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Abstract

Sequence stratigraphy is a method that unravels the evolution of sedimentation through time and space within sedimentary basins. Nowa-
days, the exploration and production of natural resources generated by or related to sedimentary processes depend on constructing a chro-
nostratigraphic framework to identify sequences of distinct hierarchies. In clastic and carbonate successions, exploratory studies focus on
higher-rank sequences to evaluate the potential of natural resources and to make discoveries. Conversely, lower-rank (i.e. high-frequency)
sequences characterize and highlight the spatial and temporal occurrence of natural resource deposits and heterogeneities, necessary for
optimizing production. For instance, high-resolution sequence stratigraphic surfaces may indicate the location of placer deposits or coal
seams. In the petroleum industry, high-resolution sequence stratigraphy is applied in reservoir zonation and characterization, which are the
stratigraphic essence of 3D geological and fluid flow models. Thus, this methodology can guide reservoir management, forecast and optimize
production, and increase the ultimate recovery factor. Recent technological innovations such as virtual outcrop models and Ground Pene-
tration Radar have promoted a significant advance in the visualization of surfaces and stacking patterns, making stratigraphic analysis more

accurate and efficient than the traditional use of analogs.
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INTRODUCTION
Three major paradigm shifts in sedimentary geology were
established in the 20th century (Miall 1995, Catuneanu 2006):
* the concept of flow regimes and the understanding of
depositional facies as the outcomes of sedimentary pro-
cesses operating in depositional environments (Gilbert
and Murphy 1914, McKee and Weir 1953, Simons et al.
1961, Middleton 1965).
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* theincorporation of plate tectonics and geodynamic con-
cepts into the global analysis of sedimentary processes (Bird
and Dewey 1970, Dewey and Bird 1970, Dickinson 1971).

¢ the establishment of sequence stratigraphy (SS) as a strati-
graphic analysis method based upon the recognition of
depositional trends to unravel the evolution of sedimen-
tation through time and space within sedimentary basins
(Payton 1977, Wilgus et al. 1988).

As SS embodies the previous paradigm shifts, it applies
to any geotectonic setting, sedimentary basin, and type of
sediment (i.e. clastic, carbonate, evaporite) at several scales
of observation (Catuneanu 2019, Magalhies et al. 2020).
The process-based sequence stratigraphy method, integrating
process-forming deposits and breaks on sedimentation, moti-
vates practitioners to use high-frequency chronostratigraphic
correlation and paleogeographic reconstruction to decipher the
evolutionary history of a given sedimentary succession with
increasing attention to the step-by-step balance between gen-
eration and preservation mechanisms (Fragoso et al. 2021).
It means a change from the lithostratigraphic to chronostrati-
graphic approach, which is crucial to the economic outcome
of any project related to the exploration and production of
natural resources (Magalhies ef al. 2020).

The development of seismic technology enabled the
advance and application of SS in the petroleum industry

(Payton 1977). Through time, SS application evolved from a
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low-resolution exploratory scale to a high-resolution outcrop

and core scale, which is known as high-resolution sequence

stratigraphy (HRSS) (Van Wagoner et al. 1990, Aitken and

Howell 1996). Currently, the method on both scales is part of

the routine related to petroleum and other natural resources

studies (e.g. placer deposits, coal seams, phosphorites, and
water). The effectiveness of such applications depends on
how detailed the chronostratigraphic framework of the stud-
ied succession is. Case studies that reflect their positive eco-
nomic impact are rare and usually focused on the oil industry

(Catuneanu and Biddulph 2001, Magalhaes ef al. 2020, Melo

et al. 2020). In carbonate successions, this paper fills a gap

related to the control exerted by impermeable layers, which
can be mapped through HRSS, on the development of per-
mo-porosity in adjacent carbonate units.

Therefore, this paper aims to:

* presentasynthesis of the concepts that support the applica-
tion of SS on exploration and production of natural resources.

 discuss the development of stratal stacking patterns in vari-
able scales with emphasis on the sedimentary processes
that produce sequence stratigraphic surfaces and related
natural resource deposits.

* show examples of chronostratigraphic correlations sup-
ported by core, log, and seismic data that exemplify the
lateral contact among continental to marine deposits.

* discuss the stratigraphic control of impermeable layers on
permo-porosity development and hydrothermal mineral-
ization in adjacent carbonate units.

* present the advantages of using geotechnologies on the
high-resolution stratigraphic analysis of outcrops.

STACKING PATTERN: A SOLID
FOUNDATION FOR STRATIGRAPHIC
ANALYSIS

the identification of stacking patterns in a sedimentary suc-
cession is the core of sequence stratigraphic analysis. Stacking
patterns correspond to the depositional style produced within
a sedimentary system in response to the interplay between
sedimentation and base-level fluctuations through time. In
general, they are interpreted as the record of depositional sys-
tems displacement landward or basinward, linked or not to the
shoreline trajectory (e.g. Catuneanu et al. 2011).

There are four stacking patterns in the sedimentary record:
progradation, retrogradation, aggradation, and degradation
(Fig. 1; Van Wagoner ef al. 1990, Neal and Abreu 2009).
They may be identified at different scales, for instance, by
grain size upward trend in clastic shallow-marine deposits
(Posamentier and Allen 1999), vertical stacking of architectural
elements or facies associations (Magalhaes et al. 2016, 2020),
well logs accurately calibrated with rock data (Van Wagoner
etal. 1990), and reflector termination patterns at seismic scale
(Grabau 1906, Mitchum 1977, Mitchum and Vail 1977).

The recognition of stacking patterns is closely related to
and may vary with the hierarchical rank of the studied interval
(e.g- Fragoso et al. 2021). Hence, it is fundamental to identify

the criteria that marks the change in the observed stacking
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Figure 1. Stacking patterns and relative depositional systems
trajectories in downstream settings (modified from Catuneanu 2017).
The stratal geometry applies to a seismic scale. Conversely, the stacking
of architectural elements relates to a high-resolution scale.

patterns before mapping their related stratigraphic surfaces
(e.g. Magalhaes et al. 2020). For instance, offlap is a typical
stratal termination observed at the top of forced regression
clinoforms in low- to medium-resolution seismic volumes.
In contrast, coarsening-up cycles within each clinoform typify
high-resolution trends recognized in cores, well logs, or out-
crops at a high-resolution scale (e.g. Melo et al. 2020).

Stacking pattern in clastic successions

A systems tract corresponds to a linkage of contempo-
raneous depositional systems forming the subdivision of a
sequence (Brown and Fisher 1977). In the geological record,
a systems tract consists of a relatively conformable succession
of genetically related strata, which shows a specific stacking
pattern bound at the base and the top by stratigraphic sur-
faces (Catuneanu et al. 2011). An understanding of regression,
transgression, and the expected systems tracts in clastic succes-
sions through time is offered via comparing accommodation
and sedimentation rates (Fig. 2). The interplay of these fac-
tors promotes changes in stratal stacking patterns that define
key sequence stratigraphic surfaces (for a thorough review of
sequence stratigraphic surfaces, see Catuneanu 2006).

The sedimentation rate in a clastic succession can be defined
as the rate of terrigenous sedimentary supply. In other words,
the mass of the source area transformed into particles through
erosion processes and drained downstream to the transfer and
basin areas (Fig. 3). The transfer compartment is character-
ized by the dynamics of gravitational flows, rivers, wind, and
glaciers that transport sediments from the erosion to the sed-
imentation compartment. In a clastic succession, the study of
these dynamics is essential in the understanding of the strati-
graphic record (e.g. Romans et al. 2016).

In the downstream region, the interplay of eustasy, subsid-
ence, and sediment supply controls the sedimentary dynam-
ics (e.g. Jervey 1988). In these areas, the standard nomen-

clature of the systems tracts is traditionally used (Fig. 2).
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In contrast, in the upstream area, the combined action of
tectonics and climate variations result in fluctuations in
energy and sediment flow that characterize the low- and
high-accommodation system tracts. For example, in flu-
vial settings, the former comprises high-energy, sand-rich
amalgamated-channels, whereas the latter consists of fine-
grained, low-energy overbank facies (Wright and Marriott
1993, Shanley and McCabe 1994).

