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ABSTRACT

Conventional basin and petroleum systems modeling uses the ver-
tical backstripping approach to describe the structural evolution of
a basin. In structurally complex regions, this is not sufficient. If
lateral rock movement and faulting are inputs, the basin and petro-
leum systems modeling should be performed using structurally
restored models. This requires a specific methodology to simulate
rock stress, pore pressure, and compaction, followed by the mod-
eling of the thermal history and the petroleum systems. We dem-
onstrate the strength of this approach in a case study from the
Monagas fold and thrust belt (Eastern Venezuela Basin). The dif-
ferent petroleum systems have been evaluated through geologic
time within a pressure and temperature framework. Particular
emphasis has been given to investigating structural dependencies
of the petroleum systems such as the relationship between thrust-
ing and hydrocarbon generation, dynamic structure-related migra-
tion pathways, and the general impact of deformation. We also
focus on seal integrity through geologic time by using two inde-
pendent methods: forward rock stress simulation and fault activity
analysis. We describe the uncertainty that is introduced by replac-
ing backstripped paleogeometry with structural restoration, and
discuss decompaction adequacy. We have built two end-member
scenarios using structural restoration, one assuming hydrostatic
decompaction, and one neglecting it. We have quantified the
impact through geologic time of both scenarios by analyzing
important parameters such as rock matrix mass balance, source
rock burial depth, temperature, and transformation ratio.
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INTRODUCTION

Basin and petroleum systems modeling (BPSM) is essential to
petroleum exploration because it provides quantitative estimates
of the hydrocarbon charge history (hydrocarbon generation,
migration, accumulation, and respective timing) and enables
hydrocarbon volume and property predictions (Hantschel and
Kauerauf, 2009). Basin and petroleum systems modeling is also
commonly used for pore pressure prediction as an alternative to
seismic velocity—derived pore pressure prediction, especially
where the seismic data quality is poor; for example, in subsalt
and subthrust settings. Standard BPSM is, however, limited for
complex basin geometries, especially in areas with thrusting and
salt movement. In these areas, structural restoration, which
accounts for lateral rock movement caused by faulting and fold-
ing, should be applied to describe the geometrical evolution of a
basin. Recently, structural restoration methods incorporate geo-
mechanics during the restoration process while keeping a record
of the evolving strain and stress distributions (Maerten and
Maerten, 2006). The structurally restored paleogeometries (struc-
tural geometry of the basin at a given geologic time) can then be
used in BPSM, replacing the conventional backstripping method.
The integration of structural restoration into BPSM provides a bet-
ter understanding of the petroleum system’s evolution through
geologic time in complex tectonic settings. This workflow has
been successfully applied to several case studies with both two-
dimensional (2D) and three-dimensional (3D) models (e.g., Baur
et al., 2009).

The traditional stress—strain model has also undergone recent
improvements. To more accurately predict a compaction-related
decrease in porosity, lateral compressional boundary conditions
can be applied, resulting in higher horizontal stresses and pore
pressures (Hantschel et al., 2012). This advanced method replaces
the simple approach using vertical lithostatic pressure (Terzaghi,
1923), which is simply equal to overburden load. The evolution
of geomechanical properties calculated by a combined approach
of structural restoration and BPSM analysis can assist in predict-
ing fracturing and/or seal integrity through geologic time.

In this paper, we describe the theoretical background of the
concept as well as its applicability and limitations. Dynel software
for structural restoration and PetroMod (Mark of Schlumberger)
software for petroleum system modeling were applied in a com-
bined 2D basin and petroleum systems analysis workflow of the
western Monagas fold and thrust belt (Venezuela). This workflow
enabled us to describe the compaction, pressure, and temperature
history, and evolution of the different petroleum systems through
geologic time. Structural controls on the petroleum systems, such
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as the effects of thrusting on pressure and hydrocarbon generation,
dynamic structure-related migration pathways, and the general
impact of deformation are described. Additionally, we evaluated
seal integrity by analyzing simulated stresses through geo-
logic time.

GEOLOGIC SETTING

The Eastern Venezuela Basin (Figure 1A) is bounded by the
Serrania del Interior and the El Pilar fault to the north, by a dextral
strike-slip fault system at the interface of the Caribbean and South
American tectonic plates, and by the Orinoco River and the
Precambrian Guyana shield to the south (Hedberg, 1950;
Passalacqua et al., 1995; Pindell and Tabbutt, 1995). The northern
parts of the basin, the Monagas fold and thrust belt, override a less
deformed foreland part of the basin to the south.

The basin initially formed as a passive margin on the South
American shield following late Jurassic to early Cretaceous rift-
ing. During the transcollision of the Caribbean plate with the
South American plate in the late Cenozoic, subsidence became
flexural, and extensive folding and thrusting occurred in the
northern part of the basin (Figure 1B). Roure et al. (2003)
described both the geodynamic history and the stratigraphy
(Figure 1C). Cenozoic platformal and basinal facies of the passive
margin overlie the Mesozoic sediments, which include the prerift
and synrift sequences. The most recent sediments belong to the
synorogenic north-sourced depositional sequence. The principal
source rocks in the area are within the Querecual and San
Antonio Formations of the Guayuta Group (Talukdar et al.,
1988; Gallango et al., 1992; Alberdi and Lafargue, 1993). These
mudstones are characterized by type II kerogen with 2 to 6 wt%
total organic carbon (TOC) for partly highly mature samples.
Hydrogen index (HI) values are as high as 500 mg HC/g TOC.
Summa et al. (2003) suggested an initial TOC as high as 12% for
present-day values of up to 8%, with an HI as high as 700 mg
HC/g TOC. Minor source rocks exist in the Carapita Formation,
particularly in the basal part, with mixed type III/II kerogen;
Summa et al. (2003) estimated TOC up to 4.5% and an HI of
350 mg HC/g TOC. They also discussed the presence of Jurassic
and Albian source rocks in the Serrania del Interior.

