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Abstract Broad band seismic data were recorded on the ground surface around an exceptionally 
regular eruptive system, geyser El Jefe, in the El Tatio geyser field, Chile. We identify two stages in 
the eruption, recharge and discharge, characterized by a radial expansion and contraction, respectively, 
of the surface around the geyser. We model the deformation with spherical sources that vary in size, 
location, and pressure, constrained by pressure observations inside the conduit that are highly 
correlated with deformation signals. We find that in order to fit the data, the subsurface pressure 
sources must be laterally offset from the geyser vent during the recharge phase and that they must 
migrate upward toward the vent during the eruption phase. This pattern is consistent with models in 
which ascending fluids accumulate and then are released from a bubble trap that is horizontally offset 
from the shallow conduit of the geyser. 

 
 

 
1. Introduction 
Geysers are rare phenomena: they require a hot water supply and subsurface structures that allowthe circu- 
lation of fluids (water, steam, and noncondensable gases) in a manne r that leads to noncontinuous eruption. 
Geysers are thus somet imes viewed as curiosities. However, their existence raises an important question and 
opportunity. What subsurface structures are required to produce geysers? And, while geyser eru ptions are 
smaller and more frequent than those produced at  magmatic volcanoes,  they also provide an  opportunity 
to test approaches for measuring and modeling geophysical signals in eruptive systems (Kieffer, 1984; 
Nationa l Academies, 2017). 

Geophysical methods have been used to image spatial and temporal variations in the subsurface proper- 
ties of geysers, complementing pressure, temperature, and audiovisual measurements. For example, 
Kedar et al. (1996, 1998) showed that hydrothermal tremor at Old Faithful Geyser in Yellowstone 
National Park is produced by collapsing steam bubbles. From this  same data set,  Cros et al. (2011) 
and Vandemeulebrouck et al. (2013) used ambient noise processing techniques to reveal a deeper cavity 
that is laterally offset from the conduit below the surface vent, as proposed more than two centuries ago 
by Mackenzie (1811). Nishimura et al. (2006) used tilt observations at Onikobe geyser, NE Japan, to 
show a strong correlation with the short and long effusion times, reflecting water movement in at least 
two chambers beneath the vent. From tilt measurements at Old Faithful Geyser of Calistoga, California, 
Rudolph et al. (2012) showed that surface ground deformations record the gradual filling and rapid 
emptying of reservoirs. These studies show how seismic and geodetic measurements over a range of fre- 
quencies can be used to characterize the plumbing systems of, and pressures within, geysers. Additional 
imaging tools include using microphones (e.g., Namiki et al., 2016), forward looking infrared (e.g., 
Karlstrom et al., 2013), and ground-penetrating radar to characterize the shallowest subsurface (e.g., 
Lynne et al., 2017, 2018). 

Geophysical techniques are needed because the plumbing systems of some geysers are difficult to image 
directly, though video cameras have imaged at least parts of the main conduits beneath geysers (e.g., 
Yellowstone: Hutchinson, 1985, Hutchinson et al., 1997; Kamchatka: Belousov et al., 2013; Iceland: 
Walter et al., 2018).Subsu rface geometry matters because large and deep cavities may control the size and 
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Figure 1. (a) Photograph of the Upper Geyser Basin of the El Tatio Geyser Field; El Jefe geyser (U1M coordinates 
601768°E, 7530174°8, WGS84-19S) is marked by the red dot. The activeseismic profile (AA' ) is shown. (b) El Jefe  
geyser erupting. (c) Broadband network around El Jefegeyser (red circle; E601,768; 7,530,174°S, WGS84-19S). The blue 
triangles show the locations of the stations. 

frequency of eru ptions (e.g., Adelste in et al., 2014; Hurwitz & Manga, 2017). Further support for a deep 
control on eruptive processes is the insens itivity of eruptions at cone geysers to changes in atmospheric 
pressure and temperature (e.g., Hurwitz et al., 2014; Munoz-Saez, Namiki, & Manga, 2015). 