The basin is the depositional site that stores the sediments
drained along the transfer area (Fig. 3). In this part, various
continental to marine clastic depositional environments
are developed and subjected to variations in sediment flow
energy and changes in base level, which modify accommoda-
tion and sedimentation (Castelltort and Van Den Driessche
2003). Even though the balance of the sedimentary system
is always affected by autogenic factors, the cyclical record of
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Figure 2. The development of stratal stacking patterns during regression and transgression results from the interplay between accommodation
and sedimentation (modified from Catuneanu 2006, Fragoso et al. 2021). The base-level curve varies from a minimum to a maximum, and so
does the rate of the base-level change (i.e. accommodation). To clarify, both are presented as symmetrical sine curves and the sedimentation
rate is constant even though they are much more complex and asymmetric in nature.
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Figure 3. Schematic illustration of the three main compartments that make up sedimentary systems. Each compartment is characterized by a
dominant process: erosion, transfer and sedimentation (Castelltort and Van Den Driessche 2003).
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these variations through time is primarily controlled by allo-
genic factors (Holbrook and Miall 2020). The allogenic factors
are related to eustasy, climate, and tectonic mechanisms that
control the generation-preservation sedimentary dynamics
(Fragoso et al. 2021). The effect of these mechanisms in the
depositional systems results in regression (displacement basin-
ward) or transgression (displacement landward), which is rec-
ognized from the stacking pattern in the stratigraphic record.
Regression happens when more proximal depositional sys-
tems or their components overly more distal ones. Conversely,
transgression occurs when more distal depositional systems or
their components overly more proximal ones. The displace-
ments controlled by allogenic factors affect large areas of a
sedimentary basin, supporting stacking pattern stratigraphic

correlations (Fragoso etal. 2021).

Stacking pattern in carbonate
successions

The principles and concepts of SS were developed through
the study of clastic successions. The application in carbon-
ates is not straightforward due to an intrinsic characteristic:
sedimentary carbonate constituents are produced within the
depositional locus, whereas clastic sediments must be trans-
ported from the source area to the basin (Fig. 3). Carbonate
sedimentation depends on carbonate factories switching and
production rates, which may work in an opposite way to the
sediment supply versus accommodation relationship observed

in clastic systems (Pomar and Haq 2016). According to Pomar
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(2020), carbonate production depends on five “W’s”: When
produced; What produced; Where produced, hoW produced,
and Where accumulated. The SW’s summarize the carbonate’s
dependency on the evolution through time of organisms that
form the rock, the environmental and hydrodynamic condi-
tions, the type of accommodation (i.e. physical or ecological),
and the type of substrate on which the sediment is deposited
or produced (Fig. 4). The lag time between carbonate grain
production and deposition is a key factor that explains the
higher productivity of shallow-marine carbonate factories
during the highstand systems tract (HST) in comparison to
the transgressive systems tract (TST) (Handford and Loucks
1993, Jones 2010). Besides, differently from clastic grains that
remain unconsolidated for a long time in the depositional
setting, carbonate sediments are heavily affected by the dia-
genetic processes of cementation and dissolution soon after
deposition and hence no longer available for reworking (G.
Terra unpublished data).

In a lacustrine setting, the interplay of lake level and sed-
iment supply alternates carbonate and clastic deposition in a
dynamic much different from the observed in marine environ-
ments (Bohacs et al. 2000, Renaut and Gierlowski-Kordesch
2010). For instance, in a balanced-fill lake type, a lag time is
required for the lake bottom to turn into a semi-consolidated
substrate and switch on the carbonate factory. Moreover, in
this lake-type, the efficiency of the carbonate factory is the at
it’s highest during HST and falling stage systems tract (FSST)
and insignificant throughout the TST (Magalhies et al. 2020).
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Figure 4. Key factors on carbonate sedimentation. Understanding carbonate systems require answering the five “W”: When, What, HoW,

Where was produced, and Where was accumulated.
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The bulk of carbonate sediments are deposited very closely
to the location where they are produced, and thus the higher the
production, the higher the accumulation of sediments (Handford
and Loucks 1993). As a general rule, accumulation is directly
dependent on productivity, except for tidal flats (where pro-
duction is low, but accumulation is high) and carbonate slopes
(where accumulation from gravitational processes outpaces
local production) (Handford and Loucks 1993). The interplay
between sediment production and accommodation defines the
stacking pattern of shallow-marine carbonates (Fig. S).

Since the shallow-marine carbonate has a strong organic
influence, the carbonate factory reaches its maximum efliciency
in the photic zone (Fig. 6). Hence, the substrate morphology

exerts great control over the carbonate sequence develop-
ment. The comparison between clastic and shallow-marine
rimmed carbonate shelves indicates opposite behavior in
terms of accumulation in lowstand and highstand systems
tracts. The optimum behavior for clastic shelves is lowstand,
whereas the optimum behavior for carbonates is the highstand
(Fig. 7). Table 1 presents the main aspects that control clastic
and carbonate deposition.

It is noteworthy that the classical stratal geometry applied
to clastic successions is not straightforward when it comes
to carbonates. The detailed analysis of the skeletal composi-
tion of carbonate facies and the resulting stacking pattern is
the criteria that identifies sequence stratigraphic surfaces in
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Figure S. Carbonate sediment productivity and accumulation determines the aggradational or progradational stacking pattern and varies with depth
and depositional setting. The black rectangles represent the production and the aggradational or progradational rate in the marine environment.
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carbonate successions (Pomar and Haq 2016). The spectac-
ular outcrop in Cape Blanc, Mallorca, Spain, is an example of
identifying carbonate stacking patterns (Pomar 1993, Pomar
and Haq 2016). The interpretation of systems tracts highlights
sedimentation evolution through time, based on the vertical
stacking and lateral facies contact of this Miocene rimmed shal-
low-marine platform (Fig. 8). The TST is generally unidentifi-

able since there is no landward migration of depositional facies.

Highstand

During the HST, the system keeps up an enhanced sediment
production that allows for basinward export. The HST is pro-
gradational and capped by a subaerial unconformity. The FSST
consists solely of reefal facies that prograded over the HST
fore-reef while coeval erosion took place on the emerged reef
and lagoon. The Maastrichtian-Paleocene Balbuena Sequence
in Salta Basin, Argentina is a world-class example of a stack-

ing pattern and cyclicity in a lacustrine carbonate in which

RSL
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—

Lowstand
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CO;
- Highstand Production
*— Accretion |} ,IQ'S,it\u [ , Buildup
| o —10m
Carbonate < \ %% o
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Source: modified from Handford and Loucks (1991).
Figure 7. Carbonate vs. clastic sedimentation.

Table 1. Differences between clastic and carbonate sediments.

Clastic

Carbonate

Formed via simple processes of erosion, transfer and
sedimentation

Unconstrained by time
There is no relationship between the location the sediment

was formed, and the volume deposited

Asssiliciclastic constituents are always available,
environmental changes have an immediate effect on
sedimentation

Sediments remain unconsolidated in the depositional
environment and available for reworking

There is no relationship between water depth and the amount
of sediment available for deposition

Substrate morphology exerts little control on the type of deposits

Does not produce organic build-ups

Base level equals wave base level in marine and lake
environments

Formed by complex processes: When produced; What produced;
Where produced, HoW produced and Where accumulated

Time-dependent due to organic influence, reflecting the evolution of life

on Earth

The majority of sediments are deposited closely to the location where
they were produced

The carbonate fabric requires time to produce constituents (lag time),
and environmental changes do not have an immediate effect on
sedimentation

Sediments are heavily affected by diagenesis (cementation and

dissolution) soon after deposition and no longer available for reworking

The bulk of production occurs in shallow water (photic zone) due to
organic influence

Substrate morphology exerts a great control on the type of deposits

Produces rigid organic build-ups or reefs that affect the environment
hydrodynamics and can follow relative sea-level changes (i.e. keep up,
catch up)

Base level equals the sea or lake level




Braz. J. Geol. (2021), 51(4): e20210014

high-frequency Transgressive-Regressive (T-R) cycles were
controlled by the ratio between precipitation (P) and evap-
oration (E) rates. A high P/E ratio implies a wet climate, the
rise of phreatic and lake levels, as well as an increase in terrig-
enous influx. A Low P/E ratio means a dry climate, the fall of
phreatic and lake levels, substantial reduction of terrigenous
influx and carbonate sedimentation. The resulting succession
records cyclic fine-grained siliciclastic and carbonate strata
(Bento Freire 2012, Pedrinha 2014, Roemers-Oliveira et al.
2018, Bunevich et al. 2017, Magalhaes et al. 2020).

Systems tracts: the relative displacement
of depositional systems

Forced regression

Forced regression happens throughout the base level
falling stage (Fig. 2). It means that the depositional systems
ought to migrate abruptly towards the depocenter following
the base-level fall and coeval subaerial exposure landwards.
For example, the relative sea-level fell approximately 130 m
and exposed a vast area in the Thailand Gulf during the last
glacial age (Posamentier 2001, Lear ef al. 2020). Subsequent
transgression flooded this region and the maximum water
depth of around 90 m is currently recorded. (Reijenstein
etal.2011).

