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Abstract

Stratigraphic successions of point-bar elements that accumulate in tidally influenced fluvial settings are typically characterized by vertical and lateral
heterogeneity whereby sand-prone packages are draped and partitioned by mud-prone deposits of variable thickness and continuity in response to fluvial
and tidal processes that vary spatio-temporally. Although the extent to which mud-prone deposits act to partition reservoirs is difficult to determine from
subsurface data, quantification is important to predict reservoir behavior. This study has developed a numerical stratigraphic model that uses a mixed
process- and geometric-based approach to predict the 3D distribution of sand- and mud-prone deposits. The model is able to reproduce changes in
morphology and architecture of channels and associated point-bar elements (e.g., due to bar expansion, translation and rotation) based on real-world data.
Episodes of sand movement occur during times of elevated current; episodes of mud deposition occur as currents wane to zero, thereby enabling
suspension settling and mud-draping of inclined bar fronts. The model accounts for changes in current magnitude and direction arising from both short-
term tidal effects (e.g., diurnal flood and ebb currents, spring-neap and annual cycles) and longer-term changes in fluvial discharge (e.g., seasonal and
longer-term flood events). The distribution of facies around meander bends varies according to bend tightness and distance from bend apex; this allows
for the effective modeling of features such as mud-prone counter point bars. The model also accounts for temporal changes in facies distribution in
response to neck and chute cut-off, oxbow lake development, and nodal avulsion that induces abandonment of entire reaches. The model uses a series of
look-up tables that reference real-world modern and ancient examples contained within an architectural database to determine the trajectories of different
types of meanders and the distribution of different lithofacies. Additionally, the model uses stochastic approaches to depict inherent natural variability in
architectural-element size, shape, orientation, distribution and migration trajectory. The model has been employed to demonstrate facies distributions and
heterogeneity in both modern tidally influenced fluvial systems (e.g., Gironde) and reservoir successions, including the McMurray Formation, Alberta,
Canada and the Mungaroo Formation, NW Shelf, Australia.
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Abstract

Stratigraphic successions of point-bar elements that accumulate in tidally influenced fluvial settings are
typically characterised by vertical and lateral heterogeneity whereby sand-prone packages are draped and
partitioned by mud-prone deposits of variable thickness and continuity in response to fluvial and tidal
processes that vary spatio-temporally. Although the extent to which mud-prone deposits act to partition
reservoirs is difficult to determine from subsurface data, quantification is important to predict reservoir
behaviour.

This study has developed a numerical stratigraphic model that uses a mixed process- and geometric-based
approach to predict the 3D distribution of sand- and mud-prone deposits. The model is able to reproduce
changes in morphology and architecture of channels and associated point-bar elements (e.g., due to bar
expansion, translation and rotation) based on real-world data. Episodes of sand movement occur during times
of elevated current; episodes of mud deposition occur as currents wane to zero, thereby enabling suspension-
settling and mud-draping of inclined bar fronts. The model accounts for changes in current magnitude and
direction arising from both short-term tidal effects (e.g., diurnal flood and ebb currents, spring-neap and
annual cycles) and longer-term changes in fluvial discharge (e.g., seasonal and longer-term flood events).
The distribution of facies around meander bends varies according to bend tightness and distance from bend
apex; this allows for the effective modelling of features such as mud-prone counter point bars. The model also
accounts for temporal changes in facies distribution in response to neck and chute cut-off, oxbow lake
development, and nodal avulsion thatinduces abandonment of entire reaches.

The model uses a series of look-up tables that reference real-world modern and ancient examples contained
within an architectural database - Fluvial Architecture Knowledge Transfer System (FAKTS) to determine the
trajectories of different types of meanders and the distribution of different lithofacies. Additionally, the model
uses stochastic approaches to depict inherent natural variability in architectural-element size, shape,
orientation, distribution and migration trajectory.

The model has been employed to demonstrate facies distributions and heterogeneity in both ancient and
modern tidally influenced fluvial systems and reservoir successions, including the Scalby Formation,
England, and McMurray Formation, Alberta, Canada.

