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Abstract

As the amount of architectural data collected in sedimentological studies, and typically rendered available in published form, has increased
over time, so a fundamental issue has become ever more important: the need to ensure that different datasets collected in different ways by
different geologists (e.g. 2D architectural panels, 3D seismic surveys) are stored in a format such that analysis or synthesis of fundamentally
different types of data can be made in a sensible and informative manner, without requiring extensive literature search and re-processing.
Database systems are here proposed as a means for achieving the convergence of datasets in a common medium. The proposed database
approach permits the digital reproduction of sedimentary architecture in tabulated form: hard and soft data referring to depositional products
are assigned to standardized genetic units belonging to different scales of observation, which are themselves contained within stratigraphic
volumes classified on deposystem parameters (e.g. subsidence rate, physiographic setting). Although the approach has general applicability,
two different databases have been independently developed to capture the peculiarities associated with fluvial and deep-marine depositional
systems. Through interrogation, the two database systems return output that — being in quantitative form and referring to standardized
sedimentary units — is suitable for both synthesis and analysis. Deposystem classification permits data to be filtered on the parameters on which
the systems are classified, allowing the exclusive selection of data associated with systems deemed to be analogous to a given subsurface
succession in terms of deposystem boundary conditions and environmental setting. Alternatively, the quantification of architectural properties
permits users to identify analogy in terms of sedimentary architecture. Outputs from the two databases are here presented in forms suitable for
highlighting differences in the way fluvial and deep-water architecture is conceptualized and implemented, and for presenting ways in which
analog information can be employed for the characterization and prediction of fluvial and deep-water reservoirs. Specific example applications
include the use of database output to (i) generate quantitative facies models with which to guide core interpretation, (ii) to constrain stochastic
reservoir models, and (iii) to guide well correlation of fluvial or deep-marine sandstones.
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Digital reproduction of clastic sedimentary architecture by means of relational databases

Luca Colombera, Marco Patacci, Nigel P. Mountney, William D. McCaffrey — Fiuvial Research Group & Turbidites Research Group — University of Leeds, UK

UNIVERSITY OF LEEDS

ABSTRACT

As the amount of architectural data collected in sedimentological studies, and
typically made available in published form, has increased over time, so a
fundamental issue has become ever more important: the need to ensure that
different datasets collected in different ways by different geologists (e.g. 2D
architectural panels, 3D seismic surveys) are stored in a format such that analysis
or synthesis of fundamentally different types of data can be made in a sensible and
informative manner, without requiring extensive literature search and re-
processing.

Database systems are here proposed as a means for achieving the
convergence of datasets in a common medium. The proposed database approach
permits the digital reproduction of sedimentary architecture in tabulated form: hard
and soft data referring to depositional products are assigned to standardized
genetic units belonging to different scales of observation, which are themselves
contained within stratigraphic volumes classified on deposystem parameters (e.g.
subsidence rate, physiographic setting). Although the approach has general
applicability, two different databases have been independently developed to
capture the peculiarities associated with fluvial and deep-marine depositional
systems.

INTRODUCTION

Here we present a relational-database methodology aiming at hosting the steadily growing body of
architectural data collected in sedimentological studies and made available in published form. In

relational databases are here proposed as a means for achieving the convergence of datasets in a common
medium, whereby the digital reproduction of sedimentary architecture is obtained by means of tables storing
hard and soft data referring to depositional products assigned to standardized genetic units, which are
themselves contained within stratigraphic volumes classified on deposystem parameters (e.g. subsidence
rate, physiographic setting). Although the approach has general applicability, two different databases have
been independently developed to capture the peculiarities of fluvial and deep-marine depositional systems:
the Fluvial Architecture Knowledge Transfer System (FAKTS) and the Deep-Marine Architecture Knowledge
Store 2 (D-MAKS 2). The necessity to collate different datasets that were originally collected in different ways
by different geologists (e.g. 2D architectural panels, 3D seismic surveys) is tackled by dataset standardization:
standards are established to ensure unequivocal attribution of each genetic unit to a category in both a

hierarchical scheme and a classification scheme. Referring to our in-house standards, all datasets are

in a format such that analysis or synthesis of fundamentally different types of data can be made in a sensible Int ti QUANTITATIVE
and informative manner. Through interrogation, the two database systems return output that — being in nterrogation INFORMATION
quantitative form and referring to standardized sedimentary units — is suitable for both synthesis and analysis.