All these studies have contributed significantly to improving our understanding of the special conditions 
needed to produce geysers. However, the tempo ral evolution of physical processes that govern eruptions 
and their connection to the geometry of plumb ing systems remain poorly documented. During the eruptive 
cycle, spatial and temporal variations in pressure at depth depend on the geometry of the plumbing system. 
Ground surface deformation produced by those changes in pressure offersan opportunity to better constrain 
the subsurface processes that accompany geyser eruptions. 

Here we use passive broadband seismic data acquired around El Jefegeyser at the El Tatiogeyserfield, Chile, 
to model the space-time variation of subsurface pressure conditions over the course of an eruption cycle, 
constrained by conduit pressure measurements (Munoz-Saez, Manga, et al., 2015). 

2. El Tatio Geyser Field 
ElTatio geyser field is located in the Atacama desertof northern Chile(Figure l a). Here more than 200 ther- 
mal features (Glennon & Pfaff, 2003) discharge regionally derived meteoric water (e.g., Munoz-Saez et al., 
2018) mixed with magmaticfluids (e.g., Tassi et al., 2010). Of the thermal features, about 80 are geysers tha t 
erupt periodicallyor episodically at the local boiling temperature of water (86.6°C). 
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Figure 2. Velocity records at stations BRIA, BRIB, and BRIC in their threecomponents: east (red), north (blue), and ver- 
tical (green). Signals recorded between 21:00 and 22:00 on 22 October 2012. 

The basins containing the geysers are filled with Miocene ignimbrites, andesitic volcanic agglomerates, and 
Plio-Holocene dacitic and rhyolitic ignimbrites, and lavas(Marinovic & Lahsen, 1984). Glacial and alluvial 
deposits, and locally derived silica sinter deposits from the geysers, define the shallowest geology (e.g., 
Fernandez-Turiel et al., 2005; Marinovic & Lahsen, 1984; Munoz-Saez et al., 2016; Nicolau et al., 2014). 
Permeable ignimbrites host the geothermal reservoir feeding the geysers,whichare underlainby lowperme- 
ability andesitic rocks and capped by low permeability silica sinter deposits (Cusicanqui et al., 1975; 
Giggenbach, 1978).

El Jefe geyser is located in the Upper Geyser Basin of the El Tatio Geyser Field (Figure la). During a mon- 
itoring experiment in 2012 (Munoz-Saez, Namiki, & Manga, 2015), this geyser exhibited a regular erupt ion 
inte rval of 132 ± 2 s. Although El Jefe is one of the smallest geysers in the basin, it nevertheless produces 
detectable ground surface deformations that are coherent between stations deployed around the geyser. 

3. Passive Seismic Experiment Data 
We performed a passive seismic experiment around El Jefegeyser to document ground deformation before, 
during, and after eruptions. From 22- 27 October 2012, we deployed six broadband seismometers (Trillium 
120) on the surface around El Jefe geyser (Figure l e). Three were located within about 3 m of the geyser, 
defining an inner network ( BRIA, BRIB, and BRIC). The other three sensors (BROF, BROB, and BROD) 
we re located farther from the geyser, about 15-m distant, forming an outer network. The sensors recorded 
three components of ground velocityat 500 Hz. 

We also performed an active seismic experiment to estimate elastic properties for high-frequency deforma- 
tion of the rocks that host the geysers. Details can be found in Supplement S2. We employed the Johnson 
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Figure 3.(a) Pressure and temperature recorded at a depth ofl.5 minside ElJefe(from Munoz-Saez,Manga, et al., 2015).
(b) Processedlong-perioddisplacement (seeSupplement Sl for the equivalent raw and processedsignalsfor the whole 
network and detailsof thedata processing). (c) Displacement during one eruption cycle.(a and b)Signals were 
recorded over the same time period (signalsrecorded between 21:10 and 22:20 on 22 October 2012).