Surface oil seeps and asphalt lakes are very common in this
area, and hydrocarbons have been found since the early 20th cen-
tury (Young, 1978; Carnevali, 1988; Krause and James, 1989;
Aymard et al., 1990; James, 1990, 2000a, 2000b; Erlich and
Barrett, 1992; Prieto and Valdes, 1992). In the south, heavy oil
and tar sands (Oronico Oil Belt; see Figure 1A) and conventional
oil accumulations are abundant. In the thrust area, the Furrial trend
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Figure 1. (A) Map of the Eastern Venezuela Basin showing structural elements and hydrocarbon occurrence (modified after Parnaud
et al., 1995). Solid line shows location of two-dimensional (2D) line modeled in this study. (B) Generalized north-south geodynamic
cross section of the study area (modified after Chevalier, 1987). (C) Synthetic stratigraphy of the southern foreland basin of the

Eastern Venezuela Basin (modified after Roure et al., 2003).

contains some of the world’s largest oil reserves for
basins with this type of tectonics. Many shallow oil
fields in the Eastern Venezuela Basin are located in
Neogene sandstone reservoir rocks (Las Piedras, La
Pica, Morichito, Chapapotal, Freites, and Oficina
fields). Other reservoir formations are the synoro-
genic Miocene Naricual Formation and the
Oligocene Merecure Formation, which are part of a
proximal passive-margin sequence that shales out
toward the north. The latter is the main reservoir in
the thrusted Furrial trend. In the deeper passive-
margin sequence, there are potential reservoirs in the
Mesozoic (e.g., San Juan Formation). Because of its
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shaly lithology, large thickness, and lateral continu-
ity, the synorogenic Carapita Formation is probably
the most effective seal. However, several other for-
mations have good sealing capacities, even though
not well compacted, as numerous fields at shallow
depths prove.

The first publications on the thermal history of
the Eastern Venezuela Basin were based on one-
dimensional (1D) models. Because of the com-
plexities leading to multiple sequences caused by
overthrusting, modeling was done either in the
unthrusted area or, if within the thrusted area, only
for geologic time intervals preceding thrusting
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(Talukdar et al., 1988). Summa et al. (2003) pub-
lished multiple 1D models over a large area and
extrapolated the results onto regional maturity maps
for the Guayuta Group and Cenozoic source rocks.
These maps include a hanging-wall cutoff and there-
fore do not represent the higher maturities found in
the thrust wedges. Elsewhere, the authors suggested
that most source rocks have been in the oil window
in the past. A present-day drainage area analysis of
the top Cretaceous structure map was used to describe
the southward charge from the deeper kitchen into the
foreland basin. This regional migration model
explains oil provenance and quality. Important timing
aspects, such as the relationship between the struc-
tural history and source rock maturation and expul-
sion, are described using a regional structural
restoration in conjunction with the 1D models. Parra
et al. (2011) included the thrusting effect by using a
1.5D module, mimicking lateral rock transportation
that is due to thrusting. Gallango and Parnaud
(1995) performed 2D modeling, including hydrocar-
bon migration, in the unthrusted southern area. They
also described a second model within the thrusted
area that simulates the basin history prior to compres-
sion (from the Mesozoic to early Miocene). This
model proposes long-distance petroleum migration
southward before the transpressional event, which
resulted in the observed structural complexity. In
other papers, Roure et al. (2003), Schneider (2003),
and Schneider et al. (2004) described fluid flow, pore
fluid history, and diagenetic processes in a 2D model
along a cross section parallel to the location of the
model presented here.

MODELING METHODS

To address the charge and seal history of the Santa
Barbara transect (Figure 1) in the western Monagas
fold and thrust belt, we applied a combined approach
using BPSM and structural restoration. A BPSM is a
dynamic model of the subbasin’s physical processes,
such as pore pressure and temperature evolution and
the development of the petroleum systems including
hydrocarbon generation, expulsion, migration, accu-
mulation, and preservation (Hantschel and Kauerauf,
2009). The BPSM is performed in 1D (on a well or
pseudowell), in 2D (usually along a seismic section),

and in 3D. The BPSM can also provide predictions
about seal capacity and integrity, especially if field
data are available for calibration.

In contrast to a static model, which consists
only of geometry and properties for present day
(as observed), a dynamic earth model includes
the evolution of geometry and properties. The
paleogeometry—or structural geometry of the model
at a given geologic age (or simulation time step)—is
strongly dependent on the paleowater depth (geomet-
rical boundary condition), faulting activity, the lithol-
ogy of the various layers, and their associated
compaction behavior. Approaching accurate paleoge-
ometry is crucial for achieving consistent results,
especially for fluid flow simulations. In standard
BPSM, the paleogeometries are automatically gener-
ated using a simplified restoration approach known
as backstripping (Figure 2A, B).

Geomechanically based structural restoration
uses the present-day interpreted and depth-converted
geometry of a sedimentary basin or subbasin for the
restoration of the basin structure backward in geo-
logic time (Figure 2C, D). This is done by sequen-
tially removing the syntectonic sedimentary layers
from the youngest to the oldest (the reverse of deposi-
tion), allowing unfolding and unfaulting during the
restoration (the reverse of deformation). In contrast
to the simple backstripping approach, structural resto-
ration allows much more control through additional
geometrical boundary conditions such as lateral
movement of rocks along faults or bedding slip.
Recent development has resulted in geomechanical
restoration algorithms, extending the pure geometri-
cal approach by applying physical laws of rock
deformation (Maerten and Maerten, 2006). The paleo-
geometries obtained by structural restoration are then
used to describe basin geometry through time in a
petroleum systems model.