Deposystem classification permits data to be filtered on the parameters on which the systems are classified, 7 ~
allowing the exclusive selection of data associated with systems deemed to be analogous to a given / \

subsurface succession not just in terms of architectural properties, but also in terms of deposystem boundary

conditions and depositional setting.

SCOPE Here we aim at demonstrating how our relational-database technique for the digitization of
sedimentary architecture can be applied to subsurface interpretations and predictions of fluvial and

marine reservoirs. The approach is illustrated highlighting differences in the way fluvial and deep-water
architectural features are conceptualized and implemented; output analog information is specifically employed

for the (i) generation of quantitative facies models that can be used to guide core interpretation,

constraining stochastic pixel- and object-based reservoir models, and for (iii) guiding well correlation of

potential reservoir-quality sandstones.

Through interrogation, the two database systems return output that — being in
quantitative form and referring to standardized sedimentary units — is suitable for
both synthesis and analysis. Deposystem classification permits data to be filtered
on the parameters on which the systems are classified, allowing the exclusive
selection of data associated with systems deemed to be analogous to a given
subsurface succession in terms of deposystem boundary conditions and
environmental setting. Otherwise, the quantification of architectural properties
permits users to identify analogy in terms of sedimentary architecture.

Output from the two databases is presented with the aims of illustrating the
approach highlighting differences in the way fluvial and deep-water architecture is
conceptualized and implemented, and of presenting ways in which analog
information can be employed for the characterization and prediction of fluvial and
deep-water reservoirs. Specific example applications include the use of database
output to (i) generate quantitative facies models with which to guide core
interpretation, to (ii) constrain stochastic reservoir models, and to (iii) guide well
correlation of fluvial or deep-marine sandstones.
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FAKTS GENETIC-UNIT HIERARCHY

Each case study is subdivided into a series of stratigraphic volumes (subsets) characterized by having the
same system attributes. Each subset is broken down into sedimentary units, belonging to the different scales
considered, recognizable as lithosomes in ancient successions —in both outcrop and subsurface datasets —
and as geomorphic elements in modern river systems. The tables associated with these genetic units
contain a combination of interpreted soft data (e.g. object type) and measured hard data (e.g. thickness and
other dimensional properties).

Every single object is assigned a numeric index that works as its unique identifier; these indices are used to
relate the tables (as primary and foreign keys) reproducing the nested containment of each object type within
the higher scale parent object (depositional elements within subsets, architectural elements within
depositional elements, facies units within architectural elements).

SU?SET DEPOSITIONAL ELEMENT ID
Scale |
47 ‘ dep_el_ID | subset_ID | dep_el_type
419 I loodplain
423 46 channel_complex
46 424 46 floodplain
3 45 | channel_complex
428 46 floodplain
430 46 floodplain
45
Scale ll
o
.: arch_el_ID | dep_el_ID | arch_el_type
E 721 419 FF
5 732 419 cs
<J( 733 419 Lc
o
2 740 424 FF
o
E 756 424 v
g 757 425 AC
4
<
a facies_ID | arch_el_ID | facies_type Above/left: hypothetical
% 1911 763 FI —_ example showing object
P 1912 m Gem - indexing at all scales and
wu 1913 ™ s K illustrating how the nested
Q © N
e o - - S containment of each order
N of objects is implemented
1915 77 Sr . .
in the tables by making
1018 e A use of unique database indices.

FAKTS GENETIC-UNIT SPATIAL RELATIONSHIPS

The same numeric indices that are used for representing containment relationships, are also used for object
neighboring relationships, represented within tables containing transitions in the vertical, cross-gradient and
along-gradient directions. The hierarchical order of the bounding surface across which the transition occurs is
also specified at the facies and architectural element scales; the bounding surface hierarchy proposed by
Miall (1996) has been adopted.