The base-level fall is not instantaneous. During this stage,
the progradation progresses step-by-step basinward, con-
comitant with the development of subaerial exposure on land
(Catuneanu 2006). The youngest terrace is located in the low-
est topography compared to its predecessors (Fig. 9). At a
seismic scale, this pattern is recognized through offlap stratal
termination in which the bottom surface of the oldest clino-
form marks the basal surface of forced regression (Mitchum
1977, Hunt and Tucker 1992).

At the onset of the forced regression, the paleo-seafloor
surface represents the basal surface of forced regression (BSFR;
Hunt and Tucker 1992). The base-level fall may trigger wave
scouring in locations where the wave equilibrium profile is
lower than the paleo-depositional surface (Bruun 1962, Plint
1988, Dominguez and Wanless 1991). Wave scouring during
forced regression forms the regressive surface of marine ero-
sion (RSME; Plint 1988). The forced regression ends when
the base level reaches its minimum (Fig. 2). At this moment,
the top of the youngest clinoform associated with oftlap marks
the correlative conformity (CC). This surface approaches the
paleo-seafloor and connects to the subaerial unconformity (SU)
at the paleo-shoreline (Hunt and Tucker 1992). Therefore, the
stacking pattern of forced regression combines degradation
and progradation (offlap) at a low-resolution (Fig. 9). In the
high-resolution, the forced regressive stacking pattern is revealed
by hummocky cross-strata filling gutter casts that characterize
the sharp-based forced regressive shoreface facies overlying the
RSME (Fig. 9B), or by gradationally based forced regressive
deposit overlying the BSFR (Catuneanu 2006, Magalhaes et al.
2021). In the parts where it’s missing, the FSST is represented
by the SU (Magalhes et al. 2020).

During forced regression in marine environments, accom-
modation is only available seaward where deposits in this stage
are preserved. High-density turbidites may turn into signifi-
cant reservoirs, such as the Upper Eocene strata of Albacora
Field in the Campos Basin, Brazil (De Gasperi and Catuneanu
2014). Besides, SU development under suitable climatic con-
ditions may favor the development of mature paleosol and
bauxite deposits (Zhukov and Bogatyrev 2012). Long-term
subaerial exposure is also highly conducive to intense erosive
and reworking processes that may cause the transportation
of heavy minerals through fluvial systems. If these sediments

eventually reach the shoreline, they may be concentrated by
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Figure 8. Facies architecture and sequence stratigraphy interpretation of a rimmed carbonate platform in Cap Blanc, Mallorca. The Llucmajor
Platform consists of a stratigraphic unit subdivided into four hierarchic units (1-M, 2-M, 3-M, and 4-M) bound by SU and related CC
basinward (modified from Pomar 1993, Pomar and Haq 2016). SU is related to karstic features in each hierarchy. The photo exhibits the
youngest outcropping 2-M unit and its youngest three 3-M units. Internal subdivision of 3-M units, shown by progradation of reef complexes,
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wave action and form placer deposits associated with beaches
or overlying high-frequency RSME (Catuneanu, 2006).

Normal regression

During the early and late stages of base-level rise, the sed-
imentation rates outpace the positive but very low accom-
modation rate and sedimentation immediately fills any avail-
able space (Fig. 2). It means that the sediment excess has no
option other than to aggrade and move basinward, thus trig-
gering normal regression (Catuneanu, 2006). Therefore, the
stacking pattern of normal regression combines aggradation
and progradation (Fig. 10).

The increase in accommodation throughout the early stage
of base-level rise may favor aggradation at the expense of pro-
gradation (i.e. thicker aggradational strata and less prominent
progradational deposits). Conversely, the decrease in accom-
modation throughout the late stage of base-level rise may
promote progradation with little aggradation (Catuneanu
etal. 2011).Itis noteworthy that as accommodation is always
positive, subaerial exposure is not likely during normal regres-
sion. The presence of subaerial exposure features during nor-
mal regressive trend indicates higher-frequency base-level
fall, and therefore, higher-frequency breaks in such trend (e.g.
Magalhies et al. 2021). Moreover, normal regression does not
happen instantaneously. Instead, it is usually punctuated by
higher-frequency transgressions that promote breaks in the

overall regressive trend. Such breaks are recognized in the rock

record as muddy strata interlayered and separating prograding
clinoforms (i.e. allomembers) as seen in regional cross-sec-
tions (e.g. Bhattacharya and Walker 1991, Bhattacharya 1993).

The positive accommodation during lowstand systems tract
(LST) traps sedimentation on the shallow-marine to fluvial
settings, and only low-density flows feed turbidites basinwards
(Catuneanu 2006). Deposits such as the Cretaceous fluvial
sandstones of the Potiguar Basin (Melo et al. 2020) and the
Oligocene-Miocene turbidites in Marlim Field, Campos Basin
(Bruhn et al. 2003) are potential hydrocarbon reservoirs. In the
beginning of the LST, low accommodation rates enable pre-
serving high-energy fluvial and placer deposits overlying the
SU. Good examples of this kind of occurrence are the Lavras
conglomerate Mesoproterozoic in the Chapada Diamantina
in Brazil (Magalhes et al. 2016), and the gold rich Zandpan
conglomerate, Late Archaean Witwatersrand Basin, in South
Africa (Catuneanu and Biddulph 2001). During HST, progra-
dation of shoreface and delta systems provide suitable hydro-
carbon reservoirs, as observed in the Eocene of Niger Delta,
Nigeria (Tuttle et al. 1999) and the Lower Cretaceous of the
Reconcavo Basin (Della Favera et al. 2019).

The Maximum Regressive Surface (MRS; Helland-Hansen
and Martinsen 1996) marks the end of the lowstand normal
regression. Thererfore, MRS is a surface close to the fluvial
topset and the paleo-seafloor at the top of the youngest clino-
form associated with the lowstand normal regression. Therefore,

MRS marks the onset of the transgression.
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Transgression

Transgression occurs when the accommodation rate out-
paces the sedimentation rate. It results from excess space com-
pared to the available sediment(Fig. 2; Catuneanu 2006).
Therefore, following the MRS, all depositional systems or their
components start moving landwards. Most of the sedimentary
load is trapped within the aggrading fluvial and transitional sys-
tems, which are eventually overlain by marine deposits (Loutit
et al. 1988, Galloway 1989). However, transgressions do not
happen instantaneously. Instead, it is more likely to be punc-
tuated by higher-frequency regressions that promote breaks
in the transgressive trend. Such breaks are recognized in the
rock record of shallow marine or estuarine systems by erosive
truncating surfaces (SU) at the base of sand-rich bars or tidal
channels (Fig. 11; e.g. Magalhies et al. 2016).

During transgression, waves and tides may scour the sub-
strate. Wave scouring during transgression produce wave-ravine-
ment surface (WRS) in the upper shoreface, at locations where
the wave equilibrium profile is lower than the paleo-depositional
surface (Bruun 1962, Swift 1975, Plint 1988, Dominguez and
Wanless 1991). Wave scouring may concentrate lag or placer
deposits, as demonstrated in the Ordovician of Sardinia, Italy,
and the Armorican Massifin Western France (Pistis et al. 2016).
The tidal-ravinement surface (TRS) is a scour cut by tidal
currents in coastal environments during transgression (Allen
and Posamentier 1993). This surface is likely preserved “in a
transgressive river-mouth setting, where the rates of aggrada-
tion of the estuary-mouth complex outpace the rate of subse-
quent wave-ravinement erosion” (Catuneanu 2006, p. 153).

The transgressive stacking pattern comprises a combina-
tion of aggradation and retrogradation (Fig. 11). Therefore, the
marine sedimentation progressively retrogrades, pushing marine,
estuarine, coastal, and fluvial settings landwards forming onlap
stratal terminations, as seen in the seismic lines (Galloway
1989, Catuneanu 2006). Transgressive systems tracts com-
prise important hydrocarbon reservoirs. These include the
Cretaceous fluvial and estuarine deposits in the Potiguar Basin,
Brasil (Melo et al. 2020), and the Early Cretaceous Athabasca
Oil Sands, in Western Canada (Mossop 1980). Besides, the
upwelling of nutrients during transgression may favor the
development of phosphorite deposits in shallow-marine
strata (Abram et al. 2011, Abram and Holz 2020, Kechiched
et al. 2020). At the end of the transgression, the Maximum
Flooding Surface (MFS) marks the change from transgres-
sive (below) to normal regression (highstand, above) stacking
pattern (Frazier 1974, Posamentier ef al. 1988, Van Wagoner
et al. 1988, Galloway 1989). The high-water table in coastal to
continental areas, coupled with a suitable climatic condition,
would favor the formation of coal seams associated with MFS
(Bohacs and Suter 1997, Holz et al. 2002).

