assist in man-made disasters, leaving the victims homeless, helpless and trapped in long-term 

lawsuits against powerful energy companies and high profile business and political interests. 

Fortunately science is not subservient to articles in the media or to public opinion. Science comes 

from observations, and all observations over the last 10 years consistently point that Lusi is a 

natural system, born a natural birth, now living a natural life, and will ultimately die when ready.  

 

 

 

2. 1 The Scale 

 

A great deal of effort has been expended on the minutiae of borehole observations, but at the 

scale of Figure 6A the borehole sampled less than 0.02 percent of the affected region. That is, 
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99.98% of the affected region was not sampled, so concluding anything about the regional scale 

from borehole observations is certainly not warranted. The implausibility of a drilling-trigger is 

also visually demonstrated in Figure 6A by the sheer scale of the initial mud appearance at the 

surface. The blue dot in Figure 6B represents the location of the borehole relative to the first 

observations of where the mud eruptions first appeared. The mud first appeared about 700 m 

from the borehole, and the second appearance was also about 700 m from the borehole and about 

350 m west of the first sighting. The third appearance was about 100 m from the borehole, while 

no mud was observed exiting the open borehole. Finally, mud appeared another 150m, then 300 

m from the borehole. Note that the size of the blue dot in Figure 6A is exaggerated by about 100 

times for the simple reason that it otherwise not be visible in the figure. Figure 6B shows the 

actual size of the borehole relative to the blue dot marked in the satellite image. Visual inspection 

strongly suggests that the infinitesimal size of the borehole relative to the scale of the satellite 

image could not possibly have influenced over the scale of the initial arrival to the surface.  

 

We recognise that blowouts sometimes occur and breach the surface away from the drill hole, 

such as occurred Brunei in 1974 and 1979. However, in the Brunei they drilled into a highly 

over-pressured oil reservoir, which subsequently erupted at the surface. Lusi did not suffer an 

internal blowout because high-pressure injection tests conducted after inception of the eruption 

showed that the well was intact [Sawolo et al., 2010]. If a blowout had occurred, the borehole 

would have lost all integrity and no pressure buildup would be possible. Additionally, the BJP-1 

borehole drilled through intact rock, not an over-pressured oil reservoir. So Brunei is not relevant 

to Lusi.  

 

 

2. 2 Drilling data and forced science 
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Physics also demonstrates the implausibility of a drilling trigger. If drilling was the cause of Lusi, 

then four distinct events must have all necessarily occurred. These are; 1) an uncontrolled kick, 

2) a breach of the casing shoe, 3) an underground blowout, and 4) a sustained pressure to 

propagate a fracture. If any one of these events did not occur, then the drilling trigger hypothesis 

can be rejected. And hard evidence shows that none of these necessary events occurred.  

 

Central to the argument of Davies et. al. (2008; 2010) and Tingay et. al., 2010 is that BJP-1 

experienced an uncontrolled kick, a process that results from losing heavy drilling mud and 

allows a pressure pulse to propagate through the borehole towards the surface. Although there is 

no documented evidence of an uncontrolled kick [Sawolo et al., 2010], for the sake of argument, 

let us assume that a kick fractured something in the formation because the pressure in the open 

borehole was greater than the fracture strength of the formation. The propagation of that fracture 

is controlled by the pressure driving it, so if it fractured, it would quickly arrest because of the 

associated pressure drop. This is displacement-controlled crack growth, and displacement-

controlled crack growth is stable crack growth. If the driving pressure remained high, and it did 

not because the well was killed and open to the atmosphere, then one could reasonably argue for 

unstable crack growth. But with this pressure loss, there is nothing more to drive the crack, and 

the crack is arrested. The fact that the borehole remained opened to the atmosphere in the hours 

following a mud loss [Sawolo et al., 2010] with no sign of Lusi mud coming up the borehole, 

indicates that no possible pressure existed to extend the crack up to almost one kilometre where 

the mud first appeared. It would be challenging to envisage a mechanism to propagate a fracture 

over 700 meters from a miniscule borehole of very limited fluid volume to drive anything. So, no 

Lusi mud came up the borehole, and no drilling mud was observed in the Lusi mud, meaning that 

the borehole was completely isolated from the eruption.  
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Further, the data recorded on site shows clearly that a minor kick was killed and the well was 

dead within an hour. Davies et. al. (2010) claim that a recorded sudden drop of pressure indicated 

a breach at depth, however drilling operations at the time showed that the pressure loss was 

intentional from bleeding off pressure to allow the subsequent pumping of soaking fluid. 

Probably the most important observation that the borehole was intact and stable as Lusi mud 

erupted all around is the results of the injection tests on May 29 and 30, 2006. The first injection 

test reported injection pressures of about 5MPa (Swaco report 29 May, 2006), the second 

injection pressure peaked at over 8MPa (Drilling report May 30, 2009), and a final slow injection 

test just prior to cementing was about 2.5 MPa (Drilling report May 30, 2006). If there was a 

surface breach due to an underground blowout, as Davies et. al. (2009) claim, the high injection 

pressure tests would have recorded 0.0 MPa because you can not inflate a punctured tire.  

 

Finally, the mud logger showed no mud loss at the time of the purported blowout, indicating it 

was not being lost to the formation. The mud logger data recorded mud circulation with the blow-

out-preventer (BOP) in the open position (meaning open to the atmosphere), providing 

conclusive evidence that the well had been properly killed. 

