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ABSTRACT 

The uncertainties associated with reservoir identification during the exploration process 

are reduced through the use of methods including seismic attributes and inversion. These 

techniques provide interpreters with a powerful tool to enhance subsurface information, 

resulting in more accurate geologic models for play and prospect definition. Gas was discovered 

in a well drilled in 2014, confirming the hydrocarbon potential in the Guajira offshore basin. Given 

the high amplitude of target horizons and correlations with onshore rock exposures, it was 

initially interpreted as a carbonate hosted reservoir. Instead, the gas was hosted in an 

Eocene/Oligocene siliciclastic reservoir. After this discovery and the integration of the results into 

the regional framework, a search was made for an effective approach to avoid seismic 

misinterpretations related to lithological identification. This study used the reservoir 

petrophysical properties, to characterize the turbidite deposits using seismic attribute analysis 

and inversion, calibrating the well data with the seismic expression of 1,500 km2 of reflection 

data (pre-stack time migration). A chronostratigraphic marker horizon, used to define the limits 

of extensional sedimentation undeformed by Late Miocene–Pliocene subduction (Mantilla et al., 

2013), was the basis of this assessment. This included geometry and distribution, as well as 

seismic response and relations between seismic facies, seismic attributes, and petrophysical 

properties. The seismic methods applied in this study allowed the extension of borehole reservoir 

properties, specifically acoustic impedance, beyond the well into the seismic cube, even in the 

presence of a highly laminated siliciclastic reservoir. The resulting workflow is a tool that can be 
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used to reduce the time taken for reservoir mapping and modeling, providing an easier routine 

to update subsurface models for future drilling and development plans, and to reduce 

interpretation uncertainty. 
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1. INTRODUCTION 

Subduction of the Caribbean and South American plates subduction began in Late Jurassic 

time (148 Ma; Pindell and Kennan, 2009). The Caribbean Plate originated as the proto-Caribbean 

seaway, which formed as South and North America moved apart (Figure 1a). By Late Cretaceous 

time, the Caribbean region was moving northward, the proto-Caribbean seaway was spreading, 

and the Caribbean Plate was in dextral motion relative to the northern Andes. Terrane migration 

occurred eastward by transpression at the northern and southern margins of the Caribbean Plate 

(Figure 1b). During Eocene time, a change in direction of motion was observed, the region drifted 

from west to east, incorporating Nicaragua onto the Caribbean plate; the southern part of the 

Panama Arc was accreted to the South American Plate (Figure 1c; Pindell and Kennan, 2009). By 

Miocene time, west to east migration continued and convergence in the region initiated 

development of the South Caribbean foldbelt. The Panama Arc reached the western Cordillera 

and started to move in a northwest direction (Figure 1d). The present-day configuration (Figure 

1e) displays the main tectonic features of the Caribbean (Pindell and Kennan, 2009). 

 

The Guajira Basin is located at the northern end of the South American plate (Figure 2). It 

is bounded to the north and northwest by the South Caribbean Deformed Belt (SCDB). The Oca 

fault bounds the basin to the south and the political boundary defines the eastern limit of the 

Colombian portion of the basin. 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Caribbean region tectonic evolution from 148 Ma to present day. Events described 
above are highlighted in green (modified from Pindell and Kennan, 2009). 
 

 e. Present day  
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With an area close to 30,000 km2 and approximately 30 exploratory wells located onshore 

and in shallow waters offshore (<80 m), the Guajira Basin is considered a frontier basin given the 

scarce knowledge provided by exploration that is still in its early stages. The gravity isostatic 

anomaly map (Ceron, 2008; Figure 3) shows the local tectonic features that controlled 

sedimentation. The Tayrona and Rancherias depressions are the main depocenters for Tertiary 

sediments. These are separated by the Carpintero high, which is an offshore extension of the 

Cosinas range (Figures 3 and 4) where Jurassic and Cretaceous rocks have been described as 

potential petroleum source rocks (Ramirez, 2007). 

 

Ramirez (2007) summarized the stratigraphic studies that defined the nomenclature for 

the Guajira Basin, correlating outcrop data to well information (Figure 4). Tertiary 

lithostratigraphic units, deposited in unconformable contact over an igneous and metamorphic 

basement, were described by De Porta (1974), as follows: 

 

 Macarao Formation: This unit was defined by Rollins (1965) as a sequence of slightly 

carbonaceous clay interbedded with micaceous sandstone with glauconite (140 m), overlain by 

a massive and fossiliferous limestone (90 m). The presence of Venericardia mollusks defined the 

age as post-Campanian to pre-Oligocene. The formation is separated from the Siamana 

Formation by an angular unconformity. The type locality is 250 m thick, located1.5 km northwest 

of the La Flor de La Guajira site (Rollins, 1965). 
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Figure 2. South America and Caribbean region tectonic framework (modified from Cardona et al, 
2006). 
 

 

 Siamana Formation: This unit was defined by Renz (1960) as a two-member unit. The 

lower member comprises limestone conglomerate with clasts of chert, quarzite and 

metamorphic rocks. The upper member is a limestone with locally reefal developments. Fossils 

require this unit to have an Oligocene age. Its relationship with the overlying Uitpa Formation 

varies from unconformable to conformable. The 430 m type section is near Siamana village in the 

eastern part of Upper Guajira basin.  
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 Uitpa Formation: This unit was defined by Renz (1960) as a lower section comprising 

abundant calcareous fossiliferous sandstone and locally biostromal limestone, the upper section 

corresponds to a marly and clayey shale with glauconite, and sandy marl. An upper Oligocene to 

lower Miocene age was assigned to this unit based on foraminiferal zonations. The type section 

is located eastward of Siamana village with a thickness that varies from 150 to 200 m. The 

formation is in conformable contact with the overlying Jimol Formation. 

