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Abstract 

 
The Tres Pasos Fm of the Magallanes Basin in Chile records the evolution of a prograding deep-water slope system with exceptionally well 
exposed depositional dip-oriented middle to lower slope strata exposed at the Laguna Figueroa locality. The outcrop contains three channel 
complexes comprised of 18 channel elements. While analogous slope channel deposits can contain significant reservoir potential, their 
channelized nature creates uncertain connectivity, which can be problematic for efficient hydrocarbon production. This work seeks to quantify 
the influence of reservoir architecture on reservoir productivity as a function of well placement and inter-/intra-channel architecture using a 
high-resolution outcrop-based geocellular model. Reservoir flow simulation is performed to assess the impact of intra-channel architecture on 
production profiles. Simulated production data is analyzed to elucidate potential clues useful for predicting channel dimensions and 
connectivity in new and/or producing fields. Reservoir simulations were run for: 1) a single channel element and 2) sector models representing 
areas of vertically aligned versus laterally offset channel elements. All models were represented at a 2 m × 2 m × 0.25 m grid scale. Three 
primary facies associations (FA) capture the lithologies present in outcrop: FA1 (axial) – thick-bedded amalgamated sandstone (95% 
sandstone); FA2 (off-axis) – thick- to thin-bedded semi-amalgamated sandstone with few fine-grained interbeds (81% sandstone); FA3 
(marginal) – thin-bedded fine- to very fine-grained sandstone with interbedded siltstone and mudstone (39% sandstone). Three scenarios were 
created to quantify the influence of reservoir architecture on productivity by varying the proportion and distribution of facies within each 
channel element. Scenarios capture a range of possible architectural frameworks from highly connected FA1-dominant to more 
compartmentalized FA2- and FA3-dominant conditions. Hydrocarbon production was simulated from a single extraction well at the axis of the 
channel element(s) and two water flood injectors 35 meters from the channel margins. Inter- and intra-channel connectivity were evaluated 
based on the volume and location of oil left in place following water breakthrough. The influence of well placement on productivity was 
quantified by rerunning each of the realizations with injectors rotated to the center of the channel(s) up- and down-gradient of the production 
well. 
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1) Quantify uncertainty/error introduced through simpli�cation of �ne-scale       
internal channel architecture.

2) Investigate how reservoir testing can be used to populate reservoir properties in 
a large-scale model. 

3) Determine how uncertainty/error introduced through simplifying assumptions 
varies with di�erences in inter-channel relationships (stacking, overlap).

4) Elucidate the impact of upscaling inter- and intra-channel architecture on �ow.

OBJECTIVES: Tres Pasos Formation, lower Laguna Figueroa section

 

DS OP 1

Cach 1Vaca 1Sub BB4Sub BB1Sub BB3KJ 1MM 101MM 102

Vaca 2 Peq 1 

Cach 2

Cach 3

Peq 2

OP 2

Fig. 7

Fig. 6

Paleo�ow roughly due south 

 

(highly oblique to outcrop orientation)

Legend: channel sandstone interbedded sandstone and mudstone mass transport deposit

10 m

250 m

V.E. = 9X

complex boundary element boundary

B

NORTH SOUTH

area featured in part B

DS OP 1 OP 2 Sub BB3KJ1MM 101MM 102 Sub BB4Sub BB1 Vaca 1 Vaca 2 Peq 1 Peq 2 Cach 1
Cach 2

Cach 3

A

:

0

500

1000

1500

2000

0

500

1000

1500

2000

0

500

1000

1500

2000

0

500

1000

1500

2000

0

500

1000

1500

Puma Clinoform
x-axis: 38 km
y-axis (relief): 1000 m
slope: 1.5o

Figueroa Clinoform:
x-axis: 42 km
y-axis (relief): 900 m
slope: 1.2o

Chingue
Clinoform

Cerro Cazador Arroyo Picana

moderate relief
clinoforms

Hotel
Clinoform

Guanaco
Clinoform

Arroyo HotelCerro Sol

sandstone

mtd
siltstone/mudstone

topset deposits
fine-grained-dominated slope/basin floor deposits

5 km

VE = 10X

50
0 

m

shelf-edge/
delta-front deposits

major zone
of bypass

major
bypass
surface

lenticular
sandstone bodies

& minor mtd’s

slope mini-basin fill

0

500

1000

relict
shelf
edge

North
South

Oveja
Clinoform

Measured Section
Legend:

