Stratigraphic evolution of
intraslope minibasins: Insights
from surface-based model

Zoltan Sylvester, Alessandro Cantelli,
and Carlos Pirmez

ABSTRACT

Although numerous case studies exist to illustrate the large-scale
stratigraphic architecture of salt-withdrawal minibasins, there is
no clear understanding of how stratal patterns emerge as a func-
tion of the interplay between basin subsidence and sedimentation.
Here we present a simple model of mass balance in minibasin
sedimentation that focuses on the interaction between long-term
sediment supply and basin-wide subsidence rate. The model cal-
culates the sediment flux in three dimensions assuming a simpli-
fied basin and deposit geometry. The main model output is a
cross section that captures the large-scale stratigraphic patterns.
This architecture is determined by the relative movement of the
stratal terminations along the basin margin: consecutive pinchout
points can (1) be stationary, (2) move toward the basin edge
(onlap), or (3) move toward the basin center (offlap). The direc-
tion and magnitude of this movement depend on the balance
between the volume made available through subsidence, calcu-
lated only over the area of the previous deposit, and the volume
needed to accommodate all the sediment that comes into the basin.
Cycles of increasing-to-decreasing sediment supply result in
stratigraphic sequences with an onlapping lower part and offlap-
ping upper part. If the sediment input curve is more similar to a
step function, stratigraphic sequences only consist of an onlapping
sediment package, with no offlap at the top. Modeling two linked
basins in which deposition takes place during ongoing subsidence
shows that conventional static fill-and-spill models cannot cor-
rectly capture the age relationships between basin fills. In general,
lower sediment input rates and periods of sediment bypass result
in sand-poor convergent stratal patterns, and episodic but high
volumetric sedimentation rates lead to well-defined onlap with
an increased probability of high sand content.
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INTRODUCTION

Several continental margins in the world are strongly affected by
plastic deformation of deeply buried, thick salt accumulations that
were deposited during early basin evolution (Hudec and Jackson,
2007). A wide range of salt morphologies result from differential
loading of salt by overlying sediments, and patterns of sedimenta-
tion are also strongly influenced by the deformation of underlying
evaporites (e.g., Prather et al., 1998; Hudec and Jackson, 2007;
Pilcher et al., 2011; Peel, 2014). One of the most common expres-
sions of this salt-sediment interaction are salt-withdrawal miniba-
sins (Figure 1), quasicircular or oval depressions on continental
slopes that can capture a large proportion of the sediment, which
is transported from shallow to deep waters by turbidity currents
and other sediment gravity flows (Pratson and Ryan, 1994;
Steffens et al., 2003). Because sand can be preferentially trapped
in these depressions, intraslope basins are common sites of thick,
sand-rich accumulations, and ancient, buried basins host signifi-
cant hydrocarbon reservoirs (Mahaffie, 1994; Prather et al.,
1998; Kendrick, 2000; Booth et al., 2003). Intraslope basins with
ponded accommodation (sensu Steffens et al., 2003) can also form
on continental margins without salt tectonics. For example, the
California Continental Borderland is dominated by strike-slip
deformation and shows several deep basins separated by high sills
(Teng and Gorsline, 2008). Sedimentary processes in these basins
are comparable to those operating in salt-related slope basins in
the Gulf of Mexico (Covault and Romans, 2009).

Over the last two decades, significant progress has been
made in the understanding of (1) the large-scale stratigraphic
architecture and evolution of salt-withdrawal minibasins
(Mahaffie, 1994; Pratson and Ryan, 1994; Winker, 1996; Prather
et al., 1998; Badalini et al., 2000; Beaubouef and Friedmann,
2000; Booth et al., 2000; Winker and Booth, 2000; Meckel
et al., 2002; Sinclair and Tomasso, 2002; Booth et al., 2003;
Smith, 2004; Beaubouef and Abreu, 2006; Mallarino et al.,
2006; Madof et al., 2009; Pirmez et al., 2012; Prather et al.,
2012a, b) and (2) the behavior of turbidity currents entering the
basins and the resulting fine-scale depositional features (Brunt
et al., 2004; Lamb et al., 2004, 2006; Smith and Joseph, 2004;
Toniolo et al., 2006a, b; Khan and Imran, 2008; Viparelli et al.,
2012). However, these studies have largely focused on sedimen-
tary processes, and the effects of basin subsidence on the strati-
graphic architecture have received limited attention. Although
synkinematic and episodic sedimentation has been the focus of
significant research on the formation of near-salt folds, uncon-
formities, and halokinetic sequences during passive diapirism
(Giles and Lawton, 2002; Rowan et al., 2003; Schultz-Ela, 2003;
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Figure 1. Bathymetric map of the central part of the Gulf of Mexico continental slope. Data from the global multi-resolution topogra-

phy synthesis (Ryan et al., 2009).

Giles and Rowan, 2012), this line of work has not
addressed the origin of larger-scale stratigraphic pat-
terns, either.

The origin of large-scale stratal patterns has been
discussed extensively within the framework of con-
ventional sequence stratigraphic analysis, with an
emphasis on how changes in sea level and sediment
supply affect the stratigraphic architecture of shelf-
edge settings and result in a variety of clinoform
geometries and stratal termination patterns (e.g.,
Vail et al., 1977; Jervey, 1988; Posamentier et al.,
1988; Helland-Hansen and Hampson, 2009). In con-
trast, the stratigraphy of deep-water minibasins is
only indirectly affected by sea-level changes, and cli-
noforms are essentially absent. The exact meaning of
accommodation in shelf-edge settings is the subject
of debate (Muto and Steel, 2000); yet it has a clear
significance in the case of a minibasin: it is the

unfilled basin volume that lies below the basin spill-
point (the ponded accommodation of Steffens et al.,
2003). In general, the formation of stratigraphic
sequences (or unconformity-bounded packages) in
minibasins is a simpler process than the development
of sequence boundaries in coastal and shelf-margin
settings; yet this process and the resulting strati-
graphic patterns have not been the subject of quantita-
tive analysis.