The backstripping approach is applied to tectoni-
cally undisturbed areas and to areas where faulting
occurred much earlier than the main phase of hydro-
carbon generation (typically a sag basin or the postrift
sequence of a passive margin; Figure 2A). In basins
where extensional faulting occurred and where fault
slip has an important horizontal component (e.g., lis-
tric faults), backstripped paleogeometries show
“spiky” artifacts (Figure 2B); these paleogeometries
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(A) Noncomplex:

(B) Extensional:
Backstripping

Backstripping

(©) Extensional: (D)

Compressional:

Restoration Restoration

Figure 2. Steps for (A, B) backstripping and (C, D) structural restoration of geometries of different structural complexity. For details,
see text.

are generally not good enough for predicting prefault-
ing hydrocarbon migration, but might be acceptable
for hydrocarbon generation modeling. Here, structur-
ally restored paleogeometries are important for the
layer shape in the proximity of faults, and when
cross-fault connectivity (like sand—sand overlaps)
matters (Figure 2C). Alternatively, manual correction
of paleothickness can be done. In halokinetic settings,
backstripping is generally superimposed by simple
salt reconstruction workflows (area balancing and
extrapolation). Structural restoration should also be
considered if salt movement results in geometries that
are more complex. In any case, thermal modeling in
the vicinity of salt is difficult due to its extremely
high thermal conductivity. In areas with overthrusting
or overturned folds (Figure 2D) with multiple strati-
graphic sequences, typically a fold and thrust belt,
backstripping fails completely because lateral rock
movements are missing. In the latter case, paleo-
geometries need to be generated by means other than
backstripping (from simple conceptual drawing to
true structural restoration).

Paleogeometries generated from structural
restorations can be loaded into BPSM software as an
alternative to performing a calculation from back-
stripping. Meshing is done section per section (time
step per time step), and tracking of cells from one sec-
tion to the other is following rules described in
Hantschel and Kauerauf (2009). For the ages corre-
sponding to the paleosection, the basin geometry is

fixed; it is not a function of compaction-controlled
forward modeling as is the case when using back-
stripping. The BPSM simulation is restricted to the
calculation of properties such as porosity, overpres-
sure, temperature, vitrinite reflectance (R,), and
source rock maturity, which populate the fixed paleo-
geometries, as well as hydrocarbon migration. These
compaction-controlled results are not used to adjust
the depositional amounts and to correct the paleoge-
ometry as done in the backstripping approach, and
consequently geometry optimization cannot be
performed. The possible difference between the
compaction-law-controlled porosity change and the
predefined geometry change is indirectly compen-
sated by the corresponding adjustment of the solid
grain mass.

When paleogeometries are used for basin analy-
sis and BPSM, some factors become very important.
Restoration must focus toward a best estimate paleo-
water depth, because changes in slope directions and
topography can largely affect fluid flow. Erosion
should be estimated and reconstructed, and many
geologic events need to be taken into account to
increase the resolution through time for dynamic
modeling. The sediment thickness must be corrected
in geologic time for decompaction. All these factors,
which are common sources of uncertainty, are critical
for a geologically meaningful restoration.

Because of the optimization method just
described, adequately decompacted paleogeometries
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are required from structural restoration. Inadequate
decompaction can produce large errors, resulting in
an unbalanced mass of solid rock matrix, underesti-
mated source rock paleoburial depth, and deviated
paleomigration paths related to differential compac-
tion. However, it is difficult to define adequate
decompaction. As a rule of thumb, in normally pres-
sured clastic basins where the main compaction
driver is linearly increasing effective stress, simple
hydrostatic decompaction laws, such as those
described by Athy (1930), can be used for restoration.
In cases of abnormal pressure (overpressure), hydro-
static decompaction overestimates the effective
stress, or underestimates porosity, and might fail to
the same degree as restoration neglecting decompac-
tion. One might be scaling normal decompaction
curves wherever regional overpressure occurs and
has occurred. In basins with complex erosion, pres-
sure, and diagenetic histories, optimization loops
(using BPSM simulated properties for optimized
decompaction in second restoration) might be
necessary. Any sort of decompaction in a carbonate-
dominated environment, where compaction is gener-
ally less understood because of the effect of mineral
transformations and cementation, is subject to much
larger uncertainty. The question of whether to use
hydrostatically decompacted or nondecompacted
structurally restored paleogeometries is discussed in
the section on uncertainty analysis.

MODELING

Prior to structural restoration, we performed several
1D simulations. These generated erosion and paleoal-
titude estimations for structural restoration and
provided a calibration for the 2D model. One-
dimensional modeling also gave the first information
on hydrocarbon generation and timing to identify
the period of first source rock maturation (“critical
moment” as defined by Magoon and Dow, 1994).
This is very important because prior to structural
restoration, its identification indicates when addi-
tional time steps are needed to increase time resolu-
tion for critical time intervals so that the active
petroleum system can be dynamically modeled in an
adequate way. However, for simulation, regular time

steps are needed not only during the critical moment,
but also for the entire basin history.