FAKTS DATABASE OVERVIEW

FLUVIAL CASE-STUDY
CLASSIFICATION

One of the key aspects of the FAKTS database is the
classification of each case study example and parts
thereof on the basis of traditional classification
schemes or intrinsic environmental descriptors (e.g.
dominant transport mechanism, channel/river
pattern, relative distality of each stratigraphic
volume), external controlling factors (e.g. description
of climatic and tectonic context, subsidence rates,
relative base-level changes), and associated
dependent variables (e.g. basin vegetation type and
abundance, suspended sediment load component).
Some of these attributes are only expressed as
relative changes (=, -, +) in a given variable (e.g.
relative humidity) between stratigraphic or
geomorphic segments, which are implemented as
subsets. In addition, FAKTS stores all the metadata
that refer to whole datasets, describing the original
source of the data and information including the
methods of acquisition employed, the
chronostratigraphic stages corresponding to the
studied interval, the geographical location, the names
of the basin and river or lithostratigraphic unit, and a
dataset data quality index (DQI), incorporated as a
threefold ranking system of perceived dataset quality
and reliability based on established criteria.
Moreover, subsets are classified according to their
suitability for a given query (i.e. for obtaining
dimensional parameters, proportions, transitions or
grain-size data) for a specified scale (target scale).
Some example categories on which the stratigraphic
volumes are classified are included in the partial list of
attributes for the ‘subsets’ table, on the right.
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DATA SOURCE 1 SUBSETS DEPOSITIONAL ELEMENTS 1 ARCHITECTURAL ELEMENTS 1 FACIES
1 1 1 1
Case ID Subset ID |——_—— Depositional element ID. |——_—— Architectural element ID. = Facies ID
Source type Case ID 1 Subset ID 1 Depositional element ID == Architectural element ID
Year Subset width Original code Original code Original code
Authors Subset height Depositional element type Original arch. element type Original facies type
Geographic location Original target scale Thickness Miall's architectural element type Facies type
Basin Subset target scale Apparent width Architectural element type Facies type DQI
Lithostratigraphic unit Spatial observation type Partial width Arch. element type DQI Thickness
River Subset suitability (MV) Unlimited width Thickness Apparent width
Age fom Subset relative distality Width Apparent width Partial width
Ageto Tectonic setting Width determination Partial width Unlimited width
Data types (MV) Subsidence types (MV) Partial dip length Unlimited width Width
Subsid e
Dataset DQI ubsidence rate Unlimited dip length Width Partial dip length
Basin climate type
Full reference 4 Dip length Partial dip length Unlimited dip length
Catchment climate type
Additional literature da Cross-sectional area Unlimited dip length Dip length
Relative temperature change
Notes Net-to-gross ratio Dip length Boulder to gravel percentage
Relative humidity change
1] Paleocurrent variance class Cross-sectional area Sand percentage
Discharge regime class o
Braiding index Net-to-gross ratio Silt percentage
SUBSET STATISTICS Bankfull discharge Sinuosity parameter Mean bankfull depth Clay percentage
" M diment load
Statistic ID - ean sediment foa Mean bankfull depth Mean bankfull width Notes
Drainage area
Subset ID o Mean bankfull width Notes
Original summary code Gatehment fthologies (V) Notes
FACIES TRANSITIONS
Catchment processes (MV)
Object type ARCH. EL. TRANSITIONS Transition ID.
Basin vegetation type
Number of objects o P DEP. EL. TRANSITIONS Transition 1D * 2
0 Facies ID
Max width Load dominance T
River pattern o |t (e D Transitional facies ID
Max thickness L Depositional element ID Transitional architectural el. ID
Drainage pattern Transition direction
Max dip length Transitional depositional el. ID. Transition direction
Relative base-level change > ! ! Bounding surface order
Max cross-sectional area Transition direction Bounding surface order
" rat Correlative Systems Tract
lax aspect ratio
Min width Relative aggradation rate
in wi
o Mean aggradaton rate FAKTS DATABASE SCHEMA
. Catchment surface uplift rate .
Transitonal objoc type tables and attributes
Transition direction Catchment denudation rate
Transition count Basin slope range modified from Colombera et al. (2012a)
Transition probability i1
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arch_el_ID | trans_el_ID | trans_direction | bound_surf_order
603 604 vertical 4th
603 605 lateral sth
downstream 603 605 vertical 5th
4 Vertical transition - upwards dlre::V 603 606 vertical th
Lateral transition - dextral 001 505 toral -
A Dip transition - upstream
604 607 vertical 4th
605 606 dip 4th
605 607 vertical 4th
606 605 vertical 4th

Abovelleft: hypothetical example illustrating how
transitions between neighboring architectural
elements are stored within the FAKTS database in
the form of relationships between numericindices.

FAKTS GENETIC-UNIT GEOMETRY

The dimensional parameters of each genetic unit can be stored as representative thicknesses, flow-
perpendicular (i.e. cross-gradient) widths, downstream lengths, cross-sectional areas, and planform areas.
Widths and lengths are classified according to the completeness of observations into complete, partial or
unlimited categories, as proposed by Geehan & Underwood (1993). Apparent widths are stored whenever
only oblique observations with respect to palaeoflow are available. Where derived from borehole
correlations, widths and lengths are always stored as ‘unlimited’.

