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Discovering geothermal 
supercritical fluids: a new frontier 
for seismic exploration
Nicola Piana Agostinetti   1,2,3, Andrea Licciardi4, Davide Piccinini5, Francesco Mazzarini   5, 
Giovanni Musumeci5,6, Gilberto Saccorotti5 & Claudio Chiarabba3

Exploiting supercritical geothermal resources represents a frontier for the next generation 
of geothermal electrical power plant, as the heat capacity of supercritical fluids (SCF),which 
directly impacts on energy production, is much higher than that of fluids at subcritical conditions. 
Reconnaissance and location of intensively permeable and productive horizons at depth is the present 
limit for the development of SCF geothermal plants. We use, for the first time, teleseismic converted 
waves (i.e. receiver function) for discovering those horizons in the crust. Thanks to the capability of 
receiver function to map buried anisotropic materials, the SCF-bearing horizon is seen as the 4km-
depth abrupt termination of a shallow, thick, ultra-high (>30%) anisotropic rock volume, in the 
center of the Larderello geothermal field. The SCF-bearing horizon develops within the granites of 
the geothermal field, bounding at depth the vapor-filled heavily-fractured rock matrix that hosts the 
shallow steam-dominated geothermal reservoirs. The sharp termination at depth of the anisotropic 
behavior of granites, coinciding with a 2 km-thick stripe of seismicity and diffuse fracturing, points out 
the sudden change in compressibility of the fluid filling the fractures and is a key-evidence of deep fluids 
that locally traversed the supercritical conditions. The presence of SCF and fracture permeability in 
nominally ductile granitic rocks open new scenarios for the understanding of magmatic systems and for 
geothermal exploitation.

Exploiting supercritical geothermal resources represents a frontier for the next generation of geothermal elec-
trical power plant1–3, as the heat capacity of SCF is much higher than that of fluids at subcritical conditions4,5. 
Reconnaissance and location of SCF horizons at depth, where fluids locally traverse the supercritical conditions6, 
is the present limit for the development of SCF geothermal plants. Moreover, SCF resources needs to be associ-
ated to significant fracture permeability in nominally ductile granitic rocks7 for representing potential productive 
horizons. Since the last century, shallow crust (0–1 km) high-entalphy (>150 °C) geothermal reservoir is one of 
the oldest exploited renewable sources of energy8. Steam entrapped within the rock matrix is used for electricity 
production and district heating. In the last decade, the exploitation of fluids close to the supercritical conditions 
(i.e. 374 °C and 22.1 MPa, for H2O) has increased, because it can lead to a ten-fold increase in energy extraction1. 
The Icelandic project IDDP-1 encountered rhyolitic magma at shallow depth (>900 °C at 2104 m depth) and 
achieved flow-rates for a SCF of up to 50 kg/s2. This reinforced the interest in SCF geothermal resources and 
stimulated a number of studies for solving fundamental issues related to the exploitation of SCF. Pilot-projects 
have been developed on top of well-known SCF reservoirs9 for testing engineering and drilling solutions. Less 
attention has been paid to exploration of new SCF resources. The exploration phase is considered the most impor-
tant aspect for reducing the risk in the development of a geothermal plant10–12 but, nevertheless, no SCF reservoir 
has been successfully explored until today and there is little constraint on the seismic signature of SCF within 
shallow-crustal magmatic intrusions, limiting the potential for new discoveries.

The Lardello geothermal field, the oldest worldwide13, is the optimal place for experimenting techniques in 
SCF exploration (Fig. 1). Larderello is a so called steam-dominated geothermal field, where the shallow-crustal 
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rocks host a system of vapor-filled fractures, mapped at the surface14. The presence of SCF in the Larderello field 
has been suggested after the un-successful drilling of the S. Pompeo well, where extrapolated bottom temperature 
and pressure reached >400 °C and 24.0 MPa9,15,16. Numerical modeling of the Larderello reservoirs also showed 
plausible P-T conditions for the presence of SCF, for a wide range of saline brines (NaCl concentration as high 
as 25%)17. Many authors suggested that SCF-bearing horizons in Larderello coincide with the energetic signals, 
i.e. bright-spots, found throughout the geothermal field by active seismic surveys (collectively called “k-horizon”, 
Fig. 1a)18. The k-horizon has been mapped all across the area and shows a clear upraise where the heat flow is 
higher (increasing from 200 to ~1000 mW/m2) and the SCF conditions can be reached at shallow depths16,18.

The transition from sub-critical vapor to super-critical fluid conditions comes together with a sharp decrease 
in fluid compressibility6, resulting in an abrupt change in the seismic properties of the rock volume hosting the 
SCF. In fact, rocks hosting vapor-filled fractures behaves differently from rocks hosting fluid-filled fractures, 
during the propagation of seismic P-waves19. In the first case vapor-filled fractures give rise to a extremely pro-
nounced P-wave anisotropy in the rock volume, in the latter case the rocks almost behave as an isotropic medium. 
Thus, the sharp termination at depth of a highly anisotropic, vapor-filled rock volume can mark the transition to 
SCF conditions. We exploit this characteristic for mapping the SCF-bearing horizons, using recordings of teleseis-
mic converted waves, i.e. receiver function, RF20. RF analysis has been widely used to map anisotropic materials at 
depth21,22. Sophisticated tools have been developed for extracting from RF data-sets the signals related to anisot-
ropy23,24. In this study, we image the SCF-bearing horizons as the sharp termination of highly anisotropic materi-
als at depth, found by means of RF analysis and modeling. The position of SCF-bearing horizons at depth is also 
compared with precisely located miscroseismicity to evaluate the presence of significant fracture permeability.