Structural Restoration

The following section describes our structural resto-
ration results, shown in Figure 3, of the post-rift
structural evolution of the Monagas fold and thrust
belt. It can be divided into three main steps.
(1) From the Mesozoic to Oligocene, the Monagas
area formed parts of the northern passive margin of
the South American shield (Figure 3A). The sub-
sidence driver was mostly thermal cooling and iso-
static load, with only a few normal faults. The
sediments were sourced by the craton in the south.
(2) In the early Miocene, the margin experienced
compression from the transcollision with the
Caribbean plate (Figure 3B). Two major normal
faults that formed during rifting were inverted in the
course of the collision, generating the regional
Furrial and Pirital thrusts. Synorogenic deposits were
covered by the thrusted allochthon, and intramontane
piggyback basins were formed. With increasing uplift
and erosion (middle Miocene, Figure 3C), their sedi-
ment fills were redeposited to form the important syn-
tectonic Oficina and Carapita Formations south of the
thrusts. (3) From late Miocene on, the late compres-
sional phase started. Figure 3D shows the present-
day structure of the Monagas fold and thrust belt
(2D model crossing the Santa Barbara field).
According to our restoration, the total shortening on
the section, accommodated by the thrusts during the
compression, is around 40 km (24.86 mi), which cor-
responds to 35%. It is important to note that the Pirital
thrust was active until late Miocene, as indicated by
the fault displacement analysis (Figure 4). These late
tectonic movements might have an important effect
on the seal integrity of prospects that are in the vicin-
ity of the thrust.

Model Input Data

Table 1 shows geologic ages, lithologies, and petro-
physical parameters that were assigned to our 2D
model. For the main source rocks (Querecual and
San Antonio Formations), a type II B kinetic was
assigned (Pepper and Corvi, 1995). As a base case,
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Figure 3. Structural evolution of the Monagas fold and thrust belt demonstrated by structural restoration: (A) Passive margin stage
(until 23 Ma). (B) Early compression stage (21 Ma). (C) Late compression stage (12 Ma). (D) Present day. For details, see text.

we assumed a constant initial TOC of 6 wt% and an
initial HI of 500 mg HC/g TOC. However, because
initial TOC and HI were estimated from present-day
measured values, these initial values are highly uncer-
tain. In addition, there is both lateral and vertical vari-
ability within the layer; even though locally very high
source rock potential is likely to occur, a bulk TOC
and HI need to be assigned to the model cells. For
these reasons, several models with different initial
TOC have been run, and their sensitivity to the mod-
eled charge is discussed below. Faults were set open

to fluid flow in the course of their main kinematic
activity, which is estimated by fault displacement
analysis of the structural restoration models. After
their main activity phase, faults are assumed to be
closed. Fault permeability was also a varying param-
eter in the sensitivity analysis discussed below.
Thermal boundary conditions are given in Table 2.
Surface temperature ranges between 23 and 30°C
(73.4 and 86°F) through geologic time, with a
present-day average temperature of 28°C (82.4°F).
These temperatures at sea level have been corrected
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Table 2. Basin and Petroleum System Modeling (BPSM) Input
Parameters: Thermal Boundary Conditions

Sediment/Water
Interface
Temperature (°C) Basal Heat
Flow

Age (Ma) min max Age (Ma)  (mW/m?)
0 28 28 0 42
2.6 28 28 30 60
53 7.6 23 34 70
8 18.4 23.1 50 50
10.5 6.2 23.3 107 60
12 3.1 23.8 145.5 80
15 5 24.2 260 60
19 5 24.7
23 234 25
27 7.8 235
339 94 23.6
65.5 14.6 28.3
145.5 14.8 28.7
255 5 23.9

by the influence of the paleowater depth using the
approach of Wygrala (1989). Because of the high
topographic elevation of approximately 3500 m
(11,500 ft), the maximum altitude during the past
compressional phase, we adjusted the model, taking
into account a temperature decrease of 6°C/km (3.3°
F/1,000 ft) related to the paleoaltitude. This results
in a difference of up to 20°C (36°F) compared to sea-
level temperature. We then assigned the adjusted
sediment/water interface temperatures to the model
as the upper thermal boundary condition. At the base
of the model, we assigned a heat flow ranging from
42 to 80 mW /m? through geologic time. The highest
heat flow is assumed during the rifting event, before
the basin cooled as a passive margin. A thermal event
in the Eocene, detected by fission track analysis
(Locke and Garver, 2005; Perez de Armas, 2005),
has been addressed by a second peak before a second
cooling phase. For uncertainty analysis, basal paleo-
heat flow has been varied within geological meaning-
ful ranges and the thermal calibration data has been
honored as much as possible.

Modeling Results

Basin and petroleum system modeling can be divided
into simulation of the physical parameters within a
basin, such as pressure and temperature (basin model-
ing), and the subsequent evolution of the source rocks
and their derived hydrocarbon compounds (petro-
leum systems modeling). In the following sections,
we use this subdivision to describe the BPSM results:
compaction modeling, thermal modeling, and charge
history. It is important to state that these are predic-
tions based on forward modeling as just described.
The results are compared and calibrated to actual
measurements and observations, where available.

Compaction Modeling

Figure 5 presents an extraction of the modeled results
at the location of Well Alpha in the Furrial Trend. In
the absence of direct calibration data for pore pres-
sure, we undertook a sensitivity analysis to test the
different scenarios. Using the model, we tested how
pore pressure in the main reservoir of the Furrial
Trend reacts to changes in fault and seal-rock per-
meability. In a first step, fault permeability has been
evaluated. Faults were assumed open during the main
fault activity phase and closed afterward. In addition,
we performed several variations from that base case
scenario. Figure 5A shows the effect of two end-
member scenarios on pore pressure within the main
reservoir of the Furrial Trend (Santa Barbara field) in
which faults have been modeled to be either open or
closed since their formation. A third scenario consists
of thrust faults that are open during the compressional
phase (from 15 Ma on), and closed afterward (from
10.5 Ma on). This scenario has been chosen as the
“master scenario” because it results in overpressure
of 23 MPa, which is in the range of pressure reported
in similar structures of the Furrial Trend by Schneider
et al. (2004). In addition, this pressure scenario
matches the calibration data for porosity (Figure 5B).
The 2D distribution of modeled overpressure at
present day is shown in Figure 6 A. Apart from
important overpressure in the Querecual Formation,
the allochthon is almost normally pressured. The
thrust wedge is overpressured, especially in the
low-permeability Carapita Formation. Although
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Figure 5. Plots of one-dimensional model output and available calibration data for Well Alpha (Table 3); (A) Dotted lines are hydro-
static and lithostatic pressures, continuous lines are pore pressure; the master scenario is in black (a1: faults closing at 10.5 Ma) and
additional scenarios in gray (a2: open faults; a3: closed faults); (B) modeled porosity; (C) borehole temperature, and (D) R,. The black
line shows the master scenario and the gray line the alternative high-heat-flow scenario. Bold lines in the stratigraphic column are

thrusts (T) and unconformities (U).