 

Importantly, long before the kick occurred and only seven minutes after the Yogyakarta 

earthquake, a partial drilling mud loss was recorded in the borehole. This indicates a direct link 

between the earthquake and the exploratory borehole as an observation point, a link reinforced by 

a complete loss of drilling mud directly following two powerful aftershocks emanating from 

Yogyakarta. The data clearly show that drilling mud was lost soon after the earthquake (Figure 

12 in Sawolo et. al., 2009), with significant ground motion recorded on a seismometer about 15 

km away. This timing of the mud loss is somehow disputed [Tingay, 2014], without any 
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supporting evidence, to claim that the mud was lost even before the earthquake. Astonishingly, 

the same authors [Tingay et al., 2015] then use this unsupported assertion made in the previous 

publication as the reference to repeat the disputed time of the mud loss.  

 

The arguments for, and support of, a drilling-trigger follows a familiar pattern. The authors make 

a statement in a publication, without supporting evidence, and then in all subsequent publications 

cite this previous work (also without evidence) as established proof. By the fourth publication, 

the original unsubstantiated statement becomes a “laundered” and indisputable fact. This appears 

as recently as 2014 and 2015, where Tingay (2014) simply claims that the time of the drilling 

mud loss clearly marked as 06:02 in Sawolo et. al., (2009) was actually 05:02, then cites this 

unsubstantiated claim in Tingay et. al. (2015) as evidence of ambiguity in the time of the mud 

loss relative to the earthquake. This pattern appears elsewhere. Tingay et. al. (2015) claim that 25 

ppm of H2S measured while drilling could only have come from the carbonates because that is 

the only known source of H2S within the East Java Basin. They support this statement with a 

number of citations, which on closer inspection reveals reference only to their own previous work 

where they simply stated this as fact without any supporting evidence. Following backwards their 

own references we find also a reference to the Courtney 1998 Atlas [Courteney, 1989]that 

apparently does not support the claims of the authors. It might well be true that H2S is not 

observed in significant amounts in formations above the carbonates, but what Tingay et. al. 

(2015) also fail to acknowledge clearly is that volcanic environments are where H2S is typically 

present and can be found in such minor amounts in any sedimentary basin worldwide.  

 

It is also interesting to explore the reference cited by Tingay at al. (2015) providing evidence of 

minor amounts of H2S observed during the drilling operations. That reference, it turns out, refers 

only his own previous article. Digging backwards reveals that the source is ultimately a 2006 
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well operation report (called the Adams 2006 report [Adams, 2006]), an originally confidential 

document commissioned by a partner operator (MEDCO) of the BJP-1 well. The authors refer to 

the Adams report to support their claim that 25 ppm of H2S was detected 2 to 3 hours before the 

earthquake. However, there is no mention in the Adams report about what time this reading was 

actually taken. Three hours before the earthquake was 3am (local time), but there is no document 

yet produced that corroborates the time that this H2S reading was taken. With no documentation, 

the readers are left with an act of faith in the authors, or must assume that there are additional 

undisclosed sources that document and support this claim. This is not just a curiosity, because 

detecting the H2S before the earthquake was supposedly the “smoking gun” showing that drilling 

pierced the (inferred) carbonates. Another interesting question is why would anyone be surprised 

to detect 25 ppm of H2S in a volcanic basin as drilling approached the basement? It would 

probably be strange not to detect any H2S. (As an aside, it has always been a curiosity why a 

drilling partner of Lapindo (MEDCO) would commission a confidential report that ultimately 

blames drilling (i.e. themselves), and then broadcast their culpability on the internet.)  

 

The drilling-trigger argument is, at its base, predicated on the integrity of the drill hole and an 

uncontrolled underground blowout, of which there is no clear evidence. On the contrary, there is 

ample evidence that not only was the well successfully killed (Sawolo et. al., 2009, 2010), but the 

borehole was intact and stable while the mud started erupting 700 meters away. With a successful 

kill and all pressure bled off, the wellbore was open to the atmosphere so no pressure was 

available to drive a crack. The evidence against an uncontrolled kick was spelled out in Sawolo 

et. al., (2009), and demonstrated clearly that an uncontrolled kick was not only avoided, but the 

well was killed within an hour of the kick. In an early exchange, Sawolo et. al. (2009) showed in 

quite some detail the inconsistencies in the drilling-trigger argument, which prompted a comment 

from Davies et. al. (2010) as to how, with some tortuous arguments, the drilling-trigger could still 
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be viable. Covfefe. The response to that comment (Sawolo et. al., 2010) is a must-read because it 

puts in stark relief the convoluted explanations necessary for the drilling-trigger argument to 

hold. To wit, the argument of Davies et. al. (2010) was that a cement plug installed at the base of 

the drill-hole plugged up the borehole and forced the fluids to rather travel through the formation. 

However, cement can only act as a seal if it sets, which was physically impossible if it was 

injected into the borehole as a slurry that somehow avoided the high pressure mud and gas argued 

to be jetting up the borehole and its eroded surroundings in the opposite direction. But the cement 

plug did seal because subsequent high-pressure injection tests guaranteed the integrity of the 

borehole (Sawolo et. al., 2010).  

 

The drilling-trigger hypothesis was soundly and scientifically refuted in Sawolo et. al., (2010). 

Point for point, and based on the totality of the available data. But Sawolo et. al. (2010) received 

little attention because what Davies et. al. (2010) lacked in physical plausibility and unsupported 

assumptions was readily superseded by efficient and effective connections with media outlets. 

The most glaring "physically impossible" scenario promoted by Davies et. al. (2010) was that a 

green cement slurry injected into the borehole successfully set into an impermeable plug at the 

same time massive high-pressure fluid was escaping through the same system at over 100,000 

m3/day. It is rare in science that "physically impossible scenarios" can get traction. But the entire 

drilling-trigger hypothesis is just that. It is "physically impossible".  

