
AUTHORS

Mark Person � New Mexico Tech, Depart-
ment of Earth and Environmental Sciences,
801 Leroy Place, Socorro, New Mexico 87801;
markaustinperson@gmail.com

Mark Person received his Ph.D. from the De-
partment of Earth and Planetary Sciences at the
Johns Hopkins University in 1990. He is cur-
GEOHORIZON

Hydrodynamic stagnation
zones: A new play concept for
the Llanos Basin, Colombia
rently a professor of hydrogeology at New
Mexico Tech in Socorro, New Mexico. He is
Mark Person, David Butler, Carl W. Gable,

a director of Petroleum Hydrodynamics Inter-
Tomas Villamil, David Wavrek, and Daniel Schelling

national, LLC, and an editor of the journal
Geofluids.

David Butler � New Mexico Tech, Depart-
ment of Earth and Environmental Sciences,
801 Leroy Place, Socorro, New Mexico 87545;
dbutler@nmt.edu

David Butler received his B.S. degree in earth
and environmental science from the New Mexico
Institute of Mining and Technology in 2011. He
is currently a master’s student in hydrology at
New Mexico Tech in Socorro, New Mexico. His
interests include basin-scale ground-water
modeling, geothermal exploration, and carbon
sequestration.

Carl W. Gable � Earth and Environmental
Science Division, Los Alamos National Labora-
tory, Los Alamos, New Mexico; gable@lanl.gov

Carl W. Gable received his Ph.D. in geophysics
from Harvard University in 1989. He is currently
the group leader of the Computational Earth
Sciences Group at Los Alamos National Labora-
tory. His research interests include mesh gener-
ation and model setup for geologic applications,
computational hydrology, and computational
geometry.

Tomas Villamil � Grupo C and C Energía,
Carrera 4 N 72 35 Piso 8-Bogota, Colombia;
tvillamil@ccenergy.com.co

Tomas Villamil received his B.S. degree in geology
from the National University in Bogotá. He re-
ceived a Ph.D. in geology from the University
of Colorado at Boulder. He was a postdoctoral
fellow at the University of Colorado and Dart-
ABSTRACT

Hydraulic heads from a calibrated, three-dimensional, constant-
density, ground-water-flow model were used to compute
Hubbert oil potentials and infer secondary petroleummigration
directions within the Llanos Basin, Colombia. The oil potentials
for the C7 reservoir show evidence of the development of two
hydrodynamic stagnation zones. Hydrodynamic effects on sec-
ondary oil migration are greatest in the eastern Llanos Basin,
where structural slopes are lowest and local hydraulic-head
gradients drive ground-water flow westward down structural
dip. The Rubiales field, a large oil reservoir within the eastern
Llanos Basin with no structural closure, is located at the edge
of one of these stagnation zones. This oil field hosts heavy oils
(12° API) consistent with water washing and biodegradation.
The best agreement between model results and field condi-
tions occurred in an oil density of 12° API, suggesting that the
Rubiales field position is in dynamic equilibrium with modern
hydraulic and oil density conditions.

Cross sectional ground-water-flow models indicate that
the most likely explanation of observed underpressures are
caused by hydrodynamic effects associatedwith a topography-
driven flow system. Late Miocene to present-day ground-water
flow likely was an important factor in flushing marine connate
porewaters from Tertiary reservoirs. Ground-water recharge
along the western margin of the basin could help explain the
observed low-temperature gradients (20°C/km). However,
upward flow rates were not high enough to account for ele-
vated temperature gradients of 50°C/km to the east.
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INTRODUCTION

Oil exploration within the Llanos Basin, Colombia (Figure 1),
is complicated by the presence of an active ground-water-
flow system. The Llanos Basin is a foreland-type sedimentary
basin that covers 73,000 mi2 (189,069 km2) of eastern
Colombia and contains as much as 17,000 ft (5183 m) of
Mesozoic and Tertiary sediments that thin to the east to 3000 ft
(914 m) (Figure 2). Pore fluids in many regions of the Llanos
Basin are brackish to fresh (Villegas et al., 1994) (Figure 3B),
suggesting that marine units have been partially or completely
flushed. Fresh water decreases the potential for buoyancy-
driven oil migration and can complicate geophysically derived
reserve estimates because fresh water has a similar electrical
conductivity to oil (Krieger et al., 1996). Active ground-water-
flow systems can strip reservoir oils of light aromatic hydro-
carbons (HCs) and promote biodegradation if temperatures
are less than 80°C (Head et al., 2003; Zhang et al., 2005).
Emplacement of fresh water into source rocks can also pro-
mote biogenic gas plays in shales (e.g., McIntosh and Walter,
2006; Schlegel et al., 2011). Some oil fields within the eastern
Llanos Basin show varying degrees of biodegradation (Howell
et al., 1984). Basin-scale ground-water-flow systems can also
impact the position of the oil-water contact within reservoirs
in continental terrains (Hubbert, 1953; DeMis, 1987, 1995;
Bethke et al., 1991; Eisenberg, 1993; Berg et al., 1994;Eisenberg
et al., 1994). Some oil fields within the Llanos Basin are re-
ported to have tilted oil-water contacts (e.g., Cano Limon,
Castilla, and Rubiales; Figure 1A) (T. Villemil, 2009, personal
communication) that dip in the direction of the hydraulic gra-
dient. The Rubiales oil field (Figure 1A) is enigmatic in that it
appears to be hydrodynamically entrapped. It is situated along a
structural monocline that has no apparent structural closure
(Figure 1B). Both facies changes and hydrodynamic effects
have been proposed as entrapment mechanisms (Gómez et al.,
2009). Keeley and Arevalo (1994) note that ground-water flow
in the vicinity of Rubiales is from the northeast and that ground
water flows down structural dips.