 

 Jimol Formation: This unit was defined by Renz (1960) as a limestone interbedded with 

marl and shale, locally sandy with quartz, chert and feldspar. The presence of mollusks defined 

the age as middle Miocene. The 940 m type section is in the central part of the Cosinetas 

embayment. The formation is in conformable contact with the overlying Castilletes Formation. 

 

 Castilletes Formation: This unit was defined by Renz (1960) as a calcareous unit overlain 

by a mostly clayey section. A Middle to Late Miocene age has been assigned based on 

biostratigraphic data and stratigraphic position. The type section is in Tucacas Bay with a 

thickness of 900 m. The formation is in unconformable contact with the overlying Gall inas 

Formation. 

 

 Gallinas Formation: This unit was defined by the Colombian Institute of Geology and 

Mining (Ingeominas; Ramirez, 2007) in regional geological maps to describe poorly to non -

consolidated Pliocene to Pleistocene deposits with fluvial, alluvial, and eolian origins without 

cartographic differentiation. 
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Figure 3. Guajira Basin free-air gravity isostatic anomaly map. Modified from Ceron (2008). 
 

 

A regional cross section shows the geometry of the basin and the geological relationship 

between Lower (south) and Upper Guajira (north) subbasins, separated by the dextral strike slip 

Cuiza fault (Figure 5). The Oligocene horizon identified in onshore Guajira basin, as well as the 

Lower Magdalena Valley basins, helps to define the main differences in tectonic setting of the 

stratigraphic record in deepwater Guajira. Pre-Oligocene sequences exhibit deposition in an 

extensional environment (Ramirez, 2007). The post-Oligocene sequences are deformed by 

normal faults due to the gravitational collapse that occurred during the collision between the 

Caribbean and South American plates in Neogene time (Mantilla et al., 2013; Figure 6). 
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Figure 4. Generalized stratigraphic column for the Guajira Basin. Regional source rocks are 
indicated by an asterisk (*). Modified from Ramirez (2007). 
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Figure 5. Guajira Basin SW – NE regional cross section. Modified from Ramirez (2007). 
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Seismic facies characterization assessment, supported by attribute analyses, were used 

to define the tectono-sequence division made by Mantilla et al. (2013) and delineate the 

following record of the plate interaction in offshore Guajira (Figure 6): 

 

1. Late Jurassic to Early Cretaceous rift phase during proto-Caribbean opening. 

2. Local passive margin deposition during Late Cretaceous time. 

3. Late Cretaceous to Paleocene subduction with oceanic terrane accretion. 

4. Guajiro and Guarao orogeny during Late Eocene to Early Oligocene time. 

5. Eustatic changes caused a Late Oligocene to Early Miocene paraconformity. 

6. Deformational event in Late Miocene to Pliocene time related to Caribbean plate 

subduction under the South American plate as recorded by an angular unconformity. 

 

Paleo-highs formed during Late Eocene to Early Oligocene time and correlation with 

onshore outcrops support the existence of an Eocene to Oligocene carbonate play related to 

reservoirs in the Macarao and Siamana Formations (Rubio et al., 2012). Combined traps related 

to the proposed build-up were mapped, and petroleum system modeling provided enough 

elements to define drillable prospects in the upper Guajira basin. The best prospect of the ranked 

portfolio related to the Eocene to Oligocene carbonate play was drilled by the Orca-1 well in 2014 

(Petrobras et al., 2012). The reservoir, predicted to be carbonate rocks, was instead a highly 

laminated sandstone-shale unit (Figure 7) corresponding to intra-slope turbidites in the Siamana 

Formation. 
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Figure 6. Tectono-sequence division in deepwater Guajira Basin. Modified from Mantilla et al. 

(2013). 
 

 

The goal of this study is to create a workflow that is a convenient tool to decrease 

interpretation uncertainties. This will provide a routine to reduce the time taken for reservoir 

modeling and development plans for siliciclastic reservoirs. To achieve this goal, the seismic data 

were reinterpreted to constrain models and the extension of well data. The reservoir 

characterization used petrophysical properties to calibrate the well data with its seismic 

expression through seismic attribute analysis and inversion. Seismic attributes, such as 
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coherence and sweetness, that can differentiate slope deposits in the Guajira Basin, were 

determined. Reservoir geometry and distribution were defined and mapped to extend the 

reservoir acoustic impedance beyond the well and into the seismic cube provided for this study. 

This method could be considered as a best practice in the exploration process, providing a base 

case to compare seismic amplitudes with well log acoustic impedance. The method can be 

performed in any kind of reservoir providing fast results towards the understanding of the 

acoustic impedance changes inside the reservoirs drilled for the first time in frontier basins like 

Guajira Offshore. 
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2. METHODS 

 

2.1. Available Data 

 

 The data used in this study were provided by Ecopetrol S.A. (Empresa Colombiana de 

Petroleos). The data are a 1,500 km2 3-D seismic reflection survey acquired and processed 

between 2011 and 2012. Table 1 summarizes the acquisition parameters and the processing 

sequence used for the Jarara 3-D seismic survey. The attribute assessment in this study was 

carried out using the pre-stack time migration (PSTM) version of the data. 