Typical intraslope basins are large enough that
only relatively small parts can be seen even in large
outcrops (Smith and Joseph, 2004; Bakke et al.,
2013). The importance of these basins on certain
continental slopes has only been recognized after
seismic reflection profiles have become widely avail-
able. Prather et al. (1998) described several seismic
facies characteristic of slope minibasin fills: in terms
of large-scale stratigraphic architecture, the two most
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important ones are the convergent baselapping (Cy)
and convergent thinning (C;) facies. These can
be distinguished based on the presence (Cy) or
absence (C;) of well-defined onlaps. Prather et al.
(1998) have also shown that C, facies tend to be more
sand rich than seismic units with C, geometries.

However, the origin of these different reflection
geometries is not addressed in detail by Prather et al.
(1998). One possible explanation is variable flow
behavior that depends on the dominant grain size of
the turbidity current. In this interpretation, mud-rich
layers with convergent geometry form high up on
basin flanks because of (1) the presence of mud at
higher elevations in the flow (flow stratification) and
(2) the larger run-up heights of mud-rich turbidity cur-
rents (Smith and Joseph, 2004; Bakke et al., 2013).
Sand-rich flows have more limited run-up heights
and, in combination with steeper basin-margin slopes,
result in well-defined onlap at the outcrop scale; this is
possibly equivalent to the C,, facies of Prather et al.
(1998) (see Smith and Joseph, 2004). However, the
convergence and onlap observed in seismic data of
typical resolution are commonly of a significantly
larger scale than the geometries observed in outcrops,
and it is likely that at this scale long-term sedimenta-
tion and subsidence rates are more important than
flow stratification and run-up behavior.

In the present paper, we aim to explore in more
detail how subsidence and sediment input interact in
minibasins to form unconformity-bounded stratal pack-
ages of variable convergence. First, we describe the
stratigraphic forward model and illustrate model results
for scenarios of increasing complexity: from end-
member convergence and onlap to set-ups with varying
sediment input and bypass. Then, we use the model to
reproduce the large-scale stratigraphic patterns in two
intraslope basins from the Gulf the Mexico.

MODEL DESCRIPTION

We have developed a simple model that captures the
large-scale features of minibasin subsidence and sed-
imentation. We ignore the details of grain-size frac-
tionation taking place during deposition from a
single flow, fractionation that can take place either
from the proximal to the distal part of one basin
(e.g., Paola and Martin, 2012), or between two basins
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(Brunt et al., 2004). Instead, we focus on the overall
mass balance of the system, driven by the interplay
between sediment supply and subsidence. We do this
using a rigid-lid model, with mass balance and varia-
tions in sediment supply added (Paola, 2000).

To model basin shape and subsidence, we con-
sider a circular plan-view shape for the basin and
either a Gaussian or a parabolic subsidence pattern,
with zero subsidence at the basin edge and a maxi-
mum value in the middle. The subsidence rate
S(x,y) varies spatially, along both the x and y dimen-
sions. An important variable is the volumetric sub-
sidence rate 5, which is the volume added to the
basin over a unit of time. We do not address here
the driving forces and the relationships between sedi-
ment loading and salt deformation. The model is
applied at a large temporal scale, with time steps sig-
nificantly longer (tens to thousands of years) than the
duration of individual sediment gravity flows (a few
days at maximum). In each time step of the model,
multiple flows can occur, but flows are not modeled
individually; instead, their sediment volume is aver-
aged into a volumetric sediment discharge, Q;,. The
length of the time step has to be small enough to cap-
ture well the variation in sediment supply but large
enough so that averaging over some flows is justified.
Because Q;, and # have the same units (volume/time),
they can be compared to each other.

At this scale, we can ignore depositional topogra-
phy, that is, the non-zero dip of depositional surfaces
in the basin fill. These dips are commonly less than
approximately 1° and impossible to reconstruct from
typical seismic images of ancient minibasins. Thus,
all sediment from turbidity currents is assumed to be
deposited at the bottom of the basin, with a horizontal
depositional surface at the top. Data from basins vis-
ible on the modern-day seafloor suggest that this is a
reasonable assumption (Pratson and Ryan, 1994;
Steffens et al., 2003; Pirmez et al., 2012). At each
time step, the deposit volume between this surface
and the preexisting topography of the basin matches
the input sediment volume, with the pore space added

Vdep(i) = Qin(i)(l + (ﬂ)At 1

where V., (i) is the deposit volume at time step i, At
is the length of the time step (total time of simulation



divided by the number of time steps), Q;, (i) is the
volumetric sediment discharge at time step i, and
@ is the average porosity.

In the next time step, the new depositional sur-
face is deformed by subsidence and becomes part of
the new basin configuration. A line of onlap will form
where the new surface intersects the preexisting basin
topography (Figure 2A).

Although channelization and erosion can be sig-
nificant both near the entry and exit points of the
basin, at the scale modeled here minibasins are over-
all depositional in nature, and we do not include ero-
sional processes. We also ignore compaction;
compaction will affect the subsidence pattern to some
degree but the effect is deemed of second order and
could be added later to the model.

If the incoming sediment volume exceeds the
available accommodation in a time step, that is, the
unfilled volume of the basin V., the extra sediment

is transferred to the next basin downdip, and the sedi-
ment discharge feeding the next basin will be
Qout(i) = Oin (i) — Vaee (i) /((1 + ) At) 2)

This modification allows us to investigate sedi-
ment partitioning between some basins as a function
of their sediment input and subsidence history.