Villegas et al. (1994) report pore-fluid pressures to be near
hydrostatic except in the deepest parts of the basin, where
some measurements are well below the hydrostatic pressure
gradient line (by 400 psi [2.7MPa] relative to the land surface;
Figure 3E). The subhydrostatic pressures are associated with
deeply buried sandstone reservoirs on the western margin of
the basin, where low-density conditions exist (930 kg/m3)
because of high temperatures. Variations in fluid density can
impact ground-water-flow directions (Bachu, 1995). However,



underpressures can also be formed in recharge areas
of regional topography-driven flow systems (Belitz
and Bredehoeft, 1988) or because of erosional un-
loading (Neuzil and Pollock, 1983).Hydraulic heads
in the Carbonera Formation (C7 unit) (Figure 3E)
vary from subhydrostatic to overpressured (±400psi
[2.7 MPa] relative to the land surface; Figure 4).
The overpressures near the western margin of the
Llanos Basin are likely caused by localized lateral
influx of fluids from the higher elevation fold and
thrust belt. The observed heads in the C7 unit are
higher than local land surface elevation along the
westernmargin of the basin (Figure 3D, E). The C7
head gradients are not oriented parallel to the C7
Figure 1. (A) Base map showing Llanos Basin (gray pattern), locations of select oil reservoirs (circles), and surface water drainage
patterns (white lines). The location of the Vaupes arch is also shown. (B) The structure at the top of the C7 (black lines) and position of
the oil-water contact (dashed line) for the Rubiales oil field (modified from Villegas et al., 1994; Gómez et al., 2009). The grid is in Gauss
coordinates.
Figure 2. Three-dimensional representa-
tion of central Llanos Basin stratigraphy
used in the hydrologic model. Vertical ex-
aggeration is 25×. The petrophysical prop-
erties of each unit in this study are listed
in Table 1.
Person et al. 25



structural slopes across the basin, which could in-
duce a complex secondary oil migration and tilting
patterns because of ground-water hydrodynamics.

The main goal of this study was to assess the
effect of ground-water hydrodynamics on sec-
ondary oil migration within the Llanos Basin at
the regional scale using mathematical modeling.
Our analysis is limited to the central Llanos Basin
where public domain data exist from previous
studies (Villegas et al., 1994; Bachu et al., 1995).
Although our hydrodynamic analysis is three-
26 Geohorizon
dimensional, we focus on present-day oilmigration
patterns with the C7 unit. A secondary goal was to
better understand the processes controlling anom-
alous pressure generation, brine flushing, and hy-
drothermal transport processes within the Llanos
Basin. We seek to determine whether pressure,
temperature, and salinity anomalies are caused by
(1) the presence of an active topography-driven
ground-water-flow system (Belitz and Bredehoeft,
1988); (2) variable-density effects associated with
high temperatures at depth (Raffensperger and
Figure 3. Regional temper-
ature gradients (A; in °C/km),
Mirador salinity patterns
(B; in ppt), C7 structural slope
(C; in m), land surface ele-
vations (D; in m), and ob-
served (E) and computed
(F) C7 hydraulic heads
(in m) (modified from Villegas
et al., 1994). The location of
the cross sectionalmodel (aa′)
is also shown in Figure 3B.



Garven, 1995); or (3) erosional unloading (which
would imply a low-permeability environment).
These issues are relevant to secondary oil migration
because if variable-density effects on fluid flow are
significantly affecting ground-water-flow directions,
then oil potentials would not accurately reflect
ground-water-flow directions.
CONCEPTUAL MODEL

Our analysis of secondary oil migration, presented
below, illustrates an exploration strategy for the
LlanosBasin and other subaerial-exposed basins that
we refer to as the “hydrodynamic stagnation zone”
play concept (Figure 5). Hydrodynamic stagnation
zones were first proposed by Toth (1988); how-
ever, Toth (1988) presented his hypothesis in the
context of horizontal carrier beds having no buoy-
ant drive. The application of the hydrodynamic
stagnation zone conceptwithin sloping carrier beds
is considered here. A conceptual model of the hy-
drodynamic stagnation zone hypothesis for slop-
ing reservoirs is presented in Figure 5. In our con-
ceptual model, we consider a sloping reservoir
(Figure 5B, E) overlain by a phreatic aquifer with a
hummocky water-table topography (Figure 5A, E).
These conditions are similar to what is observed in
the central and eastern Llanos Basin. Hubbert oil
potentials (ho, Hubbert, 1953; see equation 2 be-
low) for this scenario were calculated using two
different oil densities (25 and 45° API; contour
lines in Figure 5C, D). Stagnation zones, where oil
would accumulate (gray patterns in Figure 5C, D),
form adjacent to water table mounds in areas
where the structural slopes are relatively gentle.
The gradient of Hubbert’s oil potentials, which
consider both buoyant and hydrodynamic drives
on secondary oilmigration, all tilt inward toward the
oil potential minimums (where the slope is zero),
which is the stagnation zone. Petroleum entering
the carrier bed from mature source rocks will mi-
grate down the oil potential slope until it en-
counters minimums in ho. Oil that accumulates
within a stagnation zone can be sourced from any
region where oil migration flow paths terminate in
the stagnation zone. We refer to this as the zone of
contribution to a hydrodynamic stagnation zone.
For relatively heavy oils (25° API) that have little
density contrast with groundwater, stagnation zones
can also form on relatively steep slopes (Figure 5C).
We propose here that hydrodynamic stagnation
zones arise within the distal parts of the Llanos
Basin down gradient from water table mounds.
The regions of high hydraulic head drive ground
water downdip. As the hydraulic head gradients
decay away from the mound and the slope of the
bed increases down structural dip, the hydrody-
namic effects will diminish. The mounds of high
hydraulic head develop because of overlying to-
pographic gradients of thewater table aquifer (which
is generally considered to be a subdued replica of
the land surface) or because of an upflow of over-
pressured basin fluids along fault zones or erosional
Figure 4. Observed deviatoric fluid pressures within the Llanos
Basin, Colombia (Villegas et al., 1994). Also shown are the range
of deviatoric pressures from the cross sectional model scenarios,
including topography-driven flow (orange patterns), density-driven
flow (gray pattern), and erosional unloading (red pattern).
Person et al. 27



gaps in confining units. We demonstrate the via-
bility of this conceptual model by predicting the
location of the Rubiales oil field, Llanos Basin.
STUDY AREA

