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Abstract 
 
Pore pressures exceeding hydrostatic (“overpressures”) can play an important role in driving 
fluid flow in the subsurface. Sediments become overpressure mainly by three mechanisms: 
disequilibrium compaction, because pore fluids cannot be expelled rapidly enough during 
ongoing sedimentation and compaction, chemical reactions, including diagenesis reactions 
which release water (smectite converting to illite) and oil and gas formation from kerogen 
which implies a volumetric increase of the products and thermal expansion of water. In deep 
basins and thickly sedimented continental margins, extreme overpressures can develop and 
can play a decisive part in basin evolution and hydrocarbon migration. A range of analytical 
and numerical techniques has been developed to model patterns of overpressure. 
Overpressures can also be estimated from remote geophysical observations such as P and S 
wave velocities, but the resulting estimates can have large uncertainties. These two separate 
approaches have rarely been brought together. Here, we bring them together by developing a 
method for estimating overpressure from a disequilibrium compaction mechanism in deep 
sedimentary basins that satisfies both the geophysical observations and the constraints 
imposed by physical principles and sedimentation history. The 1D inverse algorithm 
minimizes the misfit between the observed and the predicted P wave velocity. We have 
developed a 1D forward numerical method for the calculation of pore pressure in a column of 
sediment using Athy’s law for the porosity evolution with depth and an empirical law for the 
permeability as a function of porosity. Model output has been used to estimate the P wave 
velocity in the sediment column by applying a density-P wave relationship. Then, considering 
a trial P wave profile and the calculated P wave velocity profile, the proposed inverse method 
has been applied. The methodology has been implemented in a series of synthetic problems 
allowing a good correlation between the permeability and sedimentation rate inputs in the 
forward method and the outputs from the inverse method. This inverse approach will be 
applied to data from the Eastern Black Sea Basin where the P and S wave velocity structure 
are well known from wide-angle seismic work and the lithology and sedimentation history 
are constrained by nearby exploration boreholes. The inversion algorithm is a step forward 
towards a more generalized 2D implementation including other overpressure mechanisms. 
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q  Forward Model 
The equation is formulated in material derivatives (material coordinates) where the 
reference frame is fixed on the solid grains using a Lagrangian fully compacted coordinate 
system (FCCS). The FCCS measures a sediment column where all the pores have been 
removed (zero porosity). The sedimentation rate is also applied in the FCCS. 
 
 
 
 
The equation is solved using an implicit finite difference and using four constitutive laws for 
porosity, hydraulic conductivity, compressibility and viscosity.  

q   Inverse Model 
The inverse model is solved by calculating a large number of forward models. An objective 
function H, is minimized varying the parameters Pk, surface porosity, compaction factor, 
sedimentation rate and a empirical factor controlling the evolution of intrinsic permeability 
with porosity, using Powell’s algorithm [4]. The differences between the observed and 
calculated P velocity and density profiles, and the depths of the present day layer 
boundaries are minimized until the error is below an imposed tolerance. 
 

 

 

Pore pressures exceeding the hydrostatic (overpressures) can play an important role in 
basin evolution and primary hydrocarbon migration in deep basins and thickly sedimented 
continental margins. From a more practical engineering insight, locating and quantifying 
overpressures is critical in an exploration drilling campaign in order to drill wells safely and 
economically. Sediments become overpressured by three mainly mechanisms: stress 
regime changes, including disequilibrium compaction and tectonic compression, fluid 
volume changes, including thermal expansion, smectite to illite dehydration and 
hydrocarbon generation and fluid movement. 
Overpressures can be calculated using a range of different approaches but these 
approaches have rarely been brought together:  Here, we present the results of an inverse 
technique that estimates overpressure from a disequilibrium compaction mechanism that 
satisfies both, the geophysical observations and the physical constraints imposed by 
physical principles and sedimentation history. 
Four wide-angle seismic lines have been acquired in the Turkish sector of the Eastern Black 
Sea (EBS) basin (Fig. 1).  A low velocity zone (LVZ) was identified en line 1 (Fig. 2) from 
which overpressures were estimated [1] using the Eaton method [2] and the Westbrook 
relationship [3].  
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Fig. 2. On the top right, the P velocity structure calculated for Line 1.On the bottom 
right, a 2D MCS reflection data, near-coincident with Line 1. The seismic profile is 
overlaid by λ* using the pore pressure calculated with the Eaton Method (after [1]). 