 

The Orca-1 well, with a total depth of 4,243 m, was drilled between July and September 

of 2014. It reached its objective at 3,583 m (MD). The drill stem test (DST) performed in the 

interval 3,583 – 3,617 m (MD) confirmed the hydrocarbon potential in Guajira Basin with gas 

production of 32 million standard cubic feet of gas per day (MMSCFGD). 
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Figure 7. Generalized stratigraphic column for the Orca-1 well. Depths in MD – TVDss. Modified 

from Petrobras (2015). 



14 
 

Wireline logs (Tables 2 and 3) were used to assess the petrophysical properties of the gas 

reservoir, such as P- and S-impedance and Vp/Vs ratio, using the Geoview suite of the 

HampsonRusell® package. Figure 8 shows the location of the Jarara 3-D seismic volume and the 

Orca-1 well (inline 3,714 – crossline 2,776) to the north of the Guajira peninsula. Additional 

information such as the well technical summary, geological reviews, regional studies, and internal 

reports were also provided (Ecopetrol Personal Communication, 2015). 

 

 

2.2. Approach 

 

 Petrel® suite was used to create an interpretation project with the Jarara 3-D seismic 

reflection survey. Figure 8 shows the seismic inline (1,958 – 5,072) and crossline (172 – 4,276) 

distribution across the Jarara 3-D survey area, as well as the location of the live traces inside the 

seismic volume. 

 

The seismic interpretation of the Oligocene horizon was performed in a regular grid (100 

inline/crossline spacing) using the seeded 2-D autotracking tool, with 75% seed confidence and 

a symmetrical constraint over a window width of 5.25 samples per trace. The base of the 

reservoir was interpreted in a denser grid (10 inline/crossline spacing) using manual 

interpretation over the acoustic impedance volume generated in Petrel®. The interpreted picks 

were used to calculate a surface using convergent interpolation and a 12.5 m grid cell size 
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(inline/crossline spacing). The corresponding structural maps in two-way travel time (TWT) are 

presented in the results section. 

 

 

Table 1. Acquisition parameters and general processing sequence – Jarara 3-D survey. 

 

Company CGGVeritas 

Vessel Name Veritas Viking 

Full fold area (non-full fold) 1,500 km2 (1,833 km2) 

Nominal Bin Size 6.25 m x 25 m 

Nominal Bin fold 81 

Water depths 300 m to 1,500 m 

Source parameters 

Source Type Bolt Long Life Airguns (1500LL and 1900LLX) 

Air Pressure 2,000psi+/-100psi 

Volume 4,450/in3 

Number of Sources 2 

Source separation 50 m 

Sub-array separation 8.0 m 

Shot Interval 50 m (25 m flip flop) 

Source Depth 10 m 

Streamer parameters 

Streamer type Sercel Sentinel Solid  

Number of streamers 10 

Streamer Depth 10 m 

Channels 10 x 648 

Streamer separation 100 m 

Record Length 9,000 ms 

Sample Rate 2 ms 

High Cut Filter 200 Hz- 370 dB/Oct 

Low Cut Filter 2 Hz - 6 dB/Oct  

Group interval 12.5 m 

Processing sequence 
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Reformatting of seismic from SEGY to CGGV format 

T squared gain recovery 

Low cut 3Hz 

Resampling at 4 ms 

Designature (zero phasing and debubbling) 

Swell noise attenuation 

Linear Noise attenuation 

FK antialias filtering 

Trace drop (dropping one receiver over two) 

3D SRME 

Radon demultiple 

Phase only deabsorption, Q=98 

Source and cable amplitude corrections 

3D de-aliased Fourier interpolation and regularization to a 12.5x12.5m grid 

De-spiking 

Remove T squared gain recovery 

Spherical Divergence Compensation 

PSTM 

Residual Move Out 

Radon demultiple 

Stack and angle stacks 

Spectral whitening 

Dip consistent filtering 

Equalization 2,000 ms window 

PSTM filtered and equalized - gun and cable statics 

 

Final geometry 

Inlines 1,958 – 5,073 

Crosslines 172 – 4,276 

Bin size 12.5 

 

 

 

 

 

 



17 
 

Table 2. Orca-1 well wireline logs used in this study. 
 

CURVE DEPTH INTERVAL 

(MD) 

RUN DESCRIPTION 

 

GR 1,859 – 2,387 m 3 Gamma Ray (gAPI) 

CAL 1,859 – 2,387 m 3 Caliper (in) 

RES 2,364- 2,961 m 4 Resistivity (ohm.m) 

GR 2,364 – 3,553 m 5 Gamma Ray (gAPI) 

CAL 2,364 – 3,553 m 5 Caliper (in) 

GR 3,548 – 4,238 m 8 Calibrated Gamma Ray (gAPI) 

CAL 3,548 – 4,238 m 8 Caliper (in) 

SP 3,548 – 4,238 m 8 Spontaneous Potential (mV) 

TNPH 3,548 – 4,238 m 8 Thermal Neutron Porosity (m3/m3) 

RHOZ 3,548 – 4,238 m 8 Standard Resolution Formation Density (gr/cm3) 

RT 3,548 – 4,238 m 8 True Resistivity (ohm.m) 

RXO 3,548 – 4,238 m 8 Flushed Zone Resistivity (ohm.m) 

DTCO 3,548 – 4,238 m 8 Delta-T Compressional (us/ft) 

DTSM 3,548 – 4,238 m 8 Delta-T Shear (us/ft) 

CHECKSHOT 693 – 4,237 m - Borehole Seismic data 

FMI - UBI 3,568 – 4,010 m - Formation Microimager - Ultrasonic Imager 

MDT 3,580 – 3,690 m - Modular Formation Dynamics Tester 

DST 3,583 – 3,617 m - Drill Stem Test 

 

 

 

 

 

 



18 
 

Table 3. Orca-1 well checkshot data used in this study (Petrobras, 2015). 
 

