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Abstract

We have observed narrow-band, low-frequency (1.5^4 Hz, amplitude 0.01^10 Wm/s) tremor signals on the surface
over hydrocarbon reservoirs (oil, gas and water multiphase fluid systems in porous media) at currently 15 sites
worldwide. These ‘hydrocarbon tremors’ possess remarkably similar spectral and signal structure characteristics,
pointing to a common source mechanism, even though the depth (some hundreds to several thousands of meters),
specific fluid content (oil, gas, gas condensate of different compositions and combinations) and reservoir rock type
(such as sandstone, carbonates, etc.) for each of those sites are quite different. About half of the sites are fully
explored or even developed and producing fields, and hard quantitative data on the reservoirs are available (well data,
reservoir monitoring data, seismic surveys, etc.). The other areas are essentially either explored prospect areas where
we did not have access to hard reservoir data or (in only one case) areas where no exploration wells have been drilled
at all. The tremor signal itself was observed over ALL locations investigated so far. The signals weaken at the rim of
the reservoirs and are not observed outside the reservoir area. There is a strong correlation of the tremor power with
the thickness of the hydrocarbon-bearing layers (‘pay zone thickness’) determined by borehole log measurements. The
overall correlation between surface tremor measurements and accessible subsurface well data is higher than 90%. The
phenomenological comparison of hydrocarbon tremor signals with volcanic tremor signals from Stromboli and
Arenal volcanoes using both conventional spectral analysis tools and non-linear dynamics methods reveals
fundamental similarities between those two phenomena as well as their close relation to bandpass filtered noise.
Nevertheless, the specific signal sources are expected to be different for volcanoes and hydrocarbon reservoirs. Using
the currently available data we present possible concepts (active or passive mechanisms) on the nature of the
hydrocarbon tremor source. Our data lead us to conclude that we are most likely observing a characteristic filtering/
mixing effect, with the energy input supplied by the natural seismo-acoustic background. The reservoir, i.e. the
hydrocarbon-water-multifluid system contained in a porous medium, is expected to be the oscillatory element able to
act as a filter/mixer (resembling essentially a in-reservoir path effect) for the natural seismo-acoustic background.
Most intriguing seems the application aspect, i.e. the practical usability of this spectroscopic approach as a direct
from-the-surface, non-invasive hydrocarbon indicator.
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1. Introduction

We apply a seismic spectroscopy method rely-
ing on seismometers (highly sensitive ground mo-
tion velocity receivers) placed on the surface over
hydrocarbon reservoirs. Using such a spectro-
scopic approach we discovered a new kind of
tremor-like signal, later on dubbed ‘hydrocarbon
tremor’ (Dangel and Singer, 2002).
There exist numerous continuous seismic sig-

nals which are usually rather weak and which
were (and sometimes still are) often considered
as useless (‘seismo-acoustic’) background noise
only. However, this ‘noise’ can carry useful infor-
mation which is contained in its characteristics,
such as the frequency spectrum, statistical proper-
ties or non-linear behavior. Moreover, it may con-
tain a spectral signature characteristic of the me-
dia or environment which it has passed through.
A certain broadband seismo-acoustic background
noise is present at every location around the
world. Examples of characteristic signatures
found in the background noise include the move-
ment of the earth’s crust due to standing ocean
waves (Aki and Richards, 1980) with spectral
peaks in the 0.1^0.2 Hz range, or the observation
of the eigenmodes of the terrestrial crust (Suda et
al., 1998) with spectral peaks in the millihertz
range. Another kind of continuous seismic signals
can be observed near volcanoes and glaciers ; it is
termed ‘tremor’ in the literature (Ferrick et al.,
1982; Ripepe and Gordeev, 1999; Wolf and Da-
vies, 1986; Julian, 1994; Urquizu¤ and Correig,
1999; Carniel and DiCecca, 1999). Tremor can
be de¢ned as a sustained seismic signal within a
limited frequency range.
Describing the hydrocarbon tremor, we report

the discovery of a structurally similar signal ob-
served over hydrocarbon reservoirs (oil, gas and
water multiphase £uid systems in porous media).
It is characterized by peaks (‘spectral lines’) in the
[1.5^4] Hz range, quasi-continuous duration and a
correlation time of several seconds. Up to now we
have con¢rmed this ¢nding at 15 major hydrocar-

bon sites worldwide ^ areas including both cur-
rently producing and virgin reservoirs. In all
cases, this characteristic tremor signal was absent
(or its amplitude several orders of magnitude
weaker) at the rim of or outside the reservoir
areas (as veri¢ed at ‘proven’ non-hydrocarbon lo-
cations: ‘dry holes’). Moreover, preliminary tests
using a directionally sensitive sensor setup (a tri-
angular array of triaxial sensors on the surface)
showed that the signal components containing the
tremor phenomenon originate from the direction
of the reservoir. Thus, the phenomenon can be
de¢nitely attributed to the reservoir zone. How-
ever, the present paper is exclusively devoted to
the observation and spectroscopic identi¢cation of
the basic hydrocarbon tremor phenomenon.
Forthcoming reports will focus on other aspects,
including topics like polarization, direction and
depth evaluation. Using a surface measurement
alone, it is not possible to clearly distinguish be-
tween a signal actively emitted by the reservoir or
a signal which has been characteristically de-
formed or ¢ltered by the reservoir. In other
words, our spectroscopic approach investigates a
characteristic signal without distinguishing if it is
either actively emitted by a source within the res-
ervoir (real source) or being the result of a char-
acteristic ¢ltering of a seismo-acoustic back-
ground signal (in this picture the virtual
spectroscopical ‘light’ source) passed through the
reservoir.
At present, the microscopic source mechanism

of this hydrocarbon reservoir tremor is still open
to speculation. Although there seems to be an
astonishing similarity in terms of signal type,
properties and structure to volcanic tremor, the
speci¢c signal sources are naturally expected to
be di¡erent for volcanoes and hydrocarbon reser-
voirs.

2. Experimental setup

The signals were recorded using two di¡erent
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velocity sensors: an electrochemical design based
on the commercially available Sprengnether WB-
2023 with sensitivity 1500 V/m/s and natural peri-
od 20 s (comparable to well-known sensors like
the Guralp CMG-3 ESP, with a 30-s natural pe-
riod and sensitivity of 1500 V/m/s), and an
ADNR proprietary electromechanical construc-
tion of the moving coil type with sensitivity
30 000 V/m/s and natural period 2 s. We are not
aware of any commercial sensor with such a high
sensitivity, neither in the short period nor in the
broadband category. Typical 1-s or 2-s sensor sen-
sitivities are well below 1000 V/m/s.
For ¢eld measurements the sensors are placed

in covered holes at about 1 m depth for ¢rm
ground contact and wind shielding. The ¢eld set-
ups are either synchronous measurements with a
small sensor array (4^8 sensors recording concur-
rently) or asynchronous measurements, where
larger areas are covered by placing a setup of 2^
4 sensors at a particular location, recording for a
period of time and then shifting the setup to the
next location. For phase evaluations synchronous
measurements are obviously the only way to go

(this, e.g. includes directional measurements or
depth triangulation experiments). In contrast, for
a purely amplitude-focused spectroscopy ap-
proach we regard both methods roughly equal
as long as the asynchronous setups are recording
su⁄ciently long stationary tremor signals. The ad-
vantage of the asynchronous measurement is of
purely pragmatic nature, as we are not able to
deploy enough sensors to cover long pro¢les or
large arrays synchronously. Most of the 15 sites
described in Section 3 have been investigated us-
ing both approaches; in the present paper we can
only focus on the basic identi¢cation of the hy-
drocarbon tremor phenomenon. Possible ¢eld set-
ups are 1-D (‘pro¢les’) or 2-D grids (‘arrays’). The
measurement duration is typically 40 min at 100-
Hz sampling rate. This duration allows for the
recording of su⁄ciently long signal windows
such that unwanted transient noises (e.g. man-
made noise like trucks passing nearby, etc.) can
be removed, leading to clean and stationary sig-
nals which can be compared between di¡erent lo-
cations. Afterwards the signals are processed and
evaluated according to typical seismic spectrosco-