Introduction and Background

Basic meander-bend transformations have been well-recognised: expansion, translation, rotation, and
combinations thereof (Figure 1). The relationship between point-bar geometry, migration, and facies
distribution (in both plan views and vertical successions), however, remains inadequately understood,
principally because of the limited availability of field data in the form of 2D outcrop sections in the rock record,
and partially because of difficulty in reconstructing complex evolutionary history and internal architecture of
meander bends. Stratigraphic successions of fluvial point-bar elements are typically characterised by vertical
and lateral facies heterogeneity whereby sand-prone packages are draped and partitioned by mud-prone
deposits of variable thickness and continuity in response to temporal and spatial variation in depositional
processes. In contrast to sand-dominated point-bar elements, counter point-bar elements typically comprise
mud-dominated lithofacies whereby distinctive concave scroll patterns are formed by downstream meander
translation, notably in systems space constrained by incised valleys, local tectonics, or erosion-resistant mud-
filled abandoned channel elements(Ghinassi et al., 2016; Smith etal., 2009).
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Figure 1. Basic forms of meander-bend transformations: (a) expansion, Songhua River, China; (b)
expansion and rotation, Mississippi River, USA; (c) translation, Rio Negro, Argentina; (d) translation and
rotation, Rio Negro, Argentina. Arrows show migration directions of scroll bars. (e) Traditional meandring
river facies models built from observation of facies and their spatial distribution from limited number of case-
studies (Ghazi & Mountney, 2009).

Forward Stratigraphic Modelling Algorithm

Combined geometric-based process, and stochastic approaches to reconstruct the complex spatio-temporal
evolution of a variety of meandering river behaviours and to predict variations in 3D geometry and lithofacies
distribution of sand- and mud-prone packages of point bars under different conditions of channel migration.
The modelling algorithm is based on key parameter controls, such as the meander-bend transformation style,
degree of sinuosity, distance from meander apex, and the locations of the inflection points of meanders and
their change in position over time.

Morphological Evolution of Single Point Bar in Plan Vie
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(a) Kinabatangan River, Malaysia (b) Modelling output: expansion

Figure 2. Modelling the evolution of point bars in plan view. The temporal locations at{,, {,, and f,are shown
in bold lines. A jet colour (dark blue to dark red) scheme is used to differentiate meander positions at
different times. The spatial dimensions here are arbitrary, but the modelling results can be readily scaled to
physical units based on data from field measurements or remote sensing. The shape of the modelled point
bar is comparable with that of point-bar elements commonly found preserved in the ancient rock record.
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(a) Modelling output example: translation

Parameter controls of single point-bar element:
« morphology of scroll bars atkey times: t,, t, &,

« migration rates between the times

« orientation

« longevity of evolution (e.g., time to cut-off)

Figure 3. Modelling the evolution of point-bar
elements developed by translation and rotation.
Older point-bar trajectories have been partly
overprinted by the later development of the point
bar as it approached maturity.
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Parameter controls of multiple point-bar elements:

« domain size / modelling area
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Figure 4) 600 [
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Figure 4. An example of the probability
distribution of the scaling parameter for modelling :
a set of point-bar elements of variable size. Two g
end-members are specified, and then the
probabilities of values between these two end-
members are based on Gaussian distribution
curvesin this case.

Figure 5. Modelling evolution of multiple point-bar
elements.
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Forward Stratigraphic Modelling Algorithm

Application to Ancient Succession:

Application to Ancient Succession: McMurray Formation, Canada

Fluvial & Eolian Research Group, University of Leeds, UK

Application to Modern Rivers: Songhua River, China

~——suutl The Scalby Formation comprises two storeys of point-bar deposits. The ——
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shown in Figure 6b. For cross sections aligned oblique to the margin of the river channel, the shape of the inclined point-bar surfaces seen in cross facies deposited on adjacent smaller meander bends. The model Il distribution
section will additionally be dependent on the angle of apparent dip that arises as a consequence of taking an oblique section relative to the channel implements the functionality by defining a threshold of sinuosity or maturity « Cross-stream axis:
margin (Figure 6c¢). The shape of inclined point-bar surfaces can effectively represent the shape the river bank at the time of sedimentation (Figure beyond which the set of facies association changes toward another mE— Gaussian distribution
Gd{;.,. predefined facies association. Labrecque et al. (2011)
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| L counter-point bar deposits display concave-shaped patterns and from seismic data of the McMurray Formation, - A
1200+ Migson comprise low permeability silt-prone lithofacies, which could pose North-east Alberta (400 m subsurface), ] Figure 11. Modelling
! R ormion () 0| deponition (2) Rbw et por b Dowenbam pesc sae Crevessespisy - Bedsegpise 7 Boddoping significant limits to reservoir connectivity. The transition between a sandy wéﬁgpfr;‘;‘édagy%%‘:,’;?;iﬁg r(\)tf #ﬂ{g; ggzgvtfri]llast architecture of large-scale
) - Consatponiver [ et motes B, s satwanser bk e, POINE bar and a muddy counter-point bar oceurs at or close to the inflection ; ¢ multiple point-bar
' ) ) \ e WY or crossover point of a meander bend. This facies transition is modelled by ?br)ak)sfat?gt(i)n%d ﬁ?:n;gl;f;lﬁ ég{g:\hse;gh’ ?ggz)s . 'E';' elements. (a) Satellite
F | £ \ (a) Exhumed point-bar deposits defining two end-members of facies associations and specifying a ) SELIELD : NG 1 image of Songhua River,
2 | \ i - > ao A distribution of McMurray Formation (Labrecque =i | China (from NASA). (b)
#00 transitional rate/width at the bend inflections between them. et al., 2011). Cross section I-I' oriented i Wiesrlig @uianh shnavdn
| it i | perpendicular to the axis of the channel, and i [ ; 1l e Wil morphologgyofppoint bars iﬂ
st §. 2 | cross section |I-1I’ oriented parallel to the axis of . .3 o b o T 0 st s wm , plan view. Blue lines show
| i k the channel. (c) Counter-piont bar modelled with LN LS c i c IrEliers 6 e aiae
| oo = two sets of mud drapes and basal breccia. Note o0 e i T ! ] T J J J I J (c) Architecture shown in
00| - / the scarce occurrence of thicker mud drapes . cross sections. (d) Cross
o that arise from extreme events (e.g.,storms or sections in 3D view. The
. ™ ! large scale flooding), whereas thin mud drapes M i e model is able to simulate
o 100 10 e 16w 2200 O R SN induced by tidal variations or small-scale o T T complex stratigraphy
Eastings (i : flooding occur more frequently. Mud drapes may 00T < s arising from overprinting of
e | be extended to the full height of the bar fronts, or : e 1400 multiple point-bar
N N e " B confined to just the top-most parts. In contrast to Nonkings AN Eastings elements. The model is
Lithological characteristics i X . mud drapes, breccia is often limited to the basal VR fel crrbiEs
. 2 F el o parts, but extends to upper parts occasionally. i i . examination of 3D
(@) o Lithology types: El - c R (c) Modelled counter-point bar with mud drapes and basal breccia lags hitect d faci
a B cly-prone i - 52 architecture and facies
E] ) 0 1o ™ ' distribution in great detail.
-] [ sitt . - 1m This example demostrates
€ [ fine sand =G G’ ] how the model serves as a
= 1 medium sand E ™ e (c) Modelling outcome - upper part useful tool to improve our
[ coarse sand o point bar by lateral expansion understanding of the origin
|conglomerate or breccia| 1 gravel " o of stratigraphic complexity
i ‘N W and heterogeneity in fluvial
[ T v T &2 1 depositional systems at a
4 variety of different spatial
o o = scales.
mud drapes ol r (b) Facies model i
-
) % ™ 3 — adit
S , Modelling features: : 3 i
E'J I « expansional point bar: sand-prone . 20
=i i « counter-point bar: mud-prone ol N o = o
LAV ATTEVTUTR, ! o - ron e e « transition between point bars and counter-point e w0 ad 0 ol "
o 130 14 10 bars: the inflection point of a meander bend (d) Modelling outcome - lower part point i = s
Figure 7. Modelling lithological characteristics of point bars. (a) Schematic Iljlgu;'_e 6. l\#lodelllr}gdcross sect|t¢_3ns of ptlalnt-b_ar elim%ngs. (a)I Narthings bar by down-stream translation o .
drawing of facies distribution in plan view. Mud drapes and breccia at o IS S Sl G SO In (e (I ) Channef (a) Modern point bar developed by down- S Nerings
different thickness can be nested and combined with each other. The dan \ptl_ave e?g Wﬁ ange_thas & Wiaie @ ¢ © _?_ca erosmnﬂ?r Figure 8. Comparison of modelling outcome with a published facies model of the Scalby Formation, England. (a) Exhumed point bar elements stream translation and rotation in the Rio Negro (b) Modelled point bar developed by down-stream translation and rotation
temporal distribution of each mud draping event within a hierarchy of ﬁpom '|°" ] et' Melenine! ?r. erlosn?]n ol epcAS| o O?Clé'.'s’ i preserved in plan view. (b) Facies model proposed by lelpi and Ghinassi (2014) summarising the original plan-form morphology and relative
events is controlled by a Gaussian distribution curve. (b) and (c) show g antr]e mﬁun Bl SYIIISE] t‘s 1% d(‘c) ; gpta)ren Y Ipptlﬂg stratigraphic signature of the exhumed meander plain of the Scalby Formation. (c) Modelling outcome akin to point bars formed by lateral expansion in Figure 10. Modelling a point bar developed by downstream translation and rotation. (a) Satellite image from Google Earth showing a point bar toos0 oy 00
examples olf mud draping qonlfined tcRAthe upper par1I anlij the basal pgﬂlof a ogﬁgdg’:)fz gnyggslgeztig:morseja?i?/z 't%“th'g rﬁi gjllfjasticem di?(—}sciior?gf th: thke_ utpperl sl;%rey. fThe dzijpbdi:je(:tionts of btzundir%_sunjfat%esland chtannel l\?haptﬁ atre cop_sistgn:‘,\;vith the pué)lisheg faciets mod_elt. b(d) I\{Iodellitng outcome developed by translation and rotation in the Rio Negro, Argentina. (b) Modelling outcome that can qualitatively predict 3D architecture of the point bar. S o8 e
?t;)lll:g)tt)ﬁ;t% 22:1?21; Jg;gﬁgtel}\:]eﬂgll: (d) Mud drapes (black) and breccia lags river channel. (d) Vertical geometry of different cross sections. akin to point bars formed by downstream translation in the lower storey. Note the transition between point bar and counter-point bar elements. Note that validation of the quantitative modelling would require more detailed field study. Eatings o @