During the Mesozoic and much of the Tertiary,
marine conditions prevailed, with a transgressive-
regressive transition occurring in the middle of the
Llanos Basin (Cooper et al., 1995). Some of the
Mesozoic units pinch out to the south and east
28 Geohorizon
(Figure 2). Most of the sediments are character-
ized by coarse- to fine-grained siliciclastic marine
and continental deposits (Table 1). The Mesozoic
and Tertiary sections are devoid of significant car-
bonate or evaporite deposits. Uplift occurred as a
result of fold and thrust tectonics on the western
margin of the basin beginning in the Miocene.
The entire basin became subaerially exposed in
the Pliocene during deposition of the Guayabo
Formation. The land surface today is gently dip-
ping, with surface topography controlled by river
drainage networks that flow to the north-northeast
Figure 5. Conceptual model illustrating hydrodynamic stagnation zone play concept. A simple sinusoidal water table profile with a head
variation of about 180m (591 ft) (A) and amonotomic sloping carrier bed (B) were used. Computed Hubbert oil heads (see equation 2) using
heavy (C; 25° API) and lighter (D; 45° API) crude oils. A plot of water table and structural slopes along the axis is shown in Figure 5E. The
location of the hydrodynamic trap is shown using the gray pattern. We propose that oil will become entrapped down structural gradient from
water table mounds. Note that the location of the stagnation zone is not necessarily coincident with the water table minimum or maximum.



(Figure 1A). The topographic highs occur along
the western edge of the basin at about 1300 ft
(∼396 m) and near the Vaupes arch to the south
(and much higher near the city of Villavicencio on
the order of 10,000 ft [3048 m]; Figure 1A). Ap-
proximately 4 to 6 km (2.5–3.7 mi) of uplift have
occurred in the Llanos foothills and basin near the
fold and thrust belt.

Oil was first discovered in 1960 in the Llanos
foothills (Guavio 1, 532 bbl oil/day [BOPD]). Ex-
ploration during the 1970s was mostly unsuccess-
ful. However, in 1983, Triton Energy Corporation
drilled a successful well (Cusiana 1) that produced
6500 BOPD. The Rubiales field was discovered in
1982, with production beginning in 1988. In 2010,
the Rubiales field produced about 21,500 BOPD
(Cortes et al., 2010) of heavy oil. With the discov-
ery of the Cusiana and Cupiagua fields in 1991 and
1993, respectively, proven reserves for the Llanos
Basin grew tomore than 2.5 billion bbl of oil (Cazier
et al., 1995;Villamil et al., 2004). A recent discovery
in the Llanos foothills includes the Gibraltar field
with proven reserves of more than 15 million bbl
of oil (Villamil et al., 2004).

Petroleum is sourced from a variety of shale
units, including the Cretaceous Gacheta and Ter-
tiary Carbonera (C6) and Leon formations. Pyrol-
ysis experiments conducted on Llanos Basin source
rocks yield between 6 and 10 mg HC/g kerogen
with HC indexes ranging between 300 and 400
Table 1. Lithologic Units, Geologic Period, Permeability, and Oil Densities of Select Oil Fields within the Llanos Basin (from Gomez et al.,
2009)*

*Permeabilities listed in Table 1 were assigned to units in the cross sectional and three-dimensional models. Porosities assigned in three-dimensional models are also
listed. Porosity was calculated from an effective stress form of Athy’s law for the cross sectional model (see Appendix).
Person et al. 29



(Moretti et al., 2009). Maturation of Llanos Basin
source rocks likely began during the Miocene. Ma-
turity varies from overmature within the deepest
part of the western Llanos Basin for Cretaceous
source rocks to undermature for the shallow-buried
Tertiary source rocks in the center of the basin
(Moretti et al., 2009). Carbon isotopic analysis of
reservoir oils indicates a variety of Tertiary and
Cretaceous source rocks (Cortes et al., 2010).

Oil production is from the Cretaceous and Ter-
tiary sandstones, including the Une, Guadalupe,
Mirador, and Carbonera formations (Cazier et al.,
1995; Villamil et al., 2004; Ramon and Fajardo,
2006; Moretti et al., 2009). Some of these reser-
voirs (e.g., Cusiana) are noted for their relatively low
porosity (8%) but high permeability (>1000 md)
(Warren and Pulham, 2002). Many of the largest
fields (e.g., Cusiana, Gibraltar, and Cupiana) are
located in the Llanos foothills in thewestern Llanos
Basin in anticlinal structures formed by compres-
sional tectonics (Dengo and Covey, 1993; Cazier
et al., 1995; Ramon and Fajardo, 2006). Thrust faults
likely act as barriers to oil migration and ground-
water flow. To the east, normal faults, which cut
Tertiary units, can act to trap oil (Moretti et al.,
2009). Small fields are generally associated with
smaller throws (Moretti et al., 2009).

Oils found in Llanos Basin reservoirs have a
variety of sources and levels of biodegradation
(Moretti et al., 2009).Heavy oils are found from the
CretaceousUne Formation up through the Tertiary
Carbonera reservoir units (C7) (Table 1). As a
general rule, low (e.g., Gibraltar, 57° API) to inter-
mediate (e.g., Cusiana, 27–45° API) (Cazier et al.,
1995) oil densities are found in the Llanos foothills,
indicating limited water washing. Heavy oils are
found to the east at shallower depths, suggesting
more extensive water washing and biodegrada-
tion (e.g., Rubiales, 12° API) (Gómez et al., 2009).
Moretti et al. (2009) argue that oils that arrived in a
structure early in the history of the Llanos Basin are
more likely to be water washed, whereas recently
charged oils are still light.