 

Davies et. al.(2010) argue that when mud was pumped into the borehole, there was a change in 

the geyser frequency of the eruption, indicating communication between the borehole and the 

eruption. This can never be consistent with the same argument needed that the green cement 

slurry provided an impermeable plug to restrict the flow. If the green slurry cement was an 
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impermeable plug, there can be no communication between the mud forced from above and the 

rest of the system. You cannot have both. They are mutually exclusive.  

 

 

3.0 Conceptual model for the initiation and subsequent behavior of Lusi 

 

Lusi, in our view, is a naturally prepared geological phenomena that resulted today in a deeply-

rooted Sediment-Hosted Hydrothermal System (SHHS) [Mazzini et al., 2012]. This description 

derives from years of observations and measurements of erupted gas [Vanderkluysen et al., 

2014], mud, water, [Mazzini et al., 2017], and hydrocarbons, surface deformation recorded by 

InSAR [Shirzaei et al., 2015], and the petrography and temperatures recorded in clasts erupted 

from depth [Malvoisin et al., 2017; Samankassou et al., 2017]. The most relevant conceptual 

model [Mazzini et al., 2012] calls for a magmatic intrusion and hydrothermal fluids migration 

from the nearby Arjuno-Welirang volcanic complex that provides a substantial heat source in the 

organic-rich sedimentary package of the NE Java basin (Figure 7). These conclusions are based 

field observations and fluid sampling measurement acquired since its inception. The authors 

provided clear geochemical evidence that the steam plume above the Lusi vent is CO2-dominated 

with additional fresh hydrocarbon gasses. Further, gas isotopic signatures indicate a mantle 

contribution of fluids (e.g. δ13CCO2, helium with R/Ra as high as 6.5) mixed with CO2 and CH4 

generated by high temperature reactions (up to more than 400 °C). Gasses with these 

characteristics cannot be present in the sedimentary basins where typical sedimentary volcanism 

phenomena occur because the temperatures required to generate these reactions (and thus gas) 

cannot occur even in relatively high geothermal gradient areas like Sidoarjo that hosts Lusi 

(i.e.42 °C /km) [Mazzini et al., 2007]. Therefore, a first order requirement of the measured 

geochemistry is that an additional heat source is needed. The obvious and natural candidate is the 
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neighbouring volcanic complex. The simplest scenario proposed by the authors calls for the 

emplacement of an intrusive body and migration of hydrothermal fluids towards the back arc 

basin and that follows an obvious weakness zone, the Watukosek fault system. This substantial 

heat source altered the sedimentary rocks, baking the organics present in the fertile back arc 

sedimentary deposits and generated new gas in addition to the mantle fluids.  

 

Introducing new and significant heat sources also trigger metamorphic reactions to generate CO2, 

CH4, accelerate hydrocarbon maturation [Aarnes et al., 2010; Iyer et al., 2017; Jamtveit et al., 

2004; Svensen et al., 2004], and increasing clay illitization (e.g. dehydration) processes at 

shallower depths [Dählmann and de Lange, 2003]. All these processes combined result in a 

highly over-pressured system at depth. The likely location for this overpressured system, from 

geochemical, petrographic, and surface deformation observations, is in the Eocene Ngimbang 

Fm. mudstones and pelites. This formation lies at least 1000 meters below the furthest reaches of 

the borehole. This regional source rock consists of organic-rich shales with TOC that varies 

between 1.6-5.7 wt. % with coal seams in the lower part that may be as high as 67 % [Mazzini et 

al., 2012; Satyana and Purwaningsih, 2003]. This rich formation is overlain by the Oligocene-

Miocene (Kujung-Propuh and Tuban Formations) carbonates and marly clays capped by the 

impermeable volcanoclastics [Samankassou et al., 2017]. This overpressured scenario is also 

supported by numerical modeling simulating the geochemical reactions triggered by the heat 

released from a deep-seated igneous intrusion originating from the volcanic arc. Results show 

that contact metamorphism and the migration of hydrothermal fluids may generate a considerable 

flux of fluids and provide a realistic source for the Lusi gas [Svensen et al., 2017]. 

 

The Lusi geysering activity, already observed in 2006 [Mazzini et al., 2007; Zoporowski and 

Miller , 2009], strengthens the connection with the volcanic arc. Karyono et al. (2017) combined 
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crater activity monitoring with a network of seismometers and was able to define 4 cyclical 

geysering phases at Lusi site: (1) regular activity; (2) clastic geysering; (3) clastic geysering with 

mud bursts and intense vapour discharge; and (4) quiescent phase. The authors defined Lusi as a 

clastic-dominated geysering system fed by the neighbouring volcanoes. 

 

The presence of piercement structures and fluid-charged zone observed in vintage seismic lines 

[Mazzini et al., 2009; Moscariello et al., 2017] highlights that over-pressured conditions were 

present prior to the Lusi birth. All these pieces of information and this relatively simple scenario 

has been systematically neglected by drill-trigger proponents for unknown reasons.  