 

 

 



19 
 

 



20 
 

 The Geoview suite of the HampsonRusell® package was used to perform a well to seismic 

tie and post-stack inversion analysis from the PSTM version of the Jarara 3-D seismic reflection 

survey and Orca-1 well log data. Seismic inversion takes computed impedance values from well 

data and the seismic trace to generate an integrated trace as a better representation of the 

geologic features acting as reflectors in the subsurface (Figure 9). The resulting inversion shows 

the lithologic boundaries causing changes in acoustic impedance. 

 

Geoview® suite offers different methods to model the seismic data considering the 

correlation between the initial model (from well data) and the synthetic inversion (acoustic 

impedance values after inversion). Model based and colored post-stack inversion methods were 

analyzed in this study. Model based inversion creates a P-impedance low frequency model by 

searching for a good fit with the original data by modifying the initial parameters, such as 

wavelet, block size, number of iterations and constraint windows. Colored inversion creates an 

operator that considers both the spectrum from seismic amplitudes and acoustic impedance 

from well logs. In this sense, colored inversion is consistent with the acoustic impedance trend in 

the area regarding the data available from the well. In both cases, the final product is an acoustic 

impedance volume with absolute values in the first case and relative values in the second case. 

The seismic interpretation was used to constrain the inversion modeling that was extrapolated 

into the seismic volume. 

 

Seismic attributes were computed using a cropped volume of the original data to obtain 

better performance and visualization. The new volume was optimized along inline 2,600 – 4,550, 
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crossline 960 – 3,369 and in the depth range of 3,000 – 6,000 ms. Different attribute volumes 

were generated using Petrel’s algorithms to evaluate the seismic response of the reservoir and 

its continuity in the study area. 

 

 

 

 
Figure 8. Jarara 3-D seismic survey and the location of the Orca-1 well in the offshore Guajira 
Basin. 
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Figure 9. The principle of seismic inversion. The integrated trace represents the geologic features 
generating reflections in the subsurface (Bianco, 2011). 
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3. RESULTS 

 

3.1. Well to seismic tie 

 

 Wireline well log curves were used to compute the elastic properties of the siliciclastic gas 

reservoir. Figure 10 shows P- and S-impedance, as well as gamma ray, density and Vp/Vs ratio 

values characterizing the reservoir. 

 

 

 

 
Figure 10. Elastic properties of the Orca-1 well. Tops, indicating the reservoir location, as well as 
basement, are annotated. GWC = gas water contact. 
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 Given the variations in acoustic impedance due to the thin bedded reservoir, sonic 

velocities were corrected using checkshot velocities (Table 3) to calculate the synthetic 

seismogram and well correlation (Figure 11). 

 

 

 

Figure 11. Orca-1 well synthetic seismogram, Guajira offshore. 
 

 

3.2. Seismic attributes 

 

 Considering the low frequency of the seismic data (15 Hz) at the reservoir depth (3,600 – 

4,000 ms), the stratigraphic attribute of relative acoustic impedance (RAI) provided a better 

image of lateral changes in lithology and discontinuities, by showing an apparent acoustic 

contrast in the seismic section. This is helpful in interpreting the boundaries inside seismic facies 
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(Chopra and Marfurt, 2007). Figure 12 compares an image obtained using seismic amplitudes (a) 

to an image comprising relative acoustic impedance (b) for the same seismic section. The well 

path is projected (dashed line) so that the differences in the reservoir zone (Figure 10) are 

highlighted. Stratigraphic bodies (red circle) are better defined when using relative acoustic 

impedance (RAI). 

 

 

  a. 

 

 

 

 

 

 

             b. 

 

 

 

 

 

 
Figure 12. Inline 4,244 without interpretation. Seismic amplitudes (a) are compared to relative 
acoustic impedance (b). Note the better definition of boundaries and discontinuities inside the 

same seismic facies in the relative acoustic impedance section (RAI). 

max 

min 

TWT 

(ms) 

TWT 

(ms) 

0        1        2        3        4         5 km 

0        1         2        3        4        5 km 
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The relative acoustic impedance volume (RAI) was used to interpret the base of the 

reservoir using manual interpretation to avoid the inclusion of non-related bodies. The green 

shaded polygon in Figure 13 illustrates additional thickness in the reservoir when the 

interpretation is done using just seismic amplitudes. 

 

 

 

a. 

 

 

 

 

 

 

  b. 

 

 

 

 

 

 
Figure 13. Inline 4,244 with interpretation using seismic amplitudes (a) and the RAI volume (b). 
Note the extra thickness (green shaded area) that could be erroneously attributed to the 

reservoir zone if interpretation was made using the seismic amplitude volume. 

max 

min 

TWT 

(ms) 

Oligocene   

Reservoir base  
Basement   

TWT 

(ms) 

0        1         2        3         4         5 km 

0        1        2         3         4         5 km 
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Coherence, another stratigraphic attribute, is the similarity between seismic traces. High 

values of coherence are indicative of consistency between a trace and its neighbors based on dip 

and azimuth analysis. In clastic prone environments, this attribute is frequently used to enhance 

channel infill and channel system edges, as well as seismic facies geometry and fault/fracture 

recognition (Chopra and Marfurt, 2007). Figure 14 shows maximum values of coherence (red 

arrows) related to fine-grained sedimentary rocks drilled by the Orca-1 well, over and under the 

Oligocene marker; where reflectors are parallel and laterally continuous and high amplitude. 

Paleo-highs are covered with onlap terminations that are regionally distributed. The reservoir 

section exhibits high coherence values without prominent edges or internal changes related to 

major faulting. 

