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[1] Bottom pressure measurements acquired from the TAG
hydrothermal field on theMid-Atlantic Ridge (26�N) contain
clusters of narrowband spectral peaks centered at periods
from 22 to 53.2 minutes. The strongest signal at 53.2 min
corresponds to 13 mm of water depth variation. Smaller, but
statistically significant, signals were also observed at periods
of 22, 26.5, 33.4, and 37.7 min (1–4 mm amplitude). These
kinds of signals have not previously been observed in the
ocean, and they appear to represent vertical motion of the
seafloor in response to hydrothermal flow - similar in many
ways to periodic terrestrial geysers. We demonstrate that
displacements of 13 mm can be produced by relatively
small flow-induced pressures (several kPa) if the source
region is less than �100 m below the seafloor. We suggest
that the periodic nature of the signals results from a non-
linear relationship between fluid pore pressure and crustal
permeability. Citation: Sohn, R. A., R. E. Thomson, A. B.

Rabinovich, and S. F. Mihaly (2009), Bottom pressure signals at

the TAG deep-sea hydrothermal field: Evidence for short-period,

flow-induced ground deformation, Geophys. Res. Lett., 36,

L19301, doi:10.1029/2009GL040006.

1. Introduction

[2] There is growing evidence that hydrothermal flow in-
duces ground surface displacements (GSD) in active geo-
thermal regions [e.g., Battaglia et al., 2006;Gottsmann et al.,
2007; Todesco and Berrino, 2005]. These findings provide
new opportunities for the use of geodetic techniques to
monitor sub-surface fluid flow and have important implica-
tions for the monitoring of volcanic calderas [e.g.,Hurwitz et
al., 2007]. Until now, evidence for hydrothermal flow-
inducedGSDhas been restricted to subaerial volcanic systems.
Here, we present evidence for flow-induced GSD at the TAG
deep-sea hydrothermal field located at 26�N on the Mid-
Atlantic Ridge at water depths of �3600 m (Figure 1).
[3] The TAG field is located on the hanging wall of an

active oceanic detachment fault [e.g., deMartin et al., 2007;
Rona, 1980; Tivey et al., 2003] and contains the largest
known concentration of massive sulfide deposits on the deep
seafloor [e.g.,Humphris and Cann, 2000; Rona et al., 1993].
Known high-temperature discharge at TAG is restricted to
the ‘active’ mound, which discharges fluids with temper-

atures of up to �360�C [Sohn, 2007], at rates of order 1 GW
[Wichers et al., 2005]. The active mound is a multi-tiered,
circular, mineral deposit roughly the size of a large sporting
stadium (�200 m diameter, �60 m tall). The TAG field also
contains the weakly discharging ‘ShimmeringMound’ [Rona
et al., 1998], as well as more than a dozen inactive high-
temperature sulfide deposits spread over an area of at least
5 km� 3 km (Figure 1), and representing more than 100,000
years of high-temperature discharge [Lalou et al., 1998].

2. Experimental Methods and Observations

[4] In July 2003, we used DSRV Alvin to deploy a deep-
sea pressure gauge (Seabird SBE26 Wave and Tide Gauge)
in a plastic (Extren) frame at a site �350 m northwest of the
active TAG mound (Figure 2a) as part of the Seismicity and
Fluid Flow of TAG (STAG) experiment. The instrument
measured pressure and temperature every 10 minutes for
6 months until January 2004. Most of the bottom pressure
signal is due to diurnal, semi-diurnal, and higher frequency
sea surface tidal displacements (e.g., the K1, O1, M2, S2,
MK3, and M4 tidal constituents) [Foreman, 1977] and large-
scale, possibly topographically-amplified, barotropic motions
within the 2–10 day ‘‘weather band’’ [Cannon and Thom-
son, 1996]. However, spectral analysis also reveals the
presence of clusters of narrow-band oscillations centered
on periods ranging from 22 to 53 minutes (Figure 2b). These
short-period pressure oscillations are not instrumentation
artifacts and were not observed, for example, in a deployment
of the same gauge near a hydrothermal field on the East
Pacific Rise, 9�500N (Figure 2c). Although the relatively long
sampling rate (10 min) fails to render the displacement cycles
in detail, the narrow-band peaks clearly require a highly
regular source process. Multiple filter analysis [Emery and
Thomson, 2001] confirms that the peak oscillations seen in
the spectrum at 53.2 min period persisted throughout the
entire observational period (see auxiliary material).4 Deep-
sea pressure variations may result from either vertical dis-
placement of the seafloor (i.e., geological processes), or
thickness variations in the overlying water column (i.e.,
oceanographic processes). However, as there is no known
oceanographic explanation for these persistent, narrow-band,
short-period signals, we conclude that they represent vertical
deformation of the seafloor.