Finally, although this simple model does not
include the differential behavior of sand and mud,
we attempt to account for pelagic and hemipelagic
sedimentation in the form of a mud drape with a spa-
tially and temporally constant sedimentation rate.
Unless its thickness is set to zero, this layer is mod-
eled in every time step and it can form a drape of sig-
nificant thickness if sediment gravity flow supply is
limited or nonexistent. These thicker drapes in the
model correspond to condensed sections in actual
minibasins.

e

drape (background sediment)

onlap point

(A)

Figure 2. (A) Definition
Qout(i) sketch of simple model
——> | for minibasin filling. See

Table 1 for a list of
abbreviations. (B) The
relative movement of the
stratal termination points
depends on the balance
between the volume
needed to accommodate
the incoming sediment

onlap point

and the space made
available through sub-

onlap vqume1

nw*Atl-

previous deposit

(B)

sidence on top of pre-
vious deposit. When
Vep > 1w At, the termi-
nation points move
outward, forming an
onlapping stratal pattern.
() When Ve, <1, A,

the termination points
move toward the basin
center and the long-term
result is offlap.

previous deposit

(©)

SYLVESTER ET AL. 1103



Table 1. List of Abbreviations

n Volumetric subsidence rate (m/yr)

Nw Volumetric subsidence rate calculated
over area of previous deposit (m*/yr)

) Local subsidence rate (m/yr)

Qi Volumetric sediment discharge entering
the basin (m3/yr)

Qout Volumetric sediment discharge leaving
the basin (m3/yr)

bg Background sedimentation rate (m/yr)

Vgep Deposit volume (m?)

Vol Onlap volume (m?)

Vace Accommodation (m?)

Vip Bypass volume (m?)

@ Average porosity

ol Onlap index

To summarize, the model has the following
inputs: input sediment discharge Q;,, subsidence rate
S(x,y,1), and background sedimentation rate bg; and
the following outputs: outgoing sediment discharge
Qou> locations of onlap points, and accommodation
Ve (Figure 2A).

Realistic rates of sediment input and subsidence
were estimated from the well-known case studies in
the Gulf of Mexico (see modeling cases 10 and 11).
In general, both subsidence and sedimentation rates
tend to be high in salt-withdrawal minibasins, with
short-term subsidence rates reaching values of
10 km/m.y. (0.01 m/y) in places (Hudec et al.,
2008). The values we used in the models shown here
are smaller than this (0.001-0.003 m/y) but larger
than the spectrum of subsidence rates characteristic
of sedimentary basins in general (e.g., Allen and
Allen, 2005). To perform the computations and gen-
erate the figures, we have used IPython Notebook,
an interactive, open access scientific computing plat-
form (Pérez and Granger, 2007).

RESULTS

In this section, we describe the stratal patterns that
result from filling a single basin or two coupled
basins, using constant subsidence and different sedi-
ment input curves. In each time step, the incoming
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sediment volume is placed in the basin and the result-
ing surface is deformed by the subsidence increment
that takes place during the time step (Figure 2A).
At the end of the simulation, all the surfaces are plot-
ted in a cross section running through the middle of
the basin. In each time step, onlap points are plotted
where the new surface terminates against the underly-
ing basin topography. Table 2 shows the input param-
eters that were used for the 11 cases described later.
Movies that illustrate the evolution of stratigraphy
through time for certain cases are provided as supple-
mentary material available as AAPG Datashare 63 at
www.aapg.org/datashare.

What Controls the Onlap Curve?

The large-scale stratigraphic architecture in a miniba-
sin is driven by the location of the stratal termination
(or pinchout) points through time. One of the key
insights of our modeling work is the realization that
the trajectory of the termination points is driven by a
simple relationship between subsidence and sediment
input. Whether these points remain stationary, move
toward the basin edges, or move toward the basin
center, is determined by the balance between the vol-
ume made available through subsidence, calculated
only over the area of the previous deposit (7,,Af),
and the volume needed to accommodate all the sedi-
ment (V g, Figure 2B, C). If V4, > 1,,At, additional
space is needed to accommodate all the sediment, the
pinchout points move toward the edge of the basin,
and the lateral extent or width of the new deposit is
larger than that of the previous deposit (Figure 2B).
If the deposit volume is smaller than what has been
made available through subsidence of the previous
depositional surface, that is V4, < 1,,At, the pinch-
out points move toward the basin center (Figure 2C).

Case 1: Constant Sediment Input, Shallow
Basin: Convergence

First, we investigate the effect of initial basin topog-
raphy on the stratigraphic architecture. We set the
sediment supply to a constant value and the initial
basin topography is assumed to be relatively shallow.
Because the spatial subsidence pattern and the sub-
sidence rate are constant, the space occupied by the
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Table 2. Input Parameters Used in the 11 Model Cases

11
25
0.3

10
15

03

Case Number

10
03

10
03

10
03

10
03

10

0.3
500

10
03

10
03

10

03
500

10
03

Basin width (km)

Porosity

500 500 500 500 500 500 150 2400
50 50 50 50 50

500

Total time (1000 yr)
Number of time steps

200

100

50

25

10

20

10

Sediment input cycles

0
460,000
0.002887
Decreasing

0.0001
1000,000

0.00015 0.00015 0.00015

0
30,000

0
15,000
0.0015

Constant
Constant
Shallow

Background sed. rate (m/yr)
Max. sed. input rate (m3/yr)
Max. subsidence rate (m/yr)

Subsidence curve

90,000
0.0015
Constant

90,000

30,000
0.0015
Constant

19,000
0.003
Sinusoidal

60,000
0.0015
Constant
Sinusoidal

30,000
0.0015
Constant
Sinusoidal

20,000
0.0015
Constant
Constant

0.002
Constant

0

Constant

0.003
Sinusoidal

Sinusoidal

Step
Shallow

Step Step
Shallow

Deep

Sinusoidal Step
Shallow

Constant
Shallow

Sediment input curve

Shallow

Shallow

Shallow Shallow

Deep

Initial basin configuration

Figure number

16, 17

14,15

11,12

10

4

incoming sediment is recreated in each time step
through subsidence and the locations of the onlap
points do not change (Figure 3). This equilibrium
between sediment supply and subsidence results in a
perfect convergence of stratigraphic surfaces.