(1976) formulation of split-spread refraction data to map plane dipping layers and construct the velocity 
model for the Pwave and SH waves. 

From the passive experiment , Figure 2 showsvelocitys ignals at stations BRIA, BRIB, and BRIC. As it ca n be 
app reciated the tem poral ch anges of the vertical component during the geyser's cycle are much smal ler than 
the changes of the horizontal onessuggesting the presence of tilt (static component of ho rizontal rotat ions) 
in the signals. Given th at the stat ions are located in the very near field, just a fewmeters from the source, the 
rotation could dominate overground translations, as these sensors are alsosensitive to rotations and the out- 
put signal will be a combined mixture of translations and rotations (Pillet & Virieux, 2007). The predomi- 
nance of rotat ions over dis placements in the low-period seism ic signal has been considered at volcanoes 
(e.g., Genco & Ripepe, 2010; Lyons et al., 2012; Maeda & Takeo, 2011; Sande rson et al., 2010; Waite et al., 
2013), as we ll as near geysers (Vandemeulebrouck et al., 2014) to model the ground deformation in the near 
field. Tilt signals are removedin the frequency domain as the tilt component can be calculated from the 
motion relative to ground acceleration. More details can be found in Supplement SL 

Figure 2 alsoshows how the inner network stations recorded a characteristic period of132 s. Figure 3bshows 
the horizontal ground displacement (east-westcomponent) at the BRIB and BRIC stations. The signals have 
a dominant periodicity of around 132s, reflecting the periodicity of the El Jefe eru ptive cycle in 2012 (also 
noted in Munoz-Saez, Namiki, & Manga, 2015). For the external network, oth er periods are superimposed 
on the 132-s period, presumably signals from the other geysers in the area, some of wh ich are much larger 
than El Jefe(see FiguresSLS---SL7). In add i tion, the s ingle-sided amplitude spectrum for the stations of the 
inner network (see Supplement Sl and Figure Sl.9) verifiesthe dominance of this characteristic period 
of132s. 

Figure3cshowsan eruptive cycle at the BRIBEast station.The cycle is dividedinto twostages: recharge and 
discharge, with the former being longer.This pattern is clearly seen in the horizontal motion of the internal 
network. As can be seen in Figure 3b, the direction of horizontal movement at the BRIB and BRIC stat ions 
(located on opposite sides of the geyser) is antisymmetric.This is observed at the three stations of the internal 
netwo rk in their two horizontal components (see Supplement Sl). These antisymmetric movements occur 
with respect to a central point close to the vent of the geyser. 
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Figure3a showsthe pressure and temperature recorded at a depthofl.Smwithin ElJefe (data from Munoz- 
Saez, Manga, et al., 2015). These signals were recorded at the same time as the seismic records shown in 
Figure 3b.Figure SL11 shows a correlation analysis between the pressure signal and broadband seismic sig- 
nal of station BRIB east component in acceleration, velocity, and displacement, and a high coherency is 
observed at the expected periods (eru ption interval). Overall, Figure 3 shows how the recharge stage (see 
the first panel, between ~225 and 325 s) is associated with an increase in pressure at 1.5-m depth, whereas 
pressure decreases during the discharge stage. 

We calculate the interval between eruptions from station BRIC for 3 daysof measurement (-1,500 samples) 
and obtain a mean of 132.2 ± 3.5 s. This period is identical to that recorded visually and with downhole pres- 
sure and temperature sensors (Munoz-Saez, Namiki, & Manga, 2015;see Figure 3a). Within each cycle, we 
identify two stages in the eruption (Figure 3c):stage1, recharge, and stage 2, discharge. Stage1 has a longer 
duration and involvesdisplacement in the direction away from the geyser, so the rechargestage is character- 
ized by a radial expansion of the surface around the geyser.Stage2 is shorter and produces displacement in a 
direction toward the geyser, so, the discharge stage is characterized by radial contraction with respect to the 
position of the geyser. 