Table 3. Calibration Data for Well Alpha (Porosity, Temperature, R,)

TVD (m) Porosity (%) TVD (m) Corrected Temperature (°C) TVD (m) Vitrinite Reflectance (%R,)
4350 15 600 40 400 0.26
4400 15 1100 53 1200 0.48
4800 10 1800 68 1485 0.68

4400 131 1700 0.39

4800 133 2900 0.48
3100 0.49
3400 0.49
4000 0.5
4300 0.52
4800 0.6

the autochthon is highly overpressured, close to
normal hydrostatic pressures are simulated in the
foreland basin. The discussed model assumption of
closed faults in the postcompressional phase results
in a regional pressure compartmentalization.

The simulated pressure evolution through geo-
logic time can be seen in Figure 7A. A time extraction
of a source rock cell in the thrust wedge shows a sud-
den increase of both lithostatic and hydrostatic pres-
sures that is a consequence of the tectonic burial

load associated with the thrusting. In addition, the
modeled pore pressure buildup, even though delayed
in time, can be directly linked to the thrust event. It
can be clearly seen that the timing of fault permeabil-
ity directly impacts changes in the present-day pore
pressure. The earlier the faults close, the more over-
pressure, generated by the massive syntectonic sedi-
mentation, is kept until present day, given adequate
sealing lithologies are present. The present-day over-
pressure is modeled as14 MPa when the faults are
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Figure 6. Two-dimensional model at present day with (A) modeled overpressure and (B) modeled thermal maturity and isotherms.

Source rocks marked by lithology pattern.

open since 8 Ma, as 23 MPa for 10.5 Ma, and as
37 MPa for 12 Ma. Compared to this order of magni-
tude, changes in the permeability of the overlying
Carapita shale are negligible for the pore pressure.
Therefore, the controlling parameter for pore pressure
in the main reservoir of the Furrial trend is assumed
fault permeability and resulting lateral connectivity,
rather than the permeability of the seal rock.

Thermal Modeling

Modeled temperature and thermal maturity
(Figure 5C, D) have been calibrated with available
well data. Some discontinuities in the modeled R,
trend are noted (Figure 5D): The upper kinks (e.g.,
base Pliocene) are related to unconformities with
associated erosion, and the lower one (base Upper
Cretaceous) is due to the well penetrating a reverse
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fault displacing mature rocks upon less mature ones
(see Figure 6B for 2D view). There is a mismatch
between the modeled R, trend and the data in the
deeper part of the well. In the Oligocene rocks, the
modeled temperature is too low (2°C or 3.6°F),
whereas the modeled R, is too high (up to 0.2% R,).
Any attempt to reduce the modeled R, (e.g., by
changing thermal conductivity of the Miocene
Carapita Formation) also results in a lower modeled
present-day temperature. Therefore, the thermal sce-
nario used for this calibration is a trade-off between
matching present-day temperature and R, (using the
kinetics of Sweeney and Burnham, 1990). The basal
heat flow assumed in the master scenario (Table 2)
results in a modeled present-day surface heat flow
ranging from 37 mW/m? in the southern part of the
thrusts to 52 mW/m? in parts of the uplifted area.
At the same depth, the allochthonous northern part
is thermally more mature than the southern autochthon
(Figure 6B) because of the recent uplift. Locally
inverted trends around the thrusts can be observed;
for example, at the location of Well Alpha (see
Figure 5D). In the autochthon, the Upper Cretaceous
source rocks are entirely in the oil or even gas window
at present day because of the Neogene tectonic loading
and synorogenic deposition. In the northern alloch-
thon, most of the Upper Cretaceous source rocks have
been in the oil window in the past. The modeled ther-
mal maturity is in good agreement with the regional
maturity suggested by Summa et al. (2003).

Similar to the pressures, the thrusting also affects
the modeled temperature and R,,. In the thrust wedge,
a direct relationship exists between the thrusting and
the increase of temperature and maturity. The thrust-
ing is the trigger for source rocks entering the oil win-
dow within the thrust wedge (Figure 7B), and the
present-day thermal maturity has been reached since
the last 10 Ma. Although this recent thermal history
can be considered as relatively well constrained by
the measured R, in the calibration well, this does
not apply to the past. In this thrusted area, any ther-
mal maturity reached prior to the thrusting onset has
been “overprinted,” and therefore no thermal calibra-
tion is possible for this period. However, the
Cretaceous source rocks were not buried deeply dur-
ing the passive margin phase, and even very hot sce-
narios (basal heat flow of 100 mW/m?) do not

significantly change their maturity (Figure 7B). In
the uplifted allochthon, several wells show low
(0.3%) to moderate (1%) measured R, (Parra et al.,
2011). Because the allochthon experienced its maxi-
mum burial and the highest temperatures during the
passive margin phase, these maturity levels can be
assumed as representative of the maturity prior to
the compression. In contrast to the thrust wedge, the
consequence of the thrusting is inverse for the alloch-
thon (Figure 7C) as the hanging wall is uplifted and
the accompanying erosion removes the overburden.
The highest temperatures are simulated to have been
reached just before the thrusting event. Then temper-
ature decreased, and R, stagnated, leaving the source
rocks in the early mature zone until present day. The
assumption of a regionally relatively homogeneous
thermal field during the cooling phase of the passive
margin in combination with the relatively low matur-
ities measured in the uplifted allochthon makes the
hot heat-flow scenario unlikely. However, a laterally
varying heat flow cannot be excluded, and the conse-
quently hotter paleoheat flow would have led to much
higher temperatures prior to compression, resulting
also in a higher present-day maturity level (1.4%),
despite the uplift (Figure 7C). Any variations of basal
heat flow during the rift period (Late Jurassic to Early
Cretaceous) occurred too early to affect the maturity
of the source rocks deposited during the late
Cretaceous.