Colour
Legend:

coarse-grained-dominated slope/basin floor deposits

incision/mass
wasting

Regional dip-oriented stratigraphic cross-section of the Tres Pasos and Dorotea formations 
showing large-scale clinoforms, which �lled the Magallanes foredeep axially, from north to 
south (adapted from Hubbard et al., 2010; Bauer, 2012). 

Geologic Background and Study Area
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GoogleEarth images of the Ultima Esperanza District with CSS JIP study areas highlighted.  Inset 
map at lower left shows location of study area with respect to southern South America (compare 
locations of the Torres del Paine and Puerto Natales).
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The Late Cretaceous Tres Pasos Formation consists of a turbidite-dominated succession that records the 
terminal phase of deep-water depositon in the Magallanes foreland basin, southern Chile. Slope 
channel deposits accumulated along a high-relief basin margin (> 1 km relief ) along a depositional 

succession of slope channel strata located adjacent to Laguna Figueroa. 3-D exposure of the strata 
along a depositional-dip oriented transect enables well-constrained mapping of channel architecture.

Study Area

Stratigraphy of the Magallanes Basin. 
This study focuses on the lower 

portion of the Tres Pasos Formation.

Interpreted paleogeographic setting for the 
Tres Pasos Formation slope system, and 
overlying and genetically linked shelf-edge 
delta system of the Dorotea Formation.

The Laguna Figueroa Outcrop Belt.  Two-large-scale (>100m thick), composite channel complex sets have been 
delineated in the Laguna Figueroa area, which are comparable to channelized slope systems explored o� numerous 
continental margins.  The lower of the two is the focus of this analysis (Macauley and Hubbard, 2013)

Thick-bedded amalgamated sandstone (Ta and Tb)

Thinly interbedded non-amalgamated siltstone and very �ne-grained sandstone (Tb, Tc, Td and Te)

 Thin- to thick-bedded sandstones, less amalgamation, grade rapidly into siltstone (Tb, Tc, and Td)

Thick-bedded amalgamated sandstone (Ta and Tb)

MATLAB template based on Macauley and Hubbard, 2013
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A) Conceptual cross-section of inter-channel architecture from Macauley and Hubbard, 2013 (upper), and model 
template generated in MATLAB (lower). B) Conceptual model of channel base drapes employed.  Yellow = sand 
on channel base (drape eroded or not deposited) and Grey = mud on channel base (drape or margin deposits) 

Photo (top) and line-drawing 
trace (bottom) of a channel, the 
primary building block for 
modeling. Note the more axial 
amalgamated sandstone (at 
right) transitions to more 
non-amalgamated and �ner 
facies to the left.
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How does the respresentation of �ne-scale internal channel architecture impact �ow prediction? Intra-channel architecture: How does �ow di�er between realizations in a single channel element?
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Inter-channel architecture: How is �ow e�ected by stacking pattern? Summary of Results:

“Actual” 
Condition

Random
Condition

(SIS Geostats)

Homogenous
Condition

(Reservoir Test)

Scenario 1: Single 
Channel Element

Scenario 2: Diagonally
Stacked Elements

Scenario 3: Horizontally
Stacked Elements

Estimation of �ow averaged permeabilty using a synthetic well test simulation

A) “Actual” Condition incorporates idealized internal channel architecture of Macauley and Hubbard, 2013, B) Random Condition preserves the facies proportions of the “Actual” 
Condition but are distributed randomly throughout the channel body using sequential indicator statistics with a variogram equal to the dimensions of each cell. The Random 
Condition is an endmember representation providing maximum expected error for this method, C) The Homogenous Condition is de�ned by a uniform �ow-averaged permeabil-
ity obtained through a synthetic well test simulation unique to each scenario, highlighted in the panel below.