 
 

4. Modeling Ground Deformation 
Our objective is to determine the properties of the sources that give rise to the observed surface deformation 
and how thesesources change over time. We do so at discrete and equallyspaced instants in time by search- 
ing the parameter space for a  combination  of  size,  location,  and  pressure change  that  best  explains 
the measurements. 

There are several steps in the data analysis. First, we process the seismograms to isolate the characteristic 
period of about 132 s in displacement. This involves deconvolution, removal of tilt effects (Genco & 
Ripepe, 2010; Rodgers, 1968; Sanderson et al., 2010), and integration and filtering of the signals (details in 
Supplement Sl).Tomodel the observations, we fit measured displacement to a spherical source in a homo- 
geneous elastic half-space subject to changes in internal pressure (McTigue, 1987). We apply the model 
equations in a quasi-static manner by estimating the best solution at each instant in the displacement time 
series. We adjust five parameters in the McTigue (1987) model: spatial position (x, y, z) of the center of the 
spherical cavity, its radius (a), and the pressure change (p) in the cavity (see Figure S3.l and Table S3.l). 

Synthetic displacements are calculated using all possible combinations of the model parameters in a certain 
range (grid search). For each combination, we compare predicted surface displacements with filtered data 
and chose a combination of model parameters that minimizes the least squares misfit. We repeat the proce- 
dureon a grid ofsmaller ranges around the best solution in order to improve the precision of the results. We 
fit 150 and SO windows of data equally spaced over 300sand hence obtain a solution every 2 and 6 s, respec- 
tively. Model parameters are estimated independently for each time step, ignoring a potential correlation 
between model parameters at adjacent time steps. 

The expanding and contracting region could be a cavity (Steinbe rg et al., 1981) or a porous medium 
(Ingebritsen & Rojstaczer, 1993), and our data cannot distinguish between these two possibilities. 
Mackenzie (1811) suggested that the geyser plumbing system consists of a large subterranean cavity con- 
nected to the ground surface by a conduit with the configuration of an inverted siphon. The cavity works 
as a trap for steam bubbles rising from below; it has an impermeable roof and gradually accumulates pres- 
surized steam that periodically erupts through the water-filled conduit. For the modeling, in this study we 
thusassume that thedeformation is caused bypressure changes in the subsurface conduit system.We model 
the ground surface displacement with spherical sources that vary in size, location, and pressure, immersed 
in an elastic half-space, employing the McTigue (1987) equations. We require that the radius of the cavity 
cannot be greater than the depth. This physical constraint prevents solutions that extend above the surface. 
Therefore, we search under the condition that depth > radius. 

In an effort to constrain the model with the pressure signals recorded in the conduit (see Figure 2), we take 
into account a mechanical model for internal oscillations in geysers with bubble trap configurationsdevel- 
oped in Rudolph and Sohn (2017) in which ascending fluids are trapped beneath the roof of a cavity that 
is laterally offset from the eruption conduit. Hydraulic coupling between a bubble trap and the eruption 
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conduit is also explored by Vandemeulebroucket al. (2014). In a staticsystem, the gas phase in a bubble trap 
is loaded by the fluids in the eruption conduit. In El Jefegeyser, from the changes in pressure observed at a 
depth of1.5 m (from Munoz-Saez, Manga, et al., 2015;see Figure3), the amplitude of the water level changes 
overa complete cycle is around SO mbar or -SO cm (liquid water column). We use thisvalue to constrain the 
shear modulus in the McTigue equations, as this parameter jointlywith pressurecontrols displacement mag- 
nitudes. Figure S3.10 shows the relationship between shear modulus and the magnitude of implied pressure 
changes;for a pressure change ofSO mbar, a shear modulus of0.5x106 Pa is required to obtain displacement 
on the order of the observed 1 mm (see Figure 3). 