Hierarchy on sequence stratigraphy

The sequence stratigraphy analysis characterizes cyclic
units at multiple scales (Catuneanu 2019). From facies cycle
to basin scale, stacking patterns and stratigraphic surfaces are

recognized as sequence elements (Fragoso etal. 2021). It is
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noteworthy that systems tracts were defined at the seismic
scale, even though no scale is indicated in its definition (e.g.
Brown and Fisher 1977). With standard sequence stratigraphy
methodology and nomenclature, the systems tracts became
applicable for any spatial and temporal scales (Catuneanu
etal. 2011). However, adaptations are necessary, especially in
high-resolution sequences (Magalhaes et al. 2020). This way,
a ranking system for sequences and their internal elements is

crucial for the sequence stratigraphy workflow.

Hierarchy of stratigraphic surfaces
Depositional facies and surfaces result from sedimentary
processes (Fig. 12). A depositional surface is a boundary that
envelops discrete rock bodies and can be recognized within indi-
vidual facies, from lamination to bedding planes, or at concor-
dant non-erosional and discordant erosional contacts between
facies or facies associations (e.g. Brookfield 1977, Allen 1983,
Miall 1985, Einsele et al. 1991). A depositional surface is cate-
gorized as a key stratigraphic surface when it marks a change in
stratal stacking pattern (Catuneanu 2006, Catuneanu et al. 2011).
Both autogenic and allogenic controls may contribute to
producing any sedimentary or stratigraphic surface. However,
even though autogenic factors may create a stacking pattern, the
recurrence of stratigraphic surfaces indicates a regular allogenic
mechanism-controlled sedimentation (Fragoso et al. 2021).
Nevertheless, regardless of their periodicities, the influence of
autogenic and allogenic factors on sedimentary processes is
tied to the surface generation scale (i.e. the highest stratigraphic
frequency). As there are no stratigraphic surfaces formed by
sedimentary processes that only operate at a low frequency,
stratigraphic surfaces of any hierarchy are always anchored
to the lowest-rank sequence stratigraphic unit. Therefore, a
high-frequency stratigraphic surface may be a candidate to a
higher order, and the candidate surface keeps its intrinsic char-
acter regardless of its hierarchical rank. Ranking stratigraphic
surfaces is fundamental to determining the boundaries of long-
term transgressive or regressive trends that separate systems
tracts of the higher-order sequences (Magalhies et al. 2020).
The superimposition of similar-nature stratigraphic sur-
faces is a natural consequence of the long-term permanence
ofidentical sedimentary processes operating in the same loca-
tion. In this situation, the resolution is likely to be lost, and
the surface marks a boundary of long-term transgressive or
regressive trend (Magalhaes et al. 2020). For instance, distinct
high-frequency MRS may not be recognized in the aggrading
coastal to fluvial settings since they superimpose each other at
the location dominated by sediment by-pass. This place may
be identified in seismic sections through toplap stratal ter-
mination. Several high-frequency MFS amalgamate towards
the depocenter. The combined effect of low sedimentation
rate during long-term transgression induces the generation of
“condensed section” recognized in seismic data (Loutit et al.
1988, Galloway 1989). Subaerial unconformities superimpose
each otherlandwards or induce a “cryptic sequence boundary”
(sense Miall and Arush 2001) as long as a long-term forced
regression persists. Therefore, the hiatuses associated with SU

become more extensive landward than basinward.
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Stratigraphic surfaces of the same nature cannot be super-
imposed when their sedimentary forming processes operate in
different locations during a long-term transgressive or regres-
sive trend. It occurs in wave-ravinement surface (WRS), tid-
al-ravinement surface (TRS), and the regressive surface of
marine erosion (RSME). During long-term transgression,
high-frequency WRS is only formed at the specific location
where wave equilibrium profile is lower than the depositional
surface. This location shifts landwards at the next high-fre-
quency transgression event, during which transgressive strata
overlie the previous WRS. Therefore, WRS surfaces cannot be
superimposed since they are separated by transgressive strata
(Fig. 13). The same happens to TRS if not replaced by WRS.
In this situation, the two transgressive ravinement surfaces are
separated by estuary-mouth complex deposits (Catuneanu
2006). The same approach is related to high-frequency RSME,
which is generated in distinct locations towards the depocenter
during long-term forced regression. That is why there is neither
medium- to low-frequency WRS diachronically truncating the
overall lower-frequency TST nor medium- to low-frequency
RSME diachronically truncating the overall lower-frequency
FSST. Besides, long-term transgressive and regressive trends
are generally punctuated by high-frequency regressions and
transgressions, respectively (Fig. 13).

The assignment to different hierarchical levels is only possi-
ble for SU, MRS, and MFS. Conversely, WRS, TRS, and RSME

SEDIMENTARY SYSTEM

CAUSE (Sedimentary Processes) EFFECT (Products)
Depositional
Physu?al - Depositional Facies
Chemical Non-depositional o
o Depositional Surfaces
Biological

Erosional

Figure 12. Cause and effect relationship in the sedimentary system
(modified from Selley 1970). Sedimentary processes produce
depositional facies and surfaces.

are only tied to their highest-frequency sequence hierarchy.
The scenarios mentioned above operate at ideal conditions
that control the interplay of accommodation and sedimenta-
tion rates, generating the four classic systems tracts (i.e. HST,
FSST, LST, and TST). Catuneanu (2019) presented unusual
scenarios in which SU develops during transgression or SU
does not develop during forced regression.

Sequence stratigraphy workflow

Sequence stratigraphy may adequately address the research,
exploration, and production of any natural resource deposits
generated by or related to sedimentary processes. The SS work-
flow starts with understanding the tectonic setting and regional
context of depositional systems (Fig. 14). Depending on the
scale of the data available, the method can be constrained to
low-resolution (i.e. supported by regional-scale data) or may
progress to high-resolution studies (based on outcrop, reser-
voir-scale data). The application of SS in low-resolution deter-
mines long-term depositional trends aiming to evaluate the
potential of natural resources and make discoveries (Catuneanu
2006). Conversely, the high-frequency stratigraphic analyses
unravel the spatial and temporal distribution of petroleum res-
ervoirs and natural resource deposits (i.e. the external geome-
try, connectedness, and heterogeneities) to optimize produc-
tion (Magalhaes et al. 2020). Therefore, SS application at both
scales has a strong positive economic impact in the outcome
of exploration and production projects.

Besides, HRSS also helps in identifying recurrent mappable
stratigraphic surfaces that control the genesis or distribution
of natural resource deposits, such as SU associated with placer
deposits or MFS related to coal seams. Such surfaces provide
the closest approximation to the timelines on cross-sections
or correlations (Catuneanu 2006), further below the resolu-
tion of biostratigraphic methods. Mappable sequence strati-
graphic surfaces must be correlated throughout the study
area before facies representation. The correlation individu-
alizes systems tracts with their specific stacking pattern and
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Figure 13. Schematic transgressive succession composed of tidal channels and bars overlain by shoreface strata. As the location of WRS
development shifts landwards during transgression, WRS is neither connected nor superimposed by the previous surface of similar nature. Instead,

they are separated by transgressive deposits. Note that high-frequency regressions materialized by SU punctuate the long-term transgressive trend.
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Steps

Scale Focus

Step 1 — Tectonic setting (type of sedimentary basin)

Step 2 — Regional context of palaeodepositional
environments

Step 3 — Low-resolution sequence stratigraphic
framework
(reginal, seismic data)

Interpretation of long-term trends in the
evolution of palaeodepositional environments
for reservoir / facies prediction

Step 4 — High-resolution sequence stratigraphic
framework and reservoir zonation

Step 5 — Reservoir characterization and representation:
external geometry of facies associations and
properties distribution

Interpretation of high-frequency changes in
palaeodepositional environment

Source: modified from Magalhaes et al. (2020).
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Basin, regional,

— Natural resources potential
— Discovery

exploration studies
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— Reservoir or deposit characterization
— Production optmization

reservoir studies

Figure 14. The available data’s scale constrains the sequence stratigraphic workflow. Note that a chronostratigraphic framework must precede

facies representation on both scales.

bounding surfaces that determine their regressive or transgres-
sive character and indicate the location of the source area and
depocenter. Thus, the chronostratigraphic framework leads to
detailed paleogeographic reconstruction, which allows pre-
dicting the occurrence of facies of interest beyond the con-
trol points. The stacking pattern of high-frequency sequences
indicates trends that mark the boundaries of the immediately
higher sequence hierarchy that, in turn, act as a constraint
for the high-frequency study (Magalhaes et al. 2020, Fragoso
et al. 2021). Therefore, the low- and high-resolution analyses
calibrate each other and improve the understanding of the
stratigraphic evolution of a given interval, which has a strong
positive economic impact on the outcome of exploration and
production projects (Magalhaes et al. 2020).