Thermal gradients near the fold and thrust belt
are generally low (20°C/km; Figure 3A) but in-
crease to 50°C/km toward the southeastern margin
of the basin (Bachu et al., 1995). This is consistent
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with the existence of advective heat transfer effects
associated with a topographically driven flow sys-
tem, as documented in other foreland basins (e.g.,
Ravenhurst et al., 1994). These spatial temperature
gradients could influence the depth and timing of
oil generation (Person and Garven, 1992).
METHODS

We developed both cross sectional and three-
dimensional models of ground-water flow for the
Llanos Basin. Motivation for developing cross sec-
tional models was to assess the mechanisms re-
sponsible for the underpressures and overpressures
reported by Villegas et al. (1994) near the fold and
thrust belt. A second goal of the cross sectional
models was to determine whether the range of per-
meability data reported by Villegas et al. (1994) and
used in this study could produce ground-water-
flow systems vigorous enough to flush seawater
from marine reservoir units and account for heat-
flow anomalies. This calibration exercise provided
partial validation for using those same permeability
data in our three-dimensional analysis of secondary
oilmigration. The cross sectionalmodel usedhere can
efficiently represent transport processes such as heat
flow and brine migration at the sedimentary basin
scale through geologic time (Person et al., 1996).
Cross sectional models, however, are not very useful
in predicting the location of oil entrapment because
oil migration is restricted to the section line. Three-
dimensional models are required for this.
Cross Sectional Models of Fluid Flow, Heat,
and Solute Transport

The governing transport equations for the cross
sectional model are described in the Appendix. The
transport equations are solved using the finite
element method. The cross sectional model can con-
sider constant-density or variable-density ground-
water flow, heat, and solute transport. Underpres-
sures can also be generated in ourmodel by erosional
unloading (Corbet and Bethke, 1992).We imposed
a specified head condition for fluid flow along the
top boundary equal to the water table elevation.



Table 2. Transport Properties Used in the Cross Sectional
Model*

Variable Symbol Value/Units

Land surface porosity f 0.3
Irreducible porosity fIr 0.05
Reservoir sediment compressibility b 10−9/Pa
Confining unit sediment compressibility b 10−8/Pa
Specific storage Ss 10−5/m
Thermal conductivity of fluid ls 0.58 W-m/°C
Thermal conductivity of solids ls 2.5 W-m/°C
Heat capacity of fluid phase cf 1000 J/kg
Heat capacity of solid phases cs 250 J/kg
Longitudinal dispersivity aL 1.0 m
Transverse dispersivity aT 0.1 m
Solute diffusivity Dd 10−10 m2/s

*See Appendix for further discussion of these variables.
All other boundaries are no flow. An initial hy-
drostatic head was assigned to all nodes below the
water table. A specified temperature was imposed
along the land surface (10°C), and a heat flux of
60 mW/m2 was specified along the base of the ba-
sin. Sides were assumed to be insulated. We im-
posed a vertical temperature gradient of 30°C/km.
For solute transport, the concentration of thewater
tablewas set at zero.A vertical salinity gradientwas
used to assign initial solute concentrations, such
that seawater values were reached for Cretaceous
marine units at depth. The bottom and side bound-
arieswere treated as no flux. Themodel was run for
1 m.y., allowing temperatures and salinities to ad-
just to the ground-water-flow system. The perme-
abilities assigned to different stratigraphic units in
the model are listed in Table 1. Values of param-
eters that were assumed to be constant for all lith-
ologic units such as thermal conductivity, solute
dispersivities, and sediment compressibilities are
listed in Table 2.

Three-Dimensional Models of Secondary
Oil Migration

To quantify secondary oil migration under hydro-
dynamic conditions, we also developed a three-
dimensional model (Harbaugh et al., 2000) of
constant-density ground-water flow for the Llanos
Basin. This approach neglects capillary forces and
multiphase flow dynamics considered in reservoir
simulators (England et al., 1987). However, these
models are typically not used at the sedimentary
basin scale because of computational issues and
lack of high-quality data regarding permeability
heterogeneity.

The governing three-dimensional ground-water-
flow equation is given by

@
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where h = hydraulic head; Kh = hydraulic conduc-
tivity parallel to bedding; Kz = hydraulic conduc-
tivity perpendicular to bedding; rf = water density;
mf = water viscosity; g = gravitational constant; Ss =
specific storage (m−1); t = time; x, y, z = spatial di-
mensions. Our three-dimensional analysis neglects
the effects of variable-density flow that could be
important in the deepest parts of the Llanos Basin
(Villegas et al., 1994; Bachu, 1995). Based on our
cross sectional model results, we feel that this ap-
proach is valid especially for the shallow regions of
the C7 reservoir. The model may not be valid in
the deepest regions of the Llanos Basin. The three-
dimensional model is intended to evaluate the
effects of ground-water flow on long-range oil mi-
gration and tilting of oil-water contacts. The three-
dimensional model results were compared with re-
ports of entrapped oilwithin theC7 reservoir (Keeley
and Arevalo, 1994).

The computed hydraulic heads extracted from
the three-dimensional model were used to calcu-
late oil heads (Hubbert, 1953) in the C7 unit. This
approach has been used by numerous previous
studies within the Williston Basin (Berg et al.,
1994), Alberta Basin (Bekele et al., 2002), Illinois
Basin (Bethke et al., 1991), Pannonian Basin (Toth,
2003), Los Angeles Basin (Hayba and Bethke,
1995), and Paris Basin (Bekele et al., 1997). Sec-
ondary oil migration within porous, permeable re-
servoir rocks is generally assumed to be controlled
by structural slope and fluid-density differences be-
tween oil and formation waters. However, in con-
tinental terrains, hydraulic-head gradients induced
Person et al. 31



by flowing ground water can also influence oil mi-
gration patterns, oil entrapment, and the slope of the
oil-water interface within a structural trap. In some
instances, ground water can flush oil out of petro-
leum traps. These effects can be quantified using
Hubbert’s oil potential (Hubbert, 1953):