We estimate the deformation source at different time points independently, ignoring temporal correlations 
in the behavior of the system. Each of the solutions over more than two eruption cycles has five optimal 
parameters. The set of optimal solutions for all times defines the general solution  of  the  problem 
(Figures 4 and 5). We find a  concentration  of shallow solutions around 3 m in  depth with radii of about  
1 m primarily associated with stage 1 and deeper solutions concentrating around 10 m in depth with radii 
about 3 m associated with stage 2. Figure 5 shows the evolution of the source parameters over the two 
eruption cycles. 

There are a number limitations in our analysis. First, we assume a homogeneous and isotropic medium 
when applying the  deformation  model. Second, we assume  that the sources are spherical. This was done 
to minimize the number of parameters but is an idealization for what we know is a more complex 
plumbing system. Indeed, geyser conduits and cavities can  be  crack-like  and  tube-like  (e.g., 
Hutchinson, 1985; Walter et al., 2018), though large cavities such as those we model may exist (e.g., 
Belousov et al., 2013; Vandemeulebrouck et  al.,  2013).  We  estimated  the  same  order  of  magnitude (-1 
mm) of surface deformation by a prolate spheroid (Fialko & Simons, 2000; vertically oriented, semi- axes 4 
and 1 m) simulating a vertical conduit. This geometry considers half of the volume compared to spherical 
one, submitted to the same differential pressure, suggesting that the spherical  assumption requires larger 
volumes for the source. Both assumptions may  explain  why  we  do  not  simultaneously fit horizontal 
and vertical displacements (see Figure 6). Third, the use of a grid search to identify model parameters is 
not computationally efficient. Fourth, by minimizing the global error  (all stations),  the model is biased to 
the stations that have the  largest displacements,  thus prioritizing data from the inter- nal network. 
However, this can be understood as a weight  allocation  to  stations  near  the vent,  since these will be 
more sensitive to changes in the source. 

Given the proximity of the inner network stations to the geyser, their records are largely insensitive to other 
sources. These data are well modeled in their horizontal components (Figure 6). However, modeled vertical 
motionsfor the inner network differ in shape and magnitude with the exception of BRIA, which is well esti- 
mated (see Table S3.4 for misfit residuals). From Figures 2, Sl .4, and Sl.9(single-sided amplitude spectrum 
for the inner network stations) it can be seen that vertical signals are not dominated by the characteristic 
cycle of 132 s. Considering that for each station we are estimating two horizontal components that present 
cyclicity and one vertical component that does not, it is expected that the methodology would better fit hor- 
izontal data, as they have more weight in fitting. 

The records of the external network are not well fit either (Figure 6), except for the north component of 
BROD( see Table S3.4 for misfit residuals). There are two reasons for the poor fit of the external network sta- 
tions. First, the external network may be too far from the vent. Figure S3.2shows that for a surface radial 
distance of 15 m, the displacements are less than one third of the maximum values obtained in the area clo- 
sest to the source. Second, the original and processed records (Figures Sl.5-Sl.7) do not seem to be influ- 
enced by the characteristic cycle of 132 s, which suggests that the stations are not recoding the 
deformation from the eruptive cyclesof the El Jefegeyser (see Figure Sl.10 for single-sided amplitude spec- 
trumof outer network stations).Therefore, it is likely that the records of thesestations are a superposition of 
deformation from the El Jefe geyser and other neighboring systems. FigureSl.8 shows a map of the broad- 
band network and the closest active geyser in October 2012. There are active geysers between 20 and 70 m 
from El Jefe. In addition, Glennon and pfaff (2003) catalog a series of other geysers that are now inactive 
around El Jefe, but these may still have subsurface activity. 