Results
The knowledge of SCF physical properties and of the geometry of SCF-bearing horizons is straightforward to 
enhance their geothermal exploitation. Results from the analysis of teleseismic data recorded from broadband sta-
tions installed across the Larderello field furnish a clear seismic evidence of SCF-bearing horizons in a geothermal 
area. Here we briefly illustrate the seismic data and the methodology used to map the SCF-bearing horizons, leaving 
the details to the Method section. The transition from sub-critical vapor to super-critical fluid concides with an 
approximately two order of magnitude decrease in fluid compressibility (or, conversely, a two order of magnitude 
increase in fluid bulk modulus κf). This variation in compressibility strongly affects P-wave seismic anisotropy 
related to the rocks hosting the vapor-filled fractures19, and, thus, the transition to SCF can be spotted out by 
means of the analysis of seismic data. Teleseismic waveforms are routinely used to compute RF data-sets, i.e. series 
of teleseismic P-to-s converted waves generated at near-receiver seismic discontinuities20. A RF data-set contains 
information about the presence of anisotropy at depth in terms of 2π periodic amplitude variations of such P-to-s 

Figure 1.  Map of the study area. (a) Seismic stations deployed across the Larderello geothermal field (triangles): 
GAPSS experiment -red; a NSF-funded project, RETREAT - orange; permanent Italian Seismic Network, ISN 
- yellow. Seismic stations used for computing the profiles in Fig. 2 are draw with a black outline. Grey crosses 
indicate piercing-points of teleseismic rays at 15 km depth. The grey line displays the trace of the profile used 
in Figs 2 and 3, numbers indicates km along the profile. Traces of the CROP18A and B active seismic profiles 
are also shown. Contour lines indicate depth of the k-horizon in the area, from active seismics13. Coloured 
dots show focal depth of seismic events located using GAPSS data. Inset: back-azimuthal distribution of the 
teleseisms selected for station LA05. (b) Complete map of the seismic stations used in this study. A black box 
indicates the area shown in (a). Grey triangles indicate seismic stations. (c) Simplified lithostratigraphy for the 
Larderello area18. Figures have been created using GMT51.
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Figure 2.  CCP image of the RF data-sets projected along the profile AB in Fig. 1. (a) k = 0 harmonics of the 
RF data-set at 0.5 Hz frequency. A dashed blue line indicates the time-position of the main positive Ps phase 
(M-pulse). (b) k = 0 harmonics of the RF data-set at 1 Hz. A dashed red line indicates the main negative Ps 
phase (n-pulse). (c) k = 1 harmonics of the RF data-set at 1 Hz, North-South component. (d) k = 1 harmonics of 
the RF data-set at 1 Hz, East-West component. In panels (c) and (d), a green dashed line show main pulses with 
positive and negative amplitude for k = 1 harmonics (k-pulse). (e) Energy on the k = 1 harmonics at 1 Hz as the 
sum of the squared N-S and E-W components. Blue and red dashed lines from panels (a) and (b). Green dashed 
lines indicate maximum of the energy (k-pulse). Figures have been created using GMT51.
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Figure 3.  (a) Comparison of the M-, n- and k- pulses with the “k-horizon”. For a precise comparison, we 
compute the time-delay between the P wave and S converted wave (Tps) of the “k-horizon” from the Two-
Way-Time (TWT) data (see methodological details in Supplementary Figure S4). A grey band indicate the 
minimum and maximum Tps of the k-horizon along the profile as computed using two end-member models. 
Dashed lines as in Fig. 2e. (b) Depth-distribution of seismicity along the profile, reported as distance from the 
k-horizon. Grey bars show the +/−2std intervals for the depth of the seismic events relative to the k-horizon. 
Green triangles and the green dashed line show the difference in depth between the k-horizon and the bottom 
of the ultra-high anisotropic volume along the profile. Anisotropic values along the profiles are shown as orange 
circles. An orange dashed line shows the 32% anisotropic level given by vapor-bearing microcracks19. (c) S-wave 
velocity model for each point along the profile AB in Fig. 1. Colors indicate S-wave velocity. Texture indicates 
the area where highly anisotropic materials are present. A grey area delineated the minimum and maximum 
values for the k-horizon at depth, as reported in Supplementary Figure S4f. Black crosses report the depth of the 
seismic events occurred along the profile. (d) Schematic interpretation of our observations and modeling for the 
Larderello geothermal field. Figures have been created using GMT51.
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converted waves, as a function of the direction of the incoming P-wave25. Extracting periodic signals, so called 
angular harmonics, from RF data-set gives the opportunity to map the boundary of anisotropic materials at depth23.

Here we analyse teleseismic waveforms acquired during the Geothermal Area Passive Seismic Sources, 
GAPSS, seismic experiment26, complemented with data from temporary and permanent seismic networks. We 
analyse RF data-sets for retrieving energetic arrivals on the second k = 1 angular harmonics, not matched by 
similar phases on the first k = 0 angular harmonics, which represent a clear evidence of a change in anisotropic 
behavior of the rocks at depth24. We also make use of RF modeling to measure the strength of anisotropy of the 
rock volume27. Given the sharp change in fluid compressibility for fluid traversing the SCF conditions6, we related 
the change in the anisotropic behavior of the rocks to the transition of the fluid filling the fractures in the rock 
matrix, from sub-critical vapor to super-critical fluid state.