Support of geotechnologies on
stratigraphic analysis of outcrops

The ongoing geosciences technological revolution , par-
ticularly regarding the use of digital and virtual outcrop mod-
els (DOM/VOM) and Ground Penetrating Radar (GPR)
to extract 3D georeferenced geological objects, substantially
improved the stratigraphic analysis of the exposed stratigraphic
record (Hodgetts 2013, Howell et al. 2014, Buckley et al. 2019,
Burnham and Hodgetts 2019, Marques Jx. et al. 2020). DOM/
VOM are photorealistic 3D models of outcrops, projected in 3D
as point clouds or textured meshes, possibly containing dozens
of thousands of points/m? in a point cloud and triangles in a
mesh. A texture map may have up to 270 megapixels; the derived
2D products as orthophoto mosaics and digital surface models
usually have cm to mm/pixel spatial resolution. Such high-reso-
lution 3D models are complemented by digital terrain models

(DTM) built from satellite images and digital elevation models.
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The Chapada Diamantina region (Brazil) provides an exam-
ple of stratigraphic interpretation based on DTM and DOM/
VOM. The unconformity between the Middle Espinhago I
and II sequences (Magalhaes et al. 2016) was mapped with
high accuracy on the cliffs surrounding the Pai Indcio hill area
(Fig. 15). Some of these locations are inaccessible, but facies
analysis in adjacent areas covered by the DTM supports this
interpretation. ME-I and ME-II represent first-order sequences
(i.e. basin-fill during distinct geotectonic evolution, accord-
ing to Catuneanu 2006). These sequences stand for two sag
superimposed basins separated by a hiatus of approximately
100 Ma (Magalhes et al. 2016).

GPR is a widely used method for near-surface geological
investigation (Annan 2009) to image features with variable
resolution and penetration depth (Jol 1995), such as the
geometry of sand bodies, as well as the correlation and quan-
tification of sedimentary structures (Bristow and Jol, 2003),
facies architecture and high-frequency stratigraphic frame-
work (Magalhaes et al. 2017,2021). GPR data from outcrops
analogs of hydrocarbon reservoir have been used since the
1990s (Thompson et al. 1995) and have turned into the chief
near-surface investigation method in different geological set-
tings (Souza et al. 2018, Dougherty et al. 2019, Leandro et al.
2019, Bermejo et al. 2020, Medina et al. 2020).

The integration of DOM/VOM and GPR of laterally and
vertically wide exposed strata is revolutionizing the identifi-
cation of stacking patterns and stratigraphic surfaces in both
field and laboratory. Depending on the resolution of the DOM/
VOM and GPR products, the position of a facies contact, or
a sequence stratigraphic surface may be determined in 3D
models as a point, line, or digital surface object. The use of
such methods during the stratigraphic analysis of outcrops

enhances and optimizes information acquisition and allows
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Figure 15. (A) Orthographic projection from DTM at the Pai Inacio
anticline (built from Also Palsar digital elevation model overlaid by
CNES Airbus image), Chapada Diamantina Basin, northeastern
Brazil. The SU1 unconformity, between Mesoproterozoic Middle
Espinhaco I and II sequences, is mapped along the cliffs. (B) Low-
frequency subaerial unconformities identified on the orthographic
projection from DOM/VOM (built from aerial images acquired
from a helicopter) of the Pai Inicio hill integrated with the facies
and the GR log (modified from Magalhies et al. 2016).

the compilation of a database of georeferenced information in
3D, thus improving the stratigraphic model building.

An example of integrating DOM/VOM and GPR to assist
a stratigraphic analysis of an outcropping succession in the
Lusitanian Basin was presented by Magalhies et al. (2021).
According to the authors, the lower portion of the studied suc-
cession records sedimentation on a Middle-Jurassic ramp com-
posing T-R high-frequency sequences (Embry and Johannessen
1992, Embry 1995) between 1 and 7 m thick. Transgressive
strata comprise claystone and siltstone. Regressive deposits
consist of alagoonal carbonate and occasional upper shoreface
bioturbated and hybrid sandstone. These sequences make up
medium-frequency T-R sequences between 9 and 21 m thick
that exhibit muddy TST and amalgamated sandy to carbonate
HST strata, both characterized and mapped throughout the
study area using DOM/VOM and orthophotomosaics (Fig. 16).

Application on exploration and
production of natural resources

The following hypothetical example explains the economic
impact of a petroleum production project based on litho- and

chronostratigraphic correlation. The project aims to inject
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Figure 16. Medium-frequency T-R sequences from the
Lusitanian Basin (Magalhiesetal.2021). (A) Orthophotomosaic
from DOM/VOM. (B) 200 MHz synthetic GPR from the
outcrop. (C) A photo from the same location in perspective.
Note the muddy character of TST and the amalgamation of
HST sandy and carbonate strata that prograde southwards.
(D) 200 MHz synthetic GPR profile mirrors the outcrop
features and recognizes distinct stacking patterns and sequence
stratigraphic surfaces.

water in the well 2 reservoirs to enhance oil production from
well 1 (Fig. 17). The lithostratigraphic correlation indicates
that the project would be successful (Fig. 17A). However, as
shown through chronostratigraphic correlation, the prograd-
ing reservoirs are not laterally connected (Fig. 17B), and there-
fore, the project is not recommended. The heterogeneities
observed in the chronostratigraphic model can be confirmed
through an outcrop analog (Fig. 17C). The lateral facies con-
tact and shelf claystone strata, including the high-frequency
MRS/MFS, promote impermeable barriers that do not allow
fluid communication between the reservoirs. Instead, fluid flow
occurs independently through each one of them (white arrows).

The selection of a datum is vital for a chronostratigraphic
correlation. The best datum is the stratigraphic surface with the
lowest diachroneity, such as the MFS and MRS. Even though
all stratigraphic surfaces are diachronous to some extent, the
MES is a better datum because it’s a conformable surface devel-
oped over large areas of the basin at the end of the transgres-
sion, when the depositional topography is the flattest (Fig. 15).
The maximum regressive surface is the second-best option
for a datum, especially in shallow-marine, coastal, and down-
stream fluvial settings (see discussion on stratigraphic sur-

faces in Catuneanu 2006). Regardless of the chosen datum, a
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Figure 17. The lithostratigraphic correlation (A) does not represent the stacking pattern and hence, may induce poor outcomes in production
project (modified from Ainsworth et al. 1999). The chronostratigraphic correlation (B) mirrors the appearance of a normal regression on

outcrop (modified from Ainsworth et al. 1999) (C) and stands for the more realistic representation of reservoirs and heterogeneities. Outcrop

from the Middle Jurassic Lajas Formation in Neuquén Basin Argentina (photo courtesy of Carlos Arregui).

chronostratigraphic cross-section must adequately represent
the changes in depositional trends to allow a realistic view of
spatial and areal distribution of the natural resources or the
reservoirs. Moreover, paleogeographic reconstruction can bet-
ter address the sedimentary evolution based on several chro-
nostratigraphic cross-sections with their data associated with

high-frequency sequence stratigraphic surfaces.

Chronostratigraphic correlation: examples

based on rock, well log, and seismic data
The Albian succession of the Potiguar Basin in Brazil pro-

vides an example of a low-resolution seismic-scale chronos-

tratigraphic correlation between continental and marine strata
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(Melo et al. 2020). The succession is part of the drift phase
and holds the basin’s primary oil-bearing unit. In this study,
the authors integrated seismic, well log and rock data to indi-
vidualize sequences and systems tracts recognized in deposi-
tional dip-oriented seismic lines. Based on core description,
depositional sequence 1 comprises fluvial strata landward
from well 17 and marine (siliciclastic and carbonate) depos-
its basinward from well 18 (Fig. 18).

According to Melo et al. (2020), SU1 erodes post-rift
Aptian deposits and the pre-Cambrian basement landward.
Basinwards, SU1 connects to correlative conformity (CC1)
at the top of the Aptian interval. MRS is marked on top of

a high-energy braided fluvial strata overlain by meandering
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Figure 18. The dip-oriented seismic line shows depositional sequences 1 to S from Albian to Campanian in the Potiguar Basin (Melo et al.
2020). Depositional sequence 1 (DS 1) is entirely fluvial landward from well 17 and marine basinward from well 18.

fluvial deposits landwards, or on top of a regressive transitional
to marine strata basinward (i.e. Acu Formation). The TST
shows onlap stratal termination over MRS in the marine por-
tion of the basin and is represented by the deep-water carbon-
ates (Ponta do Mel Formation; Tibana and Terra 1981, Terra
1990). The HST consists of fluvial to coastal deposits that
grade basinward to the mixed and carbonate strata (i.e. the
lithostratigraphic transitional contact between the Agu and
Ponta do Mel formations, Fig. 19).