The sensitivity of the residual to each of the source parameters is explored in Supplement S3 at two ran- 
domly chosen times during a cycle (Figure S3.4) by perturbing one parameter and holding the others 
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Figure 4. Optimalsolutionsfor 2cyclesplotted every 2 s. (a) Side view(b) and map view. The blue dotsshowstations, and 
the green dot is the geyser vent. For details of the solutions, see Supplement S3. 

fixed. The sensitivity of the solutions to changes in the parameters is similar at these times with greatest 
sensitivity to geometrical parameters (x and y positions, and radius). On the other hand, the pressure is 
not as well constrained. This indicates that our estimated values for this parameter may not be very 
accurate. The sensitivity to depth shows that the optimal solution is not necessarily the one that 
minimizes the global misfit. This is because we impose the  additional  (geometric)  constraint  that 
depth > radius. The  McTigue (1987) equations can allow better fits for  physically impossible solutions. 

To better constrain uncertainties in model parameters (see section S3.4 and Supplement 3), we th us esti- 
mated  the  probability  density  functions for each  parameter  at  three times (see Figures S3.5--S3.7), 
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fit well the large-amplitude horizontal displacements at the inner stations but not the vertical displacements nor the 
displacements at the distant stations. The bluedotsareparametersestimated every 2 s, and the red asterisks are the ones 
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generated by 100 sets of data with the addition of random noise. We find uncertainties of about ±0.5 m for 
the depth, radius, andx,y positions. On the otherhand, the pressure shows uncertainties of about ±10 mbar. 
In general, the distributions are quite narrow reflecting a low level of  uncertainty in  the  best fit 
model parameters. 

5. Discussion 
We have found a high correlation between the ground surface displacement, the pressure measurements 
inside the conduit, and the stages of the eruptive cycle (see Figures 3 and S1.11). The systematic patterns 
of ground surface deformation observed in the horiw ntal components of the inner network are consistent 
with an increasingpressurization and inflation of the system leading up to an eruption and a faster depres- 
su rization and deflation during an eruption. In our modeling, we used this correlation to constrain the 
sourcedifferen tial pressure, considering hydraulic coupling between a bubble trap anderuption conduit (see 
section 4, paragraph 5). 

The cavitystructure found in this study(Figure 4) hassimilaritiesto that proposed by Mackenzie (1811)with 
a large subterranean cavity connected to the ground surface by a conduit with the configuration of an 
invertedsiphon. The subterranean cavity works as a trapfor thesteam bubbles rising from below. This type of 
cavity has been proposed for Old Faithful Geyser based on mapping hydrothermal tremor 
(Vandemeulebrouck et al., 2013, 2014) and video  images  of  horiwntal  bubble-trap  structures  in 
Kamcha tka geysers (Belousov et al., 2013), and episodic release of bubbles into geyser condu its in the El 
Tatio geyser field (Munoz-Saez, Manga, et al., 2015). 

The generalsolution of the problem (Figures 4 and 5) is presented as a time series of the bestsolution at each 
considered time, modeled as spherical cavities whose parameters varyspatially and temporally. The deform- 
ing region reaches depthsof around 10 m, with a lateral extent of abo ut 6 m. Similar cavity dimensions were 
inferred at other geysers from high-frequency signals produced by hydrothermal tremors generated by 
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cavitating bubbles(Cros et al., 2011; Vandemeulebrouck et al., 2014). The similarity of inferred cavity sizes 
and locations with these studies is interestingsincethe methodologies and types ofsignals are very different. 

The shallower solutions appear to define a cylindrical region that we associatewith the extension of the gey- 
ser conduit down to -6 m. The deeper solutionsidentify a secondstructure toward the north-east, centered at 
10 m, that reveals a lateral cavity that apparently is excited during the recharge process. This lateral offset 
between shallow and deeper solutions supports models with laterally offset cavities. 