 

In this scenario, a magmatic intrusion originating from magmatic system of the Arjuno–Welirang 

volcanic complex (the nearest volcano of the complex is Penanggungan ~10 km SW of the Lusi 

crater) represents the natural progressive next-step in the relentless march northeastward of the 

entire complex [Carn, 2000; Mazzini et al., 2012] where the youngest cones form in the NE 

regions. Intrusive bodies are mechanically expected because of the overall compressional 

tectonics of the region, and there is evidence that magmatic intrusions may propagate large 

distances over short timescales [Svensen et al., 2004]. For example, in 1999, magma intruded 

from a depth of over 12 km to about 4 km depth in 2 weeks in Saudi Arabia [Pallister et al., 

2010]. A similar intrusion in East Java would have produced several immediate effects. First, the 

emplacement of an intrusion exceeding 1000°C would immediately bake lithologies at depth that 

include organic-rich clays or hydrocarbons (in abundance in the Lusi sedimentary package 

underlying Lusi) leading to the quick formation of extraordinarily large fluid volumes. With an 

impermeable cap provided by e.g. the volcanoclastics, this additional fluid would translate into 

extreme fluid overpressures, and over-pressured fluids are susceptible to very slight perturbations 

from earthquakes either in the near or far field.  
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Observational validation for the conceptual model in Figure 7 includes InSAR evidence of 

subsidence, exposing the existence of two sources driving this system [Shirzaei et al., 2015]. The 

dominant source is the Kalbeng formation lying at around 1500 m depth, long known to be one of 

the major contributors to the mudflow [Mazzini et al., 2007; Sawolo et al., 2009]. Importantly, 

the InSAR data also reveal the presence of a deeper source at around 5 km depth associated with 

the Ngimbang mudstones and well below the Oligocene-Miocene carbonates. Such a deeper 

source is expected in the Mazzini et. al. (2012) model because of the generation of abundant 

additional fluid sources, and corroborates the geochemical and monitoring evidence [Karyono et 

al., 2017; Mazzini et al., 2012; Vanderkluysen et al., 2014] that served as the basis for the 

conceptual model in the first place.  

Recently acquired Raman spectroscopic evidence from erupted clasts collected around the main 

vent also shows that this system is driven by a deep source [Malvoisin et al., 2017]. Petrography 

results demonstrate clearly that the clasts identified as Ngimbang mudstones recorded two 

distinct temperatures; one temperature consistent with the pre-eruptive geothermal gradient, and a 

second, much higher temperature indicating either deep mixing of fluids or a direct result of heat 

flow originating from the magmatic intrusion.   

 

The subsidence and petrography data shows that Lusi is deeply rooted, thus rendering irrelevant 

attempts to constrain mud eruption longevity [Davies et al., 2011; Rudolph et al., 2011] where 

this deep source was not included into the conceptual models. In addition, the documented 

response of Lusi to seismic shaking from earthquakes both near and extremely far renders 

unpredictable any attempt to determine how long she will last. Attempts at estimating Lusi’s 

longevity were questionable from the outset because the underlying physical model upon which 

the longevity estimates were made were faulty. One of the initial study of Lusi’s potential 
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lifespan [Davies et al., 2011] involved Monte Carlo simulations aimed at an analytical solution of 

an infinite source of fluid from the carbonates entering into a borehole. The rationale for such a 

study is entirely unclear, first because nothing came up the borehole, and secondly because 

Monte Carlo simulations of an analytical solution serves no point other than to muddy the water. 

With an analytical solution, a simple high-low study is sufficient. In any case, there is no 

evidence that the carbonates were breached during drilling, and did not consider other sources of 

fluid from deeper levels that appear to contribute significantly to the outflow. That study was also 

predicated on allowing 180,000 m3/day to flow through a 0.30 m borehole, which is much more 

than the observed no Lusi mud (0.0 m3/day) flowing up the borehole. 

 

Another longevity study [Rudolph et al., 2011] investigated, also in Monte Carlo simulations, 

mechanical erosion of the shallow mud source leading to either pressure reductions or caldera 

formation, either of which would stop the eruption. Since the overall conceptual model does not 

reflect the actual Lusi plumbing system, the results from this study proved of little use. 

Expanding on the mechanical erosion conceptual model combined with Principal Component 

Analysis (PCA) of deformation data, Rudolph et. al. (2013) showed an exponential decrease in 

pressure leading to this quote. "By 2017, it should be more or less over," said Prof Michael 

Manga from the University of California at Berkeley, US. But Lusi is clearly not more or less 

over. The above quote predicting Lusi’s end was based on data selected from a wider range of 

flow rates observed during their study period. The decrease of flow rates reported (Figure 3 ref. 

[Rudolph et al., 2011]) predict values as low as 10,000 m3/day in 2011, leading the authors to 

predict essentially zero flow around 2017. This is not the scenario observed early in 2017. In 

contrast, flow rates measured at the end of  2016 averaged around 80,000 m3/day, with 

substantial increases to as high as 120,000m3/day in response to the Nov. 16, 2016 (M5.7) 

offshore Java strike-slip earthquake about the same distance from Lusi as Yogyakarta.  
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3.1 Response of hydrothermal systems to distant earthquakes 

 

The original paper that concluded that the Yogyakarta earthquake was too far away as to have 

any effect at the Lusi eruption site was based on faulty arguments. In that paper [Davies et al., 

2008], the authors argued that only triggered mud eruptions should be included because all long-

range earthquake triggering phenomena are limited to geothermal and volcanic-hydrothermal 

systems. The other point is that they consider only existing piercements structures that are 

triggered by earthquakes and not newborn structures such as Lusi. At the time, this might have 

been a reasonable assumption, but since that time it has become clear that Lusi is not a typical 

mud eruption (in the sense of sedimentary volcanism driven by buoyancy and overpressure in 

cold sedimentary basins), but instead is indeed a volcanically linked hydrothermal system 