Upon closer examination, the seismic line between wells
17 and 18 shows distinct seismic facies associated with dep-
ositional systems in each systems tract (Fig. 20). The fluvial
strata display channel-like features and transitional deposits
exhibit parallel reflectors. Zigzag lines indicate the depositional
trend and lateral facies contact in each system tract. Hence,
the zigzag lines highlight the normal regression of braided
fluvial, coastal and siliciclastic marine systems during LST,
the transgressive aggradational and backstepping pattern of
marine carbonates, estuarine, and meandering fluvial systems,
as well as the normal regression of meandering fluvial, coastal,
and shallow-marine carbonate systems throughout the HST
(Fig. 20). The higher thickness of the carbonate when com-
pared to its clastic counterparts suggests carbonate keep-up
due to increased accommodation triggered by sin-depositional
faults (Fig. 21). The top of the HST exhibits epigenic karstic
features on shallow-water carbonates and fluvial to coastal
strata truncation. Intense percolation of meteoric water through
originally porous shallow-water facies completely cemented
the carbonate facies (Fig. 19; Terra 1990).

The low-resolution chronostratigraphic correlation and zig-
zaglines indicate the depositional systems’s major domains in
each systems tract. As different sedimentary processes operated
in each domain, they generated distinct depositional facies with
particular petrophysical properties. Given the low porosity of
the carbonate facies due to cementation, the best exploratory

targets are the sandstone reservoirs from the continental to
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transitional settings. Therefore, defining these domains is not
a strictly academic matter but an essential guide to new data
acquisition strategy, well drilling and 3D geologic modeling
to support exploration and production development projects
(e.g. Magalhies et al. 2020).

Further chronostratigraphic refinement must be carried
out if data are available. According to Melo et al. (2020), the
TST of depositional sequence 2 was subdivided into fourth-or-
der sequences that stand for the reservoir zones and are com-
posed of transgressive meandering fluvial deposits. As shown
in the GRlogs, fining-upward trends coupled with the upward
increase of clay content indicate a high-frequency transgressive
stacking pattern (Fig. 22). The top of the palaeosol from over-
bank deposits marks a high-frequency SU, which is superim-
posed by MRS located at the base of the transgressive mean-
dering fluvial strata.

Sequence stratigraphy and diagenetic
evolution in carbonates

The initial porosity of any carbonate rock can be
entirely transformed by near surface and sub-surface dia-
genetic processes (Fig. 23). Therefore, an original porous
carbonate deposit may not turn into an oil reservoir, just
as a non-porous rock can become an excellent reservoir
through diagenesis.

Feazel and Schatzinger (1985) listed the main factors that
destroy or preserve porosity in carbonate rocks (Fig. 24).
Some factors such as framework rigidity, mineralogical stabil-
ity, burial history, abnormal pressure and oil entry are inde-
pendent of sequence stratigraphy. However, zone boundar-
ies identified through HRSS promote permeability barriers
that play a significant role in preserving depositional poros-
ity. These barriers prevent the circulation of cementing flu-
ids in the porous space, which is one of the main causes in
the loss of porosity. The best situation occurs when porous

carbonates are overlain by evaporites or other impermeable
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facies culminating in the top of a high-frequency regressive allows the understanding of many diagenetic imprints in
tract or by fine facies such as mudstones or shales from a carbonate, such as:
transgressive tract (Fig. 25). Thus, sequence stratigraphy * how primary porosities can be preserved.

Figure 19. Aspects of the carbonate facies from a core slice to a thin-section in the Ponta do Mel Formation (Terra 1990). (A) Coralgal
boundstone and (B) plane-polarized light, photo horizontal axis = 4.5 mm. (C) Oncolitic grainstone and (D) cross-polarized light, photo
horizontal axis = 4.5 mm. (E) Mudstone with planktonic foraminifers (Favusella Washitensis). Plane-polarized light, photo horizontal axis =
0.9 mm. (F) Mudstone with calcispheres on the right. Plane-polarized light, photo horizontal axis = 1.1 mm. Note that the carbonate facies
are highly cemented. Regarding the location, see Fig. 21.

17
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Figure 21. Low-resolution chronostratigraphic cross-section based on well logs calibrated with seismic and core data. SU2 was chosen as
datum since it closely relates to the paleodepositional surface at the end of HST. The larger carbonate thickness indicates keep-up of the
platform due to accommodation created by sin-depositional faults. Letters indicate the location of the photos shown in Fig. 17.

how dissolution can generate subaerial karstification.
how near-surface dolomitization processes can completely
modify the permo-porous characteristics.

how the sub-surface diagenesis can be influenced by imper-
meable (seal) layers, favoring dissolution and dolomitiza-
tion by ascending, hydrothermal fluids.

In order to understand the diagenetic evolution of marine
carbonates, an example of HRSS application was presented by
Correa et al. (2013) in the Oligocene-Miocene interval of an
offshore oil field in the Campos Basin, Brazil. These depos-

its correspond to a long-term regression (second order) that
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occurs along all Brazilian East margin basins (Asmus and Porto
1980, Bruhn et al. 2003,2017). According to the authors, the
succession is mainly composed of red algae-rich wackestones,
packstones, rudstones, and bindstones, which comprise differ-
ent facies associations in backreef, reef, and forereef settings
(Fig. 26). The study presented an integration of seismic attri-
butes extracted from high-resolution seismic data, 24 wells
logs, as well as continuous core data. Data integration allowed
the definition of four third-order stratigraphic sequences, in
which HSTs’ clinoforms sets are interpreted in seismic data
(Fig. 27). Further stratigraphic refinement identified fourth-or-

der sequences that constrained the facies distribution and



Braz. J. Geol. (2021), 51(4): e20210014

| GR | mp | RHOB J
'50 gAPI 150 | "2 glem?® 3
ColormlN \ NPHI J
045 m¥m®  -015
MRS 3/SU 3 :
MFS 2 10 |
|08
oB
| oB
===T==E= === |
220
3 | |
L — =
AN . R N - - O e e s o
|
|
- - e -_—— . .I I
=T T e — o - .
High-frequency | | ~
surfaces | oB OB
— — MFS i | " oB o8
oB
— — MRS 250 : | |
— — Su L I |
|

Figure 22. High-frequency stratigraphic sequences compose a third order TST (topped by MFS 2) and account for reservoir zonation. SU
placed at the top of paleosol intervals from overbank deposits (OB) is superimposed by MRS at the base of the transgressive meandering
fluvial strata (MCH; Melo et al. 2020).

Figure 23. Permo-porous system of carbonate reservoirs.

related petrophysical properties (e.g. porosity, permeability).
Vuggy carbonate facies with very high porosity (> 40%) and
permeability (> SOD) were recognized in cores, well logs and
an extended well test. These features were interpreted as the
result of epigenetic karstification associated with subaerial
unconformities and sub-vertical fracture corridors compos-
ing super-k layers (Fig. 28). Therefore, the high-resolution
stratigraphic framework enabled the association of the diage-
netic events related to subaerial exposure surfaces, explaining
the exceptional porosity and permeability found in the field.

The Jurassic carbonate succession of Smackover and Bucker
formations is an example of changes in depositional poros-
ity by diagenesis processes related to different systems tracts
(Moore 2010). Sequence II's depositional history begins with
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Figure 24. The presence of porosity in subsurface carbonates

depends on a delicate balance between pore destruction and pore
preservation mechanisms.

the sedimentation of aragonitic-oolitic grainstones during
HST (Fig. 29A). The mineralogy of inorganic carbonate com-
ponents has changed throughout the geological time, and
the predominant aragonitic seas during much of the Jurassic
(Dickson 2004) determined the oolites’ composition. The
photomicrograph (Fig. 29A) shows modern aragonitic oolites
from the Bahamas, comparable to those deposited during the
Jurassic. Aragonite is a metastable mineral dissolved or neo-
morphosed to the stable form of low-magnesium calcite during
the diagenesis evolution. During subaerial exposure, meteoric
water dissolved the aragonitic oolites and produced oomodic
porosity and low-magnesium calcite cement that reduced the

intergranular porosity and permeability in a complete textural
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Figure 25. (A) Detailed facies analysis within (B) the high-resolution stratigraphic framework sequence of the Pinda Group, Kuanza Basin,
Albian, offshore Angola. The best reservoirs are the regressive grainstone subtidal complex overlain by impermeable anhydrite from the supra-
to intertidal complex. This impermeable seal favored the preservation of primary porosity by avoiding the circulation of cementing fluids.

