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(57) Abstract: Methods, computer-readable mediums, and systems analyze hydrocarbon production data from a subsurface region

& to determine geologic time scale reservoir connectivity and production time scale reservoir connectivity for the subsurface region.
& Compartments, fluid properties, and fluid distribution are interpreted to determine geologic time scale reservoir connectivity and
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production time scale reservoir connectivity for the subsurface region. A reservoir connectivity model based on the geologic time
scale and production time scale reservoir connectivity for the subsurface region is constructed, wherein the reservoir connectivity
model includes a plurality of production scenarios each including reservoir compartments, connections, and connection properties
for each scenario. Each of the production scenarios is tested and refined based on production data for the subsurface region.
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DYNAMIC CONNECTIVITY ANALYSIS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent Application
61/011,916 filed January 22, 2008 entitled DYNAMIC CONNECTIVITY ANALYSIS, the

entirety of which is incorporated by reference herein.

TECHNICAL FIELD

[0002] This description relates generally to the field of reservoir characterization and
geologic modeling. Specifically, this description relates to systems and methods for

measuring and characterizing reservoir connectivity.

BACKGROUND

[0003] Information on a reservoir’s connectivity is advantageous in managing an
exploration and production asset from exploration to abandonment.  Connectivity
assessments can affect decisions made in all phases of an asset’s life cycle, from optimally
locating initial well locations, to improving reservoir management decisions later in the
field’s life. Estimation of connectivity at different scales and the ability to compare these
connectivity assessments can provide insights to understanding risks associated with early
gas and water issues in proposed wells, identifying better well operation procedures, ranking
multiple realizations of geologic models, improving secondary field management decisions,

and determining drainage areas and volumes.

SUMMARY

[0004] In one general aspect, a method for analyzing the connected quality of a
subsurface region includes analyzing geologic time scale reservoir connectivity for the
subsurface region. A baseline reservoir connectivity model is developed based on the
geologic time scale reservoir connectivity for the subsurface region. Compartments,
connections between compartments, and connection properties are determined and the

compartments within the subsurface region are interpreted based on production data. Fluid
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properties and fluid distribution within the subsurface region are each analyzed based on
production data. A production time scale fluid connectivity model of compartments,
connections, and connection properties is built based on production data and a reconciliation

of the baseline reservoir connectivity model with the production data.

[0005] Implementations of this aspect may include one or more of the following
features. For example, production data may be acquired from at least one well within the
subsurface region. Recoverable hydrocarbons may be estimated based on the production
time scale reservoir connectivity. Uncertainties within the connectivity models may be
evaluated based on preproduction and production data. A multiscenario interpretation of at
least one of a compartment, connection, and connection property may be built based on
evaluating uncertainties within the connectivity models. Analyzing geologic time scale
reservoir connectivity for the subsurface region and developing a baseline reservoir
connectivity model based on the geologic time scale reservoir connectivity for the subsurface
region are each based on preproduction data. The multiscenario interpretation may be based
on preproduction and production data. Analyzing fluid distribution may include evaluating
production start-up fluid contacts, and documenting fluid contacts with respect to any
inferred baseline conditions.  Analyzing fluid distribution may include evaluating
effectiveness of inferred connections based on downhole monitoring data. Analyzing fluid
distribution may include evaluating well test and interference test data, and reconciling
single-well drainage volume, barrier, and baffle inferences with various interpreted,
production scenarios.  Analyzing fluid distribution may include interpreting fluid

compositional changes based on time-lapse geochemistry.

[0006] Building multiscenario interpretations may include establishing steady-state
system fluid exits using production data. Building multiscenario interpretations may include
establishing compartment exits and paths to system fluid exits using production data.
Building multiscenario interpretations may include identifying interpreted elements that
control fluid contacts, and documenting associated uncertainties with interpreted elements.
Building multiscenario interpretations may include evaluating fluid pressure evolution, and
reconciling cumulative prewell production data with fluid contacts and pressure evolution.
Building multiscenario interpretations may include reconciling any changes in chemistry of
produced fluids with the multiscenario interpretations of compartments, connections, and/or
fluid properties. Building multiscenario interpretations may include interpreting saturation

and pressure changes based on 4D seismic data.

.
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[0007] Testing and refining of scenarios may include predicting a magnitude of any
change in a multiscenario interpretation for a selected point in production and with respect to
a baseline condition, and displaying the magnitude of the change. Testing and refining of
scenarios may include building compartment specific well-log cross sections summarizing
available data and deviations from inferred pressure and contact baselines. Testing and
refining of scenarios may include building a connectivity diagram that documents
compartments, connections and connection properties, and fluid exit paths for the subsurface
region. At least one of interpreted surfaces, contact relationships, compartment boundaries,
spill and breakover are refined based on three dimensional (3D) views of the subsurface
region. Testing and refining of scenarios may include building a connectivity diagram that
documents compartments, connections and connection properties, and fluid exit paths for the
subsurface region. Testing and refining of scenarios may include constructing multiple
working scenarios and propagating dependencies for the scenarios. Multiple working
scenarios may be developed and analyzed to yield ranked and unranked suites of internally
consistent connectivity conceptual models. Production data for a well within the subsurface

region may be acquired, e.g., through a data acquisition component.

[0008] In another general aspect, a method for analyzing hydrocarbon production data
from a subsurface region includes analyzing geologic time scale reservoir connectivity and
production time scale reservoir connectivity for the subsurface region. Compartments are
interpreted, fluid properties analyzed, and fluid distribution analyzed to analyze geologic time
scale and production time scale reservoir connectivity. A reservoir connectivity model is
built based on the geologic time scale and production time scale reservoir connectivity for the
subsurface region. The reservoir connectivity model includes a plurality of production
scenarios each including reservoir compartments, connections, and connection properties.
Each of the production scenarios is tested and refined based on production data for the

subsurface region.

[0009] In another general aspect, a tangible computer-readable storage medium
having embodied thereon a computer program configured to, when executed by a processor,
generate a geophysical model of a subsurface region based on an analysis of hydrocarbon
production data from the subsurface region, includes one or more code segments configured
to analyze geologic time scale reservoir connectivity and production time scale reservoir
connectivity for the subsurface region, including to interpret potential compartments,

analyzing fluid properties, and analyzing fluid distribution. The contains one or more code
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segments configured to build a reservoir connectivity model based on the geologic time scale
and production time scale reservoir connectivity for the subsurface region, wherein the
reservoir connectivity model includes a plurality of production scenarios each including
reservoir compartments, connections, and connection properties, and to test and refine each

of the production scenarios based on production data for the subsurface region.

[0010] The connectivity model(s) may be interpreted to determine a formation as
potentially hydrocarbon bearing. A well or wells may be drilled to the formation interpreted
in the connectivity model as potentially hydrocarbon bearing. Hydrocarbons may then be
produced from the well, and production data may be obtained from the well. In-place
hydrocarbons may be estimated based on the geologic time scale reservoir connectivity.

Production data may be used to optimize the initial model(s).

[0011] Implementations of this aspect may include one or more of the following
features. For example, the medium may include one or more code segments configured to
estimate recoverable hydrocarbons based on the production time scale reservoir connectivity.
The medium may include one or more code segments configured to estimate in-place

hydrocarbons based on the geologic time scale reservoir connectivity.

[0012] In another general aspect, a method for producing hydrocarbons from a
subsurface region includes analyzing geologic time scale reservoir connectivity and
production time scale reservoir connectivity for the subsurface region. Analyzing geologic
time scale and production time scale reservoir connectivity includes interpreting
compartments, analyzing fluid properties, and analyzing fluid distribution. A reservoir
connectivity model is built based on the geologic time scale and production time scale
reservoir connectivity for the subsurface region. The reservoir connectivity model includes a
plurality of production scenarios each including reservoir compartments, connections, and
connection properties. Each of the production scenarios is tested and refined based on
production data for the subsurface region. An ultimate recovery amount of hydrocarbons
from the subsurface region is estimated based on the production time scale reservoir

connectivity.

[0013] Implementations of this aspect may include one or more of the following
features. For example, the connectivity model may be interpreted to determine a formation as
potentially hydrocarbon bearing. A well may be drilled to the formation interpreted in the

connectivity model as potentially hydrocarbon bearing. Hydrocarbons may be produced from
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the well and production data may be obtained from the well. In-place hydrocarbons may be

estimated based on the geologic time scale reservoir connectivity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Fig. 1A is a graphical view of a single well in relationship to a reservoir in

terms of percentage of reservoir volume connected to the well.

[0015] Fig. 1B is a graphical view of a plurality of wells in relationship to a reservoir

in terms of percentage of reservoir volume connected to the respective wells.

[0016] Fig. 2A is a graphical view of a submarine fan reservoir in terms of estimated

oil in place, oil reserves, and cumulative oil production over time.

[0017] Fig. 2B is a graphical view of a compartmentalized deltaic reservoir in terms

of estimated oil in place, oil reserves, and cumulative oil production over time.

[0018] Fig. 3 is a flowchart of an exemplary process for modeling reservoir
connectivity.

[0019] Fig. 4A is an elevation map of a faulted and folded reservoir.

[0020] Fig. 4B is a cross-sectional view of the faulted and folded reservoir taken

along line A-A’ in Fig. 4A.

[0021] Fig. 4C is a pressure-depth plot of the faulted and folded reservoir of Fig. 4A.
[0022] Fig. 5A is a cross-sectional and pressure-depth definition of a structural spill.
[0023] Fig. 5B is a cross-sectional, map, and pressure-depth definition of a

stratigraphic spill.

[0024] Fig. 5C is a cross-sectional and pressure-depth definition of a structural
breakover.
[0025] Fig. 5D is a cross-sectional, map, and pressure-depth definition of a

stratigraphic breakover.
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[0026] Fig. 6 is an exemplary stick plot of fluid observations in individual wells

plotted versus depth.