Case 2: Constant Sediment Input, Deep Basin:
Onlap

In a second scenario, we start out with the same sedi-
ment supply and subsidence pattern, but the basin
already has a significant depth when the sediment
starts entering the basin. In this case, the onlap points
progressively step toward the basin margin, increas-
ing the area occupied by the new deposit (Figure 4).
If everything is kept constant, as the basin fills and
the basin area increases, the additional area that is
needed to accommodate the incoming sediment
becomes smaller through time and the onlap points
get closer to each other.

Seismic Facies and the Onlap Index

Simulations for cases 1 and 2 use constant sediment
input and subsidence and differ only in the initial
basin topography. However, the resulting strati-
graphic geometries are quite different; they resemble
the convergent thinning (C,) and convergent baselap-
ping (C,) seismic facies (Prather et al., 1998). The
models described here suggest that these stratal pat-
terns are the result of the interplay between sub-
sidence and sedimentation. Stratigraphic surfaces in
minibasins can have varying degrees of convergence
and onlap, and the C, — C,, seismic facies classes
are best viewed as end members. Perfect onlap with-
out any convergence occurs when there is no
subsidence during one time step, the previous
depositional surface remains horizontal, and the new
surface must extend beyond the previous deposit
and onlap the basin margin. Perfect convergence
results when the onlap points do not move relative
to each other, because V4, = n,,At. There is a con-
tinuum of onlap-convergence combinations between
these end members.

A way to quantify this continuum is to consider
an onlap index (OI): the difference between the volu-
metric rate of deposition (Qp,(1 + ¢)) and the

SYLVESTER ET AL. 1105



"W} Y3noay} SSWN|OA (3) "S9)e JLBWN|OA Jo Sjold (@ D) “we.elp

J31P3YM (g) "suJaned [eyesss Suimoys uomas ssotd [9pol (V) “uiSiew uiseq 3y} uo Juiod SwWes Y} piemo} 33I3AUOD SAUIRWIL [|B USYM SINDD0 DUISIIAU0I 1RK3 *¢ 4nSi4

(s1eak uoijiw) swiy (w) dueIsip
S0 0 €0 zo 00001 0008 0009 000¥ 0002 0
.................................................... . e (9
< m m |_..O
S ° °
_______________ s ° ° 5
e e 3 S ° tzo 2
_______ v 3 =
i e = ° ® 3
.............. Agp ==== dOPA —— DDA i s m M r€0 ,M
9 ° ° S
4 o o
(@70 & o :
L m 2 °
L 2 S0
a) 008-
g
]
A= -00L-
© 32
5 L 009
WO/99Pp wmme WA M € B 009
,0L X~
-00S- m.
.................................................... -0 S 5
) s F00v- 5
L5 3
L2
2 -00€-
o
@ -00¢-
te —~
3
S -00L-
0]
s
- 0

Stratigraphic Evolution of Intraslope Minibasins

1106



"W} Yy3noay} SSwN|op (3) "Sv3ed IRWN|A Jo Sjold (@ D) “wetelp J3R3YM (g) “sulod dejuo
JO SuoneIO0| AU YJew Sjop Kaelg ‘susaned [eleys Suimoys uopas ssod [9po () ‘sadepns jeuorsodap Suiddejuo ur synsa. uiseq daap e SuLiRjua ndul Juswipas Juesuo) * inSi4

(s1eak uol|jiw) awiy (w) 2d>ueISIp
S0 7’0 €0 [4Y L'o 0 0000L 0008 0009 000¥ 000 0 o
Am_v.J‘o ()
,,,,,,,,,,,,,, r¢ § L1
,,,,,,,,,, c uolysodapuou =3
,,,,,,,, ty 3 3
,,,,,,,,, 2 20 &
...... L9 uwu W
- ° ° w.
oE>.II. Qmﬁ>| DB i '8 Dﬂ ﬂi reo VAv
L 4 hd Q
'“ “' \.V-o =
(@—jo 3 . S
m o 0
3 ° ) co
a} 008-
5 (v)
0]
'z 2 L0oz-
) 00
3 009-
W/BPA-mme W/PA— MU e 8
oLx
-00S- .m.
............................ (O)—o & s
c F00t- =
3 3
[}
L= -00€-
3
1> © -00zZ-
©3
—— — U < F00L-
_____________________________________________________________________________________________ O o e B
orx 0

1107

SYLVESTER ET AL.



volumetric subsidence rate calculated over the area of
the previous deposit (7,,), normalized by Q;,(1 + ¢):

Ol = (Qm(l + (P) - nw)/Qin(l + 40) (3)
or
Oor=1 _”W/Qin(l +§0) 4

Considering equation 1, this is equivalent to

Or=1- ”W(i)At/Vdep(i) )

When there is no subsidence, 7, is 0, and the OI
is 1. If n, matches exactly the deposit volume,
all surfaces converge toward the same point (or line
in three dimensions) and the OI is 0. The OI can have
a negative value if the pinchout points move toward
the center basin relative to the previous deposit
edge, that is, during the formation of offlap, defined
here as the progressive updip termination of strata
against an overlying surface (Figure 2C). This
definition and process of formation for offlap are
consistent with those described in Christie-Blick
(1991) and illustrated in figure 7C of the same
paper. Without normalization, the quantity (Q;,(1 +
@) —n,,)At is called the onlap volume (V,,
Figure 2B, C). As in the case of OI, changes in the
sign of V,; mark changes in the migration direction
of the pinchout points relative to the basin center
and switches between onlapping and offlapping stra-
tal patterns.

Well-developed onlap (or C, seismic facies) is
generated when the basin already has significant
relief at the beginning of sedimentation. This
situation can occur when little or no sediment
gets into the basin over a relatively long time period,
but subsidence is active. Such periods with low sedi-
ment input correspond to condensed sections. If the
background sedimentation rate (Figure 2) is set to
nonzero, condensed sections are represented by
thicker lines in the model plots, and their thickness
is indicative of the duration of the low-sediment-input
period.