inversion of the original rock. The photomicrograph (Fig. 29B)
is a sample from the Bahamas where Pleistocene aragonitic
oolites are exposed to undergoing dissolution through mete-
oric diagenesis, similar to what occurred in the Jurassic exam-
ple. During TST, a near-surface seepage reflux dolomitization
created intercrystal porosity that connected the oomoldic
porosity, enhanced porosity and permeability, leading to a
complete inversion of the depositional fabric and permo-poros-
ity (Fig. 29C). This example of the Central Gulf Coast (USA)
clearly shows how complex the processes are until a carbonate

rock becomes permo-porous in the subsurface.
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The importance of subsurface diagenesis to enhance
porosity in carbonate rocks is a subject that has significantly
evolved in recent years, mainly due to the occurrence of several
high-productivity oil reservoirs at great depths. The impor-
tance of hydrothermal fluids in the dissolution of carbonates
and precipitation of exotic minerals, Mississippi Valley-type
(MVT) mineralizations, or even in the well-known cases of
dolomitization have received a lot of attention from the oil
industry, including incorporating concepts from mining (Davies
and Smith Jr. 2006). Hydrothermal fluids ascend through

faults and fractures that connect the sedimentary succession
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Figure 26. Gama-ray log and facies associations of the Oligocene-Miocene rimmed-platform interval in the Campos Basin (Correa et al.
2013). Note that normal regression is punctuated by high-frequency transgressive strata.

with volcanic or basement highs where heated fluids origi-
nate. However, an indispensable factor is the occurrence of
impermeable layers in the sedimentary succession that act

as barriers to the ascending flow and concentrate dissolution
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(Davies and Smith Jr. 2006, Klimchouk 2017). The imperme-
able layers are mappable through HRSS and usually overlie
very high productivity (i.e. super-k layer), dolomitized lay-
ers (Figs. 30 and 31).
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Figure 28. The integration of 3D structural (A) and facies (B) models highlights karstic features associated with natural fractures and SU on
top SR 40, SR 32, (C and D) and SR 31 zones, hence promoting super-k layers (Correa et al. 2013).

Several mechanisms may dissolve carbonate in the sub-
surface such as CO,-rich waters derived from the volcanic or
magmatic activity and eventually deep mantle sources, as well
as CO, from organic matter decarboxylation (Bégli 1980);
waters containing sulfuric acid (H,SO,) originated when the
ascending fluids pass through evaporitic rocks and incorporate
the sulfate by the dissolution of anhydrite and gypsum (CaSO,)
and arrive loaded with H SO, in the overlying carbonate layers

(Hill 1995); thermal water (mixing-corrosion), i.e. the mixture
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of ascending thermal waters with the formation water if the dif-
ference is higher than 4°C (Palmer 1991). Thus, the greater the
temperature difference, the greater the effect of the dissolution;
waters containing organic acids associated with hydrocarbon
migration since the migration process from the source rock to
the reservoir is preceded by organic acid fluids that dissolve
carbonate rocks (Mazzullo and Harris 1992).

The complexity of the processes involved in carbonate

rocks until they eventually become permo-porous reservoirs
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or mineral deposits depends on how these rocks were depos- Reservoir zonation and characterization

ited, how stratigraphic cycles were organized and how diagen-
esis developed near-surface and in the subsurface. A high-fre-
quency stratigraphic framework is fundamental to integrating
and understanding the interplay of these elements, hence pre-
dicting the spatial and temporal distribution of reservoirs and
natural resources associated with carbonates.
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and its impact on hydrocarbon
production performance

One of the main applications of HRSS in the petroleum
industry is reservoir zonation and characterization (Magalhies
et al. 2020). These topics are crucial for 3D geological and

fluid flow models that guide reservoir management, forecast
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and optimize production, and increase the ultimate recovery
factor. These models support production development proj-
ectsin greenfields (i.e. new fields) and workover operations in
brownfields (i.e. mature fields) that usually increase produc-
tion and mark a new phase of field rejuvenation.
Fundamentally, well type (e.g. vertical, highly-deviated, or
horizontal), well spacing, and production strategies in any oil
field depend on the reservoir’s lateral and vertical connectivity(-
Fig. 15 ). The reservoir zonation constrains the vertical connec-
tivity, whereas the lateral connectivity depends on facies con-
tact between adjacent architectural elements within the zone.
Multi-layered and laterally disconnected reservoirs are
common in many oil fields, and their characterization and
modeling can benefit from HRSS analysis. Fluvial, mixed,
and shallow-marine deposits provide some examples of this
reservoir type (e.g. Torres et al. 2012, Magalhaes ef al. 2016).
Multi-layered and laterally disconnected reservoirs exhibit
flash oil production that reaches a peak and declines sharply.
As the water rate (BSW) increases, water replaces oil produc-
tion and many wells are needed in order to drain the zone
due to poor reservoir connectivity (Fig. 32). There is a good
chance of oil remaining in open zones and undrained discon-
nected reservoirs (Magalhies et al. 2020). Thus, infill drilling
and secondary recovery (Improved Oil Recovery — IOR) proj-
ects may rejuvenate the field. Only after the final rejuvenation
stage, Enhanced Oil Recovery (EOR) projects may be care-
fully considered as the last attempt to produce the residual oil.
The fluid flow and water uprising through this kind of reservoir
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are quite different from thicker, less heterogeneous reservoirs
(Fig. 33). Less heterogeneous reservoirs show relatively good
lateral connections that prevent depletion, and hence typi-
cal oil production increases sharply toward a plateau, before
declining abruptly. A limited number of production wells is
sufficient as the water quickly replaces oil production, and
eventually, there is no residual oil in the zone. Therefore, nei-
ther IOR nor EOR projects are needed.

The establishment of a high-resolution reservoir zona-
tion may clarify some common-sense beliefs such as the high
potential for oil production through horizontal wells, water
coning, and tilted oil/water contact. In thick, less hetero-
geneous reservoirs (Fig. 33), a horizontal well drilled in the
early production stage would partially drain a single zone until
water floods. The residual oil above the horizontal well would
be trapped in the upper portion of the zone and no longer in
production. Moreover, other zones would remain undrained.
In multi-layered and laterally disconnected reservoirs (Fig. 32),
ahorizontal well drilled in the early stage of production must
consider significant uncertainties about lateral reservoir con-
nectivity. The decision to drill a horizontal well in a mature
oil field — when numerous wells have been drilled, and some
zones have been drained must consider that the original fluid
contacts would have moved through the water uprising due to
production. In this case, a horizontal well would cross at least
one water-saturated zone, and hence water would flood the
well and significantly reduce oil production. Thus, a decision

to drill a horizontal well must consider the high-resolution
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Figure 32. Schematic representation of a thin, highly layered, and laterally disconnected reservoir (e.g. meandering fluvial, tidal bars,
estuarine, coastal, and shallow-marine carbonate). It is the case of high-frequency transgressive/highstand intervals within a lower-order
transgressive systems tract. Note that the reservoir width is smaller than well spacing. Black lines represent zone boundaries. (A) Discovery of
the field in a hypothetical anticline. Some zones are opened to production. (B) Production well-type curve with net-to-gross (NTG) = 20%.
Oil production is flash, and the water cut is low due to abrupt depletion. (C) These factors support well-planning and spacing, and hence a
large number of wells (within a small space) are drilled in order to optimize production. BSW is low and starts rising. (D) As oil production
declines, BSW increases, pressure drops, and many zones are closed (the blue color in the produced reservoirs means pressure depletion and
water invasion). (E) New zones are opened. (F) Zones closed. There is a good chance of residual oil. Infill drilling and water injection are

needed in order to rejuvenate the field.

chronostratigraphic framework since it allows for a realistic view
of the spatial distribution and heterogeneities of the reservoirs.

An example of a horizontal well drilled in a multi-layered
reservoir is the onshore oil field in southwestern Abu Dhabi,
United Arab Emirates (UAE). The field produces from the

prolific Barremian Kharaib Formation and is structurally
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described as a slightly elongated low relief structure with the
NNE-SSE trend located between two giant fields (Torres
et al. 2017). The Upper Kharaib reservoir comprises skeletal
peloid wackestone-packstone in the lower portion, thin layers
of algal, skeletal, peloid floatstone-boundstone in the middle,
and skeletal peloid packstone interbedded with a good quality
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and (E) the opened zones are completely drained. (F) Previous zones are squeezed and new ones are opened to production. Ultimately, wells
are closed, and no residual oil remains. Infill drilling and secondary recovery are unnecessary.

grainstone/rudstone reservoir in the upper portion. The reser-
voir was deposited in moderate- to high-energy shallow water
on a broad eastward dipping ramp. Oil production started in
2013 with vertical/slanted and dedicated horizontal producer
wells with support from peripheral vertical water injectors
and assuming that the reservoir was comprised of only one
flow unit. After four years of production, the BSW increased

as reservoir pressure decreased, and some wells were closed.