Fig. 1. Comparison of the two sensors, the electrochemical 1500 V/m/s and the electromechanical 30 000 V/m/s. The recording
took place synchronously with both sensors placed right next to each other. The velocity data and spectra have been left un¢l-
tered. The dashed line denotes the internal noise level of the 1500 V/m/s sensor, which seems to follow a perfect f3n behavior
over more than a decade. The power spectral density (PSD) is plotted in arbitrary measuring units (recorder counts) against fre-
quency.
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Fig. 2. Vertical velocity power spectra recorded on the surface over hydrocarbon reservoirs at di¡erent locations of Europe and
the Middle East. Spectra labeled (a) correspond to proven non-hydrocarbon locations near a reservoir area; spectra labeled (b)
correspond to proven hydrocarbon locations inside the same reservoir area. Spectra labeled (c), third column, show (a) and (b)
combined as linear plot (to emphasize the enormous di¡erence between the hydrocarbon and non-hydrocarbon signal in the nar-
row frequency window investigated for hydrocarbon presence, i.e. 1^6 Hz). In (c) the upper curve is always the hydrocarbon sig-
nal, whereas the lower one is the non-hydrocarbon. Note the di¡erent scales of the vertical axes. Key to sites: 1, Jordan, proven
exploration prospect; 2, Italy, developed ¢eld; 3, Ukraine, developed ¢eld; 4, UAE, developed ¢eld; 5, UAE, proven exploration
prospect; 6, Morocco, unproven oil prospect; 7, Italy 2, producing gas ¢eld (the narrow peak at approximately 1.4 Hz in the res-
ervoir signal is attributed to a identi¢ed downhole pumping system); 8, Ukraine 2, producing gas ¢eld; 9, Switzerland, non-pro-
ducing, but proven gas reservoir; 10, Switzerland 2, gas prospect; 11, Ukraine 3, producing gas reservoir; 12, UAE, Emirate of
Dubai, undeveloped prospect.
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py procedures, also applied e.g. to volcanic trem-
or (Urquizu¤ and Correig, 1999; Carniel and Ia-
cop, 1996).
The most important di¡erence to conventional

seismic spectral analysis is the overall signal am-
plitude level in the frequency window of interest.
It is obviously much lower above a hydrocarbon
reservoir than near a strong signal source such as

a volcano. This is particularly true in known seis-
mically/tectonically ‘quiet’ environments such as
the central Arabian desert ‘Empty Quarter’ as
found in the south of the United Arab Emirates
(UAE; see site 5, below). The necessary prerequi-
site for the identi¢cation of hydrocarbon tremor
in such a quiet area is indeed the availability of
sensors with a sensitivity much better than the

Fig. 2 (Continued).
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available commercial sensors can provide. This is
illustrated in Fig. 1, showing two spectra recorded
synchronously with the 1500 V/m/s and the 30 000
V/m/s sensor at the very same spot. The di¡erence
is obvious, with the more sensitive sensor showing
a distinct external signal where the less sensitive
one reproduces only the characteristic internal 1/f
equipment noise. Nevertheless, the basic phenom-
enon ‘hydrocarbon tremor’ is observable in more
‘conventional’ locations (conventional in terms of
their seismo-acoustic background amplitude level)
using commercial seismometers such as the
Sprengnethers; the fundamental measurability of
the hydrocarbon tremor does not depend on the
ADNR proprietary design. Only in ultra quiet
locations such as the above described ‘Empty
Quarter’ the ADNR design is essential for the
basic observation. The ADNR design has two
additional advantages, namely the considerably
lower internal electronic and mechanic noise level,
giving rise to a spectroscopic interpretation re-
quiring much less signal ¢ltering steps, plus a con-
struction feature (double coil signal pick up sys-
tem) to eliminate any possible electromagnetic
component in this frequency regime. Likewise,
the commercially available Sprengnether is by its
very design (electrochemical) insensitive to elec-
tromagnetic components. It should be noted,
however, that a ‘simple’ geophone construction,
as it is typically used in re£ection seismic cam-
paigns, is ^ due to its very design speci¢cations
(frequency- and amplitude-wise) ^ not suited for
the presented spectroscopic approach.

3. Phenomenology

3.1. Description of sample hydrocarbon tremor
sites

Fig. 2 shows a series of examples of spectra
observed over hydrocarbon reservoirs situated at
several di¡erent locations around Europe and the
Middle East. Vertical velocity time series from
single seismometers located at hydrocarbon-bear-
ing wells (b) as well as at known non-hydrocar-
bon locations (a), both within the same reservoir
area, have been used. After selecting artifact-free

(this refers mostly to surface transients) windows
of about 600 s duration, power spectra were cal-
culated using the maximum entropy method
(Press et al., 1992) with 400 poles. With the ex-
ception of site 6, all reservoir and non-reservoir
locations are proven by exploration holes. Sites 4,
5 and 12 have been recorded using the electrome-
chanical 30 000 V/m/s sensor, all other sites using
the electrochemical 1500 V/m/s sensor. (Site 5 was
recorded twice with a time lapse of 5 month in
between with both, electrochemical and ADNR
electromechanical sensors.)

b Site 1 is an oil prospect in Jordan within the
Dead Sea Rift Valley which was not developed at
the time of the measurements in May 2000. Old
and abandoned exploration wells were identi¢ed.
Drilling of a new exploration well and the con¢r-
mation of the hydrocarbon reservoir took place
roughly one year later. The depth of the reservoir
is between 2 and 4 km, the reservoir rocks are
clastics. The distance between recording points
(a) and (b) is 4.5 km.

b Site 2 is a developed and producing oil ¢eld in
northern Italy close to the industrial belt of Mi-
lan. The depth of the oil horizon is approximately
5 km, the distance between the recording points
(a) and (b) is about 1.5 km.

b Site 3 is a gas reservoir (partially producing,
partially in development) in central Ukraine. The
depth of the reservoir is approximately 3 km, the
reservoir rocks are clastics, and the distance be-
tween the two shown measuring points is about
2 km.

b Site 4 is a heavily developed and producing
oil reservoir located in the Emirate of Abu Dhabi,
UAE. The reservoir is exploited via the water in-
jection technique at the periphery of the reservoir.
The reservoir rocks are carbonates, the depth of
the oil horizon is approximately 2.5 km, and the
distance between the two recording points is 4.5
km.

b Site 5 is a con¢rmed (via exploration wells),
but not yet developed or producing reservoir in
the Emirate of Abu Dhabi, UAE. The reservoir
system is comprised of carbonate rocks. The
depth of the reservoir is approximately 2.1 km,
the distance between the recording points is 5.6
km.
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b Site 6 is an oil prospect in Morocco. The rock
type is carbonates, the depth 1.5^2 km and the
distance between the two points 5 km.

b Site 7 is a proven and producing gas ¢eld in
central Italy, distance 0.6 km, depth 0.8 km, rock
type Clastics. The narrow peak at about 1.4 Hz is
a man-made artifact originating from a pump.

b Site 8 is another proven and producing gas
¢eld in Ukraine (di¡erent from site 3), distance
4.5 km, depth 4 km, rock type Clastics.

b Site 9 is a non-producing, but proven gas
reservoir in southern Switzerland, distance 12
km, depth less than 1 km, rock type Clastics.

b Site 10 is a gas prospect in northern Switzer-
land, distance 2 km, depth less than 1 km, rock
type Clastics.