A) Synthetic injection tests were simulated using “Actual” internal architecture to calculate a uniform �ow-averaged permeability for each scenario. B)  Injection rates and 
bottom hole pressure build-up were entered into reservoir testing software for curve matching. The single channel case is provided as an example. Pressure buildup is shown 
in green, rate of pressure change is shown in blue, production rate is shown in black, with matching curves shown in red. C) Summary table of reservoir testing results.

Testing Parameters Curve Matching Parameters
Estimated 
Effective 

Permeability 
(mD)

Average 
Permeabilty

from “Actual” 
(mD)

Scenario Test Type
Injection 

Rate 
(STB/D)

Initial 
Pressure 

(psia)

Average 
Res. 

Thickness 
(m)

Reservoir 
Model

Boundary 
Model Well Model Skin 

Effect

1 - Single Channel
Injection 
(water)

300

4800

8

Homogenous Rectangular No wellbore 
storage 0

14.5 35.2

2 - Diagonal Stacking 2000 9.2 29.8 39.4

3 - Horizontal Stacking 2000 10.6 20.7 40.0

Scenario 1: Single Channel Element - This sce-
nario is used to isolate the e�ects of variations 
in the representation of intra-channel architec-
ture without inter-channel interactions.

Scenario 2: Diagonally Stacked Elements - This 
scenario highlights impacts to inter-channel 
�ow where the highest permeability axial 
amalgamated sands are connected between 
the two stacked channels.

Scenario 3: Horizontally Stacked Elements - 
This scenario is used to investigate impacts to 
�ow where communication between the 
stacked channels is ba�ed by marginal facies 
and shale drape deposits.
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Left: Water saturation at breakthrough simulated with a single injector/producer well 
pair.  Sweep is more uniform for the Random and Homogenous conditions while  
sweep in the “Actual” condition is more con�ned to the left margin (location of injec-
tor) and the axial facies. Above: Cumulative oil production and water cut plotted as a 
function of pore-volumes injected (PVI). The random/homogenous cases overpre-
dict total production with breakthrough  occuring at a greater PVI due to more com-
plete sweep of margnial facies.  

Below: Cumulative oil production and water 
cut as a function of time. While the homoge-
nous case more closely approximates “Actual” 
timing, �ow rates are signi�cantly restricted in 
the Random case, resulting in delayed produc-
tion and breakthrough.

Scenario 1 Scenario 3Scenario 2

Scenario 1 Flow Character at Water Breakthrough

“Actual” Condition Random Condition

Homogenous Condition

“Actual” Condition

“Actual” Condition

Homogenous Condition

Homogenous Condition

Random Condition

Scenario 2 Flow Character at Water Breakthrough

Scenario 3 Flow Character at Water Breakthrough

Random Condition

Left and Above: Sweep uniformity in the 
Homogenous and Random cases overpre-
dict �ow through the upper channel. Right: 
By PVI, all 3 cases exhibit similar production 
volumes and breakthrough. Considering 
timing, only the homogenous case accu-
rately captures “Actual” conditions.

Left and Above: Di�erences in �ow charac-
ter are further accentuated where channels 
connect through marginal and shale drape 
facies. Left: Cum. production plots show 
overprediction of production volumes and 
early water breakthrough. 
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1) Scenario 1: Intra-channel Flow
 

2) Scenario 2: Diagonal Channel       
  Stacking

3) Scenario 3: Horizontal Channel  
  Stacking  

-Homog. and Random cases overpredict 
sweep of the marginal facies.

-Homog. and Random  over  predict pro-
duction at breakthrough by 9 and 10%.

-Water breakthrough is late by 110 (Homog) 
and 1,220 (Random) days

-Limited connectivity between channels 
leads to overprediction of sweep e�ciency, 
especially in the upper channel.

-Production volume at breakthrough over-
predicted by 9% (both Random and 
Homog. cases)

-Random  breakthrough is 480 days early, 
Homogenous is 330 days late.

-Inter-channel connectivity through mar-
ginal and shale drape facies further increas-
es overprediction of sweep e�ciency
-Production volume at breakthrough over-
predicted by 13% (both Random and 
Homog. cases)

-Random  breakthrough is 570 days early, 
Homogenous is 210 days late.
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Upscaling: Does upscaling impact �ow prediction?