hoil ¼
rf
roil

h� rf � roil
roil

zt ð2Þ

wherehoil =Hubbert’s oil head (Hubbert, 1953); h =
hydraulic head (Hubbert, 1940); rf = water density;
roil = oil density; zt = elevation of the top of the res-
ervoir. The first term on the right side of equation 2
represents the effects of ground-water flow on oil
migration, whereas the second term represents
buoyancy effects. Gradients in h and zt determine
oil migration directions. Using typical values of oil
and water density (e.g., roil = 850 kg/m3 and rf =
1000 kg/m3) reveals that the hydrodynamic gradi-
ent (hydrodynamic effects) has about seven times
greater effect on oil migration than the structural
slope (i.e., buoyant forces). This is sometimes re-
ferred to as the amplification factor. In this study,
we used two oil densities (850 and 980 kg/m3; 35
and 12° API, respectively) to quantify hydrody-
namic effects on secondary oil migration for heavy
and more typical Llanos Basin oils. We used a
water density of 1000 kg/m3.

In the three-dimensional model, we computed
ground-water velocity vectors as follows:

qfx ¼ �kh
rfg
mf

@h
@x

qfy ¼ �kh
rf g
mf

@h
@y

ð3Þ

where kh = permeability parallel to bedding (note
that Kh ¼ rf gkh

mf
); mf = viscosity of water; g = gravity;

rf = density of the water; qfx and qfy = components
of Darcy flux for ground water in the x and y direc-
tions. In this study, we assume that no lateral an-
isotropy in permeability exists.

The gradient in oil potential or oil head (hoil)
describes the trajectory of an oil globule or ganglia
of petroleum moving through an aquifer in which
ground water is flowing. However, other factors
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such as relative permeability and capillary pres-
sures can also influence oil velocities and migration
directions. We assume here that oil migrates along
the top of a carrier bed, neglecting capillary forces
and relative permeability effects. In essence, we
assume that oil fully saturates the top of the res-
ervoir in which it is flowing. We then can use a
form of Darcy’s law similar to equation 3 to esti-
mate oil migration directions (Bethke et al., 1991):

qoilx ¼ �kh
roilg
moil

@hoil
@x

qoily ¼ �kh
roilg
moil

@hoil
@y

ð4Þ

where k = permeability parallel to bedding; moil =
viscosity of oil; roil = density of oil; qoilx and qoily =
components of oil migration in the x and y directions.
Equation4 is only applicable to coarse-grainedporous
reservoir rocks. If liquid HCs encounter fine-grained
heterogeneties within the carrier bed, equation 4 will
not accurately represent oil migration directions.

We developed a three-dimensional model using
the petrophysical properties shown in Table 1 and
stratigraphy in Figure 2. The three-dimensional
stratigraphy was derived from east-west and north-
south cross sectional profiles presented by Villegas
et al. (1994). Strata were allowed to pinch out if
the layer thickness was less than 5 m (<16.4 ft).
Permeability and porosity were taken mostly from
representative values reported by Villegas et al.
(1994) (Table 1). In some instances, we chose the
minimum reported values for confining units and
average values for the reservoirs. We used a hori-
zontal to vertical permeability anisotropy ratio of
100:1 for all units. Porosity decreases with depth,
consistent with reported data (Villegas et al., 1994).

The three-dimensional model was composed
of 100 rows of nodes in the x and y directions and
10 vertical layers in the vertical. Some lumping of
stratigraphic units was done (C2–C6 units; Table 1)
because of the lack of field data against which to
calibrate properties of individual layers. All of the
three-dimensional model simulations were run in a
steady-state mode. The three-dimensional model
did not represent Paleozoic units that were in-
cluded in the cross sectional model. We assigned
specified heads along the western and northwest-
ern boundaries of the model domain within the



Figure 6. Computed heads (A; in m), temperatures (B; in °C), and salinity patterns (C; in ppt) for the cross sectional model that considers only topography-driven ground-water flow.
Computed heads (D; in m), temperatures (E; in °C), and salinity patterns (F; in ppt) for a cross sectional model that considers both topography-driven and variable-density ground-water
flow. Computed heads (G; in m), temperatures (H; in °C), and salinity patterns (I; in ppt) for the cross sectional model that considers both topography- and density-driven ground-water
flow as well as erosional unloading. The rock properties used in this model are presented in Table 1. The location of the cross section is shown in Figure 3B. Paleozoic rocks included in
this model had a permeability of 0.1 md (lowest unit in C).
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Mirador-Guadalupe and Une formations to repre-
sent lateral inflow from the southwest Llanos Basin
and Llanos fold and thrust belt, where heads are
higher.Note that the observed heads are higher than
land surface elevations along the western margin
of the basin (compare panels D and E of Figure 3).
In the uplands, the water table was treated as a
specified recharge boundary condition that ranged
from 0.004 to 0.007 m/day, representing 10 to
50% of precipitation. We included major rivers
(Caranpeo, Meta, Tomo, andMuco rivers) as fixed
head boundaries; lower order tributaries were not
included.

RESULTS

Cross Sectional Model Results

Three cross sectional models are presented to assess
the possible mechanisms controlling underpressure
formation, brine flushing, and anomalous thermal
gradients. The first model represents topography-
driven ground-water flow with no erosional unload-
ing and no variable-density effects (Figure 6A–C).
Computed underpressures are caused by hydrody-
namic effects associated with a regional topography-
driven flow system (Belitz and Bredehoeft, 1988).
A second simulation (Figure 6D–F) also includes
the effects of fluid-density variations associatedwith
thermal and salinity patterns. Underpressures in this
model can also form from warm, relatively fresh
ground water at depth. A third model is presented
that includes underpressure generation associated
with up to 240 m (787 ft) of erosional unloading
during a 1-m.y. period (Figure 6G–I). Underpres-
sure formation occurs in this simulation because of
decompaction as sediments are removed (Corbet
and Bethke, 1992). Erosion was imposed along the
western basin margin near the fold and thrust belt.
All of these models were run for 1 m.y., which we
hypothesize is the time period over which modern
topographic configuration of the basin pertains. We
extracted the salinity patterns for the Mirador as
well as shallow thermal gradients for calibration
purposes. The permeability of all units was varied
by two orders of magnitude in a sensitivity study
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(not shown). We found that setting the perme-
ability lower than what is reported here (Table 1)
resulted in entrapment of saline pore waters at
depth and little change in shallow vertical tem-
perature gradients. Setting the permeability one to
two orders of magnitude higher resulted in too
much flushing and unrealistically low shallow
temperature gradients.