Case 3: Variable Sediment Input with No
Bypass

Now that we have a better understanding of the dif-
ference between the end-member convergence and

1108 Stratigraphic Evolution of Intraslope Minibasins

onlap cases, we can turn our attention to more com-
plex scenarios. In this section, we explore the effect
of a sinusoidally varying sediment input coupled with
constant subsidence rate. The rate of sediment supply
does not exceed the accommodation available, so all
the sediment is deposited within the basin and there
is no bypass at any time.

The three sinusoidal sediment input cycles result
in three well-defined stratigraphic packages in the
basin that are separated by onlap and offlap surfaces
(Figure 5A, B). In addition to being marked by stratal
termination points, these surfaces also correspond to
periods of reduced sediment input, that is, to con-
densed sections.

As discussed before, positive values of the onlap
volume (V,;/At, Figure 5D) correspond to strati-
graphic intervals with onlap, whereas negative V,
values mark intervals with offlap. The duration of
the offlap is shorter than that of the onlap, because
the onlap pattern keeps forming even when the sedi-
ment input has started to decrease (Figure 5D).
In addition, the termination points that form during
offlap are more difficult to identify because of the
lower angles between stratigraphic surfaces com-
pared to the onlap angles. This difference in stratal
angles and the limited thickness of the section with
offlap (Figure 5A) might be the reasons why offlap-
ping stratal patterns are rarely seen in seismic data
coming from minibasin fills.

Because the rate of sediment input is always var-
iable in this scenario, none of the pinchout points falls
in exactly the same place and there is no perfect
convergence.

Case 4: Stratigraphy of Basins with Bypass

If we keep all the model parameters the same as in the
previous section but double the rate of sediment
input, the sediment supply will periodically exceed
the accommodation and there will be significant sedi-
ment bypass (Figure 6). Although subsidence is con-
stant in time and the sediment input cycles are
symmetric, the stratigraphic cycles of the basin fill
are asymmetric: sections corresponding to times of
sediment bypass (dashed lines in Figure 6A, B)
always overlie ponded sections with well-developed
onlap geometries. These in turn are underlain by
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condensed sections, marked in the model output
by the high density of time lines. The cyclicity of
the sediment input curves (Q;,) does not need to be
sinusoidal; stratigraphic cycles comparable to those
shown in Figure 6 develop with any pattern of epi-
sodic changes in sediment input.

During time steps with sediment bypass, strati-
graphic surfaces terminate at the basin edge, and
the bypass package has a convergent character
(Figure 6A, D). However, times of bypass are usually
also times of significant erosion and development of
channel systems in the basin, particularly near the
basin exit area, and these processes are not repre-
sented in the model. In nature, the seismic intervals
that correspond to periods of bypass commonly show
a chaotic character instead of a convergent thinning
geometry (Prather et al., 1998; Booth et al., 2003).

Stratigraphic cycles that consist of a condensed
section followed by C,, seismic facies and a bypass-
related unit at the top have been described from some
of the well-known minibasins in the Gulf of Mexico,
such as the Auger (Booth et al., 2003) and Mars
basins (Meckel et al., 2002).

Case 5: Variable Subsidence Rate, Constant
Sediment Input

In the models discussed so far, we assumed that sedi-
ment discharge varies significantly through time,
whereas subsidence stays constant or decreases lin-
early. This is reasonable because salt-withdrawal
minibasins commonly experience fluctuations in
sediment supply, as feeder channels are abandoned
or reactivated.

It is tempting to think that a changing subsidence
rate would have a similar effect on stratigraphic archi-
tecture to that of changing the sediment supply. For
example, would a constant sediment input coupled
with a sinusoidally varying subsidence result in the
same stratigraphic architecture as constant subsidence
and variable sedimentation rates (Figures 5, 6)?
Figure 7 shows the result of a simulation with three
cycles of decreasing-to-increasing subsidence and
constant sediment input. In contrast with the constant
subsidence scenario, where condensed sections
coincide with a basin-wide onlap surface (Figures 5,
6), unconformities in this case are restricted to the

basin margins, and they form exactly when the basin
center experiences the largest rates of sedimentation
(Figure 7A). When subsidence is at a maximum, the
onlap points are located closer to the basin center;
then they move outboard as there is less space to
accommodate all the incoming sediment in the central
part of the basin. The volumetric onlap curve and the
subsidence calculated over the depositionally active
area are 90° out of phase (Figure 7D).

Although this scenario is unlikely in salt-
withdrawal minibasins with passive diapirism, epi-
sodic deformation with a background of relatively
constant sediment supply can occur at basin margins
affected by tectonic shortening. In this case, the
modeling results shown here highlight that such
basin-margin unconformities do not correspond to
basin-center unconformities and condensed sections;
instead, they correlate with expanded sedimentary
sections in the center of the basin.

Case 6: Subsidence Rate and Sediment Input
Both Variable and Out of Phase

It is possible that subsidence rate is variable through
time and its variation is driven by sediment loading.
If there was no lag time between the sediment input
curve and the subsidence curve (i.e., if the salt sub-
strate instantaneously responded to loading), and the
two curves were perfectly in phase, the result would
be a stack of perfectly convergent sequences (not
shown here), separated only by condensed sections,
but no onlap or offlap surfaces.

However, if we assume that there is a lag time
between the sediment loading and the change in sub-
sidence rate, the results are more intriguing. If the two
curves are 90° out of phase, the basin fill has some
well-defined depositional sequences (Figure 8).
Although the onlap surfaces are better developed in
this case, in real data sets it would be difficult to dis-
tinguish this scenario from one where the subsidence
rates are less variable (Figure 5).