Teleseismic waves have been used to reconstruct a Common-Conversion Point (CCP) image of the subsur-
face with RF analysis. The CCP image has been decomposed in its angular harmonics to separate the isotropic 
and the anisotropic contributions22 (see Methods, and Supplementary Figures S1 and S2) and presented along 
a NW-SE profile (Fig. 2). RF data have been also interpolated over the entire area to show the axis-symmetric 
characteristic of the main arrivals (Supplementary Figures S3, M1 and M2). The first harmonics, k = 0, is sensitive 
to the bulk change in shear-wave velocity (Vs) at depth. At low frequency (0.5 Hz) the signal is dominated by the 
P-to-s converted waves from the Mohorovic (Moho) discontinuity, seen as a positive arrival between 2.8 and 
3.3 s, up-doming in the center of the Larderello area to 2.5 s (marked as “M-pulse” in Fig. 2a). At higher frequency 
(1.0 Hz), the k = 0 harmonics along the profile displays a clear negative arrival between 1.3 and 1.7 s, suggesting 
a significant velocity reduction at depth, with a similar dome-like geometry following the M-pulse seen at low 
frequency (marked as “n-pulse” in Fig. 2b).

The k = 1 harmonics, a proxy for the presence of anisotropic materials28, shows a single pulse at 0.8–1.8 s which 
flips its polarity at 25–30 km along the profile, on both normal components (marked as k-pulse in Fig. 2c,d). The 
k-pulse displays the same dome-like pattern as for the M-pulse. Notably, the k-pulse arrives 0.4 s earlier between 
20 and 30 km along the profile, with respect to the n-pulse, indicating that two separated seismic interfaces are 
responsible for the k- and n- pulses in the center of the dome. The presence of high amplitude arrival at 0 s sug-
gest pervasive anisotropy in the shallow crust. Summarizing, in the center of the dome arrivals related to aniso-
tropic materials (on k = 1 harmonics) are decoupled from arrivals related to bulk seismic velocity jumps (on k = 0 
harmonics). The main arrivals at higher frequency display a 15 km-wide dome-like structure which follows the 
geometry of the Moho up-doming seen at lower frequency.

The shallow seismic discontinuity (k-pulses) coincides with the “k-horizon”, energetic arrivals identi-
fied by active seismic surveys16, assumed to be generated by over-pressured fluids heated to near supercritical 
conditions18. The two-way time (TWT) of the “k-horizon” varies between 1.4 and 3.6 s. We mapped the TWT 
iso-contours of the k-horizon as seen by 396 active seismic surveys29 and migrated the TWT along our profile 
using two end-member models (Supplementary Figure S4). The strong correlation between the “k-horizon” and 
the k-pulse along the profile (Fig. 3a) indicates a link between the anisotropic signature in the RF data and the 
bright spots in active seismic surveys.

A Monte Carlo inversion of the RF is performed to quantify the seismic properties of the Larderello geo-
thermal field (Fig. 2b,c and Supplementary Figure S5). Remarkably, a model comprising a “purely anisotropic 
interface” (i.e. a seismic discontinuity that cuts across a single rock formation) at about 3.9 km depth in the center 
of the dome fits the data, decoupling the signals on the k = 0 and k = 1 harmonics. Here, to model the observed 
features, an anisotropy magnitude higher than 30% is required, decreasing to about 20% toward the border of the 
dome (Fig. 2b and Supplementary Table S1).

The wide n-pulses near the dome center (20–30 km along the profile) can be modeled with extremely low VS, 
attributable to melted dome-like lens in the middle crust. The deeper crustal and upper mantle structure con-
firms a regional shallow Moho at about 20 km depth30 with a marked up-warp to 15–18 km depth in the dome 
center. The upper mantle rocks broadly displays a relatively low VS values (VS about 3.8–3.9 km/s) with respect 
to an anhydrous olivine composition, supporting the hypothesis of a pervasively hydrated upper mantle beneath 
Tuscany28.

Discussion
The reconstruction of the main seismic discontinuities and elastic properties yield a simplified model of the 
Larderello geothermal field (Fig. 3d). In the center of the dome, the “k-horizon” strongly correlates with the 
bottom of the anisotropic materials (Fig. 3b) and is associated to purely anisotropic interface within the Pliocene 
granites, not related to any local lithological discontinuity16,31. In the peripheral region, the k-horizon seems to 
cross the seismic anisotropic volume and the interpretation is more problematic for two reasons. First, we notice 
that signal related to the k-horizon is less robust in such area. Moreover, steeply dipping faults, generating signals 
visible on the k = 1 harmonics, could mask the real depth-extent of the anisotropic volumes as mapped by con-
verted phases14,16. We therefore focus our discussion on the center of the Larderello dome.