Charge History

After calibration of the basin’s physical environ-
ment, the evolution of the petroleum systems was
modeled. Hydrocarbon generation was simulated
through geologic time using the activation energy
distribution of the assigned source rock kinetics.
From the moment of hydrocarbon expulsion
onward, secondary migration was modeled using
the invasion percolation method (Wilkinson, 1984).
It takes into account the geometry, overpressure gra-
dient, and capillary entry pressures of the rocks,
which are opposed to the buoyancy of the migrating
oil and gas. Figure 8 shows the time evolution of the
total study area, and Figure 9 focuses on the thrust
wedge. As already mentioned, the described charge
history is based on forward modeling. It is consistent
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with the modeled compaction and thermal history,
and therefore shows one scenario that explains the
charge of the Santa Barbara field and the foreland
basin. Simplifications are inherent to any such work-
flow and shall be considered when analyzing the
modeling results.

Passive Margin Phase—Mesozoic to
Oligocene

Modeling results indicate that already during the Late
Cretaceous, any Jurassic source rocks potentially
deposited in the northern part of the section (Summa
et al., 2003) have reached temperatures of more than
200°C (392°F) and corresponding high levels of matu-
rity. However, the temperature at the base of the
Querecual Formation (Upper Cretaceous) was less
than 100°C (212°F), leaving the kerogen immature.
The source rock became effective only during late
Eocene, with temperatures of up to 120°C (248°F)
and a (reactive kerogen to hydrocarbon) transforma-
tion ratio (TR) of more than 20% in the deeper distal
part of the passive margin. Oil was quickly expelled,
migrated vertically, and seeped to the surface because
of the general lack of seals in the overburden. During
the Oligocene, the time of deposition of the Merecure
reservoir sandstones in the southern platform, this sit-
uation did not change apart from increased transforma-
tion in the deeper basinal part of the passive margin.
First oil accumulations are modeled in the Vidofio
sandstones in the basinal part in the late Oligocene
(Figure 8A), in which the base of the Querecual
Formation shows TRs of up to 60% at around 130°C
(266°F). In the proximal part, there is no hydrocarbon
generation. Although there is a general northward
tilting slope, no southward migration from the distal
margin is modeled; this has been checked using
different migration methods including Darcy flow,
with scenarios of continuous intrasource carrier beds.
This is in contrast to the studies from Gallango and
Parnaud (1995) and Schneider (2003), who suggested
lateral migration at that stage. The difference could
be explained by the presence of a regional top seal in
their models. However, our model suggests that the
shallow rocks do not have sufficient sealing capacity
to allow lateral hydrocarbon migration. During the
passive-margin phase, the basin was normally

pressured (Figure 7A), and simulated stresses have
not yet resulted in any fracturing at that stage.

Main Compressional Phase—Early to Middle
Miocene

With the onset of compression during early Miocene
(Figure 8B), both the Pirital and Furrial thrusts were
formed, and the northern distal part of the passive
margin was rapidly uplifted. Important overpressures
as well as mechanical rock failure, both the result of
the rapid uplift, are simulated in the allochthon.
Despite this uplift, the kerogen-to-hydrocarbon trans-
formation continued, and the rate even increased
locally close to the footwall cutoffs and where syn-
orogenic deposition provided rapid overburden load-
ing. Oil accumulations are modeled in the freshly
created anticlines.

The tectonic—sedimentary wedge between the
two main thrusts experienced very rapid burial. In
fact, the Upper Cretaceous source rocks were brought
into depths where temperatures were as high as
185°C (365°F) at 19 Ma and 225°C (437°F) at
15 Ma. Especially close to the cutoff of the Pirital
thrust, they very quickly reached a high maturity at
19 Ma and reached full transformation in most places
at 12 Ma. The expelled hydrocarbons migrated into
the sandstones of the Merecure Formation, which were
sealed by the Carapita Formation. The charge toward a
series of recent anticlines is modeled by the fill-to-spill
mechanism from north to south (Figure 9C, D). After
the first oil fill, the northern prospect quickly received
a local gas charge; the central structure contained
mainly oil. Note the presence of a lateral seal that is
due to sand—shale juxtaposition. The southernmost
structure, which forms the Santa Barbara field today,
was charged by oil only at 15 Ma (Figure 9D).

The generated hydrocarbons in the southern
autochthon were leaking to the surface until the
Carapita Formation was compacted enough to hold
some of them (Figure 8C). At 12 Ma, the wedge
source rocks were mostly spent, but expulsion was
still ongoing. Important rock failure is modeled to
have occurred in the thrusted footwall, breaking the
formerly sealing Carapita Formation (Figure 10).
This is in good agreement with cemented hydraulic
fractures observed in a few cores in the Carapita
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rock layers, isotherms, and liquid and vapor migration and accumulation.
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shales from the Furrial Trend (Roure et al., 2005).
This important fracturing event resulted in the
destruction of the modeled accumulation (Figure 9E).
Hydrocarbon generation and expulsion were also
happening in the southern foreland basin at transfor-
mation ratios of up to 30%.

Figure 8. Continued.