 Intra-channel architecture upscaling: Does upscaling of internal channel architecture impact �ow?
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A single channel model was used to 1) characterize the �ow signature cuased by the detailed internal element architeure, and 2) to test the impact of upscaling on �ow.  An injector/producer pair 
was placed in opposite marginal locations to maximuize the water�ood contact across all facies.  The above images show the 1) �ne-scale and upscaled facies models, 2) permeability model with 
corresponding values at each scale, and 3) water saturation at water breakthrough.  Corresponding curves of watercut and oil recovery are shown to the right.

Left: Recovery e�ciency graph plotted as a function of 
channel stacking (o�set distance vs. o�set angle). 
Highest recovery e�ciency (red) is for laterally o�set 
channels, while lowest recovery e�ciency is for verti-
cally stacked channels.  In the vertically stacked chan-
nels, a fast �ow path is created along the axis, bypass-

ing marginal facies, 
while the water is 
forced to travel through 
the  marginal facies 
when channels are laterally o�set.

Right:  Quanti�cation of the interface between channel elements.  A Cs = 1 indi-
cates that 100% of the channel-channel surface connection is high permeability 
sandstone (yellow), while a Cm = 1 indicates that 100% of the channel-channel-sur-
face connection is either high or mid permeability sandstone (yellow or orange).  A 
Cs = 0 indicates that there are no sandstone beds in connection across the chan-
nel-channel interface. A Cm=0 indicates that a connection does not exists at all and 
that the interface is completely draped with a non-permeable facies.  There is a 
strong correlation between Cm and Cs and Rrecovery e�ciency.
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Each of the 12 di�erent o�set models, modifying the two channel stacking pattern from 
lateral to vertical at small to large o�set (lower left box), were used to show the impact 
of upscaling as a function of channel stacking patterns.

Top plot: Cumulative pore volumes of water injected (PVI) at the time of water break-
through as a function of the amount of oil recovered at water breakthrough.  The up-
scaled models reveal that when water breaksthrough, more water has been injected 
and more oil recovered than in the �ne-scale model.

Bottom plot: The di�erence in oil recovery between the upscaled and �ne-scale models 
as a function of channel stacking patterns.  Smaller numbers represent vertical channel 
stacking, while larger numbers represent lateral o�set.  The error in oil recovery for later-
ally o�set channels is higher than vertically stacked channels.  Vertically stacked chan-
nels are more impacted by �ow of axial facies while laterally o�set channels are more 
impacted by �ow across marginal facies.  Upscaling is not able to capture the �ne-scale 
heterogeneity of the margin facies and therefore overestimates the oil recovery.
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 Higher recoveries are 
associated with fewer 
sand-on-sand connec-
tions. Water is short cir-
cuited from injector to 
producer through axial 

facies in vertically 
stacked channels (high 

Cs), while it is forced 
through marginal facies 
in laterally stacked chan-

nels (low Cs)

After Funk et al. 2012

More oil re
covered and water in

jected

for coarser grids at water breakthrough tim
e

Larger di�erence in oil recovery in upscaled

models for lateral vs. vertical stacking
Upscaling multiple channels 
degrades the ability to repre-
sent the marginal facies and 

limits the marginal facies 
impact on �ow.  The e�ect is 
stronger in laterally staced 
channels than in vertically 

stackaed channels.

1) Injection test results tend to favor axial facies and under emphasize the in�uence of marginal facies between  
overlapping channels. This issue could potentially be mitigated with test design and the use of interference testing.

2) Flow-averaged and random permeabilities under-emphasize the in�uence of the marginal and shale drape 
facies, resulting in greater production volumes and increased injected pore volumes prior to breakthrough.

3) Error introduced by �ow-averaged properties increases as the connectivity of axial sands between stacked 
channels decreases. 

4) Upscaling impact inter- and intra-channel architectural controls on �uid �ow.  These results of simulating both 
�ne-scale and upscaled models, reveals the critical role of the marginal facies on �uid movemet both within and 
from channel to channel.
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