We infer that the anisotropic transition at the k-horizon marks the lower boundary of the vapor-bearing frac-
tured rock matrix. Laboratory measurements indicate that the strong anisotropy (>20%) of rock found in field 
measurements requires the presence of open microcracks32. In fact, anisotropy could be related to the presence 
of biotite bearing rock (e.g. micaschists) widely spread throughout the area18, given by seismic wave propagation 
normal to the foliation plane33. Nervertheless, we can rule out this hypothesis as compilations of P-wave anisot-
ropy values for such lithologies have not reported values larger than 22–25%34. P-wave anisotropy as high as 30% 
can uniquely be generated from vapor-bearing cracks, where liquid-filled cracks could explain maximum aniso-
tropy of about 12% of S-wave anisotropy19. Remarkably, RFs have been proven to be more sensitive to P- than to 
S-wave anisotropy25.
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Below the k-horizon, fluids traverse the supercritical conditions, as suggested from temperatures close to 
350–400 °C frequently found at shallow depths in the area18, while, at the same depth level, diffuse microseis-
micity indicates still persistent, high rock permeability due to a network of open fractures (Fig. 3b). The abrupt 
termination at depth of the ultra-high anisotropic behaviour of the granites is associated with the different com-
pressibility of the fluid filling the microcracks, supporting an increase of fluid bulk modulus κf of about two 
order of magnitude, from about 0.1–1 to >10 kbar19 as expected for H2 O traversing the supercritical point6 (see 
Supplementary Figure S6). The existence of the physical conditions for hosting SCF in Larderello area have been 
suggested from bottom-hole measurements (T = 300–360 °C and P = 20.0–25.0 MPa)15,16. Phase diagrams P-T for 
this geothermal field show that the concentration of NaCl plays a crucial role keep the saline brine to sub-critical 
state. Our results indicate that such concentration should be lower than 25%17.

The final transition from high- to low-permeability rocks occurs about 2 km depth below the k-horizon, coin-
cident with the seismicity cut off (Fig. 3b). This depth is comparable with the depth estimated from laboratory 
measurements and, thus, the seismicity cut off can be explained as the transition to full plastic behavior of the 
granites7. The lateral extension of the volume where SCF have been found (about 10–12 km wide) is deeply linked 
to the location of the Quaternary igneous intrusion and to the geometry of the crust-mantle discontinuity, as indi-
cated by similar widths for the ultra-low S-wave velocity zone in the centre of the dome and for the local up-warp 
of the Mohorovic discontinuity. Decoupling at depth of the quaternary igneous intrusion from the k-horizon has 
been also suggested from local earthquake tomography31 and measurement of electrical conductivity16.

We document abrupt changes in anisotropic properties within Pliocene granites generated by the occurrence of SCF. 
Seismic anisotropy within geothermal fields has been observed using S-wave splitting measurements35 Measurements 
of S-wave anisotropy as high as 10% have been widely interpreted as a marker for the presence of liquid-filled micro-
cracks36, but studies based on S-wave splitting observations have less resolution on P-wave anisotropy, related to 
vapor-filled cracks. P-wave anisotropy have been observed using wide angle active seismic data37 and measured in 
samples collected in geothermal fields (up to 20% in Larderello)38. Until now, mapping the presence of vapor-filled 
microcracks from observations of P-wave velocity anisotropy at depth implies extensive and cost-expensive active 
seismic survey, but resolution given by active seismic techniques is generally low beneath high-reflectivity horizons39, 
compromising the ability of mapping the change from ultra-high anisotropic to isotropic materials.

We mapped the presence of ultra-high P-wave anisotropy analyzing data from a low-cost (<100 K Euro) passive 
seismic experiment, in an area where highly defined resolution of the seismic structure is limited to the uppermost 
4–5 km depth due to the presence of shallow high-reflectivity horizons16. However, passive seismic data have some 
limitations given by their low-frequency content with respect to active seismic data. In fact, uncertainty on the depth 
of the mapped interfaces has been valuated to be not smaller than 2–300 m for RF40. Moreover, the thickness of the 
SCF-bearing horizons needs to be comparable to the characterist wavelenght of the passive seismic data (again, in 
the order of 0.5 km). Nevertheless, we proved that passive seismic data contain valuable information about the seis-
mic properties of the buried anisotropic materials, and their location at depth, within geothermal fields.

Our results indicate that passive seismics help in resolving the transition from ultra-high anisotropic to iso-
tropic materials at local-to-regional scale, defining the target depth of supercritical reservoirs. Thus, our discov-
ery has important implications for the future of geothermal exploration aimed to locate supercritical resources. 
Although its vertical resolution hardly reaches that possible by active seismics, its low-cost and low-impact make 
passive seismics at the fore-front of the next generation of geophysical tools for investigating the shallow-crust41.

Methods
Receiver function.  The analysis of teleseismic P-to-s converted waves (so called Receiver Function) is a 
long-established passive seismic tool for imaging Earth’s seismic structure from the upper-mantle42 to the shal-
low-crust (e.g. sedimentary basin)43. Radial and Transverse RF are time-series of converted waves, extracted 
from the P-wave coda through the deconvolution of the Vertical component from the Radial and Transverse 
components20. Transverse RF contains energy converted out of the radial plane, and is generally considered a 
proxy for anisotropy and/or dipping structures44. The analysis of the time-delay and amplitude of such converted 
waves can put constraints on the depth of the velocity contrasts where the P-to-s conversions occurred. In this 
study, we computed RF using a frequency-domain deconvolution45. Two different frequency bands have been 
analysed, 0.5 Hz and 1 Hz (see Fig. 2), limiting the vertical resolution to approximately 2–4 and 1 km, respectively. 
After visual inspection, we selected 1886 high S/N ratio RF, with minimum of 36 and maximum of 165 RF per 
station. In Supplementary Figure S1, we illustrated the data-set for a single station in the center of the Larderello 
dome, LA05. RFs have been stacked according to their back-azimuth (baz) and epicentral distance (dist), in bins 
of 20° baz and x 40° dist with a 50% overlapping scheme, to suppress noise and highlight continuity of P-to-s 
conversions. In Supplementary Figure S1a, we show the Radial and Transverse component of the RF data-set as a 
function of the back-azimuth of the incoming P-wave. Positive (negative) arrivals are marked in blue (red). Light 
green areas define standard deviation of the RF bins computed from stacking process. The presence of relevant 
energy on both components indicates the presence of highly anisotropic material or 3D structures at depth.