Late Compressional and Postcompressional
Phase—Late Miocene to Present Day

The late compressional phase was marked by the par-
tial destruction of the allochthonous petroleum systems
by erosion (Figure 8E, F). Many traps disappeared and
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Figure 9. Detail of two-dimensional
model through geologic time (see

Figure 8), showing modeled transforma-
tion ratio for the source rock layers, iso-
therms, and liquid and vapor migration
and accumulation. The Santa Barbara field
and the prospect are shown by ellipses.

0 25 so 75
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Vapor
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the hydrocarbon generation within the source rocks
stopped. The erosion triggered an important sediment
transfer toward the south, contributing to further burial
and increased temperatures in the thrust wedge and the
foreland basin. During late Miocene, the petroleum
system in the wedge matured. An important northward
tilting was triggered by flexural tectonic loading and
the loading of syntectonic sediments (Summa et al.,
2003). In combination with the presence of an effec-
tive regional top seal, the compacted Carapita
Formation allowed a change from dominantly vertical
migration into lateral migration. First, accumulations
are modeled in the Neogene synorogenic sequence

1344

100

Gas
components

Oil
components

reservoirs in the south, and important southward
migration toward the foreland basin started
(Figure 8G). These trends continued through Pliocene
and Pleistocene times to present day, filling the
Onado field (Figure 8H) and other known fields in
the south (Figure 1A) of the Eastern Venezuela Basin.

Prospectivity

We modeled the charge of the Santa Barbara field in
the Furrial Trend and of the Onado field in the fore-
land basin (Figure 8H). Other prospects in the thrust
wedge were also investigated. The structure called

Integrated Charge and Seal Assessment, Monagas Fold and Thrust Belt, Venezuela



SSE Santa Barbara field

Stress to failure [MPa]

-5 0 10 20
INNENNREE  COREEEMR
Paleogene Neogene
U Crt. Plc. | Eocene | oli. [miocene |

Source rock deposition

Reservoir rock deposition

NNW

Prospect

P Neogene
UcCr. Plc. | Eocene | Oli. |miocene |
Source rock deposition

Reservoir rock deposition

Seal rock deposition

Seal rock deposition

Trap formation
Seal effectiveness
Generation and expulsion

Trap formation
Seal effectiveness
Generation and expulsion

Migration Migration
Critical moment Critical moment |
T | .
100 50 0 100 50 0
Time [Ma] Time [Ma]
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for shear stress), and petroleum system events charts for the Santa Barbara field (left) and the prospect (right). Model predicts rock fail-

ure in the prospect from about 12 Ma. For further details, see text.

“prospect” (Figure 9G) looks similar to that of the
Santa Barbara field because both are anticlines and
the reservoir and seal formations are the same.
However, they differ in several aspects. First, the
prospect is in the vicinity of the Pirital thrust, which
presents a high risk of impacting the seal integrity.
The prospect location is directly below the area where
we presume the maximum of late tectonic activity
occurred (Figure 4). As modeled, the Carapita
Formation, the seal of the prospect, was already brit-
tle when this deformation occurred. Calculated
stresses also predict rock failure from 12 Ma onward
(Figure 10). Even though charge continued, our
model suggests continuous leakage of the structure
(Figure 9E-G). The second major difference is that
the source rock in the fault block of the prospect is
modeled to have already started generating and expel-
ling hydrocarbons during the Oligocene and early
Miocene (Figure 9A), before the trap formed and the

seal became effective (Figures 9C, 10). Even though
generation, expulsion, and migration continued after
trap formation, the prospect was not charged with
the earlier expelled oil. In addition, the present-day
maturity of the source rocks within the prospect’s
fault block is higher than in the source rocks within
the tectonic block of the Santa Barbara field, poten-
tially indicating expulsion of more gas. A south-
north trend can be seen on the modeled accumulation
composition, with more gas toward the allochthon
(Figure 9). The modeled composition of the prospect
prior to seal failure was much richer in gas than in
the neighboring Santa Barbara field (Figure 9D). In
fact, simulation scenarios with unbreached seals
resulted in accumulation of predominantly gas. The
combination of both seal integrity and charge compo-
sition concerns makes this a risky prospect. In addi-
tion, potential diagenetic fluids related to the fault
fluid flow might have altered the reservoir quality.

NEUMAIER ET AL. 1345



Apart from the Onado oil field, only minor accu-
mulations are modeled in the southern Neogene syn-
orogenic sequence. The proportion of gas is higher
than in the Furrial trend. The accumulations at the
southern model edge are a modeling artifact, repre-
senting hydrocarbons (mainly oil) that in reality are
thought to have charged the southern foreland basin
(from mid to late Miocene times to present day).
However, parts of the migrated oil and gas could have
been trapped in the Upper Cretaceous San Juan
Formation south of the horst structure.

The potential for conventional hydrocarbon accu-
mulations in the allochthon is very limited by the
important fracturing that occurred during the uplift
period. The basal sandstones of the Morochito piggy-
back basin north of the Pirital thrust are not charged
in our 2D model because of the absence of structural
traps. Nevertheless, there is a potential for strati-
graphic traps to have been charged as migration
through the basin occurred. However, seal strength
might be critical at this low-compaction stage. The
same applies for the Las Piedras Formation. We think
there might be potential for shale oil because the
Querecual Formation is at shallow depths but shows
maturity within the oil window. From the thermal
maturity point of view, any potential Jurassic source
rocks, as discussed by Summa et al. (2003), might
be a gas source or shale gas target.