For all model scenarios, we found that ground-
water flow was driven primarily by water table gra-
dients at shallowdepths (<4km[<2.4mi]; Figure 6).
For the topography-driven flow simulation, com-
puted heads at depth resulted in underpressures
up to 400 psi (2.7 MPa; orange pattern, Figure 4).
For the variable-density simulation, some thermal
convection cells formed in the deepest part of the
Llanos Basin to the west (Figure 6E). These convec-
tion cells modified salinity conditions (Figure 6F)
but did not seem to have much effect on computed
shallow thermal gradients (Figure 7A). For the
variable-density simulation shown in Figure 6D,
computed heads were as low as 80 m (263 ft)
Figure 7. Comparison of computed (lines) and observed
(squares) thermal gradients (A; in °C/km) and Mirador salinity
patterns (B; in ppt). The gray line denotes the cross sectional
model that only considers topography-driven ground-water flow
(Topo). The dashed line denotes cross sectional model results
that consider both topography- and density-driven flow (Coup).
The erosional unloading model is denoted by the solid black line.



within the Une Formation because of relatively
high temperatures (Figure 6E) and brackish salin-
ities (Figure 6F). Computed underpressures were
not as low (200 psi [1.37 MPa]; gray pattern,
Figure 4). Local thermal convection cells formed
within the Cretaceous sand units (Figure 6E) be-
cause of the bed thickness and slope (Wood and
Hewett, 1984). For the variable-density simulation,
computed salinity patterns show alternating high-
and low-salinity conditions associated with these
convection cells that are not observed in the field
data (Figure 7B). For the topography and erosional
unloading simulations, the overall trend of decreas-
ing salinity to the east is in reasonable agreement
with observedMirador salinity patterns (Figures 3B,
7B). Salinities are highest within the deepest part
of theMirador Formation (squares, Figure 7B). For
the erosional unloading simulation, computed sa-
linity patterns in the Mirador Formation show re-
gions of low salinity where relatively fresh shallow
ground water invades (Figure 6I). This is caused, in
part, by low heads in the deepest part of the basin
(Figure 6G), in combination with the shallow
topography-driven flow system induced by hum-
mocky water table topography (Figure 6G). Under-
pressures from the erosion simulation are as low as
600 psi (4.16 MPa; red pattern, Figure 4). For all
models, computed shallow temperature gradients
near the fold and thrust belt are as low as 20°C/km
(Figure 7A), consistent with field data presented
by Bachu et al. (1995). However, for all model
scenarios, computed ground-water discharge was
not vigorous enough to induce very high tempera-
ture gradients (>40°C/km) along the easternmargin
of the basin (Figures 6B, E, H; 7A).
Forced thermal convection resulting from shal-
low flow (<4 km [<2.4 mi] depth) causes low-
temperature gradients near thewesternmargin of the
basin (Figure 7A). Shallow thermal gradients were
as low as 23°C/km to the west. Thermal gradients
increase to the east but are not as high as those ob-
served in the field. We conclude that thermal con-
ductivity variations associated with thinning of the
sediments to the east, as proposed by Bachu et al.
(1995), remains a plausible explanation for the ele-
vated geothermal gradients to the east (50°C/km).
Three-Dimensional Model Results

Permeability values from the cross sectional models
(Table 1) were used in the three-dimensional mod-
els of ground-water flow and secondary oil migra-
tion. Computed head patterns (Figure 8) at depth
mostly mimic water table conditions (which closely
resemble land surface topography; Figure 3D). To
the west, near the fold and thrust belt, high heads
imposed along the side boundary of the model
domain propagate laterally into the basin. Com-
puted C7 heads (Figures 3F, 9A) are similar, al-
though not identical, in magnitude to the observed
conditions (Figure 3B). The simulated C7 heads
range from 320 to 100 m (from 1050 to 328 ft).
The observed C7 heads range from 335 to 61 m
(from 1099 to 200 ft). The overall spatial trends in
heads are similar. The lack of agreement in some
areas of the C7 reservoir could be due, in part, to
permeability heterogeneities not represented in our
model and variable-density effects at depth to the
northwest. A series of hydraulic head mounds
formed in the C7 reservoir in the eastern half of the
Figure 8. Computed three-dimensional
hydraulic heads across the central Llanos
Basin. Elevated heads along the western
edge of the basin are imposed and rep-
resent inflow from the western Llanos
Basin ground-water-flow system and ad-
jacent fold and thrust belt.
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basin away from the rivers mimicking land-surface
topography (compare Figure 9A or Figure 3F with
Figure 3D). Ground-water flow (black lines with
arrows in Figure 9) is to the east and north.