Common-Conversion Point.  To image the crustal structure at regional-scale length over the entire Larderello 
geothermal field, we implemented a Common Conversion Point algorithm (CCP)46. We followed the approach 
developed in23. We defines a NW-SE profile that runs parallel to the main active seismics lines used explore the 
deep crust in the area (CROP18A and B, see Fig. 1). The profile has been sampled at evenly spaced points (so called 
“spots”) every 2.5 km. For each spot, we define an rectangular area of 5 km along and about 15 km across the profile. 
RFs computed at single stations are stacked together if the surface projection of their piercing points at 15 km depth 
fall inside the rectangular area. To avoid blurring from incoherent stations given by the strict 3D geometry of the 
Larderello dome (almost cylindrical-symmetry), we only included data from the stations closest to the profile when 
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creating the CCP images. In Supplementary Figure S2a, we present the results obtained for the spot along the profile 
at X = 35 km, both in terms of Radial and Transverse RF data-set, as a function of the back-azimuth of the incoming 
P-wave. Positive (negative) arrivals are marked in blue (red). Light green areas define standard deviation of the RF 
bins computed from stacking process. We observe the close resemblance to Supplementary Figure S1a obtained for 
a single station in the same area of the Larderello geothermal field.

Harmonic decomposition.  Both Radial and Transverse RF data-sets contain information about the elastic struc-
ture of the crust. Horizontal interfaces separating layers with different bulk seismic velocities generate P-to-s converted 
waves, recorded on the Radial RF data-set, which display no dependence from the back-azimuth (baz) of the incoming 
P-waves. Anisotropic layers at depth are responsible for P-to-s converted waves, recorded on both components, Radial and 
Transverse, which show strong dependence on the baz of the incoming P-waves. To separate the P-to-s converted energy 
generated by discontinuities in the bulk seismic velocity (”isotropic structure” hereinafter) from energy related aniso-
tropic materials at depth (“anisotropic structure” hereinafter), we decompose our CCP images in angular harmonics21,47.  
The first harmonics, k = 0, contains the energy which displays no dependence on the baz of the incoming P-wave and 
is related to the “isotropic structure”, while the second harmonics, k = 1, contains energy which displays a 360° peri-
odicity in baz. It is worth noticing that energy on the k = 1 harmonics could be related dipping interfaces as well. But 
dipping seismic discontinuities would generate periodic arrivals as a function of baz, on both the k = 0 and the k = 1 
harmonics. Isolated arrivals on the k = 1 harmonics, as found in this study, can be uniquely associated to anisotropic 
materials at depth. Details on the harmonics decomposition can be found in23. In Supplementary Figures S1b,c and 
S2b,c, we illustrate the harmonic decomposition of a RF data-set, for one single station and one spot along the profile, 
in the central region of the Larderello dome. The two data-sets contain similar, relevant arrivals on the k = 1 harmonics, 
pointing out the presence of anisotropic materials at depth at local- and regional-scale. Moreover, the strong similarity 
of the two k = 1 harmonics indicates that the CCP image is able to reproduce the broad features of the converted seismic 
wavefield. Errors on the k = 0 harmonics (light green shades in Fig. 2 and Supplementary Figures S1b and S2b), have 
been computed adopting a bootstrap procedure as described in48. Here, we resampled the original data-set 100 times, 
and we computed the standard deviation of the resampled population for each time-step of the k = 0 harmonics.

Monte Carlo inversion.  We performed a Monte Carlo inversion for a quantitative estimation of the most 
probable Earth’ model for the shallow crust beneath the Larderello geothermal field. The inversion methodology, 
a Neighbourhood Algorithm (NA), has been described in49 and27. NA simultaneously samples a large number of 
promising regions of the parameter space to avoid being trapped in local minima. We adopted the same strategy 
presented in21. We ran an inversion for each spot along the profile and we presented the results in term of best-fit 
model found. For each spot, we sampled 21000 Earth’s model over 201 iterations. After a first iteration where 1000 
samples are randomly drawn from the model space, we set the algorithm to sample 100 new models from the 10 
best-fit Voronoi cells (see49 for details). Model parameterization has been defined according to the observations 
on the k = 0 and k = 1 harmonics from Fig. 2. In Supplementary Table S1, we reported the best-fit model plotted 
in Fig. 3 and used to compute the synthetics shown in Supplementary Figure S5.

Local seismicity.  Local earthquake locations are obtained using a non-linear, probabilistic procedure50 using 
travel-times calculated for the 3D tomographic model obtained by26. The catalog amounts to more than 2800 
hypocentral solutions spanning the May 14, 2012 – August 31, 2013 time interval.

Data availability.  Continuous seismic recordings from permanent seismic stations are available on EIDA 
(http://www.orfeus-eu.org/data/eida/index.html). The seismic data recorded in the framework of RETREAT pro-
ject (NSF grant EAR-0208652) can be freely download from IRIS data archive: http://ds.iris.edu/ds/nodes/dmc/
data/. Part of the seismic data used for this work have been collected in the frame of an internal INGV project. 
and are embargoed till 31.12.2017. Afterward, continuous seismic data will be made available upon request to D. 
P. (davide.piccinini@ingv.it).