 

Bacon et al. (2007) defined the seismic attribute of envelope as the maximum value of the 

trace, at a given time, if the phase were rotated (instantaneous phase). This attribute is phase 

independent and always positive. The envelope attribute is a representation of reflectivity along 

the seismic section, being comparable with changes in acoustic impedance. The envelope 

attribute is used to identify boundaries, small changes in thickness and lateral changes in 

lithology. The attribute of envelope in Figure 15 shows the lateral continuity of the Oligocene and 

Miocene sequences overlying the Oligocene reservoir. The reservoir has continuity inside the 

drilled structure with internal changes that allow differentiation of its geometry and lateral 

extent. 
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The sweetness attribute is a direct relationship between envelope and instantaneous 

frequency. It is useful in differentiating sandstone bodies surrounded by shaly sequences (Hart, 

2008). Sweetness works in siliciclastic environments as a hydrocarbon indicator. It highlights high 

envelope/low frequency sand bodies with hydrocarbons (high sweetness, or “sweet spots”) from 

typically fine-grained sequences that act as seal units, with low envelope/high frequency values 

(low sweetness). In the Jarara 3-D volume, the sweetness attribute has a high correlation with 

envelope, distinguishing the reservoir inside the drilled structure from the fine-grained 

sequences defined as seal rock. This permits a regional interpretation of this property away from 

the borehole (Figure 16). 

 

 

 

Figure 14. Coherence attribute co-rendered with seismic amplitude for the inline 3,714, crossline 
2,000, and 4,500 ms time slice intersection. The arrow points north and green is up. 
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Figure 15. Envelope attribute co-rendered with seismic amplitude for the inline 3,714, crossline 
2,000, and 4,500 ms time slice intersection. The arrow points north and green is up. 
 

 

 The seismic frequency content discrimination helps to identify the influence of each 

frequency value in the seismic volume. In siliciclastic environments, this aids in recognition of 

thin beds, channelized features, and lateral changes in lithologies to obtain thickness estimates 

(with low frequencies showing only thicker channels; Chopra and Marfurt, 2007). Using Petrel’s 

IsoFrequency attribute, three cubes with spectral components were calculated. Figure 17 shows 

IsoFrequency volumes (red - 16 Hz, green - 11 Hz, and blue - 6 Hz with a correlation window of 

60 ms each) co-rendered with seismic amplitude (vertically) and coherence (time slice). In the 

case of the Jarara 3-D volume, very little correlation was found between the frequency content 

and the lithology analyzed as the reservoir. Some of the areas inside the reservoir are illuminated 

by red and blue frequencies (16 and 6 Hz), but the map view at the reservoir level (3,732 ms) 
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does not permit interpretation of geometry or distribution of events related to the deposition of 

turbidites in the area (Figure 18). 

 

 

 

 
Figure 16. Sweetness attribute co-rendered with seismic amplitude for the inline 3,714, crossline 
2,000, and 4,500 ms time slice intersection. The arrow points north and green is up. 
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Figure 17. IsoFrequency attribute co-rendered with seismic amplitude (vertical) and coherence 

(time slice), for the inline 3,714, crossline 2,000, and 4,500 ms time slice intersection. The arrow 
points north and green is up. 

 

 

Figure 18. IsoFrequency attribute co-rendered with seismic amplitude (vertical) and coherence 
(time slice), for the inline 3,714, crossline 2,000, and 3,732 ms time slice intersection. The arrow 

points north and green is up. 
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3.3. Post stack seismic inversion 

 

 With the previously computed P-impedance at the well (Figure 10), two methods were 

evaluated to determine the best fit between initial and synthetic models. Figures 19, 20 and 21 

show the comparison between these models using different parameters and methods. Two 

different wavelets were used to compare the fit between seismic and well data using model 

based and colored inversion. The first wavelet was extracted from the seismic data using the well 

logs to obtain amplitude and phase, before applying the model based inversion method (Figure 

19). The statistical wavelet was extracted from seismic data at the well location (inline 3,714; 

Figure 20) using a time window from 3,500 ms to 4,200 ms and zero-phase. As wavelets change 

depending on the travel time through the seismic survey, the statistical wavelet was considered 

the best option to use in this study. This reduced the uncertainty related to the low correlation 

between well logs and seismic data at the reservoir depth, given the low frequency content. 

 

The Zp column compares the original log with the initial model and the final model (blue, 

black and red lines in Figure 19). The initial model is the acoustic impedance considering the 

selected parameters and the final model corresponds to the result of the inversion over seismic 

data. The synthetic trace is the result of the inversion, and the error column shows the difference 

between the synthetic and seismic trace. In the first case, there is a high correlation (0.9956) 

between the synthetic and seismic trace (Figure 19), however, the initial and final models have a 

difference of ~2,800 m/s*g/cc (Zp column, top). 
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Figure 19. Inversion analysis, Orca-1 well to the Jarara 3-D seismic volume. Model based inversion 
method from the Geoview® suite using the Orca-1 well wavelet. The upper limit is above the 
reservoir top and the lower limit is inside the Macarao Formation. The Zp column shows the 
original log in blue, the initial model in black, and the final model in red. 
 