b Site 11 is yet another proven and producing
gas reservoir in Ukraine (again di¡erent from
both of the previously mentioned sites 3 and 8),
distance 2.4 km, depth 4^4.5 km, rock type Clas-
tics. Point (b) is at the rim of the reservoir; we
have no data totally outside the proven reservoir
area.

b Site 12 is an undeveloped prospect in the

Emirate of Dubai, UAE. Old abandoned explora-
tion wells show extensive gas content. The reser-
voir is of the carbonate type, Thamama group,
and deeper than 3.5 km.
In addition to the 12 sites presented in Fig. 2,

we very recently recorded data at another series of
sites. Those measurements are not yet fully pro-
cessed and interpreted and, thus, not cleared for
presentation in a scienti¢c publication by the par-
ticular concession owners/operators. Nevertheless,
the basic ¢ndings, i.e. the appearance of the hy-
drocarbon tremor as well as its correlation to res-
ervoir properties (see discussion below), ¢t excel-
lently into the picture derived from the previous
dozen measurements, discussed above: sites 13^
15. Site 13 is a gas/gas condensate producing de-
veloped ¢eld in the Emirate of Dubai, UAE,
Oman thrust fault zone; it is actually a bipartite
reservoir (one structure with a permeability bar-
rier). Again, this reservoir is of the carbonate
type, Shuaiba reservoir zone, approximately 2.5
km deep. Sites 14 and 15 are recordings from
the USA, State of Texas, one being located in a
dense chalk formation (‘Austin Chalk’ Forma-

Fig. 3. Direct comparison of amplitude spectra of hydrocarbon locations of sites 4, 5, 10 and 12, not to scale. An arbitrary
stretching factor in the amplitude as well as an arbitrary shift (up to 0.5 Hz) along the frequency axis were used to ‘match’ the
signals visually. The purpose of this plot is to visualize the extreme structural similarity of signals obtained at completely di¡erent
locations.
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tion, Eastern Texas, porous system, but almost no
permeability; production comes from fractures
only, depth approx 2^3 km), whereas the other
one is from a rather shallow (600^800 m) highly
porous and highly permeable sand channel system
(Upper Tannhill system, Central Texas).
Fig. 3 shows superimposed spectra (not to

scale) corresponding to the hydrocarbon locations
of sites 4, 5, 10, and 12 for direct comparison. The
signals were rescaled to allow visual comparison
of the overall similar spectroscopic ‘¢ngerprint’
caused by the hydrocarbon emplacements. Con-
templating the collection of spectra of Figs. 2
and 3, we note the following facts:

b Even though the depth, £uid content, rock
types and overlying geology of the reservoirs are
quite di¡erent, all observed hydrocarbon tremor
spectral peaks lie within a remarkably narrow fre-
quency range of about 1.5^4 Hz. This speaks in
favor of a source rather than a path e¡ect.

b The mean absolute power of the hydrocarbon
tremor depends on the level of the environmental
noise (amplitude of the seismo-acoustic back-
ground). At one extreme we have site 5 which is
situated in an absolutely quiet desert corner in the
UAE and shows the weakest tremor signals (am-
plitude around 0.01 Wm/s), on the other extreme
are sites 8 and 9, both of which lie within indus-
trial zones and exhibit the strongest hydrocarbon
tremor signals up to this date (amplitudes around
10 Wm/s). This implies that the environmental seis-
mo-acoustic noise is a probable source of energy
for the tremor signals. The noise would have to be
partially converted or ¢ltered by the reservoir sys-
tem (multiphase £uid ¢lled porous rocks), result-
ing in the tremor signals. This might speak in
favor of a kind of path e¡ect.

b The number of spectral peaks within the hy-
drocarbon tremor frequency band varies moder-
ately. Some locations, such as the UAE ¢elds,
show sometimes several distinct peaks, typically
about four, others are dominated by a single
peak only. We speculate that the occurrence of
a dominating main peak may be connected with
the presence of salt domes (such as at site 12,
Dubai coastal area) or thick surface salt pillows
(such as site 1, Dead Sea).

b Other features visible in a broadband spectro-

scopic evaluation include the well-known oceanic
microseism (visible at around 0.1 Hz, depending
on the location and on the type of sensor used),
local e¡ects of sea waves (typically around 0.5^1
Hz), and man-made artifacts. The latter are typi-
cally characterized by higher frequency compo-
nents, but sometimes there are artifacts such as
the pump operating at approximately 1.4 Hz at
site 7. These kind of artifacts can easily be iden-
ti¢ed and removed.1

3.2. Comparison to volcanic tremor and arti¢cial
data

In order to compare hydrocarbon tremor to
volcanic tremor phenomenologically, we select a
series of signals. Although the selection of sites
and signals was done quite arbitrarily, the selec-
tion criterion applied is that we take signals of
which the particular properties can be detected
without any signi¢cant preprocessing/¢ltering, in
order to avoid an introduction of possible arti¢-
cial e¡ects due to speci¢c processing or treatment.
Nevertheless, the demonstrated properties do in
principle apply to all signals recorded at all sites.
Moreover, we deliberately select recordings done
with commercially available sensors (the Spreng-
nethers) to avoid ‘black box e¡ect’ speculations
about signals observable with proprietary sensors
only.
From the results of the di¡erent data compar-

ison methods, as discussed below, we arrive at the
following conclusions.

b Both kinds of tremor signals, of hydrocarbon
reservoir and volcanic origin, as well as an arti¢-
cially constructed high dimensional signal, have
very similar behavior when subjected to a broad
variety of signal processing tools. We therefore
conclude that the tremor signals can be character-
ized as narrow band noise. This has some impli-
cations on possible models explaining their origin,
as discussed in Section 4.

b The sensitivity of some of these signal pro-
cessing tools can be used to distinguish ‘false’

1 For a very illustrative discussion of the ambient seismo-
acoustic background, we refer to web page: www.seismo.com.
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spectral peaks in the usual frequency range of
1.5^4 Hz (resulting from arti¢cial noise)2 from
‘true’ peaks resulting from hydrocarbon or vol-
canic tremor. For practical purposes, the most
e⁄cient true/false discrimination can be achieved
by using the correlation ¢lter (see below) and by
comparing the structure functions of the ¢rst dif-
ferences of the signals.
Signal selection:
b Signal (a) is the hydrocarbon location signal

of site 9, as shown in Fig. 2, recorded using the
electrochemical sensor at 100 Hz, length 1 h.

b Signal (b) is the non-hydrocarbon location
signal of site 9, as shown in Fig. 2, recorded using
the electrochemical sensor at 100 Hz, length 1 h.

b Signal (c) is a volcanic tremor signal recorded
in the Fossetta on Stromboli volcano on May 24,
1994, using a Lennartz Mars-88 and a Lennartz
LE-3-D sensor, natural period 1 s. The sampling
rate is 62.5 Hz, ¢le length 1 h.

b Signal (d) is a volcanic tremor signal recorded
by Vilma Barboza of the Observatorio Volcano-
lo¤gico y Sismolo¤gico de Costa Rica at Arenal
volcano, 2.8 km to the northeast of the crater
on March 26, 2001, using a Kinemetrics Ranger
short period seismometer model SS-1. The sam-
pling rate is 56.6 Hz, ¢le length 132 s.

b Signal (e) is an arti¢cial signal consisting of a
sum of sinus functions having random phases and
Gaussian distributed amplitudes centered around
3 Hz:

eðtÞ ¼
X15

j¼315

expð3j2=30Þ sin ½2Z ð3þ j=10Þtþ P � ð1Þ

where j varies in steps of 0.1, resulting in 301
terms, and P is a random phase, di¡erent for
each term. The amplitude of each term remains
constant over time. The mean amplitude is in ar-
bitrary units. This signal possesses all the charac-
teristics of bandpass ¢ltered noise, also called nar-
row band noise.
Fig. 4 shows a 3-s window of raw data (con-

verted to Wm/s) of the ¢ve signals. Except for sig-
nal (b), which only shows the oceanic microseism

Fig. 4. Raw velocity data of hydrocarbon, volcanic and arti-
¢cial tremor signals, 3 s time window. (a) Hydrocarbon loca-
tion of site 9. (b) Non-hydrocarbon location of site 9 (note
di¡erent scale). (c) Stromboli volcano. (d) Arenal volcano.
(e) Arti¢cial signal.