[0027] Fig. 7 is a graphical view of an exemplary consistency test between fluid

observations and geologic interpretation.

[0028] Fig. 8A is a map view of an exemplary connectivity model for a single
reServoir.
[0029] Fig. 8B is a plot of pressure versus depth of the connectivity model of the

single reservoir.

[0030] Fig. 8C is a block diagram of the connectivity model of the single reservoir.
[0031] Fig. 9 is a graphical view of an exemplary connectivity model for a reservoir
spill.

[0032] Fig. 10 is a combined map view and pressure v. depth plot of a first

exemplary, preproduction scenario.

[0033] Fig. 11 is a combined map view and pressure v. depth plot of a second

exemplary, preproduction scenario.

[0034] Fig. 12 is a combined map view and pressure v. depth plot of a third

exemplary, preproduction scenario.

[0035] Fig. 13A is a sectional view of the static connectivity of a subsurface region.
[0036] Fig. 13B is a map view of the static connectivity of the subsurface region of
Fig. 13A.

[0037] Fig. 14A is a map view of the dynamic connectivity of a subsurface region.
[0038] Fig. 14B is a fault-plane profile of the dynamic connectivity of the subsurface

region of Fig. 14A.

[0039] Fig. 15 is a flowchart of an exemplary process for translating predictive static

and dynamic connectivity models into development and production strategies.
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[0040] Fig. 16 is a flowchart of exemplary techniques utilized for analyzing fluid
distribution.
[0041] Fig. 17 is a flowchart of exemplary techniques utilized for building one or

more multiscenario interpretations of compartments, connections, and connection properties

within a subsurface region.

[0042] Fig. 18 is a flowchart of exemplary techniques utilized for diagramming and

visualization to test and refine scenarios and evaluate uncertainties.

[0043] Fig. 19 is a schematic diagram of fault and channel connectivity for a

subsurface region.

DETAILED DESCRIPTION

[0044] The techniques presented hereinafter generally relate to the analysis of the
connective quality of a subsurface region, e.g., a subsurface hydrocarbon reservoir and/or
regions within the subsurface hydrocarbon reservoir. The techniques presented hereinafter
also relate to reservoir connectivity analysis (RCA), e.g., a refined series of analyses and
approaches to integrate structural, stratigraphic, and fluid pressure and composition data into
a permissible set of scenarios of fluid contacts and pressures. The present inventors have
developed connectivity analysis techniques to investigate field compartments and associated
connections within a reservoir both preproduction and after production starts, e.g., at any
point in time before and after hydrocarbons have initially been produced from the reservoir.
Specifically, the present inventors have integrated reservoir connectivity analysis techniques

with production data to dynamically analyze reservoir connectivity.

[0045] Reservoir connectivity, and its inverse, compartmentalization, is a growing
arca of petroleum industry research and business application. Referring to Figs. 1A-1B,
connectivity has often been defined relative to an entity, such as a well or set of perforations
in a reservoir. See, for example, “Sequence stratigraphic-based analysis of depositional
architecture-a case study from a marginal marine depositional setting;” Ainsworth, R. B.,
2005, Petroleum Geoscience, v. 11, p. 257-276. In Fig. 1A, connectivity is expressed relative
to a single well 10, and also with respect to one or more layers or regions 11, 12, 13, 14
within a reservoir(s). Connectivity is expressed in terms of reservoir volume connected to the
well 10, e.g., 100% of reservoir volume in region 11, 100% of reservoir volume in region 12,

70% of reservoir volume in region 13, and 80% of reservoir volume connected to the well in
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region 14. In Fig. 1B, connectivity is expressed relative to a set of wells 20, 25, and with
respect to one or more layers or regions 21, 22, 23, 24 within a reservoir(s). Connectivity is
expressed in terms of reservoir volume connected to each well 20, 25, ¢.g., 50% of reservoir
volume connected to each well 20, 25 in region 21, 50% of reservoir volume connected to
each well 20, 25 in region 22, 10% and 70% of reservoir volume connected to each well 20,
25, respectively, in region 23, and 20% and 60% of reservoir volume connected to each well

20, 25, respectively, in region 24.

[0046] Others have utilized reservoir connectivity indexes, e.g., using a set of often
subjectively defined criteria to gauge how problematic a field is to develop or exploit.
Referring to Figs. 2A-2B, a graphical view 30 of a reservoir demonstrating high connectivity,
e.g., a submarine fan reservoir in Fig. 2A, and a graphical view 35 of a reservoir
demonstrating low connectivity (high compartmentalization), e¢.g., a compartmentalized
deltaic reservoir in Fig. 2B, each demonstrate how connectivity can affect actual recoverable
reserves over time. See, for example, “Managing Uncertainty in Oilfield Reserves,”
Schlumberger, 2004, Middle East Well Evaluation Review: Volume 12

hitp://www.sib.com/content/services/resources/mewr/mewr1 2. asp. Although a connectivity

metric is not relied upon in Figs. 2A-2B, connectivity is deduced by characterizing the
reservoir in terms of estimated oil in place, ultimate oil recovery (reserves), and cumulative
oil production. For example, the view 30 of the submarine fan reservoir includes oil in place
31, recoverable reserves 32, and cumulative oil production 33 in millions of barrels versus
time. As seen in Fig. 2A, the highly connected reservoir demonstrates consistently high, in
fact, slightly increasing, annual recoverable reserves 32 over time. Referring to Fig. 2B, the
view 35 of the compartmentalized deltaic reservoir 35 includes oil in place 36, recoverable
reserves 37, and cumulative oil production 38 in millions of barrels versus time. In contrast
to the reservoir depicted in Fig. 2A, the poorly connected reservoir (Fig. 2B) demonstrates a
substantial dropoff in recoverable reserves soon after production was initiated. Although the
estimated oil in place 36 had not changed, the amount of recoverable reserves 37 dropped as
production commenced, ¢.g., the poorly connected reservoir is suggested to result from

isolated compartments of oil that proved to be inaccessible during production.

[0047] However, gas, oil, and water fluids in channelized or faulted reservoirs can
create complex reservoir plumbing relationships, which if properly understood, can be used
to better define the connectivity of a subsurface region than previous techniques, e.g., Figs.

1A-1B, 2A-2B. For example, variable hydrocarbon contacts can develop when some, but not
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all, fluids are in pressure communication. The present inventors rely upon a unique reservoir
connectivity analysis (RCA), which provides the basis for fluid contact and pressure
scenarios at all business stages, allowing the creation of fluid contact and segmentation
scenarios earlier in an exploration or development setting, and the identification of by-passed
pays or new exploration opportunities in a production setting. A set of permissible scenarios
of the full fluid fill/displacement/spill pathways of a hydrocarbon accumulation, including
single or multiple reservoir intervals, is defined by combining conventional structural and
fault juxtaposition spill concepts with an appreciation of fluid breakover, e.g., contacts
controlled by spill of pressure-driven, denser fluid, like water over a dam; and capillary leak,
e.g., to define the ratio of gas and oil where capillary gas leak determines the gas/oil/content

(GOC).

[0048] Referring to Fig. 3, an exemplary RCA process 50 for modeling reservoir
connectivity includes three basic components. The RCA process 50 includes a determination
of potential compartments 60, a determination of potential connections between the
compartments 70, and building an RCA model 80 which includes compartments,
connections, and/or connection properties. The RCA model can then be used for various
development and production strategies 90, e.g., determining well placement and/or predicting
hydrocarbon production based on one or more production scenarios. For example,
“Reservoir Connectivity Analysis - Defining Reservoir Connections & Plumbing,” SPE
Middle East Oil and Gas Show and Conference, by Vrolijk, P. et al., 2005, Kingdom of
Bahrain #93577-MS describes exemplary features of an RCA process.

[0049] The determination of potential geologic and fluid compartments 60 includes a
determination of geologic and fluid compartments. Specifically, compartments arise through
the interactions of stratigraphic and structural geometries with the buoyant fluid contained
within them. Compartments are connected through stratigraphic or structural leak or spill
features and are defined in the context of those connections. Referring to Figs. 4A-4C,
geologic compartmentalization involves a consideration of the fluids that the compartments
contain. Compartment containers, defined by geology, that contain two or three buoyant
fluids may allow continuity of one or two fluids while segregating other fluid(s). In the
example of Figs. 4A-4C, a faulted and folded reservoir 400 containing gas 410, oil 420 and

water 430 is described in different manners.



10

15

20

25

30

WO 2009/094064 PCT/US2008/084327

[0050] Fig. 4A is an elevation map of a faulted and folded reservoir 400. Fig. 4B is a
cross-sectional view of the faulted and folded reservoir 400 taken along line A-A’ in Fig. 4A.
Fig. 4C is a pressure-depth plot of the faulted and folded reservoir 400 of Fig. 4A. Three leak
types developed in this cross-section include: (1) spill of oil 420 from main (right) fault F
block through synclinal spill, and spill of gas 410 through fault F juxtaposition window from
W (left) fault block to main (right) fault block; (2) capillary leak of gas 410 through crest of
main (right) fault F block; (3) breakover of overpressured water 430 through bottom of fault-
juxtaposition window and escape out of plane of section along bottom of reservoir 400.
Referring to Fig. 4C, the pressure-depth plot illustrates separate aquifers and gas caps in each
fault block. An oil column is common through a reservoir connection established at fault F.
Separate aquifers are supported by fault F that separates the reservoir 400 toward bottom of
map (Fig. 4A), but since fault F tips out in reservoir 400 toward the top, a cemented reservoir
(identified by triangle T) is inferred to explain observation of pre-production offset in aquifer
pressures. Wells located near the triangle T indicate development of a tight, low permeability

TeServoir.