 

The colored inversion method uses an operator (Figure 21) to consider both the spectrum 

from seismic amplitudes and acoustic impedance from well logs, making colored inversion a 

consistent method with the subsurface reflection coefficient series in the area, regarding the data 

available from well (Lancaster and Whitcombe, 2000). Colored inversion (Figure 22) provided an 

acceptable correlation number (0.74) and a small error when comparing initial and final models 

in terms of acoustic impedance (~1,490 m/s*g/cc). The colored inversion method provides a 

relative acoustic impedance visualization of the seismic data. This is applicable in this case given 

the low frequency of the data (15 Hz) at the reservoir depth (3,600 – 4,000 ms) and the lack of 

enough samples from well data to create a statistical inversion workflow. 
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Figure 20. Statistical wavelet used for the colored inversion method from the Geoview® suite. 
Note amplitude spectrum and time response of the statistical wavelet at the well location (inline 
3,714). 
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Figure 21. Inversion operator time response and frequency spectrum, colored inversion method 
from the Geoview® suite. 
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Figure 22. Inversion analysis, Orca-1 well to the Jarara 3-D seismic volume. The colored inversion 
method from the Geoview® suite using a statistical wavelet. The upper limit is above the reservoir 

top and the lower limit is inside the basement. The Zp column shows the original log in blue, the 
initial model in black, and the final model in red. 
 

 

Quality control was achieved by applying the inversion to a single seismic section. Inline 

3,714 (coincident with the well) was used to evaluate which method to use for the entire seismic 

volume (Figures 23 and 24). The colored inversion method was chosen given the better definition 

of the reservoir limits at the well location, and the good correlation (0.74) between the seismic 

amplitude spectrum and the acoustic impedance spectrum from the well . Figure 25 is a 

composite view to check the inversion results by comparing the initial model (a, view 1), the 

inversion result (b, view 2) and the post stack seismic data (c, view 3). 
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Figure 23. Inversion quality control, Orca-1 well to the Jarara 3-D seismic volume. Model based 
inversion method from the Geoview® suite using the Orca-1 well wavelet. The upper limit is 

above the reservoir top and the lower limit is inside the Macarao Formation. 
 

 

1550 m 

Gas zone 

Water zone 



38 
 

 

 

 

 
Figure 24. Inversion quality control, Orca-1 well to the Jarara 3-D seismic volume. Colored 
inversion method from the Geoview® suite using the statistical wavelet. The upper limit is above 

the reservoir top and the lower limit is inside the basement. 
 

 

1575 m 

Gas zone 

Water zone 
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Figure 25. Composite view for inversion quality control, Orca-1 well to the Jarara 3-D seismic volume. Colored inversion method from 

the Geoview® suite using a statistical wavelet. The upper limit is above the reservoir top and lower limit is inside the base ment. 
Comparison between the initial model (a, view 1), inversion result (b, view 2) and seismic amplitude (c, view 3). 

2000 m 

a. 

b. 

c. 
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4. DISCUSSION 

 

4.1. Well to seismic tie 

 

The Orca-1 well was drilled over a basement high almost 10 km wide. Figure 26 shows the relative 

acoustic impedance section at the well location. The well reached its target at 3,583 m (MD) after 

drilling the whole Miocene sequence (Figure 7). The basement top is at 4,010 m (4,060 ms), In 

Inline 3,714 the reservoir is located between 3,750 ms and 3,840 ms. A complete set of wireline 

logs were run in the zone of interest (Table 2), including nuclear magnetic resonance (NMR), 

sidewall cores, borehole images and a modular formation dynamics tester (MDT). 

 

Figure 26. Inline 3,714 interpreted using the RAI volume. The black line located at the intersection 

with crossline 2,776 corresponds to the well path. 
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Interpretation of gamma ray readings for the well (Figure 27) describe an interbedded 

siliciclastic sequence. Given the low density of gas, the gas effect is shown by the density and 

neutron porosity where they display a crossover. This is a gas zone indicator on quick look 

evaluations (yellow shaded area on the Den-Neu track in Figure 27). Oil and water would produce 

a similar effect; however, the curves would be closer to each other in the presence of oil and 

overlapping in water zones. Resistivity values are also affected by the thickness of the layers, 

showing lower values of the normal trend in the presence of gas. This response is due to the bed 

thickness falling below the vertical resolution of the well logs. 

 

Total and effective porosity, as well as permeability values shown by the petrophysical 

interpretation, are indicative of the good quality of the reservoir. With the MDT acquired in the 

interval 3,580 m to 3,690 m (MD), a gas water contact (GWC) was identified. The final DST (black 

bar on the GR track in Figure 27) performed in the interval 3,583 – 3,617 m (MD) confirmed the 

hydrocarbon potential in Guajira offshore basin. 

 

 Using gamma ray, density, and sonic logs, the elastic properties of the reservoir were 

calculated (Figures 10 and 11). The relationship between P-wave and S-wave velocities (VP/Vs 

ratio) is related to the lithological type and fluid content in the formation. In the presence of 

clean sandstones, the values for this ratio range from 1.6 to 1.75 (Pickett, 1963). Higher VP/Vs 

ratio are related to clay interbedding in the reservoir. Meanwhile the increasing gas saturation 

will move the ratio to lower values (Castagna et al. ,1985). 
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Figure 27. Reservoir petrophysical evaluation, Orca-1 well. Modified from Llinas (2015). 
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A visual evaluation of the Vp/Vs ratio, by comparing the curve trend inside the gas zone 

with the lower part of the well column, allow us to interpret that both gas and water units have 

reservoir potential. At least two zones in the Macarao Formation (red arrows in Figure 28) can be 

added to the reservoir in areas at a higher structural position. Low acoustic impedance values, 

which is the product of density and velocity, are used to identify the position of the gas sandstone 

(low density gas effect). A crossplot of the Vp/Vs ratio vs P-impedance, is used to characterize the 

reservoir intervals at the well (Figure 29); in this case, the red ellipse zone indicates the area 

where fluids and mineral content define clean sandstones with high gas saturation in siliciclastic 

reservoirs (Ødegaar and Avseth, 2003). Based on the Vp/Vs ratio vs P-impedance, the elastic 

reservoir characterization of the gas sandstone validates the quality of the water unit in terms of 

reservoir potential, identifies some intervals at the top of Macarao Formation with the same 

reservoir quality, and confirms that the analysis of the reservoir unit can be done without 

discriminating the gas and water zones, given the seismic resolution at this depth. 
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Figure 28. Elastic properties of the gas interval, Orca-1 well. Notice red dashed arrows indicating 
zones in Macarao Formation with reservoir potential. 
 