Future database developments may involve the inclusion of descriptors of genetic-unit shape, implemented
either by linking these objects to 2D/3D vector graphics or by adding table attributes (columns) relating to
cross-sectional, planform and/or 3D shape types (cf. D-MAKS 2).

e OUtCl'Op " Left: representation of categories of completeness

(after Geehan & Underwood 1993) of
observed/sampled dimensional parameters. Correlated
genetic-unit dimensions are stored as unlimited.

— I ——— o

I complete lengths
1 partial lengths

ﬁ mmmmm Unlimited lengths

modified after: Geehan & Underwood, 1993
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FAKTS GENETIC UNITS

Depositional elements are classified as channel-complex or floodplain elements. Channel-complexes
represent channel-bodies defined on the basis of flexible but unambiguous geometrical criteria, and
are not related to any particular genetic significance or spatial or temporal scale; they range from the
infills of individual channels, to compound, multi-storey valley-fills. This definition facilitates the
inclusion of datasets that are poorly characterized in terms of the geological meaning of these objects
and their bounding surfaces (mainly subsurface datasets).

Floodplain segmentation into depositional elements is subsequent to channel-complex definition, as
floodplain deposits are subdivided according to the lateral arrangement of channel-complexes.

L BN B 58

Above: examples of stacked floodplain and channel-complex depositional elements from the Farrer Formation in the

Book Cliffs area (Utah).

M Legend | Architectural element type
CH Aggradational channel fill
DA Downstream-accreting macroform
LA Laterally accreting macroform
DLA Downstream- & laterally-accreting macroform
SG Sediment gravity-flow body
HO Scour-hollow fill
Abandoned-channel fill

Levee

<3

DEPOSITIONAL ELEMENTS

Thickness

P
Wlhickness

CHANNEL-COMPLEX
FLOODPLAIN

Unlimited width

width Partial width

FAKTS can be interrogated through SQL queries in order to generate

BASIC FAKTS OUTPUT
GENETIC-UNIT DIMENSIONS

quantitative information on fluvial architecture; this information can be

exported to spreadsheets, analysed and represented in a variety of

forms.

GENETIC-UNIT PROPORTIONS

The internal organization of genetic packages can be characterized in

terms of the objects belonging to lower-order scales.

Information on their composition is given by the relative volumetric
proportions of their building blocks. For example, the internal composition
of channel-complexes or floodplains in terms of architectural elements,
and of architectural elements in terms of facies units (as shown in the pie-
charts) can be derived by estimating volumetric proportions by object
occurrences only, or by combining occurrences and dimensions in a
variety of ways; variably defined net:gross ratios can then be easily

computed for each genetic-unit type.

FAKTS permits the derivation of dimensional parameters of genetic-unit types; from
this output it is possible to readily derive descriptive statistics or probability density
functions of given geometrical parameters or cross-plots of aspect ratios (e.g.
width/thickness, width/length), choosing whether to include or not underestimated
(partial and unlimited) and overestimated (apparent) dimensions. It is also possible to

0-6000 m close-up
of channel-complex
width distribution

» real width (N = 1650)
= apparent width (N = 1688)
50 partial width (N = 204)
® unlimited width (N = 126)

¥ 40
LOGNORMAL BRAIDED SYSTEMS
probability density function

Frequency
)
3
Thickness (m)
w
8

ARCHITECTURAL ELEMENTS

Following Miall’s (1985, 1996) concepts, architectural elements are defined as
components of a fluvial depositional system with the characteristic facies associations
that compose individual elements interpretable in terms of sub-environments.

FAKTS is designed for storing architectural element types classified according to both
Miall's (1996) classification and also to a classification derived by modifying some of
Miall’s classes in order to make them more consistent in terms of their geomorphological
expression, so that working with datasets from modern rivers is easier. Architectural
elements described according to any other alternative scheme are translated into both
classifications following the criteria outlined by Miall (1996) for their definition.

w_Cs IFF s
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GENETIC-UNIT TRANSITION STATISTICS

FAKTS can be queried to derive data on occurrences of transitions between genetic
units, in order to obtain a quantitative description of spatial depositional trends.

To further characterize genetic units internally, transition statistics can be filtered so that
only transitions observed within the type of depositional or architectural element

Channel-complex width/thickness cross plot

obtain output for relative dimensional parameters of adjacent genetic units (e.g.
channel-fill thickness/levee thickness ratio), belonging to the same hierarchical scale
or to different scales, as genetic unit sizes, juxtaposition (in form of transitions) and
scale-nesting are all digitized.