Fig. 5. Spectra of the same data as in Fig. 4. Spectra (a) and
(b) are on the same scale, the other spectra have been moved
vertically for demonstration reasons and are therefore not to
scale.

2 Here we denote ‘noise’ as either spectrally or timewise
identi¢able signal contributions coming typically from the am-
bient surface (‘artifacts’). They include transients from bypass-
ing cars (‘temporal transients’) or cultural noise from industrial
or technical installations. These ‘noise’ contributions can be
identi¢ed by the presented techniques. We want to emphasize
the fundamental di¡erence to the broadband 1/f seismo-acous-
tic background ‘noise’.
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and some noise, the signals are quasi-periodic and
look remarkably similar. Fig. 5 shows the spectra
of the ¢ve signals. The maximum entropy method
(Press et al., 1992) with 400 poles has been used
on a time window of 500 s (132 s for Arenal). The
spectra have been moved vertically in the plot for
better representation and are therefore not plotted
to scale. However, signals (a) and (b) are plotted
on the same scale and can be compared absolutely
to each other. It is interesting, although most
probably not physically signi¢cant, that at least
some volcanic tremor signals have their main fre-
quencies in the same range as that of the hydro-
carbon signals.
The autocorrelation functions (as one possible

discriminator between stochastic and determinis-
tic signal components) of all ¢ve signals are
shown in Fig. 6. The autocorrelation function
gives a measure of how long the system under-
lying each signal keeps memory of its past behav-
ior, and it is used for subsequent analyses such as
the embedding procedure. Typical correlation
times (determined as the exponential decay rate
of the envelope of the autocorrelation function)
are in the 1^2-s range, with the exception of signal
(b). This correlation time d de¢nes the width
bpW2Z/d of the tremor peaks in the frequency

spectrum. Fortunately, d is long enough to allow
for the application of a spectral ¢lter as follows.
Because noise and especially 1/f-noise can act on
the whole chain length tc for which the auto- or
cross-correlation is performed (usually a few hun-
dred seconds), the noise spikes in the spectrum are
very narrow with half-width bnW2Z/tc, orders of
magnitudes smaller than bp of the tremor peak.
By convolution of the frequency spectrum with
a Gaussian

ffiffiffiffi
Z

p
a exp[3(g/2a)2] satisfying bnI

aIbp, the half-widths of the tremor peaks are
only marginally increased but the noise spikes in
the spectrum are strongly reduced. For saving
computer time, the Gaussian ¢lter is implemented
in the time domain because the convolution can
be transformed into a simple product there. The
implementation of this ¢lter is achieved in three
steps: (1) compute the auto- or cross-correlation;
(2) multiply the result with a Gaussian exp[3
(a t)2] (centered at the maximum correlation, at
or near lag 0); and (3) Fourier transform the re-
sult in order to obtain the ¢ltered power spectrum
(the Wiener^Khinchin relationship). This ¢lter
cannot only be used to enhance the tremor signals
against a noisy background, but also to increase

Fig. 6. Autocorrelation functions of the same data as in
Fig. 4.

Fig. 7. An example usage of the correlation ¢lter. The dotted
line is the power spectrum obtained from one sensor, with
the dashed line indicating the 1/f noise level of the sensor
system. The solid line is the power spectrum obtained by the
correlation ¢lter as described in the text, using the crosscor-
relation of two signals (horizontal distance between sensors
100 m). Inset: crosscorrelation of the two signals, Gaussian
¢lter function (dashed line) and ¢ltered crosscorrelation func-
tion.
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the signal-to-noise level beyond the capacity of a
single sensor. As an example, Fig. 7 shows raw
and correlation ¢ltered power spectra from a hy-
drocarbon location at site 5. The dashed line in-
dicates the 1/f noise level of the sensor system.
The un¢ltered spectrum (dotted line) obtained
from a single sensor shows the hydrocarbon trem-
or peak barely above the 1/f noise. The solid line
is the spectrum obtained by cross-correlating the
signal of a synchronously operating second sensor
with the signal of the ¢rst sensor and using the
correlation ¢lter as described above, with 1/a=2 s.
The horizontal distance between the two sen-
sors was 100 m. The s/n ratio is increased by
about one order of magnitude and the spectral
peaks of the tremor signal become clearly visible.
The narrow peaks at about 12 and 13 Hz are due
to the A/C cooling system of the car used to
transport the equipment, situated 300 m away
from the sensors. They are not reduced by this
¢lter because of their strong correlation and
high amplitude. The inset of the ¢gure shows
the raw cross-correlation function of the two sen-
sor signals (with the large oscillation due to the
oceanic microseism), the Gaussian ¢lter function

(dotted line) and the ¢ltered cross-correlation, re-
sulting from the multiplication of the raw cross-
correlation function with the ¢lter function.
A further successful tool for distinguishing time

series is the structure function (Provenzale et al.,
1992), used to determine self-a⁄nity:

SðnÞ ¼
XN3n

t¼1
½xðtþ n N tÞ3xðtÞ�q ð2Þ

where N is the length of the data vector x, n the
lag, Nt the sampling time and q=2. Fig. 8, left,
shows the structure functions of the ¢ve signals.
For a fractal signal, such as the z-component of
the Lorenz attractor (Provenzale et al., 1992), the
structure function has a scaling behavior:

SðnÞOn2H ð3Þ

for small lags n, where H is called the Hurst ex-
ponent. The Hurst exponent is a measure of the
smoothness of a time series and it may be associ-
ated with the presence of long-term correlations.
Hurst exponents have previously been used to
characterize observed and synthetic tremors of
Stromboli volcano (Urquizu¤ and Correig, 1999).
The hydrocarbon and volcanic tremor signals
show the same behavior as the Lorenz attractor,
including the oscillations at intermediate and con-
stant behavior at higher lags. They all have sim-
ilar Hurst exponent values around 0.9. However,
the arti¢cial signal, which by construction is not a
low dimensional signal, also shows the same be-
havior. The structure function of signal (b) has a
scaling region at higher lags only, proving its dif-
ferent nature. The structure functions of the ¢rst
di¡erences (derivatives) of the tremor signals
shown on the right hand side of Fig. 8 reveal
these di¡erences even more e¡ectively. Low-di-
mensional systems retain their scaling behavior
(and correlation dimension) under di¡erentiation,
whereas stochastic systems usually do not (Pro-
venzale et al., 1992). The structure functions of
signals (d) and (e) are maintained even after dif-
ferentiation. Signals (a) and (c) have a higher
noise level and the structure functions of their
derivatives are slightly £atter than before. How-
ever, the structure function of the derivative of
signal (b) is almost £at, revealing its high dimen-
sionality and stochastic nature. Again, all signals