Case 7: Sediment Input as a Step Function

Another question worth investigating is whether our
choice of sinusoidally varying sediment input has a

SYLVESTER ET AL. 1111
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significant impact on the geometry of the deposits. As
changes in sediment supply to minibasins are likely to
be driven by distinct events such as channel avulsions
and delta lobe abandonments, it is possible that it is
more appropriate to model changes in sediment sup-
ply as a step function: sediment input is either turned
on or it is off. Keeping subsidence rate constant and
letting sediment input vary in primez results in one
depositional sequence for each interval with large
sediment input (Figure 9). In contrast with models
that use a sinusoidally varying sediment input, there
is no offlap in this case because sediment supply is
never decreasing progressively; instead, it quickly
drops to zero. In fact, the on-off sediment supply
model has been successfully used to reproduce the
large-scale geometries of Brazos-Trinity Basin 4
(see case 8). The common occurrence of on-off sedi-
ment input patterns in minibasins might be another
reason why offlap geometries are rarely observed in
slope basins.

Case 8: Static Fill-and-Spill: Linked Basins
with No Subsidence

Using the model described here, it is possible to sim-
ulate deposition across multiple linked basins by set-
ting the input sediment function of the downdip
basin to the bypass sediment curve that comes from
the updip basin. In the next two cases, we explore
two relatively simple scenarios: one with no
subsidence during sedimentation, and the other with
subsidence added.

The idea of intraslope basin deposition happen-
ing in a fill-and-spill style goes back to early stud-
ies of the California Borderland (Gorsline and
Emery, 1959). According to the conventional, static
fill-and-spill model, which assumes that basin
accommodation already exists at the beginning of
sedimentation and there is no subsidence during
deposition, basins located updip on the slope have
to be filled first, before those further down the
slope (Satterfield and Behrens, 1990; Prather et al.,
1998; Beaubouef and Friedmann, 2000; Sinclair
and Tomasso, 2002). However, using a high-
resolution chronostratigraphic data set, Pirmez et al.
(2012) showed that the minibasin fills of the
Brazos-Trinity system in the western Gulf of

1114 Stratigraphic Evolution of Intraslope Minibasins

Mexico do not conform to this static spill-and-fill
model, probably because the subsidence rates were
large enough to create significant new accommoda-
tion during condensed section deposition, yet not
large enough to prevent sediment from abruptly
propagating through all basins during times of high
sediment supply.

To illustrate the difference between the static and
dynamic versions of the spill-and-fill model, we first
look at deposition across two linked basins of the
same size during three step-like sediment input cycles
and no subsidence. The resulting basin fills are
almost entirely different in age, apart from the con-
densed sections that are deposited in both basins at
the same time, as illustrated by the chronostrati-
graphic diagram (Figure 10). The first two condensed
sections in basin 1 correlate to the basal condensed
section in basin 2.

Case 9: Dynamic Fill-and-Spill: Linked Basins
with Subsidence

In the second scenario with two linked basins, we
keep all input parameters the same as in case 8, but
there is no significant basin relief in either of the
basins at the beginning of sedimentation, and there
is constant subsidence in both basins during model
evolution. The resulting basin fills are essentially
coeval at the scale of the whole section (Figures 11,
12), an overall age relationship that is quite different
from that of the static fill-and-spill case (Figure 10).
Fill-and-spill is still present, but it is happening at a
finer temporal scale, that is, at the scale of individual
sediment input cycles. This is possible because the
basin relief never gets too large during condensed
section deposition, and sediment is able to spill into
basin 2 during all three periods of high sediment
input. The fine-scale age differences between individ-
ual cycles in the two basins are likely to be below the
resolution of the available age dating methods
(Pirmez et al., 2012).

Although static fill-and-spill (case 8) is clearly
a possibility—for example, any of the relatively
deep basins that are visible on the present-day
seafloor in the Gulf of Mexico would have to be
filled first to the spillpoint before deposition could
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proceed further downdip (Figure 1)—there is evi-
dence that many linked basin systems go through
repeated fill-and-spill cycles at a smaller scale and a
higher temporal frequency (Booth et al., 2000;
Pirmez et al., 2012).

APPLICATIONS TO INTRASLOPE BASINS IN
THE GULF OF MEXICO

Case 10: Brazos-Trinity Basin 4

The Brazos-Trinity source-to-sink system is located
in the northwestern Gulf of Mexico, with four linked
salt-withdrawal intraslope minibasins receiving most
of the sediment delivered to the continental slope by
the Brazos and the Trinity Rivers (Winker, 1996;
Badalini et al., 2000; Beaubouef and Abreu, 2006;
Mallarino et al., 2006; Pirmez et al., 2012; Prather
et al., 2012b; Figure 13). Basin 4 is a relatively deep
depression that forms the final sink at the distal end
of the system; no sediment is getting out and further
down the slope from Basin 4 (Figure 13). As a result,
the basin fill is not affected by sediment bypass and it
provides an opportunity to understand how strati-
graphic packages with different degrees of conver-
gence and onlap can develop in such settings.
Recent work on the high-resolution chronostra-
tigraphy of the Brazos-Trinity system shows that the
three condensed sections penetrated by Integrated
Ocean Drilling Program well U1320 (Figure 14A)
comprise most of the time recorded by the basin fill
(Pirmez et al., 2012). The two stratigraphic units
bounded by these condensed sections consist of turbi-
dites sourced from updip and slump deposits derived
from the basin margins. The older of these strati-
graphic units was deposited during marine isotope
stage 5, with a relatively low volumetric sediment flux
of approximately 40,000 m?/yr (1,412,587 ft3/yr);
the younger, thicker package includes series 40,
50, and 70 of Pirmez et al. (2012) and was deposited
during the last glacial lowstand (marine isotope stage
2), with a much larger average sediment flux of
approximately 1,000,000 m?/yr (35,314,677 ft’/yr)
(Figure 14). In addition to these parameters, our
model assumes that Basin 4 had only limited
topographic relief at the beginning of deposition of
the first condensed section and that the basin center

had a constant subsidence rate of 0.1 mm/yr
(0.004 in./yr), with zero subsidence around the edge.
This rate is consistent with the idea that the observed
curvature of the present-day basin floor has formed
during the last 16,000 yr, a time of no coarse clastic
sediment input and condensed section deposition in
Basin 4. The basin shape is approximated with a
15 km (9 mi) wide elliptic paraboloid.