Relative thickness of laterally adjacent
point bars and mud plugs
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investigated and across given bounding-surface orders are taken into account.

To obtain meaningful 1D transition statistics, 2D- and 3D-dataset transitions can be
filtered through a special query that performs random selections in order to force the
sampling to be one dimensional.

UPWARD TRANSITIONS
Lateral and vertical transition AC

FF Overbank fines

SF Sandy sheetflood-dominated floodplain
CR Crevasse channel

CS Crevasse splay

LC - Floodplain Lake

C Coal-body
Undefined elements

Code |Legend |Lithofacies type

Gravel to boulders - undefined structure

.

Gmm Matrix-supported massive gravel

Gmg Matrix supported graded gravel

Gem
Goi
Gh

Clast-supported massive gravel

Clast-supported inversely-graded gravel

Horizontally-bedded or imbricated gravel

Trough cross-stratified gravel

Planar cross-stratified gravel

Sand - undefined structure

Trough cross-stratified sand

Planar cross-stratified sand

Asymmetric-ripple cross-laminated sand

Horizontally-laminated sand

Low-angle cross-bedded sand

Scour-fill sand

Massive or faintly laminated sand

Symmetric-ripple cross-laminated sand

Soft-sediment deformed sand

Fines (silt, clay) - undefined structure

Laminated sand, silt and clay

Fsm Laminated to massive silt and clay
Fm Massive clay and silt
Fr Fine-grained root bed

Paleosol carbonate

Coal or carbonaceous mud

Undefined facies

]
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Above: examples of preserved architectural elements (DA and LA barforms) from the Lower
Jurassic Kayenta Formation at Sevenmile Canyon (SE Utah, USA).
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FACIES UNITS

In FAKTS, facies units are defined as genetic bodies characterized by homogeneous
lithofacies type down to the decimetre scale, bounded by second- or higher-order (Miall
1996) bounding surfaces. Lithofacies types are based on textural and structural
characters; facies classification follows Miall’s (1996) scheme, with minor additions
(e.g. texture-only classes — gravel to boulder, sand, fines — for cases where information
regarding sedimentary structure is not provided).
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MATERIAL-UNIT
PROPERTIES

We define FAKTS material units as
contiguous volumes of sediment
characterized by having the same value of a
given categorical or discretized continuous
variable, or of any combination of two or
more of them. For example we may wish to
define a material unit on the basis of a given
lithofacies type, or on the basis of a threshold
percentage content in clay and silt, or on the
combination of the two criteria. An individual
material unit would then correspond with all
the physically adjacent FAKTS genetic units
having the required attribute values.
Practically, this means that we can derive
virtually any type of user defined reservoir
and non-reservoir categories and their
relative reservoir-modeling constraints.

One important implication is that the
geometry of material units defined on
genetic-unit types are different from the
geometry of genetic units of that type,
invariably resulting in larger size
distributions, which will importantly control
indicator variogram ranges.

Material unit properties (proportions, central
tendency and dispersion of extent in a given
direction, transition statistics in a given
direction) can then be employed in the
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D-MAKS 2 DATABASE OVERVIEW . D-MAKS 2 GENETIC-UNIT SPATIAL RELATIONSHIPS . D-MAKS 2 LARGE-SCALE DEPOSITIONAL-ELEMENT EXAMPLE D-MAKS 2 OUTPUT . INTERNAL ORGANIZATION OF GENETIC UNITS

. . Justlike for FAKTS, the internal organization elements (as shown in the pie-charts below) s
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different studies, which are included as different  systems and subsets, are used to separately Y Vihatis e nators o7 e deposte cbeaniations suggasing e he chamnol The sequential checking of the - DethCk et al. 2008 view of the differences in database design with respect - GRAIN-SIZE PROPORTIONS IN INDIVIDUAL ]
. basin confinement forms are contained wilhin a larger channel e - ° . GRAIN-SIZE PROPORTIONS
entities only in a separate table that records the classify systems and subsets; each table includes . encasing the channel form? 1o criteria outlined here aims to ensure int ti to FAKTS. . FRONTAL SHEET ARCHITECTURAL ELEMENTS Channel -
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user-defined sets of quantitative information on particular inform interpretation of lithologies observed in core.

guide well correlation of fluvial and deep-marine sandstones;
condition object- and pixel-based stochastic reservoir models;
predict the likely heterogeneity of geophysically-imaged
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