3. Source Model

[5] There are no crustal magma bodies beneath the
hydrothermal field [Canales et al., 2007], which allows us

4Auxiliary materials are available in the HTML. doi:10.1029/
2009GL040006.
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to rule out magmatic sources as feasible mechanisms.
Nonvolcanic fault tremor has characteristic frequencies of
a few Hz [e.g., Nadeau and Dolenc, 2005; Obara, 2002;
Rogers and Dragert, 2003], which are too high to explain
our observed signals. The signal periods appear to be forced
directly by the source mechanism because they are too long
to represent resonant modes of elastic structures associated
with the detachment fault (i.e., the hanging wall and/or the
foot wall), which would have minimum modal periods of

Figure 1. Bathymetric map (100 m contours) of the TAG
hydrothermal field, including microearthquake epicenters
delineating sub-surface position of major fault systems
hosting fluid flow [deMartin et al., 2007]. Known deposits
include the active TAG (high-temperature) and Shimmering
(low-temperature) mounds, and several relict (inactive)
mounds. The broad zone of low-grade alteration observed
by Rona et al. [1984] is also shown. The seafloor position of
the bottom pressure measurements �350 m from the active
TAG mound is shown with a blue triangle.

Figure 2. Bottom pressure data. (a) Digital image
(acquired from DSRV Alvin) of SeaBird SBE 26 Wave and
Tide Gauge deployed in the TAG hydrothermal field. The
gauge was mounted in an Extren plastic frame including a
rope ‘handle’ for the robotic manipulator arm and a white
bucket lid with reflective tape to aid in locating the gauge
for recovery; (b) spectrum for 10-min seafloor pressure time
series data collected from the TAG hydrothermal field from
26 June 2003 to 15 January 2004. Superscript ‘‘m’’ denotes
peak periods in minutes. Pressure has been converted to sea
level height using the conversion 1 hPa � 1 cm. The records
have a total length NT = 29290 (203.403 days) and spectral
estimates are determined using a moving Kaiser-Bessel
window of length N = 4096 (28.5 days) with 50% overlap,
for a total of 26 degrees of freedom per spectral band [cf.,
Emery and Thomson, 2001]. Frequency (in cycles per hour,
cph) is plotted on a linear scale to better show the short-
period spectral peaks; and (c) same as Figure 2b but for 15-min
seafloor pressure time series data collected with the same
gauge from the East Pacific Rise hydrothermal field at 9�500N
from 24April 2006 to 14 January 2007 [Carbotte et al., 2004]
(www.marine-geo.org/ridge2000). The data are plotted on
the same axes as those used for the TAG records to facilitate
direct comparisons, but the Nyquist frequency is slightly
lower owing to the slower sampling rate (15 vs. 10 min
intervals). No short-period pressure signals are observed in
this dataset.
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order a few Hz assuming the elastic parameters given in
Table S1, and maximum length scales of a few tens of
kilometers [e.g., Gorman, 1978]. The spectral peak at
53.2 min is not associated with the 0S2 eigen-oscillation
of the Earth because the frequency is slightly too high -
313.28 vs. 309.45 ± 0.15 mHz [Masters and Widmer, 1995] -
and because the oscillations are continuous over the entire
six-month recording interval and, therefore, not associated
with strong earthquakes, the usual source of episodic Earth
oscillations. Hydrothermal flow appears to be the only
geological process capable of explaining the amplitude and
period of the inferred ground displacement signal.
[6] Although hydrothermal flow-induced GSD has not

previously been documented on the deep seafloor, fluid/heat

flux rate estimates for the active TAG mound range from
100 MW to �1 GW [Kinoshita et al., 1998; Wichers et al.,
2005], which are similar to, and possibly an order of
magnitude larger than, geothermal fields on land where
flow-induced GSD has been documented and/or proposed
[e.g., Chiodini et al., 2001]. The deformation displacements
we observed (�13 mm) are modest compared to observa-
tions and models for subaerial geothermal fields [e.g., De
Natale et al., 2001; Hutnak et al., 2009], and the cycle
periods are similar to many geyser eruption intervals, which
are typically 10s of minutes up to several hours, and which
can be associated with systematic inflation/deflation GSD
cycles [Nishimura et al., 2006]. The strict analogy to
geysers is probably limited by the fact that the volume
expansion associated with phase transitions is �500 times
smaller in the deep-sea environment at TAG compared to
subaerial geothermal fields [e.g., Driesner, 2007], but the
concept of highly-regular pressure cycles associated with
the steady flux of fluid and heat into a sub-surface reservoir
appears to provide the most likely explanation for our
observations.
[7] We consider the response of a thin, elastic shell to a

static point load, P, to determine the first-order feasibility of
the proposed source mechanism. The vertical displacement,
w, of the shell is given by

w rð Þ ¼ Pb2

2pD

� �
kei

r

b

� �

where r is the radius (distance) from the point load, b and D
are, respectively, the 3-dimensional flexural parameter and
rigidity of the elastic plate, and kei is a zero-order Bessel-
Kelvin function [Brotchie and Silvester, 1969; Watts, 2001].
The flexural parameter and rigidity are functions of the
intrinsic mechanical properties of the elastic plate and its
thickness, h, such that:

D ¼ Eh3

12 1� n2ð Þ ;b ¼
D

Drg

� �1=4

where E is Young’s modulus, n is Poisson’s ratio, Dr is
the density difference between the elastic plate and the
underlying substrate, and g is the acceleration of gravity.
Mechanical parameter values appropriate for shallow
oceanic crust are shown in Table S1.
[8] Figure 3a presents a schematic of our simple model.