[0051] As seen in Figs. 4A-4C, complex contact relations arise for routine geologic
geometries. Specifically, as seen in Figs. 4A-4C, a spill is an escape of the more buoyant
fluid at a break or cusp in the topseal, and breakover is the loss of a denser fluid driven by
overpressure at a break or saddle in the baseseal. Referring to Figs. 5A-5D, various
definitions of structural and stratigraphic spills and breakovers are also possible. Fig. 5A is a
cross-sectional and pressure-depth definition of a structural spill. Fig. 5B is a cross-sectional,
map, and pressure-depth definition of a stratigraphic spill. In a spill, a less dense fluid 500 is
drive by fluid buoyancy, and stratigraphic leaks are created by vertical or lateral reservoir
amalgamation. Fig. 5C is a cross-sectional and pressure-depth definition of a structural
breakover. Fig. 5D is a cross-sectional, map, and pressure-depth definition of a stratigraphic
breakover. In breakover, a denser fluid leaks 510, 515, e.g., is driven by overpressure. For
example, the buoyant oil column and aquifer overpressure. The stratigraphic examples (Fig.
5B and 5D) are defined for channelized reservoirs and emphasize the role of vertical and

lateral channel amalgamation in reservoir connectivity.

[0052] At an carly stage in an RCA analysis, as many potential compartments as
possible are properly identified by analyzing geologic geometries. For example, a single
reservoir interval in a simple faulted anticlinal closure can have a large number of potential

compartments. As the analysis proceeds, there are many opportunities to combine
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compartments, and the combination or reduction in potential compartments is
computationally more efficient than introducing new compartments as additional data is
incorporated. Another aspect of determining potential compartments 60 is a determination of

fluid compartments.

[0053] Referring to Fig. 6 an initial fluid evaluation is undertaken to augment
compartment definitions, e.g., fluid compartments. Fig. 6 is an exemplary stick plot 600 of
fluid observations in individual wells (columns) plotted versus depth. For example, fluid-
type distributions are compiled based on conventional wireline log analysis in the context of
the first-pass compartment definition, e.g., according to reservoir interval, fault block, and
structure flank. An element of this analysis shared with all other analytical component steps
in RCA is documentation of interpretation uncertainty. For example, where fluid type
interpretation is ambiguous, e.g., due to thin beds or fluid types, a preferred interpretation is
recorded but alternative interpretations are indicated as possible. Gas observations are shown
as red bars 605, questionable gas interpretations as pink bars 610; oil observations as dark
green bars 615; questionable oil interpretations as light green bars 620; water observations as
dark blue bars 625; and questionable water interpretations as light blue bars 630, in meters,
true vertical depth sub sea (mTVDss). The individual wells are grouped according to fault
block and structure flank for single, connected reservoir interval. Well observations within

this compartment assignment should also be consistent.

[0054] Analysis of fluid pressure data is one part of this process, and central to the
analysis of fluid pressure data is a rigorous determination of subsurface fluid pressure
gradients based on reservoir temperature, pressure, and fluid composition and pressure
volume-temperature (PVT) properties. The analysis of fluid pressure data is particularly
useful for older fields where few or poorer quality pressure data, e.g., strain gauge data, are
available, but the analysis is also useful when modern, precise pressure data are available.
For example, examples of linear regression through abundant, modern pressure data have

been identified that correspond to unrealistic fluid compositions.

[0055] Black oil correlation methods are sufficient for defining subsurface fluid
pressure gradients with the exception of near-critical or volatile fluid types where such
methods are known to fail. Exemplary black oil correlation methods are further described,
for example, in McCain, W. D., Jr.: "Reservoir-Fluid Property Correlations - State of the
Art,” SPERE (May 1991), pp. 266. Linear fluid pressure gradients appear to satisfy most
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applications, acknowledging the gravity segregation implications of such an approach. As
with so many petroleum applications, these simplifying assumptions are made in order to
progress to a broader analysis, but these assumptions are tested whenever possible.
Specifically, the purpose of the analysis is to achieve internal consistency between pressure

data and calculated fluid pressure gradients based on fluid property data.

[0056] The determination of potential connections between compartments 70 takes
place after potential compartments have been identified 60. However, uncertainties in the
determination of potential compartments and connections, and/or a review of the RCA model
80 may inspire iterative determinations of potential connections and compartments, ¢.g., after
connections have been determined, potential compartments and/or connections may be
reevaluated in one or more iterative steps 65, 85. The first step in determining potential
connections between compartments involves a determination of the geologic connections.
Specifically, both structural and stratigraphic connections are developed between reservoir

compartments.

[0057] Structural connections include fault juxtaposition connections, ¢€.g., reservoir
connections established across fault surfaces. The RCA approach assumes that all reservoir
juxtapositions are viable connections until proven otherwise. In other words, the effects of a
continuous, capillary-sealing fault gouge are only imposed when fluid data requires that
interpretation. For example, "Fault-seal analysis using a stochastic multi-fault approach,” by
James, W. R., Fairchild, W. R., Nakayama, G. P., Hippler, S. J., and Vrolijk, P. J.; AAPG
Bulletin (July 2004), pp. 885, describe exemplary fault-seal analysis techniques using a
stochastic multi-fault approach. In channelized reservoir environments, reservoir
juxtaposition geometries become complex.  Accordingly, an evaluation of a fault
juxtaposition diagram may reveal how alternative stratigraphic or structural interpretations
could lead to different connection geometries. Although the analysis proceeds with a single,
deterministic connection geometry, the approach permits alternative connection

interpretations should independent data dictate.

[0058] Stratigraphic connections develop when intra-reservoir seals either laterally
pinch-out or are incised by younger sequences. Accordingly, the distribution of these
stratigraphic connections can be mapped and the depth of the top and bottom of these
windows can be recorded. The depth limits of both stratigraphic and structural connections

define potential spill or breakover controls to be evaluated later in the analysis.
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[0059] The second component in determining connections 70 includes determining
fluid connections. Fig. 7 is a graphical view 700 of an exemplary consistency test between
fluid observations and geologic interpretation. Referring to Fig. 7, candidate compartment
connections are checked against the compiled fluid data to ensure internal consistency. A
fluid distribution is represented with colored sticks and fault juxtaposition windows 750 are
represented with black sticks in the stick plot of Fig. 7. Fluid types on either side of a
connection window should agree, or the input data need to be re-evaluated to consider
alternative interpretations. Similarly, fluid pressure data on either side of a compartment
connection window should lie on the same fluid pressure line for each fluid type in contact

across that window. Gas 710, oil 720, and water 730 columns are shown.

[0060] In most cases, pressure data precision arises as a consideration. Whereas there
are a number of potential causes for data uncertainty, the two most common that can be
evaluated within a single pressure dataset alone are pressure gauge and depth precision. See,
for example, "Correcting for wettability and capillary pressure effects on formation tester,"”
by Elshahawi, H., Samir, M., and Fathy, K.; paper SPE 63075 presented at the 2000 SPE
Annual Technical Conference and Exhibition, Dallas, October 1-4. Pressure precision is
evaluated by comparing excess fluid pressures for a common fluid column interpreted in
pressure communication. In order to specify an excess fluid pressure (like oil excess
pressure), a determination of the fluid pressure gradient is required (described above). If high
precision pressure data is needed to complete the analysis, pressure measurements may be

determined to within a certain margin of error, e.g., 1-2 psi.

[0061] Depth uncertainty is evaluated when two fluids are interpreted to be in
communication within a single compartment. This requires a single, common free-water
level (FWL) for this condition so deviations from a single contact are attributed to depth
uncertainty, ¢.g., depths determined to within 10 ft. The approach used to determine pressure
and depth precision may often be iterative. For example, as the approach may be circular,
cases are identified where pressure-depth lines are offset from one another. Thus, these are
nominal precision limits. Interpretations based on differences within these limits are not
made unless the data is demonstrated as being more precise. For differences outside a limit,
the analysis may involve rechecking for evidence that the uncertainty might be still larger.
For example, a preferred way to find two pressure lines that are actually offset from each
other is to find two separate compartments penetrated by the same well. Accordingly, any

systematic depth error affects the two sets of measurements just the same. It is easier to
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establish the pressure-measurement component of error in pressure depth plots this way, than

by trying to compare data from a number of different wells, e.g., whose depth errors may

vary.

[0062] Referring to Fig. 3, the building of the RCA model 80 involves integrating the
results from the determinations of potential compartments 60 and connections 70. Once all
the compartments and the connections between the compartments are defined to a first order,
an attempt is made to integrate them into an RCA model that is consistent with all the
available data 80. However, the model generation step 80 often reveals numerous data
inconsistencies, so it may be necessary to iterate back 85 through the data analysis steps to
reconcile data discrepancies. The goal of the model-building process 50 is to provide a
framework that describes how a droplet of oil or gas, each done separately, added to any
single compartment displaces oil or gas through a series of compartments to reach a system
exit leak (i.e. spill to a shallower trap or seafloor). Once the model is developed, the model
can be used to determine one or more production strategies, ¢.g., well placement to exploit
reservoir connectivity and optimize hydrocarbon extraction from a well or wells. A series of
assumptions are defined to achieve a description of how the droplet of oil or gas will displace
oil or gas through a compartment(s) to reach a system exit leak(s). An explicit definition of
these assumptions allows the effects of the assumptions to be tested as alternative scenarios.
The result is a rigorously permissible set of interpretations of reservoir connectivity, because

model construction requires passing certain logical tests.

[0063] Referring to Figs. 8A-8C, reservoir compartments are depicted as a simple box
diagram with some organization according to stratigraphic position, fault block, and flank on
an anticlinal structure. The reservoir geometry is simplified in this abstract form to
emphasize the connections between them. The connections are portrayed as line segments
between compartments with arrowheads describing the spill/leak direction toward the system
exit leak. A connection may only point in one direction, a requirement that often leads to
identification of data inconsistencies as the connectivity model is developed. A single field
may require more than one connectivity model if there are multiple system exit leaks at

different stratigraphic levels, even within a single reservoir system.