[Mazzini and Etiope, 2017]. Given that the evidence points strongly to a tectonic-scale 

hydrothermal system linked to the nearby volcano complex, it is necessary to revisit triggering 

phenomena of such systems. The evidence that magmatic and hydrothermal systems respond to 

earthquakes, both near and very distant, is overwhelming. The first observations of earthquake-

triggering was recorded with the observation of substantially increasing seismicity rates at Long 

Valley, CA in response to the 1992 M7.1 Landers earthquake [Hill et al., 1995; Hill et al., 1993], 

as well as triggering observed in Yellowstone from the same Landers earthquake. In 1999, the 

M7.9 Denali Alaska earthquake triggering changes in geyser eruption behaviour [Husen et al., 

2004a] in Yellowstone (over 3000 km distant) and a substantial increase in seismicity that 

correlated with the arrival of surface waves [Husen et al., 2004b]. The same earthquake triggered 

seismicity in the typically quiescent Idaho and Montana [Husker and Brodsky, 2004], where they 

concluded that geothermal regions are the most susceptible to triggering. The Denali earthquake 

also triggered tremor along the San Andreas Fault in California, while the Maule earthquake 
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triggered a slow slip event in Guerrero, Mexico [Zigone et al., 2012]. All evidence to date 

suggests that triggered non-volcanic tremor is related to very high pore pressures [Shelly et al., 

2006], while triggering phenomena is heavily favoured in geothermal and hydrothermal regions 

[Prejean et al., 2004].  

 

There are two different plots in the literature that presumably include similar observations but 

look quite different [Delle Donne et al., 2010; Manga et al., 2009]. Both datasets relate a 

triggered response to the magnitude and distance of the causative earthquake. The plot of Manga 

et. al. 2009 shows that most events fall below some empirical line, while the plot of Delle Donne 

et. al. 2010 shows all responses to distant earthquakes falling within two empirical lines. Why 

there is such a large difference is not clear, but it appears to us that if there is an observed 

triggered response then it should be catalogued on the plot. Figure 8 shows an appended version 

of the Manga et. al, 2009 plot where we include documented responses to distant earthquakes. As 

Figure 8 makes clear, the limit line of Manga et. al., 2009 has no relationship to triggering 

phenomena in general. The empirical line was developed by comparing hydrological responses or 

triggering of traditional mud volcanism, but other observations of traditional mud volcanism 

triggered by distant earthquakes appear well-above this empirical line (Figure 8). For example, 

the Salsa di Nirano mud volcano was affected directly from a distant M4.6 earthquake [Lupi et 

al., 2016], the (2003) M6.7 Bam Earthquake triggered the eruption of Napag mud volcano over 

450 km away [Dang_news], and a new mud volcano island [Avouac et al., 2014] appeared in 

response to a distant M 7.7 strike slip earthquake in Pakistan. The eruption of a new mud volcano 

also occurred in Taiwan to a M5.5 earthquake 250 km away [O'Neill, 2016]. 

 

Because Lusi is a volcanically-linked hydrothermal/geothermal system, it is necessary to include 

Lusi with other triggered volcanic/hydrothermal systems. Figure 8 then shows that Lusi falls 
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directly in line with numerous other examples, so the claim that the Yogyakarta earthquake was 

simply too far away to have had any effect at Lusi can be rejected. Figure 8 also shows (in light 

blue) documented responses of Lusi to distant earthquakes, including those identified in Davies 

et. al. (2008) where Lusi increased in flow rates in response to earthquakes, but were not included 

in their analysis. There are certainly more examples of long-distance triggering and other 

anomalous Lusi events that coincide with seismic activity [ Mazzini et al., 2012; Mazzini et al., 

2009; Mazzini et al., 2007], but Figure 8 suffices to show that Lusi was indeed well within range 

of being influenced by the Yogyakarta earthquake, particularly since Yogyakarta was a powerful 

crustal earthquake, with substantial body waves to interact and affect the highly over-pressured 

and trapped fluids within the Ngimbang sedimentary layer. The more recent observation of 

documented increases in flow rates from 80,000 m3/day to 120,000 m3/day at Lusi directly linked 

to an M5.7 strike-slip earthquake 200 km distant demonstrates conclusively that the Lusi 

hydrothermal system responds significantly to seismic energy. Considering that both the 

Yogyakarta (at 20 km depth) and the Nov. 16, 2016 earthquakes (at 60 km depth) were strike-

slip, at similar distances from Lusi, with Yogyakarta was significantly more powerful (M6.3) and 

shallower, it is clear that Lusi was well in the range to be triggered by the Yogyakarta 

earthquake. Seismic lines acquired in the 1980’s across the eventual eruption site show the 

presence of a networks of faults and fractures that propagate from depth and finger out 

approaching the shallower units [Moscariello et al., 2017]. The reactivation of this system of 

faults following the Yogyakarta earthquake would have facilitated even more fluid migration. 

Finally, although the path from source to Lusi was different (Yogyakarta was to the SW of Lusi 

while the Nov. 2016 earthquake was to the south), both earthquakes originated from the south, so 

seismic energy likely propagated through similar impedance paths from the source to Lusi 

receiver. Constraining the crustal structure of Java is an important future goal because numerical 

modeling studies with a well-constrained crustal structure and velocity field would be able to 
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investigate seismic wave propagation effects such as critical reflections off the Moho [Boztepe�

Güney and Horasan, 2002; Somerville and Yoshimura, 1990]. 

 

Interestingly, if these same data are plotted with the work of Donne Del et. al. (2010), (Figure 8b) 

they all fall within the range, implying that the Delle Donne et. al. (2010) plot is more relevant to 

triggering phenomena than the Manga et. al. (2009) approach.  