Fig. 3. A 1D plot showing the results of the inverse problem for two synthetic cases:  at the top, considering just 1 layer (4 parameters), 
and at the bottom considering 5 layers (20 parameters). The parameters in both synthetic cases have been chosen randomly. The 
forward problem results are shown as solid lines and the inverse problem as dashed lines 

Fig. 4. A 1D plot showing the results of the inverse analysis for the sedimentary structure at 250 km offset along Line 1 (red line 
Fig. 2). In solid lines the results of the observed and estimated data [1] and in dashed lines the results of the inverse problem. 
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Ø  The inverse analysis has successfully been applied to two synthetic cases and to observed data 
from the EBS basin.  

Ø  The hydraulic conductivity has been obtained from P seismic velocity data. 

Ø  Although some of the parameters recovered with the inverse analysis are different to the ones 
imposed in the synthetic models (Fig. 3 compressibility plots), the errors in P velocities, densities 
and present day thickness are small. This suggest a trade off between parameters. 

Ø  The results from the inverse model in the EBS basin suggest that the observed LVZ is linked to 
overpressures developed by a disequilibrium compaction mechanism. The overpressures would 
have been generated and controlled by the low hydraulic conductivity 10-11 m/s (Fig. 4) and the 
relatively high sedimentation rate 0.31 m/ka of the Maikop Formation. 

Ø  The overpressures obtained with our model are similar to the ones obtained with the Eaton 
method with an exponential factor of E=3.5 and the Westbrook relationship (Fig. 4). 

IA, Inverse Analysis; E, Eaton exponential factor 
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Figure 5. Final sedimentary velocity models for Lines 1, 2, 3 and 4, with 1-D comparisons at the overlap of Lines 2, 3 and 4 with Line 1. The location of the overlap between survey lines, are indicated by the
vertical, black dashed lines in the Line 1 velocity structure plot. Each set of three plots show the velocity structure contoured every 0.25 km s−1 at the top, ray coverage decimated to every 13th ray in the centre
plot, and traveltime residuals colour coded by phase at the bottom. The ray coverage and velocity structure plots are plotted with 3:1 vertical exaggeration. Red lines indicate modelled boundaries, red dots indicate
the location of every OBS, blues lines are ray paths and black dashed lines represent zero and ±200 ms error in the residual plots. In the 1-D comparison plots, Line 1 is plotted as black crosses while Lines 2, 3 and
4 are plotted as red crosses.
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Figure 5. Final sedimentary velocity models for Lines 1, 2, 3 and 4, with 1-D comparisons at the overlap of Lines 2, 3 and 4 with Line 1. The location of the overlap between survey lines, are indicated by the
vertical, black dashed lines in the Line 1 velocity structure plot. Each set of three plots show the velocity structure contoured every 0.25 km s−1 at the top, ray coverage decimated to every 13th ray in the centre
plot, and traveltime residuals colour coded by phase at the bottom. The ray coverage and velocity structure plots are plotted with 3:1 vertical exaggeration. Red lines indicate modelled boundaries, red dots indicate
the location of every OBS, blues lines are ray paths and black dashed lines represent zero and ±200 ms error in the residual plots. In the 1-D comparison plots, Line 1 is plotted as black crosses while Lines 2, 3 and
4 are plotted as red crosses.
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Figure 1. Map of the eastern Black Sea showing the location of the seismic experiment with elevation and bathymetry taken from GEBCO (IOC IHO BODC,
2003). The inset shows the location of the survey relative to the entire Black Sea. Positions of each OBS are shown as a white dot. Known locations of mud
volcanoes are taken from Krastel et al. (2003), Ivanov et al. (1996) and Kruglyakova et al. (2004), and are shown as red dots. Other major features are also
labelled and discussed further in the text.