[0064] In Figs. 8A-8C, a single reservoir interval is broken into two fault blocks,
thereby resulting in two compartments. The compartments can be represented as simple

boxes (8C), removing most of the geologic details of compartments. The view in Fig. 8C
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allows focus on reservoir connections, ¢.g., gas 810, oil 820, and water 830 all use same
juxtaposition window F in this model. Gas spills across top of the window F, water 830 spills
by breakover along bottom of the window F, and oil 820 is in juxtaposition pressure
communication across the window F. System exit leaks for gas 810 and oil 820 are shown by
bold arrows and indicate synclinal spill for oil 820 and capillary leak for gas 810. The model
satisfies the most stringent requirement for connectivity model, e.g., to describe path of gas
810, oil 820, and water 830 displacement from any compartment to system exit leak point.
For example, a bubble of gas 810 added to the W Fault Block compartment will displace gas
810 across fault juxtaposition window, displacing gas 810 through capillary pores of topseal.

By these processes, the trap system maintains steady-state arrangement of fluid contacts.

[0065] There are two main types of system exit leaks, i.c., (i) a synclinal or fault
juxtaposition spill; and (ii) gas or oil capillary leak. Synclinal or fault juxtaposition spill
points are map-defined features that are routinely identified on depth structure maps. The
spills may have some depth uncertainty, but the fluid contact constraints often help reduce
that uncertainty. Capillary leak of oil or gas may also provide a leak control. For fields that
contain both oil and gas, capillary leak of gas is required to prevent the field filling to a
structural spill point with gas, e.g., assuming access to oil and gas volumes trap volume. See,
for example, "Seal strength vs. trap closure; a fundamental control on the distribution of oil
and gas," by Sales John K: Surdam R C (editor) In: Seals, traps, and the petroleum system.
[Serial] AAPG Memoir. 67; Pages 57-83. 1997. For the capillary leak calculations we
assume a water-wet system and apply a surface tension model. See, for example, "Surface
tension of water-hydrocarbon systems at reservoir conditions," by Firoozabadi, A., and H. J.
Ramey; Journal of Canadian Petroleum Technology, (1988), 41. In most cases where a
reservoir is filled with both oil and gas, the height of the gas column is determined by
capillary leak, and thus the combined buoyancy of a connected oil and gas column defines an
empirical gas entry pressure. The gas entry pressure is defined in terms of a rock property,
i.c., a pore throat diameter expressed through a Mercury Injection Capillary Pressure value,
S0 gas entry pressure can be calculated for the same rock at other temperature and fluid

property conditions.

[0066] Fig. 9 is a graphical view of an exemplary connectivity model 900 for a
reservoir spill. The connectivity model 900 illustrates reservoir complexity identified with
RCA. The various types of compartment connections are color-coded in the upper left-hand

key and annotated with pertinent depth information for those connections on connectivity
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diagram. The boxes are annotated with reservoir interval (e.g., 120) and structural flank (NF
= north flank; SF = south flank). For example, adjacent reservoir intervals in many cases
follow different paths to reach 125, north flank, east fault block spill to adjacent field. The
connectivity model 900 (RCA model) satisfies the requirement that the displacement path of
a drop of oil added to any single compartment can be traced to system exit spill with the
connectivity model 900. For example, an oil droplet added to 128, NF, central fault block
spills across the crest of structure in continuous oil column above the 1528 m breakover (BO)
depth to the same reservoir on SF. The oil spills through a fault juxtaposition window in the
oil column to 125 reservoir in the west fault block, which spills back across anticline below
GOC to 125 on NF. The 125 connects with 126 non-reservoir interval through stratigraphic
incision. 126 sand is laterally continuous and allows 125 oil to spill around west and cast fault

tips to reach 125 NF compartment in east fault block, which in turn spills to adjacent field.

[0067] Referring to Fig. 9, once the model 900 is constructed, the leak and spill
relations are more apparent. The effort required to draw the connections with single-headed
arrows, 1.c., within the requirement of a unidirectional path to a system spill or leak that is
consistent with variably uncertain geologic and fluid data and interpretations can be
computationally intensive. However, the insight gained from achieving that goal is
substantial. Consider the divergent connection paths for the adjacent 125 and 128 reservoir
intervals on the south flank of the west fault block. These reservoirs follow different routes
to reach a common system spill point, yet those same reservoir intervals on the north flank of
the east fault block communicate through a common reservoir compartment juxtaposed in the
central fault block (I25). This level of insight into reservoir connectivity is useful for
understanding otherwise anomalous well results during production. Referring to Fig. 3, the
RCA model created in step 80 of process 50 can include one or more of the exemplary
models shown and described in connection with Figs. 8A-8C and Fig. 9, e.g., any one of
these models are satisfactory if the connectivity model(s) selected (RCA model) satisfies the
requirement that the displacement of a path of drop of oil added to any single compartment
can be traced to system exit spill with the connectivity model 800, 900, e.g., any one or more

of Fig. 8A, 8B, 8C, and/or Fig. 9.

[0068] Referring to Fig. 3, one or more RCA models 800, 900 is utilized to translate
the predictive connectivity model(s) into appropriate development and production strategies
90. Fig. 10 is a combined map view and pressure versus depth plot of a first exemplary,

preproduction scenario. Fig. 11 is a combined map view and pressure versus depth plot of a
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second exemplary, preproduction scenario. Fig. 12 is a combined map view and pressure

versus depth plot of a third exemplary, preproduction scenario.

[0069] Fig. 10 demonstrates complex contact relations developed for a simple, folded
fluvial channel reservoir. Red (thick) to yellow (thin) colors are utilized to describe reservoir
isopach thickness; black lines are utilized to structural contours; and green lines are utilized
to describe faults. Different GOC and OWC depths on N- versus S-flank result from inverted
U-tube geometry imposed by combining top, base, and lateral seals. An element in the
analysis is recognition of breakover depth at 1455 mss (shallowest depth along down-dip
channel margin). Interpreted fault-juxtaposition leak for OWC on N-flank and capillary gas
leak at crest of channel define N-flank contacts. Gas 1010 is only fluid in communication
across crest of trap. Oil 1020 legs isolated, but aquifer assumed to communicate through a
different reservoir interval (not shown). In this scenario, length of S-flank oil column 1020 is
determined at moment gas cap expands downward to breakover depth. With further gas 1010

cap expansion, oil 1020 on S-flank no longer has access to juxtaposition leak on N-flank.

[0070] Fig. 11 describes a second scenario variation for the reservoir geometry
defined in Fig. 10. Specifically, the assumption of oil 1120 migration timing is relaxed,
thereby allowing oil 1120 to migrate into S-flank after gas 1110 cap expands below
breakover depth. The oil 1120 fills deeper on the S-flank, displacing GOC upward until oil
1120 reaches breakover depth and spills into the N-flank. The oil 1120 exits through N-flank

juxtaposition leak.

[0071] Fig. 12 describes a third scenario variation for the reservoir geometry defined
in Fig. 10. Specifically, the oil 1220 migration and aquifer pressure assumptions are relaxed
in the third scenario. In this case aquifer pressure drops toward aquifer pressure for next
younger reservoir. Before that limit is reached, oil 1220 leaks through top seal at GOC for
same rock properties defined for capillary gas 1210 leak at crest of reservoir. RCA has been
used to better understand the distribution, pressures, and contacts of fluids in petroleum
reservoirs, and to use that understanding to evaluate fluids in untested compartments in
exploration, development, and production business settings. The production examples are

described in this section to illustrate the commercial application of this approach.

[0072] Referring to Fig. 10, the first scenario comes from simple reservoir geometry
in a field in which a single channel is folded over the nose of an anticline. The north end of

the channel is partly offset by a fault that tips out in the channel. Production wells define a
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gas cap with a thin oil rim on the north flank, and the south flank is untested. Conventional
approaches assign the same gas-oil contact (GOC) and oil-water contact (OWC) on the south
flank as the north flank. However, the reservoir thickness is recognized in the present
technique as much smaller than the structural relief caused by the anticline and that the shale
below the reservoir may play a role in how fluids are compartmentalized. In fact, geologic
analysis reveals that the OWC on the north flank is controlled by a fault juxtaposition spill to
the next higher reservoir interval, and there appears no obstruction to gas communication

through the crest of the channel.

[0073] Examination of the reservoir geometry reveals a breakover condition at the
highest downdip channel margin. The way to appreciate the significance of this geometry is
to imagine the reservoir channel filled all the way to the fault juxtaposition leakpoint on the
north flank, e.g., which is well below the breakover depth. If the development and growth of
a gas cap follows the oil fill, then gas will accumulate first at the highest point on the updip
channel margin and expand downward and outward until it reaches the downdip channel
margin (breakover). At that position, a wedge of gas isolates oil between the north and south
flanks. The two isolated oil columns have the opportunity to evolve independently from this

point forward.

[0074] As gas cap growth continues, oil on the north flank is displaced out through
the juxtaposition leak; the gas cap expands at the expense of the oil leg. However, on the
south flank, the oil no longer has access to a leak so gas cap expansion simply displaces the
oil column down-dip. The moment the gas cap expands below the breakover depth, the
GOCs and OWCs on the two flanks will be different. This relationship is best understood
from the pressure-depth plot of Fig. 10. For example, it is clear that a single pressure-depth
line defines the gas because the gas communicates across the nose of the anticline. Initially
the aquifers on the north and south flank are assumed to share common pressures and

communicate through connections established at other reservoir levels.