Fig. 8. Left: structure functions of the same data as in Fig.
4, moved vertically for demonstration reasons and therefore
not to scale. Right: structure functions the ¢rst di¡erences of
the data, not to scale.
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except (b) behave similarly and cannot be signi¢-
cantly distinguished by this method.
Eq. 2 can be generalized to arbitrary q. The

generalized Hurst exponent is then a function of
q, and the ‘spectrum’ q H(q) vs. q is another pos-
sible characterization of signals (Bohr et al., 1998)
that can reveal the presence e.g. of a hierarchy of
power law exponents. However, the ‘spectra’ for
the ¢ve signals all grow linearly and do not have
signi¢cantly di¡erent slopes as can be seen in Fig.
9. Surprisingly, this is true even for signal (b),
where a completely di¡erent scaling region (at in-
termediate instead of small lags n) determines
H(q). In this case therefore the extension to the
generalized Hurst exponent does not give us any
further information to discriminate the signals.
In order to further characterize the signals, we

performed a dimensional analysis using the stan-
dard methods of phase space reconstruction
through embedding and correlation dimension es-
timation (Kantz and Schreiber, 1997). This may
give an indication of the number of degrees of
freedom of the underlying system generating the
signals. As an example of phase space reconstruc-
tion we show 2-D embeddings (delay plots) of the
¢ve signals, using 600 pairs of points, in Fig. 10.
As lag, the ¢rst zero of the autocorrelation func-
tions has been used, resulting in 0.08 s for the
tremor signals, equal to about one-fourth of a
period, and 2 s for signal (b). The delay plot of
signal (b) looks like a random walk, while the
other signals result in circular ¢gures, more per-
fect for (d) and (e) which have narrower spectral

content and contain little or no noise, and less
perfect for (a) and (c) which are spectrally broad-
er and contain more noise. Because of the noise
content or shortness ^ (d) is only 132 s long ^ of
the signals, the determination of the correlation

Fig. 9. The ‘spectrum’ of generalized Hurst exponents q H(q)
vs. q of the same data as in Fig. 4.

Fig. 10. 2-D delay plots of the same data as in Fig. 4, using
600 pairs of points and a delay of 0.08 s, except for signal
(b), where the delay has been set to 2 s. The amplitudes are
given in Wm/s.
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dimension is di⁄cult. Noise is high dimensional
and can lead to resulting dimensions which are
too high, while short time series can lead to arti-
¢cially low dimensions (Kantz and Schreiber,
1997). These problems may compromise the reli-
ability of the estimates computed on experimental
data, and may explain the signi¢cantly di¡erent
results found in the literature (e.g. Chouet and
Shaw, 1991; Urquizu¤ and Correig, 1999).
Nevertheless, we determined the correlation di-

mension D2 of the following two signals (Fig. 11):
b ‘jordan’ is the raw hydrocarbon location sig-

nal of site 1, as shown in Fig. 2, which su¡ers
from very little noise, length 20 000 data points.

b ‘arti¢cial’ is the arti¢cial signal (e) as de¢ned
above, added to the raw non-hydrocarbon loca-
tion signal of site 1, as shown in Fig. 2, with
amplitudes at approximately the same propor-
tions as the two spectral peaks of the ‘jordan’
signal, length 20 000 data points.
We believe that it is safer to compare the so

constructed arti¢cial signal to the original hydro-
carbon location signal than to ¢lter the latter in
order to remove the oceanic microseism and some
of its noise (for the de¢nition of which a criterion
would have to be de¢ned ¢rst: the percentage of
non-deterministic dynamics can e.g. be deter-
mined with the method of false nearest neighbors
(Carniel and DiCecca, 1999; Kantz and Schreib-
er, 1997)), both of which are not contained in
signal (e). The program ‘d2’ contained in the TI-

SEAN package (Hegger et al., 1999) has been
used to determine the correlation sums. For the
plots on the left hand side of Fig. 11, no care is
taken to exclude time correlated points in the cal-
culations. The plots suggest a dimension of about
4^5 for both signals. However, the saturation of
D2 as a function of the embedding dimension is
suspiciously slow. When temporally correlated
points of the attractor (i.e. the ones belonging to
the so-called Theiler window; see Kantz and
Schreiber, 1997) are excluded in the correlation
sums by the application of a Theiler window
(right hand side of Fig. 11), no saturation of D2

as a function of the embedding dimension can be
found at all. Thus we may conclude that the time
correlation of the signals leads to an arti¢cially
low value for D2 when no care is taken to exclude
time correlated points. It has been shown before
that narrow band noise, although high dimension-
al, can mimic chaotic behavior (Rapp et al.,
1993).
Even though we cannot report the ¢nding of

low dimensionality in our data (in contrast to
e.g. Chouet and Shaw, 1991, reporting correlation
dimensions of about 4 for tremor signals of Ki-
lauea volcano), we suggest that the correlation
dimension may still be used as a relative indicator
for dimensionality, which can still be practical to
distinguish signals containing tremor from signals
which do not. The results should not be inter-
preted as absolute values of dimension, following
an interpretation as taken e.g. by Widman et al.
(2000) for electroencephalogram time series.
As a last tool used to distinguish time series, we

have calculated bispectra and bicoherences (Rao
and Gabr, 1984) of our signals. Fig. 12 shows the
results for signals (a) and (c). The results for the
other signals, again with the exception of (b),
which only shows features below 1 Hz which
can be attributed to the oceanic microseism, are
analogous and have been omitted to save space.
As the power spectrum of a real time series can be
seen as the Fourier transform of its autocorrela-
tion function or second-order cumulant Gx(n)
x(n+k)f, the bispectrum is the 2-D Fourier trans-
form of its third-order cumulant Gx(n) x(n+k)
x(n+l)f. It is a function of two frequencies and
has the property to be non-zero if the data are

Fig. 11. Correlation dimension D2 as a function of length
scale r and embedding dimensions 1^15. ‘jordan’ corresponds
to signal (b) of site 1, ‘arti¢cial’ corresponds to the arti¢cial
tremor signal added to signal (a) of site 1. Left: using no
Theiler window results in an arti¢cially low D2. Right: using
a Theiler window of 3 s reveals the high dimensionality of
the data.
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non-Gaussian (the inverse is not necessarily true).
The bicoherence is the bispectrum weighted by the
spectrum of the signal; see Rao and Gabr, (1984)
for a more precise de¢nition. If the bispectrum is
non-zero and the bicoherence is constant, then the
underlying process is non-Gaussian and linear.
Fig. 12 shows non-zero bispectra and non-con-
stant bicoherences for both signals. We therefore
conclude that the tremor data are non-Gaussian
and (at least to a certain extent) non-linear.
From the results of the di¡erent data compar-

ison methods of this section, we conclude as al-
ready indicated above, that we ¢nd signi¢cant
evidence that the recorded tremor signals may
be interpreted as narrow band (‘¢ltered’) noise
(with certain implications for their microscopic
origin, see below).

4. Tremor and practical hydrocarbon detection

In this section we discuss the recorded hydro-
carbon tremor signal with respect to its relevance
for hydrocarbon detection. ADNR uses a com-
mercialized setup called ADNR Explorer. We
show and discuss the results of one of the cam-
paigns carried out in the UAE, site 5 of the above
reference site list, here called Q-¢eld. This ¢eld
has been explored and proven via exploration
wells. The main production zone is a carbonate
reservoir called Thamama. Since the ¢eld is not
yet developed or in production, the area is very
quiet and therefore ideal for tremor measure-
ments. We have carried out two data acquisition
campaigns with a time lag of several months in
between (May and November 2000), and at most

Fig. 12. Bispectra (left) and bicoherences (right) of data (a) and (c) as in Fig. 4.
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measurement points data have been recorded sev-
eral times even within a single campaign. Both
types of sensors have been used in di¡erent com-
binations.
Fig. 13 shows a typical spectrum (from a time

window without artefacts) recorded close to one
of the exploration wells, Qw-5, and showing the
spectral window of interest. Clearly there are four
spectral peaks (lines) visible in the frequency win-
dow 2^4 Hz, denoted as lines A1, A2, A3 and A4.
These four lines are characteristic of all oil-bear-
ing locations of this ¢eld, with a small scatter in
their respective frequency location and di¡erent
absolute and relative amplitudes. Those four lines
are used to construct a quantitative indicator giv-
ing the ‘hydrocarbon tremor power’. As will be
shown below, it turns out to be a rather nice
direct hydrocarbon indicator.
The tremor power is constructed as:

A1234 ¼ ðA1þ A2þ A3þ A4Þ=4; k ¼ AN1=AN5

with Ai being the absolute amplitude at the spec-
tral line Ai, and AN1, AN5 being the amplitude
level below and above the investigated window at
frequencies 1 Hz and 5 Hz. The factor k gives the

slope of the spectrum towards higher frequencies,
and works as a ‘zero-order’ correction of external
higher frequency in£uences. The ¢nal indicator
(‘normalized corrected tremor power’) is then cal-
culated as:

kA1234 ¼ kA1234=maxðA1234Þ

with max(A1234) being the maximum of the aver-
aged amplitudes in the investigated area or pro-
¢le.
The evolution of the recorded spectrum along a

NE^SW pro¢le crossing several oil-bearing com-
partments in Q-¢eld is illustrated on the map of
the area in Fig. 14. One can clearly see that the
spectra undergo an evolution when oil-bearing
zones, non-oil zones, oil^water contacts and other
structural elements within the reservoir zone (such
as faults) are crossed. The corresponding Fig. 15
gives a plot of the hydrocarbon tremor power
kA1234 along this very same pro¢le. The loca-
tions of existing exploration wells are indicated
by arrows. There is an additional interesting fact
to note: the tremor power is very small at well
Qw-4, which is actually touching the oil^water
contact and is producing water only (20 barrels

Fig. 13. Power spectrum corresponding to well Qw-5 of site 5. The four spectral peaks in the frequency window 2^4 Hz are char-
acteristic of the hydrocarbon locations of this site.
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of water per day as a testing result). Just after
Qw-4 along the pro¢le there is a very high reading
of the tremor power. This indicates a structural
compartment and a fault zone running between
Qw-4 and the next measuring point (at 14.5
km). Interestingly enough this ¢nding is con-
¢rmed by a re£ection seismic campaign carried
out some time before, which clearly indicates a
fault running perpendicularly to the pro¢le at
this point, but, of course, gives no hint on the
actual hydrocarbon distribution. Additionally,
the operator of the particular ¢eld has successfully
crosschecked our results with his proprietary res-
ervoir model for this particular ¢eld (derived from

Fig. 14. Map of site 5, ‘Empty Quarter’, UAE. Only the measurement points along a NE^SW pro¢le (given by the sand road de-
picted as a bright line in the map) and some of the corresponding spectra (horizontal units Hz, vertical units a.u.) are shown.
The locations designated Qw-n correspond to well locations. The background map gives a satellite picture of the surface topogra-
phy, with medium high (up to 20 m) dunes in the area of the recorded pro¢le and ultra high (up to 300 m) dunes in the area to
the south.

Fig. 15. ‘Hydrocarbon tremor power’ along the same NE^
SW pro¢le as in Fig. 14, site 5. The locations of existing ex-
ploration wells are indicated by the arrows and their names
Qw-n.
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seismic and exploration well logging and testing
data).3

Finally, Fig. 16 tries to correlate our readings
of the hydrocarbon tremor power as observed on
the surface with known reservoir parameters. The
tremor power kA1234 is plotted against the so-
called total net pay zone thickness (‘TNPZT’) of
the reservoir. The pay zone is the actual oil-bear-
ing zone, its net thickness, as it is determined by
borehole logs, is the overall thickness of the multi-
ple reservoir (hydrocarbon-bearing) stacks (in
short, the total thickness of the hydrocarbon-
bearing reservoir layers). As can be seen in Fig.
16, the correlation is very good, with only well
Qw-7 slightly o¡ a perfect correlation. Qw-7 has
only been drilled down to its intended target
depth in the reservoir zone Thamama-F, account-
ing for a total of approximately 15 m of pay zone
thickness. The tremor power reading is much
higher, corresponding to a ‘virtual’ total pay
zone thickness of about 25 m. The missing 10 m

of pay zone are believed to be found in a deeper
Jurassic reservoir zone, for which clear indications
from re£ection seismics exist. This deep lying res-
ervoir zone has a ‘¢nger’ reaching below well Qw-
7 in the Q-¢eld, with well Qw-7 being located at
the very end of the pro¢le. Therefore, the corre-
lation between surface spectroscopic measure-
ments and subsurface reservoir properties is in-
deed existing and con¢rmed. It should be noted
that the six values of the tremor power in Fig. 16
have been calculated separately, using a normal-
ization with the maximum resulting from just the
six well data sets. Thus, the dynamic range for
this plot is again [0;1], but the numbers do not
directly compare to the previous ¢gure. The error
bars drawn on the data points (typically of an
average order of V 2^5%) in Fig. 15 and 16
have been calculated using the statistics of long
records (windowing of long records into shorter
pieces, statistics over those pieces) as well as re-
peat measurements within the same campaign and
at the second campaign carried out at the same
location ¢ve months later. They are purely statis-
tical quantities. The internal equipment measure-
ment uncertainties (recorder, etc.) are orders of
magnitude smaller and, thus, simply neglected.
We did not succeed in establishing a correlation

with any other characteristic reservoir property so
far. The tested parameters include the absolute
depth, pressure, temperature, etc. as well as
more dynamic quantities like production rate,
permeability, and depth. The tremor power (am-
plitudes of the characteristic lines) does not de-
pend on depth changes. Phenomenologically, it
is reasonable that a process generating the partic-
ular spectroscopic characteristics in the seismic
background signal does depend on the thickness
of the reservoir layer, independent whether we
assume an active signal generation in the reservoir
or a passive signal ¢ltering through the reservoir.
Particularly, if the reservoir works as a ¢lter for
the seismic background noise, it is quite obvious
that the signal amplitude measured at the surface
has a direct relation to the ¢lter strength, and in
turn the ¢lter strength is connected to the ¢lter
thickness, assuming that the ¢lter properties are
equal over the reservoir cross section.
These correlation studies have been successfully

Fig. 16. Correlation of observed hydrocarbon tremor power
with the total net pay zone thickness (TNPZT) at the explo-
ration wells along the NE^SW pro¢le of site 5. Only well
Qw-7 lies o¡ an almost perfect linear correlation. The sus-
pected explanation is that Qw-7 is located over a deeper res-
ervoir zone which is not penetrated by the borehole and thus
the log does not account for the additional pay zone. There
is considerable evidence for this deeper Jurassic zone.

3 Unfortunately, we are not allowed to publish the detailed
model.
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veri¢ed at other locations where a su⁄cient num-
ber of existing boreholes and, thus, subsurface
data exist. We want to remark on two quite in-
teresting results : Site 4 (see Section 3.1) is a heavi-
ly producing ¢eld, and some of the wells have
been continuously producing at quite high rates
for more than 20 years. The data provided from
the operator were so-called ‘original’ well logs ac-
quired at the time when the well had been drilled.
When we established a similar correlation plot
(correlation coe⁄cient 0.90) for the approximately
20 wells located in this area, we found three
pathological cases. A thorough investigation
found out that all three wells had serious engi-
neering problems, such as casing failures and
water break-in into the reservoir or water-coning,
e¡ectively reducing the thickness of the reservoir
zone of those three wells signi¢cantly. The esti-
mates produced by the surface spectroscopy mea-
surements are believed to re£ect the current reser-
voir zone much more realistically. Site 13, as
indicated before, is a quite interesting system,
too, as it consists of one oil-bearing subsurface
structure (anticline), which is e¡ectively divided
into two disconnected reservoirs by a tight perme-
ability barrier crossing the reservoir. From both
parts of the reservoir there is a production of gas
and gas condensate, but only into one reservoir
part dry gas is reinjected for storage purposes (the
operator is currently interested mostly in the con-
densate fraction). As a consequence the correla-
tion plot splits up into two distinct branches, with
all the wells in the production-only part falling
onto one sharp line, whereas all the other wells
from the production and reinjection part of the
¢eld drop onto another, very distinct line. We
interpret this e¡ect as two distinct physical sys-
tems in front of a common ‘background illumina-
tion’. The di¡erent ¢t curves would e¡ectively re-
£ect the distinct parameters for the two di¡erent
physical systems. As a side note we would like to
emphasize that a quantitative comparison of the
absolute spectroscopic data produced at di¡erent
locations worldwide is only possible if the com-
plete spectroscopic process is under control. As
we believe that the presented process is driven
by the overall amplitude of the seismo-acoustic
background, it is necessary to control this ampli-

tude. The seismo-acoustic background is believed
to be a stochastic, 1/f background, and this very
characteristic can be used to identify the back-
ground amplitude nicely via the zero-time-lag au-
tocorrelation amplitude. Studies on this topic are
subject of our current research activities.
Moreover, it should be noted that we do not