 

4.2. Seismic attributes 

 

 The generalized stratigraphic column (Figure 4) summarizes the Tertiary sequences drilled 

by offshore wells in the Guajira basin and provides a correlation with onshore observations that 

provided a hypothetical Cretaceous source rock in the Caribbean region. As defined by Ramirez 

(2007), the La Luna, Macarao and Castilletes formations are the regional source rocks, meanwhile 

Siamana, Uitpa and Jimol formations are the reservoir units. 
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Figure 29. Elastic reservoir characterization of the interval in the Orca-1 well. A crossplot of the 

Vp/Vs ratio vs P-impedance is used to characterize the reservoir intervals. The red ellipse zone 
indicates the intervals with reservoir potential, shown in red to the right of the P-impedance log. 

 

 

 The depositional model indicates that Eocene and Oligocene units (Macarao and Siamana 

formations) were deposited intraslope, as an expression of the ponded accommodation defined 

by Prather in 2003 (Figure 30). For the Jarara 3-D seismic volume, the changes on the slope profile 

are due to volcanic rocks and basement highs related to Cretaceous syn-rift deformation (Figures 

6 and 31). 

 

A seismic section flattened along the Oligocene horizon was used to evaluate the 

distribution of the Eocene and Oligocene sequences. Figure 31 shows that sediment circulation 

was restricted by the presence of basement highs. In some areas of the basin Eocene deposits 

could bypass the major topographic features at that time. Considering the reservoir potential of 
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some intervals at the top of Macarao Formation, there is a high probability of finding good 

reservoir intervals in those parts of the basin where the Eocene sequence (brown shaded area) 

developed apron like deposits (white dotted lines) between basement highs. 

 

 

 

 
Figure 30. Sea floor profile and accommodation distribution along the slope (modified from 
Prather, 2003). 

 

 

Based on the attribute volumes generated using Petrel’s algorithms, the seismic response 

of the reservoir and its continuity through the study area was evaluated. Identification of 

stratigraphic bodies equivalent to the drilled reservoir was carried out using the acoustic 

impedance volume. The Oligocene and the base of the reservoir horizon have a constant 
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distribution and ellipsoidal geometry (Figures 32 and 33). The structural closures have a NE-SW 

trend in accordance with the regional trend of tectonic features developed during the Caribbean 

plate evolution at the northern end of South America (Figure 1e). 

 

 

 

 
Figure 31. (a) Eocene and Oligocene sequences ponding between basement highs in the Guajira 
offshore basin. (b) Comparison with a flattened arbitrary seismic section using the Oligocene 

horizon as a datum. White dotted lines indicating the location of apron like deposits within 
basement highs. 
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The integrity of the Oligocene and Lower Miocene sequences is shown by the high 

coherence values through the seismic cube (Figure 14). As there are no signs of faulting or 

discontinuities across the sequence, it can be designated as a good seal rock. 

 

 

 

 
Figure 32. Structural map in TWT at the Oligocene horizon in the Jarara 3-D seismic volume. 
 

 

The Upper Miocene-Pliocene angular unconformity is an expression of the deformation 

that occurred during the collision between the South American and Caribbean and plates in 
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Neogene time (Mantilla et al., 2013; Figure 6). The Oligocene and the base of the reservoir 

horizons are not affected by Neogene time faulting, therefore the Oligocene to Lower Miocene 

sequences behave as a mechanical barrier, isolating traps related to a hypothetical Eocene – 

Oligocene petroleum system in the Guajira offshore basin. 

 

 

 

 

Figure 33. Structural map in TWT at the base of the reservoir in the Jarara 3-D seismic volume. 
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Using a multiattributes display, a visual evaluation of the attributes computed was carried 

out to determine the contribution of seismic attributes to reservoir identification and 

characterization. Figures 34 to 36 present coherence and sweetness (co-rendered in an inline – 

crossline – time slice display) as those attributes that helped to define the depositional model, 

correlate deposits, and differentiate lithologies. 

 

The multiattributes display clearly shows channel features that can be defined at two 

different time slices, both related to the stratigraphic bodies drilled by the Orca-1 well. Some 

channelized features can be seen using coherence alone and when co-rendering coherence and 

sweetness. At 3,732 ms, the channelized deposits have a perpendicular distribution (EW and NS), 

suggesting the existence of a complex system with distributary channels operational at different 

times to supply the sediment to fill in the basin. The channel infill is categorized as fine-grained 

sedimentary rocks given the low sweetness values. This is the seal rock in this part of the basin 

(Figure 34). 

 

For the 4,160 ms time slice (Figure 35), the channels are strongly controlled by the paleo-

topography. At this depth, the main channel has a southeast to north west trend. The channel 

infill has high values of coherence and sweetness, indicating sandstone content. An image of the 

well location inline (Figure 36) allows differentiation of siliciclastic deposits inside the channel 

from the basement, which also has high sweetness values. The interpretation is that ponded 

accommodation was created by basement erosion. Deeper deposits in the northern part of the 
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Jarara 3-D volume may have a high lithic content at the base of the Eocene sequence due to 

basement erosion. 