Sea mud volcanoes has very high gas saturation, with gas content
of 80–99 per cent methane (Ivanov et al. 1996; Dimitrov 2002).
Observations from seismic reflection profiles indicate that the roots
of mud volcanoes in the Black Sea can be traced to ∼6 km depth
and into the Maikop formation (Ivanov et al. 1996; Gaynanov
et al. 1998). Clasts in the mud breccia brought up by these vol-
canoes also indicate the source is at least as deep as the Maikop
formation (Ivanov et al. 1996; Gaynanov et al. 1998; Dimitrov
2002; Krastel et al. 2003). The Maikop formation extends through-
out the Black Sea with a uniform thickness, but mud volcanism
only occurs in a few locations. The Sorokin trough is considered
the foredeep of the Crimean Alpine range (Krastel et al. 2003;
Wallmann et al. 2006), while the sediments hosting mud volca-
noes south of the Crimean Peninsula are raised by a crustal bulge
(Finetti et al. 1988; Dimitrov 2002). Both locations are experi-
encing compression, which increases the overpressure and cre-
ates faults that provide an escape for the pressurized pore-fluids
(Dimitrov 2002).

3 DATA A C Q U I S I T I O N
A N D P RO C E S S I N G

3.1 Data collection

Wide-angle seismic data were collected onboard the RV Iskatel
during 2005 February–March, using ocean bottom seismometers
(OBS) provided by GeoPro GmbH. Each OBS holds a hydrophone
and a three-component 4.5 Hz seismometer, operating at a 4 ms
sample rate. The seismic source consisted of nine Bolt Long Life
airguns towed at a depth of 9 m. The airguns were clustered so that
their bubbles coalesced, and the total source volume was 51.5 L.
Shots were triggered every 60 or 90 s from a stable clock (accurate
to within under 1 ms) that was synchronized with onboard Global
Positioning System (GPS). Data were acquired along four survey
lines (Fig. 1, Table 1) positioned coincident or near-coincident with
existing multichannel seismic (MCS) lines. Line 1 is ∼470 km
long and extends from offshore Rize, across the centre of the basin,

Table 1. Details of wide-angle seismic data acquisition.

Line Start Finish OBS Average OBS spacing Shot interval Shot spacing

1 43◦20′N 42◦15′N 31 ∼13 km 60 s 120 m
35◦34′W 40◦33′W (34)

2 41◦17′N 42◦10′N 15 ∼7 km 60 s 90–100 m
39◦05′W 39◦43′W

3 41◦35′N 42◦52′N 14 ∼12 km 90 s 150–180 m
36◦28′W 37◦30′W

4 42◦31′N 43◦08′N 17 ∼10 km 90 s 110–180 m
35◦13′W 37◦03′W
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Figure 11. Using Case 2 to represent V norm, the final pore-pressure results, estimated using the Eaton method, and corresponding λ∗ values are shown. Each
set of two plots show Pp in MPa on the top and λ∗ beneath. The Pp grids are contoured every 40 MPa (dashed lines), and the λ∗ grids are contoured at 0.4,
0.8 and 0.9 (dashed lines). Model interfaces are shown as solid black lines.

Figure 12. A plot showing the MCS reflection data, near-coincident with Line 1. The seismic data is overlaid by λ∗, calculated from Pp values estimated using
the Eaton method and Case 1 V norm. The inset shows an expanded section of the MCS data, illustrating the many small faults observed within the Maikop
formation. On both plots, the blues lines represent Top Cretaceous, Base Maikop and Top Maikop, as identified on the MCS data.

resulted from hydrofracture associated with past pressure release.
These faults do not continue above the Maikop formation, indicating
that any such hydrofracture did not propagate into the overlying
sediments.

The Maikop formation is a thick, homogenous layer of muds
rich in organics deposited through Late Eocene to Early Miocene
times. Rapid sedimentation, bypassing the margins and depositing
straight into the centre of the basin, is thought to have occurred

C© 2009 The Authors, GJI, 178, 1145–1163
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λ* is the ratio of overpressure to the 
effective stress in hydrostatic conditions 	
  

Fig. 1. Map of the EBS basin showing the 
location of the seismic survey with elevation and 
bathymetry (after [1]). 
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