[0075] The two oil columns are defined as separate line segments with the same slope
if the oil compositions are assumed to be the same. The length of the oil line on the south
flank is defined by the difference in depth of the fault leak point and breakover, e.g., actually
the volume of oil defined by those depths is conserved, but the even dip and uniform channel

dimensions permit an approximation of constant oil volume by constant oil line length. The
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crestal depth and capillary seal properties of the overlying reservoir interval and the depth of

the fault juxtaposition leak define the height of the oil column on the north flank.

[0076] With these constraints and the definition of a common gas column and
assumption of a common aquifer, the GOC on the south flank should be higher than on the
north flank and the OWC lower. The pressure-depth plot, when used with simple fluid
constraints and assumptions and with the benefit of the depth of geometric elements, becomes

a useful interpretation tool.

[0077] Four assumptions were used to reach the foregoing interpretation. First, gas
and oil volumes available to the trap are greater than the trap volume. Second, oil charge
filled the trap to the juxtaposition leak point before the gas cap reached breakover. Third, oil
charge ended once the gas reached breakover. Fourth, the aquifer pressure on both flanks is
the same. Relaxing the first assumption restricts the predictive potential of the approach. If
the oil rim on the north flank reflects oil charge rather than spill, then the oil rim on the south
flank could be equally thin (or non-existent or thicker) depending on the actual oil charge

volume. However, it is often difficult to test these assumptions.

[0078] The second assumption defines the order by which oil and gas arrive at the
trap. If the gas 1010 cap expanded below breakover and to its capillary limit before oil 1020
charge, then the migration direction becomes important. If oil 1020 migrated up the north
channel-flank, then oil would never have had the opportunity to reach the south flank. This
results in a gas-water contact (GWC) on the south flank between the GOC and OWC on the
north flank. In this field there is independent evidence from other reservoir levels to establish
an initial oil 1020 charge and rule out this scenario. In many cases searching for oil-filled
fluid inclusions in the gas 1010 cap to help constrain an earlier oil-fill provides a test of this
assumption. A basic element of the third assumption is whether oil 1020 charge reached the
south flank after the gas 1010 cap reached the breakover depth. This assumption is
immaterial on the north flank because the height of the oil 1020 column is determined by
capillary gas 1010 leak and the fault juxtaposition spill depth.

[0079] Referring to Fig. 11, in the second scenario, if oil 1120 continues to reach the
south flank after the gas 1110 cap reaches the breakover depth, then the oil 1120 column can
continue to grow until it reaches the breakover depth where it can now spill along the base of

the gas 1110 cap to reach the juxtaposition leak point. Appealing to the graphical depiction
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of this scenario in the pressure-depth plot, it is clear that a breakover-controlled GOC on the

south flank corresponds to a much deeper OWC.

[0080] Referring to Fig. 12, the third scenario is based on relaxing the assumption of
a common aquifer on the north- and south-flanks. The north flank aquifer pressure is slightly
above hydrostatic values and above the aquifer pressure in the overlying reservoir. As the
impact of lowering the south-flank aquifer pressure is explored while continuing to charge it
with oil 1220, the limit on the oil 1220 column is reached when oil 1220 begins to leak
through the topseal at the GOC. The oil 1220 entry pressure corresponds to the same rock
properties that defined capillary gas 1210 leak at the crest. The scenario defined by both
capillary gas 1210 and oil 1220 leak corresponds to the underfilled trap scenario and arises

because the interfacial tension in the oil-brine system is always lower than for gas-brine.

[0081] Referring to Figs. 10-12, there are three main points to be taken from these
examples. First, complex fluid contacts can arise for even simple reservoir and trap
geometries. Second, recognizing that gas filled down below the breakover depth led to the
construction of multiple oil column scenarios in the untested, S-flank reservoir compartment.
Third, a clear statement of assumptions led to definition of alternative scenarios based on

clearly expressed uncertainties.

[0082] With this analysis, the RCA technique offers the opportunity to evaluate the S-
flank as a new drilling candidate and provides the scenarios to define the range of economic
outcomes for pursuing that opportunity. Moreover, any uncertainties are clear, thus offering
the opportunity to consider reducing those uncertainties with data collection, e.g., by

establishing aquifer pressure on the south flank.
DYNAMIC CONNECTIVITY

[0083] Fig. 13A is a sectional view of the static connectivity of a subsurface region
1310. Fig. 13B is a map view of the static connectivity of the subsurface region 1320 of Fig.
13A. Fig. 14A is a map view of the dynamic connectivity of a subsurface region 1410. Fig.
14B is a fault-plane profile of the dynamic connectivity of the subsurface region of Fig. 14A
1420. Referring to Figs. 13A-13B, on a geologic time scale, fluids leak across any porous
sandstone. Referring to Fig. 13A, the subsurface region 1310 includes an inner stream mouth
bar 1311, outer stream mouth bar 1312, a delta front 1313, and a prodelta 1314 in the vicinity
of a fault plane. Accordingly, fluid contacts are controlled by binary facies. Referring to Fig.

-20 -



10

15

20

25

30

WO 2009/094064 PCT/US2008/084327

13B, the subsurface region 1310 includes an inner stream mouth bar (ISMB) 1311, outer
stream mouth bar (OSMB) 1312, a delta front (DF) 1313, and a prodelta 1314. Upthrown
and downthrown bars and fronts are depicted, with downthrown bars and fronts as follows:
ISMB 1311a, OSMB 1312a, and DF 1313a. Referring to Figs. 14A-14B, on a production
time scale, fluid movement is often confined to best facies juxtaposition. Therefore, facies
differentiation is beneficial in a dynamic connectivity analysis. The map view 1410 of Fig.
14A includes axis 1411, off-axis 1412, margin 1413, and a fault channels. The fault-plane
profile 1420 also includes upthrown and downthrown axis 1411, off-axis 1412, and margin

1413 channels.

[0084] Referring to Figs. 13A-B and 14A-14B, RCA is traditionally directed at
defining and investigating "static" connectivity, e.g., geologic time scale fluid connectivity.
Specifically, static connectivity describes the native state of a field, e.g., prior to production
start-up. A traditional RCA technique is particularly useful for evaluating static connectivity,
which serves as the basis for a proper assessment of original hydrocarbons in place in a
reservoir and prediction of fluid contacts in unpenetrated compartments within the reservoir.
The techniques described hereinafter are directed at defining and investigating "dynamic"

connectivity, e.g., production time scale fluid connectivity.

[0085] Referring to Figs. 14A-B, dynamic connectivity describes movement of fluids
once production has begun. For example, the initiation of production often perturbs the
original fluid distributions as pressure and saturation changes proceed in a non-systematic
fashion across field compartments. An analysis of dynamic connectivity is therefore
advantageous in accurately estimating ultimate recovery from a field. As aforementioned,
previous techniques include significant differences in how connectivity is defined, measured,
and modeled. For some, connectivity is defined relative to an entity such as a well or set of
perforations in a reservoir. Others prefer reservoir connectivity indexes, using a set of often
subjectively defined criteria to gauge how problematic a field is to develop or exploit. The

present technique utilizes RCA to investigate field compartments and associated connections.

[0086] As previously described, a compartment is precisely defined as a trap which
has no internal boundaries which allow fluids to reach equilibrium at more than one
elevation. Compartment boundaries include sealing faults, channel margins, shale-draped
clinoforms, paleokarst fractures and other diagenetic boundaries. The compartments can

separate hydrocarbons and aquifers within a field or discovery. The connections between
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compartments include fault juxtaposition windows, erosional scours between channels, and
capillary leakage. Compartment boundaries can also include spill and breakover points,

defined on topseal and baseseal maps.

[0087] Referring to the aforementioned Figs. 1A-1B, for some petroleum and service
companies, connectivity is defined relative to an entity such as a well or set of perforations in
a reservoir. Referring to Fig. 1A, a tabular reservoir penetrated by a single well yields 100%
reservoir volume connected to the well, while more discrete, channelized reservoirs show
lower connectivity. Referring to Fig. 1B, the present inventors have determined that drilling
an additional well decreases the overall connectivity measure in most cases, as the more rapid
pressure decline imparted by two wells (other factors being equal) reduces sweep during
production.  Specifically, the present inventors have determined that a scale-sensitive
approach tends to mix time spans, ¢.g., geologic versus production time scales. The scale-
sensitive approach is also very sensitive to the well spacing, completion technique, and
pressure maintenance. The present inventors have therefore determined that any accurate
connectivity measures should relate instead to the inherent geology of a reservoir and field,

e.g., the structural and stratigraphic framework, fluid type and distribution.

[0088] Referring to Figs. 13A-B and 14A-B, the present techniques for analyzing
connectivity is to eschew subjective numerical values and let the buoyant fluids tell the
modeler what is connected. First, one needs to differentiate between static or geologic time
scale fluid connectivity and dynamic or production time scale fluid connectivity. Referring
to Figs. 13A-B, it is well known from field studies that over geologic timescales, buoyancy
and capillary forces work to allow lighter fluids like oil and gas to find their way into
virtually any water-wet, porous sandstone regardless of quality. The example shows how
fluids migrate into the crest of a trap and fill downward, and eventually cross a fault plane
where a relatively poor quality (low porosity and permeability) delta front reservoir facies is
juxtaposed across the fault from high quality inner stream mouth bar reservoir facies. The

migration continues until the spillpoint is reached.

[0089] Referring to Figs. 14A-B, field studies also have demonstrated that
understanding reservoir type and quality is useful in understanding dynamic connectivity as
well. For example, the 4D seismic response (dark blue polygon in Fig. 14B), resulting from
either pressure or water saturation changes due to fluid movement, often occurs at the best

facies juxtaposition across a fault plane, here in the case of a deepwater channel axis on axis.
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This differentiation between static and dynamic connectivity forms the basis for two
distinctions. Specifically, understanding static connectivity is advantageous in determining
accurate, in-place hydrocarbon estimation and dynamic connectivity is advantageous in

determining accurate, ultimate hydrocarbon recovery.