 

Petrophysical properties, integrating geostatistics and the multiattributes response from seismic 

data, have been estimated by different authors in development fields to predict reservoir 

qualities (Pearson and Hart, 2004). If a second well is drilled in the future, further interpretation 

can be done using the multiattributes response and applying statistical assessment (e.g., cross-

plot analysis, correlation coefficients) to estimate other petrophysical properties from the 

seismic data (e.g., porosity, density; Pearson and Hart, 2004). 
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Figure 34. Coherence attribute (a and b) co-rendered with sweetness (b) in a time slice at 3,732 
ms. Inline 4,000 and crossline 2,000 are shown with relative acoustic impedance (RAI). Notice the 
channelized features feeding the reservoir area drilled by the Orca-1 well. The arrow points 
north, green is up. 
 

Channelized features 

Channelized features 
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Figure 35. Coherence attribute (a and b) co-rendered with sweetness (b) in time slice at 4,160 

ms. Inline 4,244 and crossline 2,000 are shown with relative acoustic impedance (RAI). Notice the 
channelized features feeding the reservoir area drilled by the Orca-1 well. The arrow points to 

north, green is up. 
 

Channelized features 

Channelized features 
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Figure 36. Coherence attribute co-rendered with sweetness in time slice at 3,732 ms. Inline 3,714 
and crossline 2,000 are shown with relative acoustic impedance (RAI). Notice the channelized 
feature over the basement drilled by the Orca-1 well. The arrow points to north, green is up. 
 

 

4.3. Post stack seismic inversion 

 

The acoustic impedance volume obtained after post stack seismic inversion is the last 

attribute that can be used to define the geometry and distribution of the reservoir drilled by the 

Orca-1 well. As seen with the Vp/Vs ratio vs P-impedance crossplot (Figure 29), gas and water 

zones have the same good reservoir quality with low impedance values that range from 5,500 to 

6,800 m/s*g/cc. Figures 37 and 38 summarize in a time slice view the inverted volume starting at 

4,000 ms. Moving upwards in 100 ms steps through the seismic volume, the ellipsoidal structural 

trap can be defined, and a low impedance trend appears at the gas zone in green to yellow colors 

(3,750 ms – 3,840 ms), characterizing the reservoir within the structure. The final slices (Figure 

Basement top 

Channel 
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38) show the area outside the model (red areas covering the structure at 3,500 ms and 3,400 

ms), where the inversion was done without well control. 

 

 

 

 
Figure 37. Acoustic impedance inversion, Orca-1 well to the Jarara 3-D seismic volume. Colored 

inversion method from the Geoview® suite using a statistical wavelet. The upper limit is above 
the reservoir top and lower limit is inside the basement. Acoustic impedance slices for 4,000 ms, 
3,900 ms, 3,800 ms, and 3,700 ms. 
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Figure 38. Acoustic impedance inversion, Orca-1 well to the Jarara 3-D seismic volume. Colored 
inversion method from the Geoview® suite using a statistical wavelet. The upper limit is above 

the reservoir top and lower limit inside the basement. Acoustic impedance slices for 3,600 ms, 
3,500 ms, and 3400 ms. 
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5. CONCLUSIONS 

The Oligocene turbidite play drilled by the Orca-1 well in 2014 corresponds to a highly-

laminated reservoir deposited intra-slope as an example of what Prather (2003) called ponded 

accommodation. In the Jarara 3-D seismic survey, the distribution of the Eocene and Oligocene 

sequences was controlled by basement highs. Eocene sedimentary rocks bypassed some of the 

major topographic features, developing apron like deposits with reservoir potential at the top of 

Macarao Formation. The seismic interpretation in this study establishes the lateral continuity of 

the drilled reservoir inside the structural trap with a NE-SW trend consistent with the regional 

tectonic features developed during the Caribbean plate evolution. 

 

The VP/Vs ratio and acoustic impedance showed the convenience of appraising the 

reservoir unit without gas and water zone discrimination. The reservoir interval is characterized 

by: 

• High values of coherence and sweetness. 

• VP/Vs ratio between 1.55 and 2.1. 

• Low acoustic impedance (5,500 – 6,800 m/s*gr/cc). 

 

Post stack seismic inversion results are consistent with the elastic reservoir 

characterization of the gas interval, indicating areas with comparable reservoir quality inside the 

interpreted structure. Reservoir geometry and distribution were mapped and the reservoir 
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acoustic impedance, extended beyond the well into the Jarara 3-D seismic volume, defined the 

structural trap with a low impedance trend in the gas and water zones. This confirmed the high 

reservoir quality of this unit (3,750 ms – 3,840 ms). 

 

The reservoir characterization developed in this study followed a workflow that can be an 

effective and convenient tool to reduce the time taken for reservoir modeling. Post stack colored 

seismic inversion is a practical method that should be considered a best practice in the 

exploration process; not only because it can be performed fast, but also because it establishes a 

base case that considers both the spectrum from seismic amplitudes and acoustic impedance 

from well logs. 

 

Beyond this study, with at least two wells in the area, geobody extraction involving 

petrophysical properties, such as density and thickness porosity, could be carried out by finding 

the correlation between that property and multiattributes response. The proposed workflow is 

illustrated in Figure 39. 
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Figure 39. Workflow for reservoir characterization using post stack seismic attributes and 
inversion. Last step (geobody generation) can be applied when the area has two or more drilled 
wells (geostatistical approach). This last step is beyond the scope of this project. 
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