Computed oil heads (equation 2) for the C7
reservoir, assuming a water density of 1000 kg/m3

and oil densities of 850 kg/m3 (35° API; Figure 9D)
and 980 kg/m3 (12° API; Figure 9C) indicate that
ground-water hydrodynamics was an important
factor in long-range oil migration and tilting of the
present-day oil-water contact in the eastern half
of the basin, where the structural slopes are lowest.
The slope or tilt of the oil-water contact should
mimic oil head gradients, although the absolute
elevation of the oil-water contact is determined by
the volume of oil in the reservoir. Oil migration
directions are indicated by black lines with arrows.
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Areas where oil velocities are near zero are indi-
cated by red circles and represent stagnation zones.
The gray pattern denotes the location of the Rubiales
oil field. Computed oil heads caused by buoyancy
alone are presented in Figure 9D. Ground-water flow
leads to complex patterns of tilting of the oil-water
contact in the eastern Llanos Basin. No single di-
rection of tilting of the oil-water contact exists
because of the effects of ground-water flow adjacent
to the stagnation zones. For a heavy oil density of
12° API, the Rubiales oil field (gray pattern) is sit-
uated within a hydrodynamic stagnation zone
(red circles), where oil would be hydrodynamically
trapped. A small stagnation zone is also predicted to
the north of Rubiales for an oil density of 12° API.
The best match between the observed and pre-
dicted location of the Rubiales field was found
Figure 9. Computed C7
hydraulic heads (A; in
meters). Buoyancy-driven
oil migration is shown in B.
Computed oil heads includ-
ing hydrodynamic effects
assuming an oil density of
12 (C; 980 kg/m3) and
35° API (D; 850 kg/m3),
respectively. The black
lines with arrows represent
oil and water migration
directions.



when a heavy oil density of 12° API (980 kg/m3)
was used, which suggests that the oil field may
have moved as water washing occurred. When a
lighter crude is considered (35° API), the position of
the stagnation zone shifts to the east of Rubiales
(Figure 9C). In both scenarios, the stagnation zone
formed in response to the elevated head mound to
the east of Rubiales. This mound exists within the
observed head map for the C7, although the max-
imum head is lower (Figure 3E).

Gómez et al. (2009) presented data on oil-water
contacts across the Rubiales oil field (Figure 10B).
These data suggest that in the downdip part of
the field, the oil-water contacts are nearly flat. To
the east, the oil water contacts closely match the
structural slope. Computed oil heads in the vicinity
of the Rubiales oil field (Figure 10A) have a near
constant value with slopes dipping inward toward
the field to the east and west. The east-west pro-
file of oil head (Figure 10A) was extracted through
the center of the computed stagnation zone in
Figure 9B. This is more or less consistent with the
observed oil-water contact elevation data presented
by Gómez et al. (2009).
DISCUSSION

We attempted to show in this study that mathe-
matical models are powerful tools for assessing the
validity of the hydrodynamic theory of petroleum
entrapment within the Llanos Basin. However,
models are not a panacea. We could have learned
a great deal about how ground-water flow influ-
enced oil migration directions by simply using the
head maps presented by Villegas et al. (1994) for
the C7 reservoir and a high-resolution computa-
tional grid. Without these head maps, we could
not have predicted the potentiometric minimums
near the Rubiales field. This suggests that the use
of regional pressure or hydraulic head maps is crit-
ical to exploration strategies in continental basins
with active ground-water-flow systems. One of the
main points we learned from the three-dimensional
model was that the observed hydraulic head gra-
dients in the shallow Carbonera units are mainly
influenced by the overlying water table geometry
and lateral leakage of groundwater from theLlanos
fold and thrust belt. In our view, a more regional
quantitative analysis of ground-water flow and oil
migration connecting the Llanos fold belt and
Llanos Basin is warranted. Basin-scale maps of oil-
water contact slope and the degree of water wash-
ing would be useful next steps in assessing hydro-
dynamic effects on oil migration.

The hydrodynamic conditions within the Llanos
Basin are probably not so different from other fore-
landbasins along theEasternCordillera.Our analysis
has shown that ground-water-flow systems cannot
be ignored when prospecting for oil in the distal
parts of basins where structural slopes are low.
The presence of a hydrodynamically entrapped oil
field like Rubiales appears to require a water table
mound thatwould cause groundwater to flowdown
a structural gradient. Other Rubiales-type fields
may exist within the eastern half of the Llanos Basin
down structural gradient from where high poten-
tiometric head mounds occur.

We suspect that much of the anomalous pres-
sures are caused by the presence of a topography-
driven flow system, as discussed by Belitz and
Bredehoeft (1988). Although density effects cannot
be neglected, the natural convection cells shown in
Figure 10. (A) Computed C7 oil heads (dashed line) and C7
structure (solid line) along east-west transect across the southern
margin of the Rubiales field. (B) Observed oil-water contact across
the Rubiales reservoir (black dots) (from Gómez et al., 2009).
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Figure 6 may not exist in nature. By lumping the
middle Carbonera units together, we created a
thick reservoir that does not occur naturally. Local
heterogeneities can strongly influence natural con-
vection cell formation (Gerdes et al., 1995). How-
ever, the variable-density analysis was useful in con-
firming that the shallow C7 flow system is driven
primarily by water table topography and justified
our use of the constant-density assumption in our
secondary oil migration analysis.

The computed oil heads suggest that second-
ary oil migration within the C7 reservoir along the
eastern half of the basin is strongly influenced by
ground-water hydrodynamics. Areas with signifi-
cant brine flushing represent good candidate areas
for where hydrodynamic tilting of oil-water con-
tacts may occur. Computed oil heads suggests that
the Rubiales oil field appears to be in dynamic
equilibrium with its current oil densities.

Finally, note that themodels we used had some
limitations. Capillary effects caused by sediment fa-
cies changes within the C7 reservoir could affect
predicted oil migration pathways shown in Figure 9.
These were not represented in our model. Faults
and fault permeability were not considered in this
study. Faults are clearly critical components of oil
plays in the Llanos foothills. Accurately represent-
ing the position of thrust faults and folded sedi-
mentary packages would be a considerable task for
a three-dimensional basin-scale model.
CONCLUSIONS

In this study, we present a new play concept for
the Llanos Basin, Colombia, which we refer to as
the hydrodynamic stagnation zone play concept.
A hydrodynamic stagnation zone is a region hav-
ing local Hubbert oil potential minimums. We
argue that in regions with gentle structural slopes
(<1%) and typicalwater table topographic gradients
(∼0.5%), ground-water hydrodynamics can create
areas where oil is trapped without any need for
structural closure. The position of these stagnation
zones will also depend on the density contrast be-
tween oil and water. Three-dimensional numerical
modeling represents a powerful tool to integrate
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buoyant and hydrodynamic effects on secondary oil
migration in continental terrains.