[0090] Referring to Figs. 15-18, the integration of static and dynamic reservoir
connectivity analysis based on both preproduction and production data results in predictive
connectivity models that are useful for determining optimum well placement, in-place
hydrocarbon estimation, and ultimate hydrocarbon recovery at various production stages (and
scenarios). Fig. 15 is a flowchart of an exemplary process 100 for translating predictive static
and dynamic connectivity models into development and production strategies. In step 101, a
static connectivity model(s) is generated based on the aforementioned techniques described in
connection with Figs. 3 through Fig. 14. Specifically, the static connectivity models are
generated based on preproduction data, e.g., models are useful in determining in-place
hydrocarbon estimation and steady-state connectivity and compartmentalization
preproduction. The results of step 101 become the baseline for the remainder of the dynamic
process steps of process 100, e.g., postproduction (any point in time after production has
begun). Accordingly, process steps 110, 115, 120, 130, 140, and 150 are described
hereinafter as taking place postproduction (after the dashed production line shown in Fig. 15).
Production data includes any data acquired or sought in connection with the production of
hydrocarbons from a subsurface region, e.g., production data may include data and
observations from any point after a reservoir is perturbed, e.g., including feedback from the
initial drilling of a well(s) and at any point once hydrocarbon production has begun. In
addition, process steps 110, 115, 120, 130, 140, 150 involve similar techniques to those
described in connection with Fig. 3, and more specifically with the examples shown in Figs.
4A-4C through Fig. 12. For example, steps 110, 115, 120, 130, and 140 may not necessarily
be sequential steps, but part of a larger iterative process as described in connection with Fig.

3 (iterative steps 65, and/or 85).

[0091] The process 100 involves the interpretation of potential compartments
(postproduction) 110, an analysis of fluid properties (postproduction) 115, and an analysis of
fluid distribution 120 (postproduction). The goal is similar to that achieved in process 50 of
Fig. 3, e.g., determine potential reservoir compartments and connections. However, in the
case of process 100, the compartments and connections also involve a determination of

dynamic connectivity (connections, compartments). More specific differences between the
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dynamic connectivity process 100 of Fig. 15 and the static connectivity process 50 of Fig. 3

will be discussed in greater detail in connection with the examples shown in Figs. 16-18.

[0092] Once process 100 has been initiated and actual production has started, the
reservoir connectivity analysis process technique 101 may no longer be based solely on
preproduction data, e.g., the process 100 may be used repeatedly over the operating life of the
producing field. Specifically, process 100 may then be shifted to a solely dynamic basis, e.g.,
the baseline becomes an earlier static and dynamic model that may be based on less
production data and/or may be baselined to a particular, earlier point in a production
timescale. In this case, the dashed production line becomes an earlier point in time in the
production life of a subsurface region for subsequent comparison or prediction of production

scenarios taking place in the future.

[0093] Referring to process 110, like static connectivity, compartments and their
connections are defined by the presence of two or three fluids. A compartment is a trap
which contains no internal barriers that allow the contact between two fluids, e.g., oil and
water, to reach equilibrium at more than one clevation. Within a static compartment, the
contact between two fluids settles at a single elevation over geologic time. Water-filled
reservoirs are generally not considered “compartments” because they have failed to trap
hydrocarbons, as per definition, but for practical reasons may be included in a connectivity

evaluation, e.g., associated aquifers.

[0094] Compartment boundaries are defined by structural features like faults,
stratigraphic features like channel-margins, and the limits of topseal and baseseal.  For
example, a compartment can be completely bounded by faults or partially bounded by faults
with a reservoir pinchout (enclosed reservoir compartment). Faults or reservoir pinchouts
may only bound three sides of a compartment, e.g., open reservoir compartment. In some
cases, oil may become separated across a fault and a separate gas-oil contact (GOC) and/or
water—oil contact (WOC) may develop, thus defining two different compartments. Two other
features also represent compartment boundaries. Referring to Figs. 4A-4C and 5A-5D,
spillpoints separate buoyant fluids on structural highs and thus can allow division of
compartments containing different hydrocarbon/water contacts, for example. A less well-
understood compartment boundary is the breakover point. A breakover point separates denser
fluids (e.g. oil below gas, water below oil) allowing development of separate contacts and

thus compartments. It is broadly defined as the deepest elevation at which buoyancy forces
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can trap a relatively heavy fluid below a lighter one. Compartment boundaries are associated
with baseseal and are thus best identified from top baseseal maps. Oil and water pressures no
longer communicate through the crest of the structure, assuming that there is lateral bounding

to prevent the heavier fluid from communicating around the flank of the structure.

[0095] The present inventors have also determined that lateral bounding to set up
breakover (a type of compartment boundary) is probably more common than most operators
assume. Laterally bounding of fluids has a variety of causes, e.g., it can occur due to primary
faulting; diagenetic changes, ¢.g., downdip loss of porosity, presence of impermeable karst
towers, contribute to bounding of fluids; channelization in both alluvial and deepwater realms
can lead to lateral bounding if the channel margins and overbank are largely impermeable;

and even shale-draped delta clinoforms are known to trap and bound fluids.

[0096] Dynamic compartments are defined by boundaries that are not necessarily
effective barriers to fluid flow over geologic time, but impede flow to the extent that they
have a significant impact on contact movement or pressure depletion during production. Data
useful for defining dynamic compartmentalization includes fluid-production rates, water cut,
downhole pressure, and gas-oil ratio measurements for the development wells. For example,
development wells completed in a single zone (no commingling), make it possible to relate a
given production response to a single stratigraphic interval. If the development wells are
fitted with downhole pressure gauges, pressure data is abundant, and changes in pressure with
production are well documented. The pressure data makes it possible to compare fluid
pressures between wells throughout their production histories. Therefore, the identification
of dynamic compartments can be based on pressure data, in-place and produced volume

calculations, and the evolution of gas-oil ratios with time.

[0097] With respect to steps 115, 120, the analysis of fluid properties and fluid
distribution (both postproduction) are primarily used for determining reservoir connections,
¢.g., static and dynamic connections. There are also a number of connections between
compartments to consider while investigating reservoir connectivity. An obvious connection
between compartments is due to the juxtaposition of sand-on-sand at a fault plane. Assuming
limited occurrence of shale gouge or cementation, sand-on-sand contacts tend to leak over
geologic timeframes (James et al. 2004). Over production timescales, the transmissibility of

the fault zone controls the rate and volume of fluid leakage (Lescoffit and Townsend, 2005).
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[0098] Gas and oil can also leak out of the top of a reservoir through the seal rock,
forming another potential connection to an overlying reservoir compartment. The concepts
explaining leakage and spill in traps, e.g., as discussed in connection with Fig. 8, can be
extended down in scale to the compartment level. The base assumption is that the filling of
traps (and thus compartments) depends on the seal capacity relative to closure size. Large
traps (and compartments) tend to leak gas and oil until the buoyancy forces and capillary
forces are balanced. In this case, there often is more oil than gas in a trap or compartment as
a given seal rock has less capacity to trap gas than oil. Traps (and compartments) with less
closure size for the same seal rock capacity are prone to leak gas but trap oil. If oil is added
to a compartment due to continued migration or leakage from an underlying compartment,
the oil spills out of a filled compartment. Smaller closures (or improved seal rock capacity
for the same closure) trap oil or gas and spill these out of a compartment if additional oil or
gas is added over geologic time. These traps tend to be gas prone, as gas is often generated

last during source rock maturation and gas displaces oil.

[0099] The RCA technique assume access to adequate hydrocarbon charge and a
system in equilibrium (steady-state). Other connections include channel-on-channel contacts
where the appropriate sandy lithofacies is present in the two channels. Channel scour is an
effective means of connecting two channels and is analogous in many ways to sand-on-sand
juxtaposition across faults. For example, muddy drapes at channel-bases are thought to
restrict fluid communication in the deepwater channel systems of Gulf of Mexico deepwater
fields. See, for example, “Understanding hydrocarbon recovery in deepwater reservoirs;
modeling outcrop data in the third dimension,” Barton, M. et al., 2004, Anonymous In:
AAPG annual meeting. (Abstract) Annual Meeting Expanded Abstracts - American
Association of Petroleum Geologists, vol. 13; p. 11. It is analogous to shale gouge in fault
zones and fault relays, as both restrict fluid movement (which can be good or bad for well

sweep efficiency, depending on the fluid breaking through).

[00100] Fig. 19 is a schematic diagram of fault and channel connectivity 1900 for a
subsurface region. Referring to Fig. 19, the present inventors have determined that relatively
few sand-on-sand contacts (faults or channels) tend to seal over geologic time scales.
However, during production, fluid leakage is more difficult to predict due to complex
processes controlling the formation of shale gouge in faults or shale drapes in channels.
Accordingly, with fault juxtaposition and channel base scour, both generally leak fluids on

geologic timescales (static connectivity), but each can leak, seal, or baffle during production
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(dynamic connectivity). For example, the channel base scour may leak or seal depending on
the presence of shale drapes at base of channel and appropriate sandy fill. The fault
juxtaposition may leak or seal depending on the presence of shale gouge in the fault. In

general, the fault juxtaposition is analogous to connectivity at the base of erosional channels.