 

The argument is also often raised that with some variation of “since other larger earthquakes did 

not trigger Lusi, then it must be drilling”. However, an inspection of the earthquake catalogue 

that they refer to shows; 1) after removing long-period teleseismic events dominated by surface 

waves that do not affect Lusi [Lupi et al., 2013], the catalogue pares to eight events that 

potentially produced equally strong or stronger ground motion than the Yogyakarta earthquake, 

2) of these events all but two (a M7.6 dip-slip subduction zone earthquake at 350 km distance and 

a M5.6 to the north) were smaller by at least one magnitude, and more importantly 3) the depths 

of all eight earthquakes are unconstrained and assigned 33 km, thus placing them into the 20-35 

km depth range. The only unambiguous event outside of the ground motion error bars is a 

magnitude 4.8 earthquake at 50 km distance in 1992, but the focal depth is also unknown so even 

this earthquake is questionable.  

 

Yogyakarta was the only powerful shallow crustal earthquake in Java in decades. Shallow crustal 

earthquakes are dominated by body waves that would be amplified by acoustic impedance 

contrasts at Lusi [Lupi et al., 2013], and which would be susceptible to ground motion 

amplification from critical reflected waves from the Moho. 
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Figure 9 also convincingly shows that the argument for Lusi being too distant from Yogyakarta is 

baseless. The Yogyakarta earthquake was felt in all of Java, from Jakarta (430 km) to Surabaya 

(300 km), and even as far as Denpesar, Bali (530 km). Although the shaking was mild (Mercalli 

Scale II-III) in Jakarta and Surabaya, it reached Mercalli Scale IV in Bali, and magnitude V in the 

Arjuno-Welirang volcano complex hypothesized to be linked to Lusi.  

 

So the drilling trigger proponents’ claim that Lusi was too far way is in direct contradiction to 

observations. In addition, heat flow increased in direct response to the Yogyakarta earthquake by 

a factor of five at Semeru volcano [Harris and Ripepe, 2007], more that 300 km distant. The 

author’s claim, in part, was a result of employing static stress changes to make their case 

although it has long been recognized that models of static stress transfer do not correlate with 

long-distance dynamic triggering phenomena. Both Davies et. al.(2008), and Tingay et. al. (2010) 

used two different plots of the same calculation of static stress changes [King et al., 1994] to 

generate colourful, but irrelevant figures. Although Davies et. al. (2008) cited the proper work for 

triggering from distant earthquakes, this work was then ignored by claiming:  

 

“….since it was a mud volcano that erupted, we believe that a comparison with hydrological 

responses that have a similar origin (i.e. other mud volcanoes, liquefaction) is more appropriate” 

 

In contrast with this widespread “mud volcano” definition given for Lusi, Mazzini et al. (2007) 

initially proposed instead the concept of “quasi hydrothermal system”, pointing out that the 

eruption characteristics and the dynamic geysering behaviour occurred (every ~30 mins) from its 

inception, which is anomalous compared to other known mud volcanic phenomena. That is, long 

lasting geysering type eruptions, boiling mud breccia, very high temperatures, and CO2-

dominated gas are all unlike typical CH4-dominated colder sedimentary phenomena (Mazzini and 
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Etiope, 2017). Additional evidence later confirmed that Lusi is instead a SHHS [Mazzini et al., 

2012], and should thus be compared with triggering phenomena of other hydrothermal systems. 

Therefore the record needs to be updated and corrected (e.g. Fig. 8). 

 

 

 

3. 2 Modeling wave propagation 

 

In a numerical study of wave propagation of body waves (constrained by measured ground 

surface displacements near Lusi) resulting from the Yogyakarta earthquake, it was demonstrated 

that given an impedance contrast, seismic energy reflected off the (diapiritc) parabolic seismic 

reflector would focus energy into the shallower mud layer, initiating liquefaction [Lupi et al., 

2013; Lupi et al., 2014]. The original paper mistakenly used a published [Istadi et al., 2009], but 

incorrect, seismic velocity profile, but in a corrigendum [Lupi et al., 2014] it was again 

demonstrated that any impedance contrast, for example between a highly over-pressured (low 

velocity layer) and the normally compacted sedimentary layers above would produce the same 

focused energy result. That study was then re-evaluated by others [Rudolph et al., 2015] where 

any impedance contrast was eliminated, and not surprisingly showed no effect. The seismic wave 

modeling study was conducted before surface deformation measurements revealed a deeper mud 

source, so the original wave propagation study needs to be revisited because the same logic 

applies, but now with a deeper, and highly over-pressured mud layer of the Ngimbang formation 

capped by the high-impedance volcanoclastic sedimentary layer. Such a simulation would show 

that the volcanoclastics act as a substantial reflector of seismic energy into the Ngimbang 

formation, with the concomitant amplification of seismic energy into the deeper mud layer. The 
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authors of the study where the shallower impedance contrast was removed in the shallow mud 

layer would be hard-pressed to likewise eliminate the high-velocity volcanoclastic layer.  

 

Another issue not yet addressed about possible seismic influences from Yogyakarta on Lusi is the 

well-known phenomenon of enhanced ground motion in the far-field from critically reflected 

waves originating from the Moho. Locations far from the earthquake receiving critically reflected 

waves from the Moho experience substantially greater ground motion than predicted from typical 

attenuation curves, sometimes by factors of 2 or more. The crustal structure between Yogyakarta 

and Lusi is, to our knowledge, not well-constrained, but we propose that future numerical studies 

of wave propagation through a constrained East Java crustal structure will show a substantial 

seismic energy enhancement in an around Lusi due to waves critically reflected from the Moho 

as observed elsewhere [Boztepe‐Güney and Horasan, 2002; Liu and Tsai, 2009; Somerville and 

Yoshimura, 1990].    