Na Yan
n.yan@leeds.ac.uk
+44 (0)797 724 9292
http://frg.leeds.ac.uk

Fluvial & Eolian Research Group contact:
School of Earth and Environment email:
University of Leeds

/-\.‘
> Nexen
\/\, A CNOOC LIMITED COMPANY

mobile:
Leeds LS2 9JT UK URL:




FRG ERG
= 224 UNIVERSITY OF LEEDS

Numerical model for prediction of internal stratigraphic architecture and heterogeneity
in fluvial and tidally influenced point-bar deposits

Na Yan, Nigel P. Mountney, Luca Colombera, Robert M. Dorrell Fluvial & Eolian Research Group, University of Leeds, UK

Integration of Numerical Modelling Approach m
Literature Field Studies Application to Predict Subsurface Heterog
(a) (b —577-5 ()

eneity
() [Reflectivity] :

Age
(Ma)

Lithology Formation

itional

E

5

2| 8| Agelstage
|8

Spectral decom

sequence.

Regional]_Local | Regional | Local

Deposi
Mega:

_Carlson's B Lutean
~ Landing
[s |7

5
Bl 5118

RGB blended

75

|

4
ksl

S _metres

0.

L d 4. Tithoni E
Iiletﬁnel?agy symbols 150- K""I"‘:"“::'a" § la Hoodsde Lt Regional | Seismic
0 = organic Oxfordian '§ Age |Interval|  Sub-Play Surface Horizon
= o a £
:;;:;:e-minm sand s 1% Calovan E T30 | 300370 | TR30.A |87
= medium-grained sand = Bathoni g
S o gnad 2 N o %
: 180- - TRZ6.7 S4
i . La Counter-Point-Bar Deposits 24,0250
Point-Bar DveEosnsi r-
Murat Siltstone Tr20 230
e R 220 | TRoot|—s3
= Brigadier Fm -
,g 21.0
. . Norian = FR24-+ S2
Peace River, Alberta (Smith et al., 2011) | 00
Mungaroo Fm 3 E FR2GS—— S1
e M0 | 170190
Figure 12. Examples of data from literature and field studies.

Figure 13. (a) Stratigraphy of the Northern Carnarvon Basin, offshore NW Australia. (b) Locations of the
point bars studied using seismic images, Late Triassic Mungaroo Formation. (c) Point bars identified
using seismic attribute analysis and spectral decomposition. (Stuart, 2015)

1D QUANTITATIVE FACIES MODEL
FOR SANDY MEANDERING SYSTEMS
« G: gravel; S: sand; F: fines;
 P: pedogenic carbonate;
 C: coal or organic mud;

« h: horizontally bedded sand (Sh) or
crudely bedded gravel (Gh);

- t: trough cross-bedded;
 p: planar cross-bedded;

« |: low-angle cross-bedded sand (SI)
or laminated mud (Fl);

Undefined
N Gh

Application to Predict Architecture under Variable Accommo
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Figure 14. (a) Point-bar facies models at different accommodation settings (Mountney, 2012). (b)
Preliminary modelling example with moderate accommodation setting.
Parameters of Scalby Formation _Frequency Distribution Curves N ) ) _ _ T
2 S Application to Predict Fluvial Point-bar Architectures in Rift
Mean Min  Max  Std. 3 Mud Draping
bar thickness (m) 6 ..g mf\mz
channel width (m) 74 2 f Thickness 3
thickness (m) 020 006 066  0.18 i [ | A
q length along accretion surfaces (m) 7.80 1.60 19.00 4.56 2 j \ / \
dTaupe spacing (m) 574 190 1020  2.56 a; : & 5 e A
position (to the top) (m) 1.35 0.28 3.30 0.79 Time units (e.g, years)
position (to the top) 23 % 5% 55 % 13 %
mud-prone 11 % .
(e veryfine sand 79 Model Components:
fine sand 37 % « Morphological evolution 300 400 500 600 700 800 900
medium sand 45 % - Vertical cross sections stance
« Stacking patterns Figure 15. (a) Schematic diagram showing point-bar development in rift basins (Gawthorpe and Leeder,
2000). (b) Preliminary modelling example showing variable connectivity of point bars caused by tectonic
+ tilting. Units are not defined in this case.
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