Cross sectional models were first used to better
understand the nature of observed subhydrostatic
pressures (400 psi [2.7 MPa]) observed within the
western Llanos Basin.We considered three different
potential sources of underpressure formation: to-
pography-driven flow, density-driven flow, and
erosional unloading.We conclude that the observed
underpressures are all likely associated with the
presence of a topography-driven ground-water-flow
system. Comparison between observed and com-
puted shallow temperature gradients and Mirador
salinity trends provided ground truth for our models
and allowed us to assess the applicability of pub-
lished permeability data for reservoirs and seals.
Best-fit permeability data from our cross sectional
model was used in a three-dimensional analysis of
secondary oil migration.

The three-dimensional hydrodynamic model
results indicate that hydrodynamic stagnation zones
may form in the eastern Llanos Basin as a result of
ground-water circulation down structural dip. Hy-
drodynamic models of secondary oil migration that
used relatively heavy oil densities (12° API) pre-
dicted the existence of a stagnation zone in the vi-
cinity of the Rubiales oil field. This oil field is enig-
matic in that it is located on a monocline with no
apparent structural closure.
APPENDIX: CROSS SECTIONAL MODEL
TRANSPORT EQUATIONS

We used the cross sectional ground-water-flow model Rift2d
(Toupin et al., 1997) in this study. The ground-water-flow
equation solved in this study represents the effects of variable-
density flow, sea level change, and sediment unloading through
time similar to the approach of Bethke and Corbet (1988):

@

@x
khrfg
mo

mr
@h
@x

� �
+

@

@z
kzrfg
mo

mr
@h
@z

� �

¼ Ss
@h
@t

� rs � rf
rf

@L
@t

� �
� @

@z
kzrfg
mo

rrmrz
� � ð5Þ

where kh and kz = permeability in the x and z directions, re-
spectively; h = hydraulic head; L = land surface elevation (∂L/
∂t = erosion or sedimentation rate); g = gravity; z = elevation;
rr = relative density (defined below); rs = sediment density;
mo = fluid viscosity at standard state; mr = relative fluid viscosity



(defined below); Ss = specific storage; rf = density of ground
water. Equation 5 assumes that the principal directions of per-
meability (kh, kz) are aligned with the x and z axes. Equation 5
further assumes a loading efficiency of 1.0 (i.e., the weight of
sediments added or removed from a sedimentary column is
transferred to the fluid). This may overestimate induced pore
pressure increases and/or decreases by this mechanism at shal-
low depths (<300 m [<984 ft]). However, at greater depths, a
loading efficiency of 1 is probably reasonable. The second
term on the right side of equation 5 considers sediment load-
ing and/or unloading. We approximate the total changes in
vertical stress using an erosion rate (∂L/∂t) times a relative se-
diment-fluid density term. Bredehoeft and Cooley (1983)
present a more accurate formulation of the effects of sediment
loading and/or unloading on ground water flow, which was
not used in this study.

We solved a variable-density form ofDarcy’s law (Garven
and Freeze, 1984) for the specific discharge vector:
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where qx and qz = Darcy flux in the x and z directions, respec-
tively, for ground water. The relative density (rr) and relative
viscosity (mr) terms are given by

rr ¼
rf � ro

ro
ð7Þ

mr ¼
mo
mf

ð8Þ

where ro = density of water at the standard state (10°C, salin-
ity of 0.0 mg/L, and atmospheric pressure); mo = viscosity of
water at standard state; mf = viscosity of the fluid at elevated
temperature, pressure, and salinity conditions.
Solute Transport

We used a conventional advective and/or dispersive equation to
represent time-dependent transport of a conservative solute:
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where qx and qz = components of the Darcy flux vector in the
x and z directions, respectively; f = porosity; Dxx, Dxz, Dzx,
and Dzz = components of the hydrodynamic dispersion-
diffusion tensor (Konikow andGrove, 1977);C = solute con-
centration (solute mass fraction in kilogram solute per kilo-
gram solution).
Heat Transport

The thickness of the Llanos Basin (up to 5 km [3 mi]) re-
quires that we represent the temperature effects on fluid
density. We solved a conductive and convective-dispersive
heat transfer equation:
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where lxx, lxz, lzx, and lzz = components of the thermal
dispersion-conduction tensor; T = temperature; cs and cf = spe-
cific heat capacities of the solid and liquid phases, respectively;
rf and rs = density of the fluid and solid phases, respectively.
In the model, the thermal dispersion-conduction tensor is a
functionof the solid thermal conductivity, the fluid thermal con-
ductivity, the porosity, the longitudinal and transverse disper-
sivities, fluid density, the fluid heat capacity, and the magni-
tude and direction of the Darcy flux (De Marsily, 1986).
Equation of State

Thermodynamic equations of state are used to compute the
density and viscosity of ground water at elevated tempera-
ture, pressure, and salinity conditions. We used the poly-
nomial expressions of Kestin et al. (1981):

1
rf
¼ a ðTÞ+ b ðTÞP+ c ðTÞP2 +Cd ðTÞ+C2e ðTÞ

�PCf ðTÞ � C2 Pg ðTÞ � hðTÞ
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mf ¼ mo 1 +B T;Cð ÞP½ � ð12Þ

where a(T), b(T), …, h(T) and B(T,C) = third- and fourth-
order temperature- and concentration-dependent polyno-
mials; P = pressure (P = [h−z]rfg). These polynomial expres-
sions are valid for temperatures between 10 and 150°C and
salinities between 0 and 6 molal NaCl. Fluid density is less
sensitive to changes in fluid pressure than it is to changes in
temperature and salinity for the range of conditions encoun-
tered in sedimentary basins.
Porosity-Effective Stress Relation

An effective stress form of Athy’s law was used to compute
porosity changes with depth.

f ¼ fo exp �bse½ �+ fir ð13Þ

where f = porosity; fo = porosity at the land surface; fir = ir-
reducible porosity; b = sediment compressibility; se = effec-
tive stress (vertical load minus pore pressure).
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