 

 

4.0 Discussion, Conclusions and Future Directions 

 

The Mazzini et. al. conceptual model [Mazzini et al., 2012] (Figure 7) offers a consistent, 

evidence-based scenario for what initiated Lusi and why it behaves as it does to this day. In this 

scenario, the highly over-pressured region is well below the carbonates as a result of high 

temperature reactions by intrusions and migration of hydrothermal fluids. Shaking of this and 

shallower layers from the Yogyakarta earthquake stimulated fluid flow and the likely injection 

into, and subsequent slip of, the Watukosek fault system. This pressure pulse from depth 

migrated up the fault zone, and was the source of the observed "kick" so widely touted as proof 

of a drilling trigger. Over-pressured reefal carbonates may not even exist in the vicinity of the 
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bottom of the drilled well. Seismic data interpretation [Moscariello et al., 2017; Samankassou et 

al., 2017] reveals that the layers below the drilling do not show reefal carbonate features but 

rather an erosional surface. Reefal carbonates are also not documented to be present in regional 

cross sections in the top part of the circumscribed unit (i.e. Tuban Fm). Seismic lines also show 

that the reefal carbonates drilled in the Porong-1 well (Figure 1), i.e. the same carbonates that are 

argued to be drilled by the BJP-1 well, are in fact located 430 m below the bottom of the BJP-1 

well. More importantly, even if drilling had punctured the carbonates, a wide range of gases, in 

addition to H2S, would have been mobilised and recorded, but no such pulse was observed. 

Releasing H2S, on the other hand, by mobilising the very deep fluids would have appeared at a 

scale much larger than the borehole, and was in fact detected in a much wider region than just the 

borehole of the original eruption.  

 

In our view, the deep subsurface was a naturally prepared geological system, in a critical state 

and susceptible to small external natural triggers. Since the eruption and its trigger represent an 

instant of time within a broader geological process, scientific approaches are needed to 

understand the mechanisms and the geological/geochemical characteristics of such systems.  

 

The Lusi Lab Project (CEED, University of Oslo) was established to provide the scientific 

framework necessary to investigate this evolving and apparently long-lived volcanic-

hydrothermal system. Lusi Lab involves multidisciplinary studies employing a wide range of 

techniques, including seismicity monitoring, geophysical subsurface exploration, geochemical 

monitoring, GPS/gravimetry monitoring, petrography studies, numerical modelling, 

microbiology, and the development of new technologies.  

The study of large-scale piercement structures in Indonesia is important because numerous SSHS 

and mud volcanoes exist both offshore and onshore (including the backarc hosting Lusi [Istadi et 
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al., 2012; Mazzini et al., 2012; Satyana, 2008]). Large parts of these structures are located in 

highly populated areas and thus represent significant geo-hazards in the case of sudden eruptions. 

The likelihood of eruptions can be aggravated by the frequent seismicity and by the numerous 

magmatic volcanic eruptions to which some of these structures are connected. Reactivation of 

faults, through which deep fluids preferentially migrate to the surface, is also very common, and 

therefore understanding and modeling the larger scale hydrodynamics of these hydrothermal/ 

geothermal systems is necessary. 

Lusi has been geysering since its inception, with specific geochemistry indicating the input of 

hydrothermal fluids and connection with the neighbouring volcanic complex. A number of 

research institutes are actively cooperating in the framework of Lusi Lab to explore the 

interaction been the active Watukosek fault system, the Arjuno-Welirang volcanic complex, the 

erupting Lusi site and the influence of the frequent seismicity in the region. These institutes 

include CEED-University of Oslo, the University of Neuchatel, the University of Geneva, INGV, 

ETH-Zurich, Geomar-Kiel, BGR-Hannover, and BPLS (Indonesia). Indonesian collaborations 

include BPLS, the Agency for Meteorology, Climatology and Geophysics (BMKG), Jakarta, 

Indonesia, the Institut Teknologi Sepuluh Nopember (ITSN), Surabaya, Indonesia, and 

Padjadjaran University (UNPAD), Bandung, Indonesia. 

 

An approximately 300m diameter region around the main vents are inaccessible because the 

unsolidified mud poses a significant danger. Nevertheless, a number of geophysical studies are 

underway, including the deployment of 31 seismometers into a regional array. The seismic array 

is designed for tomography, establish robust focal mechanisms of seismic events, and determine 

any correlations between incoming seismic energy from volcanic or earthquake events and the 

subsequent behaviour of Lusi.  
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Results from the seismic array can also supplement geo-electric measurements, gravimeter, and 

magnetotellurics to help constrain conduit dynamics. Petrographic analyses of the erupted clasts 

provide much information about the their origin deep below, as well as chemical reactions within 

the conduit during their ascent. The ascent velocity of the clasts can be estimated from their size 

and density rising through a viscous fluid. Crater observations and geyser behaviour are captured 

on HD video, while a drone is employed for close-up recording of the geyser eruptions. New 

technologies are being developed to deploy the drone for sampling and accessing in extreme 

environments.  

Microbiological studies are aimed at microbial activities in the mud and investigations for the 

deep biosphere and sustaining life at very high temperatures. Geohazards are always an issue, so 

studies of potential liquefaction and the integrity of the embankments surround Lusi are also 

being conducted. 

 

All of the studies are combined with, and provide constraints to, numerical modeling of fluid 

dynamics, multiphase reaction and flow, and ultimately 3D models of the underlying processes 

governing Lusi dynamics. 3D models are developed from 2D seismic databases to develop 

geological models, and then these geological models are adapted to 3D numerical grids  

[Collignon et al., 2017a; Collignon et al., 2017b; Sohrabi et al., 2017].   