Results show the activation of a laterally offset cavity at different depths in the two modeled cycles. At the 
beginning of the first recharge stage (-80s), a migration of the solution toward the north-east followed by 
an increase in depth (- 110 s) from -2 to 4 m is observed, accompanied by a pressure drop (see Figure 
S3.8). This documents a first lateral migration of the source of pressure with a significant depth increase. 
At the beginning of the second recharge stage (- 240 s), a migration of the solution toward the northeast is 
observed again with a greater increase in radius and depth (reaching a peak at 10 m), and pressure drop 
(see Figure S3.9). A second lateral migration is accompanied by increase in depth. It can be appreciated that 
the vertical displacements observed in the internal network (see Figure 6, third panel) are larger in the sec- 
ond modeled cycle, in particular from -200 s, suggesting that the depth parameter is especially sensitive to 
vertical displacements.However, sincethe vertical signals are not periodic(see Figure Sl.10)we cannot cor- 
relate vertical signals to periodic variation in depthsof the source.Trade-offs between pressure, depth, and 
radius parameters(Figures S3.3d,S3.3f, and S3.3g) further limit the abilityto document the radius and depth 
and migration of deeper sources. 

From the McTigue (1987) equations, the change in pressure is coupled to the radius of the cavity in the term 
pa3 in the leading order terms. As noted by Segall (2010), the effects of a finite cavity are sufficiently small 
that oneshould consider other approximations(spherical geometry, perfectly elastic behavior, and homoge- 
neous and isotropic response), which mayhavelarger effects. Pressure changesof4-9 bar during an eruption 
have been inferred at a geyseringwell(Rudolph et al., 2012). This is larger than the pressure changeswe are 
estimating (see Figure5) that are constrained bydirect pressureobservation inside the conduit (see Figure 3a). 
Aswe are assuming hydrostatic behaviorfor a coupled pressuresystem, results for the pressure parameter may 
not be accurate. Also, given the trade-off between parameters, these low-pressure estimates could be compen- 
sated with smaller cavities. The strong inter-relationship between cavity size and pressure change provides 
limits to interpreting subsurface geometry. 

The active seismic experiment measured the elastic properties of the medium from the propagation of 
high-frequency seismic waves (see Supplement S2). From these, a value for the shear modulus of 
7.7 x 108 Pa is estimated for the shallowest layer. On the other hand, as discussed in section 4, a shear mod- 
ulus of - 0.5 X 106 Pa is required to obtain low-frequency deformations of -1 mm recorded by broadband 
sensors over the eruptive cycle. This gives dynamic/static compressibility ratio of around 103 This value 
has been estimated as -10 for fractured rocksat volcanoes(Gudmundsson, 2011) and is expected to be higher 
for shallow geyser systems with more prevalent and larger fractures. This reveals relevantanalogiesbetween 
eruptive systems such as volcanoes and those of smaller scales such as geysers, where a very pronounced 
variation in the elastic modulus is observed for low-frequency deformation compared to seismic values. 

 
 

6. Summary 
The methodology we developed allows us to use long-period deformation to estimate the sources ofdeforma- 
tion and their evolution in space and time. We explore, with a modest array ofsix broadband instruments, 
the four-dimensional evolution of the subsurface over the full eruption cycle and found some similarities 
related to tiltsignals and frequency-dependentstrain response withlarger eruptivesystems,addressing some 
of the aspects not understood about geysers (Hurwi tz & Manga, 2017). 

El Jefe is a highly periodic eruptive system.The cycle can be characterized by two distinct stages: recharge 
and discharge. The first generates a radial expansion surrounding the geyser, while the second generates 
contraction. The temporal behavior of the source correlatesstrongly with the two main stages of eruption. 
The cavitystructureimaged in this study is consistent with models for geysers composed of an approximately 
vertical conduit connected to a laterally offset bubble trap. 
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Perhaps the most relevant result from this study is that the ground surface dis placements recorded within a 
few meters of the geyser vent are correlated with the geyser's eruption cycle and pressure measurements 
from inside the eruption conduit. Together, this is an unusual set of data that offered an opportu nity to con- 
nect subsurface and surface measurements in an erupting system. 
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