References
	 1.	 Fridleifsson, G. O. & Elders, W. A. The Iceland Deep Drilling Project: a search for deep unconventional geothermal resources. 

Geothermics 34, 269–285, https://doi.org/10.1016/j.geothermics.2004.11.004 (2005).
	 2.	 Fridleifsson, G. et al. Site selection for the well IDDP-1 at Krafla. Geothermics 49, 9–15, https://doi.org/10.1016/j.geothermics.2013.06.001 

(2014).
	 3.	 Scott, S., Driesner, T. & Weis, P. Geologic controls on supercritical geothermal resources above magmatic intrusions. Nature 

Communications 6, https://doi.org/10.1038/ncomms8837 (2015).
	 4.	 Palmer, D. A., Fernandez-Prini, R. & Harvey, A. H. Aqueous systems at elevated temperatures and pressures; Physical chemistry in 

water, steam and hydrothermal solutions 745 pp (Elsevier Ltd., Oxford, U.K., 2004).
	 5.	 Elders, W. A., Fridleifsson, G. O. & Albertsson, A. Drilling into magma and the implications of the Iceland Deep Drilling Project 

(IDDP) for high-temperature geothermal systems worldwide. Geothermics 49, 111–118 (2014).
	 6.	 Wagner, W. & Pruss, A. The IAPWS formulation 1995 for the thermodynamic properties of ordinary water substance for general and 

scientific use. J. Phys. Chem. Ref. Dat 31 (2002).
	 7.	 Watanabe, N. et al. Potentially exploitable supercritical geothermal resources in the ductile crust. Nature Geoscience 10, 140–144, 

https://doi.org/10.1038/ngeo2879 (2017).
	 8.	 Moore, J. N. & Simmons, S. F. More power from below. Science 340, 933–934, https://doi.org/10.1126/science.1235640 (2013).
	 9.	 Dobson, P. et al. Supercritical geothermal systems - a review of past studies and ongoing research activities. In Proceedings, 41st 

Workshop on Geothermal Reservoir Engineering, SGP–TR–212 (Stanford, CA, 2017).
	10.	 Fridleifsson, G. O., Armannsson, H., Arnason, K., Bjarnason, I. T. & Gislason. Iceland Deep Drilling Project, feasibility report. part 

I: Geosciences and site selection. Tech. Rep. OS-2003-007, Orkustofnun Report (2003).
	11.	 Harvey, C. (ed.) Best Practices Guide for Geothermal Exploration (IGA Service GmbH, Bochum University of Applied Science, 

Bochum, Germany, 2014).

http://www.orfeus-eu.org/data/eida/index.html
http://ds.iris.edu/ds/nodes/dmc/data/
http://ds.iris.edu/ds/nodes/dmc/data/
http://dx.doi.org/10.1016/j.geothermics.2004.11.004
http://dx.doi.org/10.1016/j.geothermics.2013.06.001
http://dx.doi.org/10.1038/ncomms8837
http://dx.doi.org/10.1038/ngeo2879
http://dx.doi.org/10.1126/science.1235640


www.nature.com/scientificreports/

8SCIeNTIFIC REPOrtS | 7: 14592  | DOI:10.1038/s41598-017-15118-w

	12.	 Huang, S. Geothermal energy stuck between a rock and a hot place. Nature 463, 293 (2010).
	13.	 Bertini, G., Cappetti, G. & Fiordelisi, A. Characteristics of geothermal fields in Italy. Giornale di Geologia Applicata 1, 247–254, 

https://doi.org/10.1474/GGA.2005-01.0-24.0024 (2005).
	14.	 Rossetti, F. et al. Pliocene-Pleistocene HT-LP metamorphism during multiple granitic intrusions in the southern branch of the 

Larderello geothermal field (southern Tuscany, Italy). Journal of the Geological Society of London 165, https://doi.org/10.1144/0016-
76492006-132 (2008).

	15.	 Batini, F. et al. San Pompeo 2 deep well: a high temperature and high pressure geothermal system. In Strub, A. & Eds., P. U. (eds) 
Proceedings of the Third International Seminar on the Results of EC Geothermal Energy Research (1983).

	16.	 Gianelli, G., Manzella, A. & Puxeddu, M. Crustal models of the geothermal areas of southern tuscany (italy). Tectonophysics 281, 
221–239, https://doi.org/10.1016/S0040-1951(97)00101-7 (1997).

	17.	 Giannelli, G. Geothermal Energy Research Trends, chap. A Comparative Analysis of the Geothermal Fields of Larderello and MT 
Amiata, Italy, 59–85 (nova science publishers, 2008).

	18.	 Bertini, G., Casini, M., Gianelli, G. & Pandeli, E. Geological structure of a long-living geothermal system, Larderello, Italy. Terra 
Nova 18, https://doi.org/10.1111/j.1365-3121.2006.00676.x (2006).

	19.	 Anderson, D. L., Minster, B. & Cole, D. The effect of oriented cracks on seismic velocities. Journal of Geophysical Research 79, 
4011–4015, https://doi.org/10.1029/JB079i026p04011 (1974).

	20.	 Langston, C. A. Corvallis, Oregon, crustal and upper mantle receiver structure from teleseismic P and S waves. Bulletin of the 
Seismological Society of America 67, 713–724 (1977).