A HRSS framework was established, supported by facies
analysis from 14 cored wells and geophysical and reservoir sat-
uration logs. The complete Barremian third-order sequence
was further subdivided into fourth-order sequences (Fig. 34).
The fourth-order sequences are 2-4 m thick and demonstrated
a good correlation with petrophysical properties. Regressive
facies associations were deposited in medium- to high-energy

settings and exhibited good to excellent permeability. Conversely,
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transgressive facies associations were deposited in low-energy zone confirmed this vertical compartmentalization and a new
environments and showed very low permeability, promoting production zone whose production rate is triple the amount
vertical fluid flow barriers. A horizontal well drilled in the upper observed in the other wells in the field (Torres et al. 2017).

£ 4th . . Permeability
£ GR (API) order Facies Phie (mD)
A sequence
0 50 0 0.4/ 0.01 10 k
2900
N
3000
[———————
3010
3020 — %
E Core description Sequence stratigraphy Facies / Facies contact
:-S/ (4th order)
Q.
& |Contact Facies S1¥f;igs Surfaces [ | Skeletal, Peloid Wackestone-Packstone
0 I Skeletal Wackestone
] SU Bl Rudist, Peloid Rudstone
HST I Rudist, Peloid Floatstone
| MFS [] Skeletal, Peloid Packstone
TST [ ] Skeletal, Peloid Grainstone
i MRS [ ] Coated-Grain, Skeletal Grainstone
o Il Algal, Skeletal, Peloid Floatstone-Rudstone
|~ LST Bl Algal, Skeletal Floastone-Boundstone
e : suU ~~  Erosive Contact
5 MWP G FR ~~r Burrowed Contact (Glossifungites)

Phie: effective porosity.
Figure 34. The Upper Kharaib fourth-order reservoir zonation, Abu Dhabi, revealed the 2.1 m uppermost zone (highlighted in blue). The horizontal
well drilled along that zone presents a threefold increase in the production rate compared to other wells in the field (modified from Torres et al. 2017).
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Unexpected water breakthrough (i.e. water fingering,
channeling, and coning) is a typical diagnostic feature that
indicates the need for stratigraphic refinement. The oil/water
contact rise may promote water coning in homogenous reser-
voirs (i.e. an uprising of water into the hydrocarbon interval
due to pressure drawdown). However, reservoirs are much
more heterogeneous than one would expect, and quite often,
reservoir connectivity and heterogeneities are misrepresented
or neglected in the 3D geological models. An example of
water coning was observed in the Albian marine carbonate
reservoirs from the Campos Basin in offshore Brazil (Bruhn
et al. 2003). The reservoirs are part of elongated NE-trending
shoals (< 1 km-wide, up to 2.5 km-long). The best reservoir
facies consists of oncolite/oolite-rich grainstone, with poros-
ity ranging between 20 and 34% and permeability exceeding
100 mD. They occur interbedded with lower-energy peloidal
wackestone with shoaling-upward facies associations. The tight
reservoir shows permeability around 5 mD. The uppermost
intervals are the most productive of all, occurring preferably
on faulted anticlines and rollover crests. The oil fields exhibit
firm structural control, provided by faulting and bending.
However, stratigraphic features — related to the lateral facies
contact between grainstone/rudstone and packstone, wacke-
stone, and mudstone also play an essential role in production
(Bruhn et al. 2003). After production has started, the increase
in water production encouraged the second seismic survey that
revealed water coning consistent with the reservoir simula-
tion model. The seismic survey demonstrated water uprising
through permeable facies that control fluid flow through the
reservoir (Fig. 35), thus indicating the need for stratigraphic
refinement in order to allow oil production from the zones
above and below the water-saturated zone.

2002-1987

———__—

A tilted oil/water contact can happen in particular situ-
ations that are subjected to effective bed-parallel hydrody-
namic activity, such as in the Cretaceous Chalk Group and
Paleocene sandstones in the Central North Sea (Dennis et al.
2000). However, tilted contacts often result from misinterpre-
tation. In the Agu Formation in the Potiguar Basin, Brazil, an
example from the Cretaceous meandering fluvial reservoir, the
wells are only 93 m apart, and the contact shows a ten meter
difference in elevation (Fig. 36, Melo et al. 2021). The high-res-
olution stratigraphic zonation demonstrated that there were
two distinct contacts. Hence, different oil/water contacts in
an oilfield help identify distinct zones and indicate the need
for further stratigraphic refinement.

Moreover, the following diagnostic features may indicate
the need for stratigraphic refinement, as observed in several
producing oil fields:

* Geomechanical problems due to reservoir overpressure
may lead to fracturing or fault reactivation, resulting in oil
seeping on the surface or sea bottom. These problems usu-
ally happen due to the overestimation of the permeability
or the lateral extent of the zone subjected to injection (e.g.
Rutqvist et al. 2007, Amiri et al. 2019);

*  Well drilling based on seismic anomalies not calibrated with
the depositional model or the chronostratigraphic frame-
work. Seismic anomalies do not always mean a reservoir
has good porosity (e.g. Mojeddifar et al. 2015, Zampetti
et al. 2017, Penna and Lupinacci 2021);

*  Wells crossing unforeseen zones or unexpected fluids indi-
cate we are unaware of the spatial distribution of reservoirs
(Abraham et al. 2019);

e Ifthe production curve does not match the observed his-
torical data, one must review the facies distribution and

2010-2002

W3

1 Km

AIP: wave impedance variation; OWC: oil-water contact; IW: injection well; PW: production well.

Figure 35. Lithostratigraphic interpretation superimposed on a 4D seismic time-lapse in the Albian carbonate reservoir (offshore Brazil)
shows AIP vertical sections resulting from the 4D joint inversion from 1987-2002 (left) 2002-2010 (right). The OWC at well W3 is observed
from 1987 to 2002 as a flat positive IP anomaly. Note the water fingering affecting well W3, and water injected through well IW from 2002
to 2010, indicating the need for stratigraphic refinement in order to individualize zones within a previously assumed homogeneous reservoir

(modified from Grochau et al. 2014).
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Figure 36. Structural section passing through wells 13 and 14. (A) Example of a tilted oil-water contact (dashed blue line). Note the ten meters
difference in elevation between these wells spaced only 93 meters apart from each other. However, the high-resolution zonation showed that the
“tilted contact” truncates the high-resolution zone boundary (blue line, MRS 2). (B) The high-resolution zonation demonstrated the presence
of two distinct horizontal oil-water contacts instead of one tilted contact. (Cretaceous Agu Formation, Potiguar Basin, Brazil, Melo et al. 2018).

petrophysical properties within the zones. However, it is
strongly recommended not to use artifacts to force the simu-
lator to match (e.g. Avansi et al. 2016, Magalhaes et al. 2020);

*  Finally, the production forecast based on unadjusted geo-
logical and flow models inevitably leads to considerable
deviation between prediction and observed production,
resulting in financial loss (Singh and Srinivasan 2014,
Razak and Jafarpour 2020).

FINAL REMARKS

Natural resources formed by or associated with sedimen-
tary processes can be researched through sequence stratigra-
phy. This process-based stratigraphic analysis method unravels
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the evolution of sedimentation through time and space within
sedimentary basins. Some examples include placer deposits
associated with a subaerial unconformity or wave ravinement
surface; bauxite with subaerial unconformity; coal seams and
petroleum source rocks with maximum flooding surface; as
well as phosphorites with a transgressive stacking pattern. In
carbonate successions, the stratigraphic framework identifies
epigenic karst intervals associated with a subaerial unconfor-
mity (super-k layers) and impermeable layers (zone bound-
aries) that overlie strata with dolomite cement and enhanced
porosity and permeability. Therefore, the research, explora-
tion, and production of any natural resource deposit whose
formation is tied to sedimentary processes may be adequately

addressed through sequence stratigraphy.
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At the exploration scale, sequence stratigraphy focuses on
evaluating the natural resource potential to make discoveries.
At the production scale, high-resolution sequence stratigra-
phy (HRSS) highlights the spatial and temporal distribution
of natural resource deposits and heterogeneities to optimize
production. At both scales, the efficient application remains
closely associated with the chronostratigraphic framework
of the studied succession. In the petroleum industry, HRSS
supports reservoir zonation and characterization, which are
the essence of 3D geological and fluid flow models that guide
reservoir management, production forecast and optimization,
as well as increasing the ultimate recovery factor. Diagnostic
features indicate the need for stratigraphic refinements, such
as tilted or distinct fluids contacts and the difference between
the simulated production and the observed historical data. In
greenfields (i.e. new fields), HRSS identifies the best reservoirs
for production, helping capital allocation, risk management and

ARTICLE INFORMATION

production costs. In brownfields (i.e. mature fields), it guides
an increase in production that marks a new field rejuvenation
phase. Besides, using 3D virtual outcrop models coupled with
Ground Penetrating Radar has also significantly improved the
stratigraphic analysis of outcropping successions as analogs for

subsurface petroleum reservoirs.
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