¢nd an obvious relation between the particular
frequency of the hydrocarbon tremor lines and a
series of reservoir parameters tested, including
pay zone thickness, depth and pressure. Possible
correlations of the tremor peak widths and reser-
voir parameters are a matter of future investiga-
tions.
More ‘conventional’ explanations of low-fre-

quency spectral signatures in a hydrocarbon res-
ervoir would include the possible appearance of
tube waves at wells/bore holes. We do exclude
such an e¡ect because of the following series of
observations which we think are not congruent
with tube wave excitations.

b Tube waves would only appear in a devel-
oped ¢eld where bore holes exist. We explored
one hydrocarbon prospect where no holes had
been drilled within a distance of approximately
100 km at the time of signal recording.

b Tube waves at wells may be either of the ‘pipe
oscillation’ type, i.e. a geometric excitation of the
bore hole cylinder and casing, or of the £uid os-
cillation type, i.e. the £uid penetrating through
the perforated casing may oscillate. Both types
are highly improbable due to the fact that: (a)
such an oscillation is strongly geometry depen-
dent, and the particular frequency spectrum
would vary from well to well, in contrast to our
observations; (b) the amplitude of such oscilla-
tions does drop o¡ very rapidly and characteristi-
cally as a function of distance receiver^borehole,
which is not observed at all in any of the mea-
surements performed; and (c) this kind of tube
resonances would create a very well de¢ned reso-
nance spectrum with a basic frequency and easily
identi¢able higher multiples, the frequency distri-
bution of them would depend on the tube geom-
etry. Again, nothing like this is observed.
Of these arguments, the ‘universality’ of the

hydrocarbon spectral signature through a large
series of hydrocarbon reservoirs all over the world
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contradicts such a more conventional explanation
of distinct spectral features.

5. Discussion

In this section, we point to some additional
¢ndings which give certain hints about the origins
of hydrocarbon tremor.
In areas with medium to high seismo-acoustic

noise level, the hydrocarbon tremor signal has
been observed to be (quasi) continuous. In Fig.
17, the spectrograms of the hydrocarbon location
signal of site 9 (as in Fig. 2) and of the volcanic
tremor signal from Stromboli are compared.
These two signals correspond to the signals
dubbed (a) and (c) above. The time resolution is
10 s, and 1 h of each signal is shown.
In order to see if the hydrocarbon tremor de-

pends on a controlled external seismic input sig-
nal, tests using vibrators on the surface have been
made at sites 2 and 3. Standard vibrators as used
for seismic campaigns have been employed in fre-
quency sweep (8^15 Hz) and single frequency
modes. When comparing the tremor signals be-

fore, during and after vibration, no consistent
change could be observed. However, this could
also be due to the fact that, compared to the
seismo-acoustic noise, very little energy of the vi-
brators reaches the actual reservoirs to stimulate
the observed e¡ect. This, of course, is a conclu-
sion based on the following facts: (a) the natural
seismo-acoustic background has a 1/f-behavior in
the frequency window of interest, giving a
strongly increasing amplitude towards lower fre-
quencies; and (b) in comparison with the natural
seismo-acoustic background arti¢cial sources such
as vibroseis devices tend to be extremely weak
towards low frequencies; explosive sources with
a more broadband signature are too di⁄cult to
control in the required amplitude range (i.e. rela-
tive to the natural background. This does not at
all contradict the successful application of arti¢-
cial sources in conventional refraction seismic
processes, as those deal with a completely di¡er-
ent physical process, namely the detection of a
controlled input signal after one or several refrac-
tions/re£ections. The stimulation of the observed
hydrocarbon tremor is a totally di¡erent physical
e¡ect.

Fig. 17. Spectrograms of the hydrocarbon signal (a) and volcanic signal (c) as in Fig. 4, 1 h time window, 10 s time resolution.
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However, in areas with a low seismo-acoustic
noise level, the hydrocarbon tremor signal can
show signi¢cant time variations. As an example,
Fig. 18 shows the wavelet analysis of an ‘event’
that occurred at a hydrocarbon location of site 4.
Wavelets (Mallat, 1999) can be used to decom-
pose a signal into individual frequency compo-
nents at much higher time resolution than spec-
trograms. For our purposes, the wavelet kind
called ‘Morlet’ has proven to be ideal. Fig. 18
shows the coe⁄cients of the Morlet decomposi-
tion of the signal as a function of time for three
di¡erent wavelet scales, which are inversely pro-
portional to the frequency content. An event with
unknown origin (no vibrator or explosion has
been used, the environment at the surface was
quiet at this time) occurs at tW55 s, as can be
seen in all three frequency bands. Shortly after
this time, the two frequency bands around 1 and
6 Hz return to their normal (noise) amplitude
level, while the 3-Hz band shows an oscillatory
behavior. It seems to be amplitude modulated
with a time period between maxima of about
14 s and decays more or less exponentially within
about 40 s. This behavior has been observed at
several hydrocarbon locations of sites 4 and 5. Its
origin remains a puzzle, as does the modulation
time, which is too long for re£ections of the signal
between the reservoir and the surface (the ratio of
the depth to the speed in the overlying rocks is
about one second). There exists a very slow type
of wave inside the reservoir, the so-called Biot
slow wave (Biot, 1956). However, it is very
strongly damped and therefore no re£ections
within the reservoir boundaries of such waves
are expected to occur.
Fig. 19 gives another hint for the source of

hydrocarbon tremor. At site 7, one of the produc-
ing gas wells was closed or under repairs in No-
vember 1999. The ¢gure shows amplitude spectra
of the hydrocarbon tremors observed in May
1999, before the shutdown (bottom left), and in
February 2000, after the shutdown (bottom right).
The narrow peak at about 1.4 Hz is a man-made
artifact originating from a pump. In the second
measurement, the amplitude of the tremor has
increased by about one order of magnitude. At
the measurement points situated around this gas

well, the tremor amplitudes obtained by the two
measurements were equal within 10%. A separate
third campaign con¢rmed these ¢ndings. One of
the known changes occurring when a well is
closed is an increase in £uid pressure around the
well. When hydrocarbon production from a well
is going on over a long period of time, it is known
that a pronounced bottom hole pressure reduction
develops. As a consequence a reduction in the
hydrocarbon column in the vicinity of the well-
bore will be established due to either free gas
moving down or water moving up in the well
area of the oil reservoir (see Fig. 19, top). This
reduction of the hydrocarbon column associated
with production tends to vanish and the system
tries to return to the original state when the well is
shut in and the pressure builds up again due to
the £ow of hydrocarbons from distant parts of the
reservoir (Dake, 2001). Since we have not ob-
served any correlation of the hydrocarbon tremor
amplitudes with reservoir depth, to which the
pressure is more or less proportional, but a very
good correlation with the total net pay zone
thickness, we believe that the increased £uid sat-