	21.	 Piana Agostinetti, N. & Miller, M. S. The fate of the downgoing oceanic plate: Insight from the Northern Cascadia subduction zone. 
Earth and Planetary Science Letters 408, 237–251, https://doi.org/10.1016/j.epsl.2014.10.016 (2014).

	22.	 Audet, P. Layered crustal anisotropy around the San Andreas Fault near Parkfield, California. Journal of Geophysical Research: Solid 
Earth 120, 3527–3543, https://doi.org/10.1002/2014JB011821 (2015).

	23.	 Bianchi, I., Park, J., Piana Agostinetti, N. & Levin, V. Mapping seismic anisotropy using harmonic decomposition of Receiver 
Functions: an application to Northern Apennines, Italy. J. Geophys. Res. 115, B12317, https://doi.org/10.1029/2009JB007061 (2010).

	24.	 Licciardi, A. & Piana Agostinetti, N. A semi-automated method for the detection of seismic anisotropy at depth via receiver function 
analysis. Geophysical Journal International 205, 1589–1612, https://doi.org/10.1093/gji/ggw091 (2016).

	25.	 Levin, V. & Park, J. P-SH conversions in layered media with hexagonally symmetric anisotropy: a cookbook. Pure appl. Geophys. 151, 
669–697 (1998).

	26.	 Saccorotti, G. et al. The deep structure of the Larderello-Travale geothermal field (Italy) from integrated, passive seismic 
investigations. Energy Procedia 59, 227–234, https://doi.org/10.1016/j.egypro.2014.10.371 (2014).

	27.	 Frederiksen, A. W., Folsom, H. & Zandt, G. Neighbourhood inversion of teleseismic ps conversions for anisotropy and layer dip. 
Geophys. J. Int. 155, 200–212 (2003).

	28.	 Piana Agostinetti, N., Bianchi, I., Amato, A. & Chiarabba, C. Fluid migration in continental subduction: the Northern Apennines 
case study. Earth Pla. Sci. Lett 302, https://doi.org/10.1016/j.epsl.2010.10.039 (2011).

	29.	 Batini, F., Bertini, G., Giannelli, G. & Puxeddu, E. P. M. Deep structure of the Larderello geothermal field: contribution from recent 
geophysical and geological data. Mem. Soc. Geol. It. 25, 219–235 (1983).

	30.	 Piana Agostinetti, N., Levin, V. & Park, J. Crustal structure above a retreating trench: receiver function study of the northern 
Apennines orogen. Earth Planet. Sci. Lett. 275, 211–220, https://doi.org/10.1016/j.epsl.2008.06.022 (2008).

	31.	 Vanorio, T. et al. The deep structure of the Larderello-Travale geothermal field from 3D microearthquake traveltime tomography. 
Geophysical Research Letters 31, https://doi.org/10.1029/2004GL019432 (2004).

	32.	 Schijns, H., Schmitt, D. R., Heikkinen, P. J. & Kukkonen, I. T. Seismic anisotropy in the crystalline upper crust: observations and 
modelling from the Outokumpu scientific borehole, Finland. Geophysical Journal International 189, 541–553, https://doi.
org/10.1111/j.1365-246X.2012.05358.x (2012).

	33.	 Lloyd, G. E., Butler, R. W., Casey, M. & Mainprice, D. Mica, deformation fabrics and the seismic properties of the continental crust. 
Earth and Planetary Science Letters 288, 320–328, https://doi.org/10.1016/j.epsl.2009.09.035 (2009).

	34.	 Brownlee, S. J. et al. Characteristics of deep crustal seismic anisotropy from a compilation of rock elasticity tensors and their 
expression in receiver functions. Tectonics n/a–n/a. https://doi.org/10.1002/2017TC004625.

	35.	 Rial, J. A., Elkibbi, M. & Yang, M. Shear-wave splitting as a tool for the characterization of geothermal fractured reservoirs: lessons 
learned. Geothermics 34, 365–385, https://doi.org/10.1016/j.geothermics.2005.03.001 (2005).

	36.	 Lucente, F. P. et al. Temporal variation of seismic velocity and anisotropy before the 2009 Mw 6.3 L’Aquila earthquake, Italy. Geology 
38, 1015–1018, https://doi.org/10.1130/G31463.1 (2010).

	37.	 Godfrey, N., Christensen, N. & Okaya, D. The effect of crustal anisotropy on reflector depth and velocity determination from wide-
angle seismic data: a synthetic example based on south island, new zealand. Tectonophysics 355, 145–161, https://doi.org/10.1016/
S0040-1951(02)00138-5 (2002).

	38.	 Rabbel, W. et al. Seismic velocity uncertainties and their effect on geothermal predictions: A case study. Energy Procedia 125, 
283–290, https://doi.org/10.1016/j.egypro.2017.08.178 (2017).

	39.	 van der Baan, M., Kerrane, T., Kendall, J.-M. & Taylor, N. Imaging sub-basalt structures using locally converted waves. First break 
21, 29–36 (2003).

	40.	 Piana Agostinetti, N. & Malinverno, A. Assessing uncertainties in high-resolution, multi-frequency receiver function inversion: a 
comparison with borehole data. Submitted to Geophysics (2017).