[0100] Connectivity in channelized systems has previously been explored through
simple experimental or empirical relationships between the number of sand-prone channels
and overbank mud (expressed as net-to-gross or NTG). 2D modeling work has established a
threshold value of 66% NTG above which communication is expected, while recent 3D
models show a lower threshold value of 30% NTG (King et al. 1990; Larue and Hovadik,
2006). See, for example, “Studies in fluviatile sedimentation; an exploratory quantitative
model for the architecture of avulsion-controlled alluvial sites;” by Allen, J. R L., 1978,
Sedimentary Geology, vol. 21; 2, Pages 129-147; “The connectivity and conductivity of
overlapping sand bodies;” by King, P. R., 1990, In, Buller Anthony T. et al.,eds, North Sea
oil and gas reservoirs; II, Proceedings of the North Sea oil and gas reservoirs conference.
[Book, Conference Document] Pages 353-362; and “Connectivity of channelized reservoirs;
a modelling approach;” Larue, D. K. and J. Hovadik, 2006, Petroleum Geoscience. 12; 4,
Pages 291-308. However, these investigations fail to appreciate the complexity of

compartments and connections described above.

[0101] The potential compartments and connections are compared to available production
fluid data 115, 120. To ensure internal consistency, candidate compartments and connections
are checked against available production fluid data. Rather than establishing gas, oil, and
water gradients by plotting (and sometimes erronecous) pressure data, available compositional
data (from PVT reports, etc.) is used to independently calculate gradients. Petrophysical data
is evaluated and compilations of the observed contact information (including GDT’s, OUT’s,
ODT’s, WUT’s, etc.) are reviewed. Inconsistencies like different fluid types present across

an open fault juxtaposition window are rectified (i.e. by adjusting the fault window depths).

[0102] The RCA technique can be still carried out in the absence of pre-production
pressure data, as is the case for many older fields. In fact, it is quite useful to construct
schematic diagrams of pressure versus depth to help construct geologic and connectivity
models. For example, observations of different WOC’s in a channel crossing an anticline
suggest one of two possibilities: 1) hydrodynamic flow causing a tilted WOC; and 2) a

breakover point is set up by oil fill down to the top of the baseseal and lateral bounding.

_27 -



10

15

20

25

30

WO 2009/094064 PCT/US2008/084327

Constructing the schematic pressure versus depth plots for the two scenarios reveals two key
differences which can be tested. The hydrodynamic case requires both a thicker channel,
communication of water pressures across the crest of the structure, and a regional or semi-
regional pressure gradient from right to left. The breakover scenario indicates two separate
water lines but does not require regional water gradients or variations in sand body thickness.
While well-documented cases of hydrodynamically tilted fluid contacts do exist, in many
cases the explanation is breakover, e.g., separation of denser fluids across a structure and
lateral bounding. Perched water (water trapped in a structural low) is also more common
than previously thought and often misinterpretations of field-wide fluid contacts and free

water levels can result.

[0103] A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and
scope of the invention. For example, referring to Figs. 16-18, the RCA technique, e.g.,
process 50, described in connection with Fig. 3 varies from the dynamic connectivity
analysis, e.g., process 100, in several ways, e.g., largely based on the use of production data,
the testing and refining of multiple scenarios, and the evaluation of weighted uncertainties in
the context of various scenarios. For example, modern surveillance tools like 4D seismic
data, and downhole monitoring in conjunction with detailed understanding of the geologic
framework can be integrated to identify production timescale compartments and to assign
appropriate transmissibilities to compartment boundaries. Multiple production scenarios can
be evaluated concurrently, e.g., a scenario may become more or less accurate as production

continues and more production related data is integrated into the model.

[0104] Referring to Fig. 16, the analysis of fluid distribution (postproduction) 120 may
include one or more of the following additional data or process inputs. Specifically, one or
more of the following may be performed in any order, at various times during the analysis,
and/or repeatedly, such as during an iterative process that involves revisiting models
generated in step 130 and/or uncertainties clarified in step 140. For example, production
start-up fluid contacts are evaluated and documented with respect to inferred baseline
conditions 121, e.g., conditions gleaned from the static connectivity model are treated as
baseline conditions initially. In subsequent iterations, e.g., after production has continued in
a mature field, the baseline condition may be an earlier combined static and dynamic
connectivity model generated by process 100, rather than the model created in step 101 (by

process 50). Permanent downhole monitoring is used in one or more wells to evaluate
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effectiveness of inferred connections 122. Well test and interference test data is evaluated,
and single-well drainage volume, barrier, and baffle inferences are reconciled with various
interpreted, production scenarios 123. The fluid compositional changes are interpreted using

time-lapse geochemistry 124.

[0105] Referring to Fig. 17, building multiscenario interpretations (compartments,
connections, and connection properties) may include one or more of the following additional
data or process inputs. Specifically, one or more of the following may be performed in any
order, at various times during the analysis, using the additional benefit of production data.
Steady-state system exits are established for gas, oil, and/or water 131 using production data.
Compartment exits and paths to system exits are established for oil, gas, and water 132 using
production data. Interpreted elements are identified that control contacts and document
associated uncertainties 133. The postproduction fluid observations (dynamic) are compared
with an inferred baseline 134. Fluid pressure evolution is evaluated 135, and cumulative
prewell production is reconciled with fluid contacts and pressure evolution 138. Any changes
in chemistry of produced fluids are reconciled with the multiscenario interpretations of
compartments, connections, and/or fluid properties 137. Saturation and pressure changes are

interpreted using 4D seismic data 136.

[0106] Referring to Fig. 18, the testing and refining of scenarios using diagramming and
visualization, and the evaluation of any uncertainties 140, may include one or more of the
following additional data or process inputs. Specifically, one or more of the following may
be performed in any order, at various times during the analysis, using the benefit of
production data. The magnitude of any change from a baseline condition (from step 101 or
subsequent dynamic connectivity models) predicted for a selected point in production, ¢.g.,
selected time(s), can be displayed and analyzed 141, e.g., for assessing production strategies
at various stages. Compartment specific well-log cross sections summarizing available data
and deviations from inferred pressure and contact baselines are built 142 to test and refine
one or more scenarios. A connectivity diagram, e.g., such as those in Figs. 8A-8C and Fig. 9,
is built that documents compartments, connections and connection properties, and fluid exit
paths 143. Three dimensional (3D) views are used to refine interpreted surfaces, contact
relationships, compartment boundaries, spill, and/or breakover 144. Multiple working
scenarios are constructed and dependencies are propagated 145. Specifically, the multiple
working scenarios are developed and analyzed to yield ranked or unranked suites of

internally consistent connectivity (dynamic and static) conceptual models 145. A particular
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advantage of dynamic connectivity analysis is the ability to assess several scenarios over
time, ¢.g., no model or production scenario is assumed to be completely correct or incorrect.
Therefore, scenarios, e.g., Figs. 10-12 in static example, or models, ¢.g., Figs. 8A-8C and Fig.
9, having weighted uncertainties of varying degree may become more or less robust over time

as production data is integrated into the analysis.

[0107] Dynamic connectivity analysis yields a number of benefits, including enabling
practitioners to define compartments in hydrocarbon reservoirs, identify connections among
compartments, predict their properties with respect to subsurface fluid flow on both geologic
and reservoir production time scales, and to predict their impacts on fluid movement under a
variety of development and production scenarios. A significant strength of the workflow is
its flexibility, allowing it to be tailored to requirements of specific field cases and business
problems, using available data of all types, amounts and qualities. Component steps of the
workflow are designed to be executed in parallel, yielding an internally consistent set of
products that, in aggregate, support a best-possible suite of reservoir development and
management decisions. For example, process 100 permits the use of preproduction and
production data to determine what constitutes the reservoir, waste rock, and seal for

lithologies of interest. In addition, the associated fluids and fluid mobilities are determined.

[0108] The identification of compartments and connections may be based on a
determination of geometries of top, lateral and base seal surfaces, from offset and
juxtaposition of reservoir and associated waste rock lithologies along faults, and from
crosional and depositional geometries affecting distribution and effectiveness of
intrareservoir seals.  The characterization of reservoir fluids may be based on an
understanding of observed fluid pressures and predictions of baseline and subsequent fluid
types pressures and contacts in unpenetrated compartments. The integration and
reconciliation of fluid type, and contact observations and inferences may be based on
production data relating to fluid properties, reservoir geometry, production history, well test
analysis, and material balance calculations, 4D seismic data, and time-lapse geochemistry.
The refinement of multiple working scenarios and for improving comprehension and intuition
about connections and ranges of potential impacts on fluid flow can be based on
covisualization of a variety of input data and interim interpretive models. The diagramming
of reservoir compartments, connections, and fluid movement scenarios, may involve
removing extrancous elements of spatial complexity from consideration, to enable rapid

effective evaluation of connectivity and associated uncertainties (with dependencies) under
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any number of development and production scenarios. Referring to Fig. 6, conclusions
drawn from component steps are similarly weighted based on data quality and interpreted
confidence. Accordingly, redundancies make it possible to apply the dynamic connectivity

analysis in many cases where particular data types are absent.

[0109] A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and
scope of the invention. For example, although the foregoing implementations have described
the RCA analytical approach is also applicable for a wide range of reservoirs, ¢.g., including
clastic (from fluvial to shoreface to deepwater) and carbonate reservoirs. RCA models are
used to predict fluid contacts in faulted reservoirs where other approaches have failed, to
locate by-passed pay opportunities for infill drilling in mature fields, and to condition
connections in reservoir simulation models. Specifically, RCA is an integrated technology
that challenges the interpreter to evaluate and incorporate fluid property, composition, and
pressure data with stratigraphic and structural interpretations of a reservoir to achieve a
deeper, more comprehensive understanding of reservoir compartments and the connections

between the compartments, e.g. both preproduction and after production has started.

[0110] The RCA input to the aforementioned techniques can include various seismic
models, geologic models or simulation models which contain a description of the subsurface
geology. These models incorporate one or more connectivity analysis techniques, e.g., a
model can be subdivided into small divisions which are referred to as cells. These cells may
be small cubes or some other geometric shape that represent small portions of the reservoir
and contain information on the portion’s physical or chemical properties, such as density,

porosity, lithologic facies, etc.