UNCERTAINTY ANALYSIS

There is often significant uncertainty in basin geom-
etry and depth of stratigraphic horizons based on
uncertain seismic interpretation and velocity models
(Kukla et al., 2000; Brandes et al., 2008; Baur et al.,
2010). Restoring of present-day geometries to obtain
paleogeometries adds further uncertainty. Additional
uncertainty is related to thermal boundary conditions
such as paleoheat flow (Beha et al., 2008), and to
geochemical properties such as source rock character-
istics and petroleum generation kinetics, and calcula-
tion of biodegradation and petroleum density
(Blumenstein et al., 2008). In addition to the pore
pressure and thermal sensitivity analysis just
described, we varied initial TOC within a range of
2% to 10%. A variation of initial TOC obviously

directly scales the amount of initial kerogen available
for transformation into hydrocarbons. Neither the
charge volume nor composition of the Santa Barbara
field, nor the wedge prospects are significantly sensi-
tive to variation of initial TOC; these traps are filled
to spill in each scenario. However, the amount of
hydrocarbons charging the foreland basin (e.g., the
Onado field) is reduced in the case of low initial
TOC. A high initial TOC only increased the modeled
amount of surface seepage. The sensitivity of the ini-
tial HI is analogous to the sensitivity of the ini-
tial TOC.

In addition to the more classical uncertainty
and sensitivity analysis described, we focused on
quantitative analysis of the decompaction uncer-
tainty when performing structural restoration. This
uncertainty is particular to the applied workflow
of using structurally restored paleogeometries in
BPSM. Note that this uncertainty is significantly
lower when using the backstripping method with
the optimization algorithms discussed. One method
to analyze the adequacy of the decompaction
method is comparison of the output rock matrix
mass balance. In the backstripping approach, the
rock matrix mass is kept constant of a model cell
with a simulated decrease in porosity controlled
by compaction laws and the corresponding reduc-
tion of the layer thickness. When using fixed pale-
ogeometries from structural restoration, the cell
thickness is imposed. However, the decrease in
porosity is calculated, and the mass is adapted to
fit the imposed cell thickness. That means that the
rock matrix mass is constant only if ideal decom-
paction has been applied.

Figure 11A shows the percentage variation from
the present-day matrix mass (100%) of a given source
rock cell through geologic time. The dotted line rep-
resents the ideal case with constant rock matrix mass.
We used two end-member decompaction scenarios to
describe the decompaction-related uncertainty that is
introduced when fixed paleogeometries replace back-
stripping: idealized hydrostatic decompaction assum-
ing no overpressure and idealized lithostatic
decompaction assuming no effective stress (no
decompaction, resulting in constant cell thickness
through time). In the latter case, with decreasing
porosity during compaction, the rock matrix mass
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Figure 11. Time extractions for comparison of two end-member decompaction scenarios (see Figure 6 for location): (A) Rock matrix
mass conservation through geologic time. (B) Source rock burial depth through geologic time. (C) Temperature and transformation ratio

through geologic time.

increases until it reaches the present-day mass. In
other words, rock mass matrix has been highly under-
estimated in the past (in this particular case by more
than 20%). This is a source rock, so the kerogen mass
decreases by the same factor. This yields an underes-
timation of more than 20% in TOC! Note the rock
matrix mass is constant for time steps prior to
23 Ma, in which backstripping optimization could
be performed toward the earliest paleogeometry. For
the second end-member scenario of idealized hydro-
static decompaction, the rock matrix mass is nearly
constant, which is a good decompaction adequacy

indicator for that given cell in the model. However,
the so-measured adequacy changes throughout the
model. In some areas, the rock matrix mass has been
underestimated by about 50% for nondecompacted
paleogeometries; however, in the case of hydrostatic
decompaction, values generally range from 80% to
120% of the present-day rock matrix mass. That
means, in this particular case, that hydrostatic decom-
paction is more adequate (or less wrong) than no
decompaction at all. The decompaction adequacy
can be roughly correlated with pressure changes
through geologic time.
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Inadequate decompaction results in wrong depth
for stratigraphic horizons in the paleogeometries.
Figure 11B shows the burial depth of the same inves-
tigated source rock cell. We can see that during the
passive margin phase, there is a slight difference in
paleoburial depth for the two end-member scenarios.
During the compressional phase, the difference
changes dramatically, reaching more than 1000 m
(3281 ft) in some places. Toward present day, both
curves meet again, because the input to the two resto-
ration scenarios was the same (identical present-day
burial depth). This difference in compaction calcula-
tion has severe implications on the modeled tempera-
ture history and the kerogen-to-hydrocarbon
transformation (Figure 11C). For an identical thermal
framework in terms of modeling input parameters,
temperature differences of up to 25°C (45°F) result
in TR differences of more than 20% in the early com-
pressional phase before TR values meet again for the
present-day situation.

CONCLUSIONS

Structurally complex areas are attracting increasing
interest in hydrocarbon exploration. Exploration risk
can be substantially narrowed by analyzing the his-
tory of the basin and its petroleum systems based on
structural evolution. We presented a further progress
in technology that allows the integration of structural
restoration and BPSM. This combined analysis is
seen as a way forward to improve modeling in thrust
belts with stacked stratigraphic sequences. Despite
limitations of nonoptimized decompaction, which
are added to the general uncertainty related to the
individual methods, we modeled the charge and seal
history of the Monagas fold and thrust belt in
Venezuela. Calibrated porosity, temperature, and
thermal maturity, as well as basin-scale stress, pro-
vided the regional framework through geologic time
in which the petroleum systems evolved such that
the charge of the known Santa Barbara and Onado
fields and other trends could be understood. We dis-
cussed seal integrity of a potential exploration pros-
pect by analyzing structural restoration-derived fault
displacement through geologic time and an advanced
stress forward simulation. The uncertainty of using

decompacted or nondecompacted structural restora-
tion has been assessed. It can have important influ-
ence on rock matrix mass balance through geologic
time, paleogeometry, and paleoburial depth, and
therefore affect paleotemperatures and paleomatur-
ities. We conclude that decompaction assuming
hydrostatic pressure is the best option in that particu-
lar case.
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