	41.	 Hand, E. A boom in boomless seismology. Science 345, 720–721, https://doi.org/10.1126/science.345.6198.720 (2014).
	42.	 Audet, P., Bostock, M. G., Christensen, N. I. & Peacock, S. M. Seismic evidence for overpressured subducted oceanic crust and 

megathrust fault sealing. Nature 457, 76–78, https://doi.org/10.1038/nature07650 (2009).
	43.	 Licciardi, A. & Piana Agostinetti, N. Sedimentary basin exploration with receiver functions: seismic structure and anisotropy of the 

Dublin basin (Ireland). Geophysics 82, KS41–KS55, https://doi.org/10.1190/geo2016-0471.1 (2017).
	44.	 Piana Agostinetti, N., Park, J. J. & Lucente, F. P. Mantle wedge anisotropy in Southern Tyrrhenian subduction zone (Italy), from 

receiver function analysis. Tectonophysics 462, 35–48, https://doi.org/10.1016/j.tecto.2008.03.020 (2008).
	45.	 Di Bona, M. Variance estimate in frequency–domain deconvolution for teleseismic receiver function computation. Geophys. J. Int. 

134, 634–646 (1998).
	46.	 Dueker, K. G. & Sheehan, A. F. Mantle discontinuity structure beneath the Colorado Rocky Mountains and High Plains. J. Geophys. 

Res. 103, 7153–7169 (1998).
	47.	 Girardin, N. & Farra, V. Azimuthal anisotropy in the upper mantle from observation of P-to-S converted phases: application to 

southeast Australia. Geophys. J. Int. 133, 615–629 (1998).
	48.	 Piana Agostinetti, N. & Amato, A. Moho depth and VP/Vs ratio in peninsular Italy from teleseismic receiver functions. J. Geophys. 

Res. 114, B06303, https://doi.org/10.1029/2008JB005899 (2009).
	49.	 Sambridge, M. Geophysical inversion with a neighbourhood algorithm–I. Searching a parameter space. Geophys. J. Int. 138, 479–494 

(1999).
	50.	 Lomax, A., Michelini, A. & Curtis, A. Earthquake Location, Direct, Global-Search Methods, 2449–2473 (Springer New York, New 

York, NY, 2009).
	51.	 Wessel, P. & Smith, W. H. F. New, improved version of the generic mapping tools released. EOS Trans. AGU 79, 579 (1998).

http://dx.doi.org/10.1474/GGA.2005-01.0-24.0024
http://dx.doi.org/10.1144/0016-76492006-132
http://dx.doi.org/10.1144/0016-76492006-132
http://dx.doi.org/10.1016/S0040-1951(97)00101-7
http://dx.doi.org/10.1111/j.1365-3121.2006.00676.x
http://dx.doi.org/10.1029/JB079i026p04011
http://dx.doi.org/10.1016/j.epsl.2014.10.016
http://dx.doi.org/10.1002/2014JB011821
http://dx.doi.org/10.1029/2009JB007061
http://dx.doi.org/10.1093/gji/ggw091
http://dx.doi.org/10.1016/j.egypro.2014.10.371
http://dx.doi.org/10.1016/j.epsl.2010.10.039
http://dx.doi.org/10.1016/j.epsl.2008.06.022
http://dx.doi.org/10.1029/2004GL019432
http://dx.doi.org/10.1111/j.1365-246X.2012.05358.x
http://dx.doi.org/10.1111/j.1365-246X.2012.05358.x
http://dx.doi.org/10.1016/j.epsl.2009.09.035
http://dx.doi.org/10.1002/2017TC004625
http://dx.doi.org/10.1016/j.geothermics.2005.03.001
http://dx.doi.org/10.1130/G31463.1
http://dx.doi.org/10.1016/S0040-1951(02)00138-5
http://dx.doi.org/10.1016/S0040-1951(02)00138-5
http://dx.doi.org/10.1016/j.egypro.2017.08.178
http://dx.doi.org/10.1126/science.345.6198.720
http://dx.doi.org/10.1038/nature07650
http://dx.doi.org/10.1190/geo2016-0471.1
http://dx.doi.org/10.1016/j.tecto.2008.03.020
http://dx.doi.org/10.1029/2008JB005899


www.nature.com/scientificreports/

9SCIeNTIFIC REPOrtS | 7: 14592  | DOI:10.1038/s41598-017-15118-w

Acknowledgements
We thank Marco Capello, for his assistance during the field operations. This research has been partly conducted 
with the financial support of Science Foundation Ireland & the Marie-Curie Action COFUND under Grant 
Number 11/SIRG/E2174. N.P.A. research is funded by Austrian Science Fund (FWF): M2218-N29. Seismic data 
used for this work have been collected in the frame of an internal INGV project (GAPSS).

Author Contributions
N.P.A. ideated the research study. G.S. and D.P. operated the seismic network in Larderello. N.P.A. and A.L. 
analysed the seismic data. N.P.A. ran the simulations. F.M. and G.M. gave fundamental assistance on geological 
interpretations. N.P.A. and C.C. supervised the project.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15118-w.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-15118-w
http://creativecommons.org/licenses/by/4.0/

	Discovering geothermal supercritical fluids: a new frontier for seismic exploration

	Results

	Discussion

	Methods

	Receiver function. 
	Common-Conversion Point. 
	Harmonic decomposition. 
	Monte Carlo inversion. 
	Local seismicity. 
	Data availability. 

	Acknowledgements

	﻿Figure 1 Map of the study area.
	Figure 2 CCP image of the RF data-sets projected along the profile AB in Fig.
	Figure 3 (a) Comparison of the M-, n- and k- pulses with the “k-horizon”.