Our minibasin model (Figures 14, 15) captures
well the key differences between the lower and upper
stratigraphic packages visible in the seismic section
(Figure 14A): the lower unit shows strong conver-
gence and poorly defined onlap, in contrast to the
upper package, which has almost no convergence
and well-defined onlap geometries at the basin
edge. These stratal patterns are similar to the C; and
G, facies of Prather et al. (1998) and they are the
result of (1) ongoing subsidence during sedimenta-
tion; (2) intermittent sedimentation: long periods of
no significant siliciclastic input interrupted by rela-
tively short phases of high sediment flux; and (3) peri-
ods of overall high sediment flux having a wide range
of sedimentation rates: the upper package has a sedi-
ment flux 25 times larger than the lower one.

Case 11: Auger Basin

Numerous intraslope basin fill successions are many
times thicker (up to thousands of meters thick) than
the fill of Basin 4 of the Brazos-Trinity system,
described and modeled in the previous section.
Significant parts of these basin fills show evidence
of sediment bypass into the downdip basin(s). At a
large scale, the bypass zones tend to be concentrated
within the upper part of the basin fill; this section
has been described as the bypass facies assemblage,
in contrast with the underlying ponded facies assem-
blage (Prather et al., 1998; Booth et al., 2003).
The Auger Basin in the Gulf of Mexico is a good
example: convergent baselapping (Cy,) seismic facies
dominates the lower part of the basin fill; this is
overlain by a package with numerous chaotic seismic
units that correspond to overall more channelized,
bypass-related deposits (Booth et al., 2003;
Figure 16A).

This overall transition from sediment ponding to
increasing bypass likely reflects the long-term filling

SYLVESTER ET AL. 1119
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Figure 13. Bathymetric map of the upper slope in the northwestern Gulf of Mexico. Basins 1, 2, and 4 of the Brazos-Trinity system
and location of Integrated Ocean Drilling Program well U1320 are shown.
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Figure 14. (A) High-resolution seismic reflection profile across the distal part of Brazos-Trinity Basin 4. Gamma-ray (GR) curve in the
middle of the basin is from Integrated Ocean Drilling Program research well U1320 (see Pirmez et al., 2012, for more details). Locations
of condensed sections in the well are indicated with rectangles. (B) Cross section of model for Brazos-Trinity Basin 4. (C) Wheeler
diagram.
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Figure 15. Plots of volumetric rates x10°
and volumes through time for the
model shown in Figure 14.
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of the basin. However, this process was not a simple,
static fill-and-spill (e.g., Sinclair and Tomasso, 2002).
Intervals with strong evidence for bypass are present
within the ponded facies assemblage as well, and the
curved and convergent nature of reflection packages
suggest that subsidence was active during deposition
(Figure 16A). A plausible explanation for the
gradual transition from ponding to bypass is a
decline over time in subsidence rate. This could
be the result of decreasing salt thickness below
the basin center; as the thickness of underlying salt
drops, the flow rate decreases as well.

A model run with spatial and time parameters
roughly similar to those observed in Auger Basin
reproduces both the small-scale ponded-to-
bypass cycles and the large-scale transition from

1122 Stratigraphic Evolution of Intraslope Minibasins
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ponding to bypass facies assemblages (Figure 16B).
Accommodation is fairly large during early basin
evolution and declines during the bypass phase
(Figure 17). However, even during the deposition of
the lower, ponded section, the short-term sediment
influx cycles cause a large enough variation in
accommodation and the system can easily enter into
brief periods of bypass.

DISCUSSION
Geometry of Deposits: Reality versus Model

The simple rigid-lid model presented here is an
attempt to capture the main characteristics of large-
scale stratigraphic patterns in slope minibasins. In
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Figure 16. (A) Interpreted seismic facies in a cross section across the Auger Basin, Gulf of Mexico. Redrawn from Booth et al. (2003,
used with permission of Elsevier). (B) Cross section of model for Auger Basin.

each time step, the thickest deposits are located
exactly at the basin center, and many of these layers
extend across most of the basin. In reality, with the
exception of basin-floor turbidites that cover most of

the basin area, slope basin fills consist of turbidite
lobes, channels, and mass transport complexes.
Important processes such as compensational stacking
(Lyons, 2004; Straub et al., 2009) and erosion (Booth
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Figure 17. Plots of X 10°
volumetric rates as a
function of time for Auger
Basin model shown in
Figure 16B.
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et al., 2000) are not captured by our model. However,
it has been observed that at a larger scale, both shales
and sands can have large lateral extents in these
basins (Reilly and Flemings, 2010), and seismic units
and the corresponding seismic reflections commonly
extend from one side of the basin to the other
(e.g., Figures 14A, 16).

The model presented here does not reproduce
finer-scale reservoir heterogeneities that might influ-
ence fluid flow, such as shale drapes. Additional
processes such as compensation and erosion
would have to be added to start representing strati-
graphic architecture at this finer scale. A compensa-
tional model of lobe stacking (e.g., Pyrcz et al.,
2005; Straub et al., 2009) could be used to add more
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detail and complexity to the stratigraphic model
described here.

At a larger scale, more realistic basin shapes and
subsidence patterns would result in a larger variety
of more realistic stratigraphic patterns. Such basin
shapes and subsidence maps could be extracted from
three-dimensional seismic data and easily used as
model inputs.

In addition to the inherent limitations of the
model, it is also important to consider that similar
stratigraphic geometries may have different expres-
sions in seismic data, depending on the frequency
content of the seismic image, and vice versa, the same
low resolution seismic patterns may correspond to
different stratigraphic architectures at a finer scale.
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Figure 18. Net/gross (N/G) distributions for sand units within
convergent thinning (C;) and convergent baselapping (Cy) seis-
mic facies. Replotted from Prather et al. (1998).