 

All of these studies are sure to increase our understanding of this natural system, and to search for 

ways to adapt to Lusi and explore possibilities to transform from disaster to development, such as 

exploiting geothermal energy from this newly formed high entropy geothermal system 
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Figure Captions: 

Figure 1. (A) Elevation map of eastern Java Island, highlighting the locations of some known 

mud volcanoes and main magmatic volcanoes. Note: the NE–SW direction growth of the eruptive 

vents of the Arjuno–Welirang volcanic complex and the distribution of the hydrothermal springs 

is the same of the Watukosek fault system that also hosts a large escarpment as well as other mud 

volcanoes; Lusi and the Porong sites are also indicated. The Porong piercement is interpreted to 

be a paleo collapse of an ancient hydrothermal system now imaged with seismic reflection data 

(Istadi et al., 2009). (B) Satellite image of Lusi site the 2016. Note the framing embankment wall. 

The brownish areas on the outskirts of the active vents represent dry zones where it is possible to 

access. The central subcircular zone around the vents consists of not accessible liquid mud 

breccia. 

Figure 2. Satellite image oriented towards the SW. We highlight the vast area occupied by Lusi 

within the embankment-framed area, geomorphic evidence of sinistral slip seen as an abrupt kink 

of the Porong River, the prominent Watukosek fault escarpment, and the neighbouring (~10km) 

Penanggungan volcano with the rest of the Arjuno-Welirang volcanic complex in the background. 

The area intersected by the sinistral strike-slip Watukosek fault system is indicated by white 

dashed lines. Note that the fault system has a structural control on the above mentioned features. 

Figure 3. (A) Picture of the locality where the first mud eruption appeared, damaging the 

surrounding settlements and covering them by boiling mud. (B-E) chronologic images of one of 

the six eruption sites during the initial stages of the eruption. (F) Areal view if the Lusi venting 

site and one the other NE-SW aligned eruption sites (i.e. in the lower part of the image). (G) Lusi 

during one of the geysering phases. (H) The vast area covered by mud breccia and the Arjuno-

Welirang volcanic complex in the background.  
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Figure 4. (A) One of the numerous berms constructed during the early phases of the eruption in 

order to contain the eruption site. (B) Later stage of berm construction framing almost completely 

the crater and attempting to control the flow direction of the erupted mud breccia. (C) Detail of 

powerful mud bursts around the berm framing the crater. (D-H) Panorama view of mud breccia-

flooded regions originally occupied by settlements.  

 

Figure 5. (A-C) Fluids sampling in the proximity of the crater and along the hot streams 

radiating from the crater zone. (D) Mud bursts at the Lusi venting site. (E) The fractured and 

faulted zone in the lower part of the picture with the Lusi plume on the central right side and the 

Arjuno Welirang volcanic complex (i.e. Penanggungan volcano) in the background. Note the 

Watukosek fault escarpment of the left side in front of the volcano. (F) Fracturing and creeping 

of the NE-SW oriented Watukosek fault system intersecting Lusi and ultimately the fault 

escarpment and the volcanic complex and the background. The fractures appeared after a seismic 

event demonstrating that the system is prone to external perturbations. (G) Lusi activity on the 

outskirts of the dry mud breccia walkable area. (H). Detail of the berm framing the crater in 2007 

during the geysering Lusi activity. 

 

Figure 6. (A) Sequential locations (numbered 1-5) where mud was first observed at the surface 

(after Mazzini et al., 2007). The general trend is along the Watukosek fault system (dashed 

yellow line), which was reactivated in response to the Yogyakarta earthquake. No Lusi mud came 

up through the borehole. The size of the borehole (blue dot) is greatly exaggerated. (B) The 

actual size of the borehole relative to the blue dot shown in figure A is marked in red. 

 

Figure 7. Conceptual model of Mazzini et. al., (2012) linking Lusi to the Arjuno-Weilrang 

volcanic complex. Most evidence gathered to date supports this general concept.  
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Figure 8. (A) Modified from Manga et. al., (2009) to include known triggered responses of 

various systems from distant earthquakes, showing that the empirical cutoff of the original figure 

is arbitrary. References for the data [Aiken and Peng, 2014; Davies et al., 2008; Harris and 

Ripepe, 2007; Lupi et al., 2016; Peng et al., 2013; Peng et al., 2010; Prejean et al., 2004; van der 

Elst et al., 2013]. Light blue circles represent some examples of individual documented response 

at Lusi to distant earthquakes, and dark blue dots are other earthquake-triggered responses. For 

all other symbols see Manga et. al., 2009. (B) Taken from Delle Donne, et. al., (2010) showing a 

triggered response from distant earthquakes, with included the new data presented in Figure 8 A 

included. The light blue points show documented increases in responses flow rates at Lusi 

triggered by distant earthquakes for all other symbols see Delle Donne et al., (2010). Figure 8B 

shows that this is a more appropriate plot when investigating triggering phenomena, and Figure 

8A is obsolete.  

 

Figure 9. Documented felt shaking from the 2006 M6.3 Yogyakarta earthquake demonstrating 

that Lusi was well within the regions that experienced shaking. 
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Review of events since the initiation of the Lusi eruption in 2006 
 
Identify numerous discrepancies in previous arguments about the initiation of 
this system 
 
A well-constrained conceptual model recognizes Lusi as a volcanically linked 
hydrothermal system 
 
Highlight ongoing and future studies to better understand the Lusi dynamics 	