The vertical GSD generated by pressurization of a sub-
surface fluid reservoir is primarily a function of the magni-
tude and depth of the point load, the elastic parameters of
the overlying crust, and lateral offset distance of the
measurement from the source. The offset distance from
the pressure source is unknown, but we consider two
possibilities; (1) the end-member case where the source is
immediately below our measurement site (i.e., x = 0), and
(2) a more likely case where the source is beneath the active
TAG mound (i.e., x = 350 m), the only presently known site
of high-temperature discharge. For these two cases, we can
then estimate the magnitude of the load, P, required to
produce 13 mm of peak-to-peak vertical displacement (the
mean amplitude signal at 53.2 min period) as a function of
source depth. We assume that the background reservoir

Figure 3. Ground displacement model. (a) Model sche-
matic (see Table S1 for parameter values). (b) Model results
showing the pressure, P, required to produce 13 mm peak-
to-peak vertical ground surface displacement. The required
pressure is a function of the depth of the source below the
seafloor (h) the area (i.e., radius, r in meters) of the over-
pressured region, and the distance of the source from the
measurement location (x). Separate curves are shown for
source radii ranging from 10 to 30 m. Red curves show
pressure required if source is directly below the sensor (x = 0).
Black curves show pressure required if source is directly
beneath the active mound (x = 350 m). Inset panel shows
zoom of upper 200 m.
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pressure is in hydrostatic equilibrium, and then determine
how much excess pressure is required to produce the
observed 13 mm ground displacement signal.
[9] Figure 3 shows the point load required to produce

13 mm of ground displacement as a function of depth from
the seafloor down �1 km to the detachment fault underly-
ing the hydrothermal field [Canales et al., 2007]. For the
range of reservoir size we examined, the required source
size is a strong function of depth. Relatively small over-
pressures (several kPa to �1 MPa above hydrostatic) are
required if the reservoir is located in the shallow crust
(upper hundred meters), as shown in the inset to Figure 3,
but somewhat larger overpressures (several MPa) are re-
quired if the reservoir is located on or near the detachment
fault.

4. Discussion

[10] In principle, the pressure cycles we observed could
be caused by either seafloor displacements or changes in the
thickness of the overlying water column, but there are no
oceanographic processes we can put forward that would
produce these kinds of persistent, high-frequency, narrow-
band signals. Tilt cycles with similar periods have been
observed near the Logatchev hydrothermal field on the
MAR at 14�450N [Fabian and Villinger, 2008], and when
combined with our bottom pressure data, these observations
provide compelling evidence for regular, hydrothermal
flow-induced, GSD cycles at deep-sea hydrothermal fields.
[11] The primary characteristics of our pressure data are;

(1) the cyclic displacements (4 to 13 mm), (2) the highly-
regular period of the cycles (22 to 53 minutes), and (3) the
presence of multiple clusters of spectral peaks. We have
shown that the signal amplitudes can be produced to first-
order with relatively small overpressures (order kPa) in a
shallow sub-surface fluid reservoir, or alternatively, fluid
overpressures of several MPa in a deeper reservoir. Fluid
pressure levels in deep-sea hydrothermal flow systems are
not well-understood, but there is ample evidence that fluid
pressures may reach, or even exceed, lithostatic levels in
some fault systems (e.g., subduction and metamorphic fault
zones [Sibson and Scott, 1998; Sibson, 2007]). On this basis,
we conclude that the source regions could be anywhere on or
above the detachment fault underlying the hydrothermal
field.
[12] Subaerial geysers generate regular GSD cycles with

periods of order tens of minutes [Nishimura et al., 2006],
and while our sampling rate was not fast enough to allow
for direct comparisons of our pressure signal with the
sawtooth tilt patterns observed for geysers, the highly-
regular, cyclical nature of our signal is suggestive of geyser
processes. Geyser eruptions are often attributed to the
volume expansion associated with phase transitions during
reservoir decompression [e.g., Ingebritsen and Rojstaczer,
1993], and the viability of this feedback mechanism at the
super-critical pressures of the TAG field is not known.
Another possibility is that fluid pore pressures and perme-
ability are coupled in the shallow crust, which could also
introduce non-linear, periodic, behavior into the flow system.
The presence of multiple spectral peaks in the 20–50 min
period range implies the existence of multiple sub-surface
pressure sources, since the elastic resonant modes of the

crust are at much shorter periods. This in turn implies that
there are a number of fluid sub-reservoirs distributed be-
neath the hydrothermal field, but more comprehensive
seafloor geodetic surveys will be needed to determine the
nature and spatial distribution of the source mechanisms
driving the short-period GSD cycles we observed at TAG.

[13] Acknowledgments. The authors would like to thank Dan Fornari
and theWHOI Deep Submergence Facility for assistance with deployment of
the tide gauge, Patricia Kimber for assisting with the figures, and Shaul
Hurwitz and two anonymous reviewers for helpful reviews of the manuscript.
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