Stratal Patterns and Sand Distribution

Early work on seismic facies typical of intraslope
minibasins has shown that overall sand content varies
by seismic facies (Prather et al., 1998). Although
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there is significant variability, sandy units within
high-amplitude baselapping seismic facies tend to
have the highest sand fraction (Figure 18). The overall
sand content is also highest in the high-amplitude
baselapping facies (table 3 in Prather et al., 1998).
These data suggest that depositional sequences with
well-defined onlap tend to be more sand rich than
those characterized by convergence and lack of onlap.

In light of the modeling results presented
here, there are two potential explanations for
this observation. If the subsidence rate is kept
constant, the degree of convergence and the definition
of the onlap pattern is influenced by the sediment
input rate: as shown by the model representing
Brazos-Trinity Basin 4, large sediment supply to the
basin results in well-defined onlap and limited conver-
gence, whereas low sediment supply leads to the for-
mation of convergent packages with poorly defined
onlap (Figure 14). The majority of the sand in this case
does occur in the upper unit with high sediment input
rates. Thus, the high sand content of the C facies
may be because of the fact that this stratal geometry
is characteristic of high sediment input rates, which
in turn are prone to be sand rich.

The second possibility is that many of the conver-
gent thinning seismic facies (C,) occurrences
analyzed by Prather et al. (1998) come from strati-
graphic intervals with bypass. Although such inter-
vals commonly contain channel systems and chaotic

number of cycles

Figure 19. Summary of basin fill patterns as a function of number of sediment input cycles and mean sediment discharge. Insets

show the sediment discharge curve for each case.
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seismic facies (Prather et al., 1998; Booth et al.,
2003), more sheet-like deposits are likely to converge
toward the same pinchout line along the basin margin
and thus form convergent seismic units. Overall,
bypass intervals are likely to be less sand rich than
ponded units, as sands are commonly bypassed to
the next basin through channel systems, and only
fine-grained overbank deposits are retained in the
basin affected by bypass.

To improve our predictions of sand distribution
in such settings, further work could include the use
of optimization algorithms to constrain the sediment
input curve and thus distinguish sand-rich intervals
with high sedimentation rates from stratigraphic units
with limited sand.

CONCLUSIONS

We have investigated the formation of stratigraphic
sequences in intraslope minibasins and the resulting
large-scale stratigraphic patterns using a simple sur-
face-based model. Our model focuses on the interplay
between sediment input and subsidence; it assumes
quasihorizontal initial depositional surfaces, includes
sediment bypass when more sediment is available
compared to basin volume, and assumes no erosion.

The key findings can be summarized as follows:

1. Whether stratal termination points in a minibasin
are moving toward the basin margin (onlap), basin
center (offlap), or are stationary (convergence) is
determined by the balance between the volume
needed to accommodate the incoming sediment
and the space made available through subsidence
on top of the previous deposit (Figure 2).

2. When accommodation over the top of the previous
deposit and sediment input equal each other over
several time steps, perfect convergence develops
(Figure 3). However, this configuration is unstable
as any divergence from the balance between
incoming sediment volume and space made avail-
able through subsidence will result in either onlap
or offlap.

3. Cycles of increasing-to-decreasing sediment sup-
ply coupled with constant subsidence result in
stratigraphic sequences with an onlapping lower
part and offlapping upper part. Each sequence cor-
responds to one cycle of sediment input. The
onlapping deposits are thicker, have higher-angle
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stratal terminations, and therefore are easier to
identify than the offlapping units. Condensed sec-
tions separating the sequences overlie the offlap
surface and underlie the onlap surface (Figure 5).

. If the sediment input curve is more similar to a

step function, with periods of no input alternating
with high sediment supply, stratigraphic sequen-
ces only consist of an onlapping sediment
package, with no offlap at the top (Figure 9).
Large-scale stratigraphic patterns in Basin 4 of
the Brazos-Trinity system can be well reproduced
with a step-function model (Figure 14).

. As subsidence commonly varies more slowly than

sediment input, minibasins can fill relatively
quickly and then oscillate between phases of
bypass, when part of the sediment is transported
downslope into the next basin, and phases of
ponding, when all sediment is captured in the
basin. Sequences with phases of bypass consist of
three systems tracts: (1) onlapping unit at the
base; (2) bypass deposits in the middle, character-
ized by stratal convergence in the model; and
(3) offlapping unit at the top (Figure 6). If the sedi-
ment supply has an on-off nature, the sequences
become more asymmetric and they only consist
of the onlapping and bypass units.

. Subsidence that varies through time (e.g., because

of tectonic events) coupled with constant sediment
input results in nonintuitive stratigraphic patterns:
the sequence boundaries (onlap and offlap surfa-
ces) are restricted to the basin margins and they
correlate to deposits with the highest sedimenta-
tion rates in the basin center (Figure 7). However,
if the sediment input varies through time as well,
the influence of subsidence variability becomes
difficult to recognize from the stratal patterns
alone.

. Static fill-and-spill models that do not include

the influence of subsidence on sedimentation
cannot provide an accurate representation of
how sediment is distributed across intraslope
basins. Models of dynamic fill-and-spill that cap-
ture the effect of ongoing subsidence during sedi-
mentation suggest that basin fills can be largely
coeval, if the long-term averages of volumetric
sediment input and subsidence rates are of similar
magnitudes (Figure 11).

. Convergent baselapping stratal patterns

form when sediment input rates are high comp-
ared to the subsidence rate and the existing



accommodation is significant. Convergent thin-
ning is generated when (1) sediment input rates
are lower, more similar to the volumetric sub-
sidence rate calculated over the previous deposit,
or (2) at times of sediment bypass. The higher
rates of sediment input and accumulation during
the formation of baselapping patterns are probably
the reason why this facies tends to be more sand
rich than the convergent thinning geometries.

9. Key aspects of the stratigraphic patterns in intra-
slope basins can be summarized as a matrix of
cross sections, with the number of sediment input
cycles on the x axis and mean sediment discharge
on the y axis (Figure 19). Onlap surfaces form as
a result of episodic sediment input; increasing the
average sediment discharge results in more pro-
nounced bypass.
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