Fig. 18. An event of unknown origin seemingly triggering the
source of the hydrocarbon tremor at a hydrocarbon location
of site 4. Using a wavelet decomposition of the signal, the
event starting at tW55 s can initially be seen in all three fre-
quency bands, afterwards only in the hydrocarbon tremor
frequency band at around 3 Hz. The remaining signal seems
to be amplitude modulated and to decay exponentially. The
time period between the maxima is approximately 14 s. The
coe⁄cient a is the scale of the corresponding Morlet wavelet
and is inversely proportional to its frequency content.
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uration is responsible for this remarkable increase
in hydrocarbon tremor amplitude.
At this stage, we believe that the main e¡ect

leading to our observation of hydrocarbon tremor
is a source, rather than a path e¡ect (Correig and
Vila, 1993). This is due to the fact that the signals
have very similar characteristics at all surveyed
sites, while the overlying geology and the depths

are quite di¡erent from site to site. The source
models proposed so far for volcanic and glacial
tremor, e.g. hydraulic transients (Lawrence and
Qamar, 1979), non-linear £uid £ow (Julian,
1994), and gas bubbles (Ripepe and Gordeev,
1999; Ripepe et al., 2002), result in spectral peaks
located at frequencies that are in£uenced by the
geometry of the £uid-¢lled conduits (Ferrazini

Fig. 19. Comparison of spectra obtained at the same gas well location of site 7 at two di¡erent measurement campaigns. The
well was open when measurement 1 (bottom left) was made in May 1999, closed in November 1999, and still closed when mea-
surement 2 (bottom right) was made in February 2000. At the measurement points situated around this well, no such discrepancy
could be observed. The narrow peak at about 1.4 Hz is a man-made artifact originating from a pump. The schematic drawing
shows the disturbance of the gas, oil and water layers due to an operating well and the resulting pressure disequilibrium, see
text.
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and Aki, 1987). Slow £uid £ow is very well pos-
sible in (even non-producing) hydrocarbon reser-
voirs. The driving mechanisms are gravity and
pressure di¡erences due to natural causes or due
to non-steady production. However, our results
suggest that the source mechanism for the hydro-
carbon tremor must be independent of the pore
geometry of the reservoir rocks (Radlinski et al.,
1999) or the geometry of fractures in the reser-
voir, since the observed spectral peaks lie within
a very small frequency range for all reservoirs
surveyed up to this time. Fluid induced seismicity
at relatively high frequencies is a well-known phe-
nomenon in porous reservoirs (Shapiro et al.,
1999), but the received signals are short cracking
events. However, £uid £ow is not the only possi-
ble source for hydrocarbon tremor. Surface ten-
sion between, for example, oil and water can lead
to oscillations of boundary surfaces (Dimon et al.,
1988) con¢ned by the pore geometry (Hilpert et
al., 2000), perhaps driven by the energy of some
of the low-frequency seismic background noise.
Of course, a synchronization mechanism would
be necessary in order to make the signals of a
large number of those single oscillators observ-
able. This would split the basic mechanism into
two parts, a microscopic oscillation/resonance and
a macroscopic synchronization of the numerous
single pore ‘resonances’ via e.g. a low-frequency
component of the background (‘synchronizing ex-
ternal wave ¢eld’). Since the size of the oil surface
increases with the thickness of the pay zone (as-
suming an otherwise homogeneous reservoir), a
possible surface tension e¡ect would agree well
with the excellent correlation shown in Fig. 16.
However, in such a mechanism a geometry depen-
dent contribution might still be involved. Un-
fortunately, the fact that our tremor data seem
to be equivalent to ¢ltered noise does not discrim-
inate between these macroscopic (£uid £ow) or
microscopic (surface e¡ects) views. Filtered noise
can be, as the name suggests, the result of ¢ltering
noise, or the result of a superposition of many
oscillations, as we constructed our arti¢cial data
above, or even transients. This last model would
be somehow similar to the one proposed by Ri-
pepe and Gordeev (1999) for volcanic tremor. As
in that case, the ¢nal spectrum may be strongly

in£uenced by the comb e¡ect given by the super-
position of the single signals.
In the proper ¢ltered noise model, the reservoir

would act not directly as a source of tremor, but
as a bandpass ¢lter acting on the seismic back-
ground noise and amplifying the observed peak
frequencies. The fact that the absolute power of
the hydrocarbon tremors depends on the level of
the environmental noise might speak for such a
¢lter e¡ect. A similar phenomenon is well known
in earthquake engineering, leading to site ampli¢-
cation of earthquake damages that can be inves-
tigated using, for example, Nakamura’s spectral
ratio method (Nakamura, 1989). However, a pre-
liminary analysis of some three component re-
cordings shows a trough instead of a peak in
the horizontal to vertical (‘H/V’) ratio in the hy-
drocarbon tremor frequency band. On one hand,
this fact might speak against site ampli¢cation;
on the other hand, it could be explained by a
di¡erent interpretation of the H/V spectral ratio
method, which is commonly used but still rather
poorly theoretically understood (Bard, 1999). In
any case, it will be a subject of future research.

6. Conclusions

In conclusion, we have observed characteristic
narrow-band tremor signals (‘hydrocarbon trem-
or’) over a large series of hydrocarbon reservoir
sites. Even though the geological properties, the
reservoir types and the speci¢c characteristics of
the seismo-acoustic background noise (‘spectro-
scopic illumination’) di¡er widely, the observed
signals possess remarkably similar characteristics,
particularly similar spectroscopic signatures, in
the low-frequency window investigated. This sug-
gests a common source or ¢ltering mechanism in-
side the reservoir zone and excludes e.g. a simple
path e¡ect.
Phenomenologically, we ¢nd a kind of signal

which appears to be very similar to known tremor
phenomena originating at volcanoes, as described
above. The so-far applied methods resemble qual-
itatively the methods applied in volcanology.
Nevertheless, it is obvious that the speci¢c signal
sources are expected to be di¡erent for volcanoes
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and hydrocarbon reservoirs despite an astonishing
similarity of the hydrocarbon tremor in terms of
signal type, properties and structure to the vol-
canic tremor.
The strong relation between hydrocarbon trem-

or properties and reservoir parameters such as the
pay zone thickness gives clear evidence that: (a)
the signal results from an e¡ect in the reservoir
itself, and (b) the described phenomenon is an
excellent from-the-surface hydrocarbon reservoir
prospection method (direct hydrocarbon detec-
tor). The presented results and arguments give
strong evidence that we are observing an e¡ective
¢ltering/mixing e¡ect in the reservoir. The ambi-
ent seismo-acoustic background noise, present
everywhere on earth with varying overall ampli-
tude, is the ‘initial supply’ of a broadband input
for this ¢ltering/mixing process. The hydrocarbon
reservoir merely leaves a spectroscopically detect-
able ¢ngerprint in this background signal.
The so-far presented results provide only a 2-D

view, thus, giving only information about ‘net’
quantities, such as the net pay zone thickness.
In stacked multi-horizon reservoir systems a
depth resolution (depth triangulation, 3-D mea-
surement) is required. We therefore plan to ac-
quire new hydrocarbon tremor data focusing on
the use of 3-component seismometers, and direc-
tion-sensitive sensor arrays (‘seismic antennas’),
which can be constructed according to the very
same design criteria as applied in volcanology re-
search (Wassermann, 1997; Saccorotti et al.,
2001). Since the wavelength of the tremor signal
inside the overlying rocks is comparable to the
depth of the reservoirs, near ¢eld e¡ects will
have to be taken into account (Stoll and Dangel,
2001), and they are expected to be signi¢cant.
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