[0111] One or more of the aforementioned processes and/or techniques, e.g., such as the
integration of potential compartments and connections into a model, can be implemented in
digital electronic circuitry, or in computer hardware, firmware, software, or in any
combination thereof. Any of the aforementioned functionality may be implemented as a
computer program product, e.g., a computer program tangibly embodied in an information
carrier, €.g., in a machine-readable storage device or in a propagated signal, for execution by,
or to control the operation of, data processing apparatus, ¢.g., a programmable processor, a
computer, or multiple computers. A computer program can be written in any form of

programming language, including compiled or interpreted languages, and it can be deployed
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in any form, including as a stand-alone program or as a module, component, subroutine, or
other unit suitable for use in a computing environment. A computer program can be deployed
to be executed on one computer or on multiple computers at one site or distributed across

multiple sites and interconnected by a communication network.

[0112] One or more process steps of the invention can be performed by one or more
programmable processors executing a computer program to perform functions of the
invention by operating on input data and generating output. One or more steps can also be
performed by, and an apparatus or system can be implemented as, special purpose logic
circuitry, e¢.g., an FPGA (field programmable gate array) or an ASIC (application-specific
integrated circuit). In addition, data acquisition and display may be implemented through a
dedicated data collection and/or processing system, e.g., containing data acquisition
hardware, such as hydrophones and/or geophones, a processor(s), and various user and data
input and output interfaces, such as a display component for graphically displaying one or
more of the generated connectivity models obtained through any of the aforementioned

Process steps Or ProcCcsscs.

[0113] Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more processors
of any kind of digital computer. Generally, a processor receives instructions and data from a
read-only memory or a random access memory or both. The essential elements of a computer
are a processor for executing instructions and one or more memory devices for storing
instructions and data. Generally, a computer will also include, or be operatively coupled to
receive data from or transfer data to, or both, one or more mass storage devices for storing
data, e.g., magnetic, magneto-optical disks, or optical disks. Information carriers suitable for
embodying computer program instructions and data include forms of non-volatile memory,
including by way of example semiconductor memory devices, ¢.g., EPROM (erasable
programmable read-only memory), EEPROM (electrically erasable programmable read-only
memory), and flash memory devices; magnetic disks, e.g., internal hard disks or removable
disks; magneto-optical disks; and CD-ROM (compact disk read-only memory) and DVD-
ROM (digital versatile disk read-only memory) disks. The processor and the memory can be

supplemented by, or incorporated in special purpose logic circuitry.

[0114] All such modifications and variations are intended to be within the scope of the

present invention, as defined in the appended claims. Persons skilled in the art will also
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readily recognize that in preferred embodiments, at least some of the method steps method

are performed on a computer, ¢.g., the method may be computer implemented. In such cases,

the resulting model parameters may either be downloaded or saved to computer memory.
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CLAIMS

What is claimed is:

1. A method for analyzing the connected quality of a subsurface region, said method
comprising:

analyzing geologic time scale reservoir connectivity for the subsurface region;

developing a baseline reservoir connectivity model based on the geologic time scale
reservoir connectivity for the subsurface region, wherein the baseline reservoir connectivity
model includes determining compartments, at least one connection between compartments,
and connection properties;

interpreting the compartments within the subsurface region based on production data;

analyzing fluid properties within the subsurface region based on production data;

analyzing fluid distribution within the subsurface region based on production data;
and

building a production time scale fluid connectivity model having compartments, at
least one connection, and connection properties based on production data and a reconciliation

of the baseline reservoir connectivity model with the production data.

2. The method of claim 1, further comprising acquiring production data from at least one

well within the subsurface region.

3. The method of claim 2, further comprising estimating recoverable hydrocarbons based on

the production time scale reservoir connectivity.

4. The method of claim 1, further comprising evaluating uncertainties within the connectivity

models based on preproduction and production data.

5. The method of claim 4, further comprising building a multiscenario interpretation of at
least one of a compartment, connection, and connection property based on evaluating

uncertainties within the connectivity models.

6. The method of claim 5, wherein analyzing geologic time scale reservoir connectivity for

the subsurface region and developing a baseline reservoir connectivity model based on the
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geologic time scale reservoir connectivity for the subsurface region, are cach based on

preproduction data.

7. The method of claim 6, wherein the multiscenario interpretation is based on preproduction

and production data.

8. The method of claim 5, wherein analyzing fluid distribution comprises:
evaluating production start-up fluid contacts; and

documenting fluid contacts with respect to any inferred baseline conditions.

9. The method of claim 5, wherein analyzing fluid distribution comprises evaluating

effectiveness of inferred connections based on downhole monitoring data.

10. The method of claim 5, wherein analyzing fluid distribution comprises:
evaluating well test and interference test data; and
reconciling single-well drainage volume, barrier, and baffle inferences with various

interpreted, production scenarios.

11. The method of claim 5, wherein analyzing fluid distribution comprises interpreting fluid

compositional changes based on time-lapse geochemistry.

12.  The method of claim 5, wherein building multiscenario interpretations comprises

establishing steady-state system fluid exits using production data.

13. The method of claim 5, wherein building multiscenario interpretations comprises

establishing compartment exits and paths to system fluid exits using production data.

14. The method of claim 5, wherein building multiscenario interpretations comprises:
identifying interpreted elements that control fluid contacts; and

documenting associated uncertainties with interpreted elements.

15. The method of claim 5, wherein building multiscenario interpretations comprises:
evaluating fluid pressure evolution; and
reconciling cumulative prewell production data with fluid contacts and pressure

evolution.
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16. The method of claim 5, wherein building multiscenario interpretations comprises
reconciling any changes in chemistry of produced fluids with the multiscenario

interpretations of compartments, connections, and/or fluid properties.

17.  The method of claim 5, wherein building multiscenario interpretations comprises

interpreting saturation and pressure changes based on 4D seismic data.

18. The method of claim 5, wherein testing and refining of scenarios comprises:
predicting a magnitude of any change in a multiscenario interpretation for a selected
point in production and with respect to a baseline condition; and

displaying the magnitude of the change.

19. The method of claim 5, wherein testing and refining of scenarios comprises building
compartment specific well-log cross sections summarizing available data and deviations from

inferred pressure and contact baselines.

20. The method of claim 19, wherein testing and refining of scenarios comprises building a
connectivity diagram that documents compartments, connections and connection properties,

and fluid exit paths for the subsurface region.

21. The method of claim 20, further comprising refining, based on three dimensional (3D)
views of the subsurface region, at least one of interpreted surfaces, contact relationships,

compartment boundaries, spill and breakover.

22. The method of claim 5, wherein testing and refining of scenarios comprises building a
connectivity diagram that documents compartments, connections and connection properties,

and fluid exit paths for the subsurface region.

23. The method of claim 5, further comprising refining, based on three dimensional (3D)
views of the subsurface region, at least one of interpreted surfaces, contact relationships,

compartment boundaries, spill and breakover.
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24. The method of claim 5, wherein testing and refining of scenarios comprises constructing

multiple working scenarios and propagating dependencies for the scenarios.

25. The method of claim 22, further comprising developing and analyzing the multiple
working scenarios to yield ranked and unranked suites of internally consistent connectivity

conceptual models.

26. The method of claim 5, further comprising acquiring production data for a well within

the subsurface region.

27. A method for analyzing hydrocarbon production data from a subsurface region,
comprising:

analyzing geologic time scale reservoir connectivity and production time scale
reservoir connectivity for the subsurface region, wherein analyzing geologic time scale and
production time scale reservoir connectivity includes interpreting compartments, interpreting
at least one connection, analyzing fluid properties, and analyzing fluid distribution;

building a reservoir connectivity model based on the geologic time scale and
production time scale reservoir connectivity for the subsurface region, wherein the reservoir
connectivity model includes a plurality of production scenarios each including reservoir
compartments, at least one connection, and connection properties, and

testing and refining each of the production scenarios based on production data for the

subsurface region.

28. A method for producing hydrocarbons from a subsurface region, comprising:

analyzing geologic time scale reservoir connectivity and production time scale
reservoir connectivity for the subsurface region, wherein analyzing geologic time scale and
production time scale reservoir connectivity includes interpreting compartments, analyzing
fluid properties, and analyzing fluid distribution;

building a reservoir connectivity model based on the geologic time scale and
production time scale reservoir connectivity for the subsurface region, wherein the reservoir
connectivity model includes a plurality of production scenarios each including reservoir
compartments, at least one connection, and connection properties, and

testing and refining each of the production scenarios based on production data for the

subsurface region; and
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estimating an ultimate recovery amount of hydrocarbons from the subsurface region

based on the production time scale reservoir connectivity.

29. The method of claim 28, further comprising;:

interpreting the connectivity model to determine a formation as potentially
hydrocarbon bearing; and

drilling a well to the formation interpreted in the connectivity model as potentially

hydrocarbon bearing.

30. The method of claim 29, further comprising producing hydrocarbons from the well and

obtaining production data from the well.

31. The method according to claim 30, further comprising estimating in-place hydrocarbons

based on the geologic time scale reservoir connectivity.

32. The method according to claim 28, further comprising estimating in-place hydrocarbons

based on the geologic time scale reservoir connectivity.
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FIG. 8A
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Scenario #1: Original Oil
column isolated by late gas
fill and pushed down by gas
cap growth. GOC at 1480,
OWC at 1527.
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Scenario #2: Continued oil
access to S-flank. Oil exit
path through breakover to
North Flank with GOC at
1455 m. 110 aquifer puts
OWC 1565 m.
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Scenario #3: Hydrostatic
aquifer, oil column

controlled by capillary oil —
leak - 175 m oil column. Gas Breakover 1455 [
on 110 gas line. GOC at 1484 1310 ]
m, OWC at 1659 m.
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