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A B S T R A C T

Characterisation of deep-water successions is often undertaken at the scale of sedimentary beds. However, 
different studies often apply alternative bed-type classification schemes, rendering the quantitative comparison 
of bed properties of different deep-water systems difficult. In this study a quantitative approach to the devel-
opment of a universal deep-water bed-type classification scheme is proposed based on the synthesis of a large 
sedimentological dataset, containing >32,000 deep-water facies and >10,000 beds accumulated in 27 turbidite- 
dominated systems. The classification scheme is applicable to discriminate and categorise lithological (sand, 
gravel) layers and is based on: (i) the proportion of, gravel, sand, sandy-mud and muddy-sand in the bed, (ii) the 
presence and nature of vertical sharp grain-size changes, and (iii) the presence and thickness ratio of laminated 
sedimentary facies. Comparing the bedding properties of channel-fills, terminal deposits (e.g. lobes or sheets) and 
levees showed that the three architectural-element types are characterised by differences in bed frequency and 
thickness, overlying mudstone proportions, vertical bed thickness trends, mud thickness and sand-gravel fraction 
values. Building on these recognised statistical differences an algorithm was developed that is capable of 
generating, in a stochastic manner, geologically realistic synthetic sedimentary logs depicting deep-water ter-
minal-deposit, channel-fill and levee elements. The one-dimensional facies modelling is governed by a series of 
input parameters, including total number of beds, sand-gravel thickness, and sand-gravel fraction. The approach 
can be tailored to produce synthetic logs for specified types of depositional systems (e.g., categorised according 
to dominant grain size of deposits, age of deposition and global climate (icehouse vs. greenhouse conditions)). A 
large number of synthetic sedimentary logs can be generated, which can be utilised as training datasets in 
machine learning algorithms developed to aid subsurface interpretations of clastic sedimentary successions.

1. Introduction

In deep-water clastic successions, beds are commonly defined as the 
preserved record of individual sediment gravity-flow events (Bouma, 
1962; Lowe, 1982). Thus, their thickness, internal structure and vertical 
trends depend on the characteristics of their formative flow, with vari-
ations within a bed expressed in vertically stacked facies characterised 
by differences in grain-size and sedimentary structures (Mutti, 1992; 
Talling et al., 2012). The formative flow characteristics are themselves 
dependent on multiple controlling factors, such as climate, sea level, 
basin topography, confinement, and substrate characteristics, among 
others (Mutti and Normark, 1987, 1991), and tend to vary in time and 

longitudinally along the flow itself (Mulder and Alexander, 2001). 
Sedimentary beds are the basic building blocks of deep-water clastic 
successions, as sets of bed accrete to build architectural elements 
including lobe, channel-fill and levee elements (Lowe, 1982; Mutti and 
Normark, 1987; Mutti, 1992; Pickering et al., 1995; Pickering and Hil-
ton, 1998). The deposits of these elements may form significant reser-
voirs and aquifers (e.g. Bell et al., 2018; De Ruig and Hubbard, 2006; 
McKie et al., 2015) and are characterised by distinct facies and 
bed-thickness properties (e.g., Deptuck et al., 2008; Felletti and Berse-
zio, 2010; Fryer and Jobe, 2019; Jobe et al., 2024; Mutti and Normark, 
1987; Prélat et al., 2009).

Sedimentological studies of deep-water successions often propose 
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bespoke classification schemes for bed types, typically with emphasis on 
classes that are interpretable in terms of flow processes (e.g. Cronin and 
Jones, 2018; Łapcik, 2024). However, as different studies apply 
different classification schemes for facies types or bed types, qualitative 
and quantitative comparisons of different deep-marine successions are 
hindered. Previously proposed general bed-type classification schemes 
(e.g. Ghibaudo, 1992; Pickering et al., 1986) are usually meant to be 
used for detailed field-based sedimentological studies, and are generally 
too complex and inflexible to be used for comparing data originating 
from different sources. Most previous studies undertaking comparisons 
of the bedding properties of deep-water systems or different elements 
were restricted to the analysis of bed thickness or shape (e.g., tabu-
larity), considering the lateral and vertical variability of these properties 
(e.g., Felletti, 2002; Felletti and Bersezio, 2010; Fryer and Jobe, 2019; 
Jobe et al., 2024; Pantopoulos et al., 2018; Sylvester, 2007; Tőkés and 
Patacci, 2018). Studies focusing on the comparison of bed-type prop-
erties usually focused on differences between local datasets from the 
same turbidite system (e.g., Felletti, 2004). Such limitations affecting 
earlier studies reflect the lack of an approach that could be utilised to 
compare a large number of deep-water systems effectively. A general-
ised classification approach based on objectively recognised sedimen-
tary features of beds produced by sediment gravity flows would enable a 
quantitative comparison between different depositional systems that 
formed under different conditions, throughout geological time.

The aim of this study is therefore to propose a deep-water bed-type 

classification scheme based on simple and objective sedimentological 
criteria, which could be applied to the quantitative analysis of the de-
posits of multiple deep-water sedimentary systems. Using a database- 
driven approach, this was achieved through the following objectives: 
(i) A synthesis of data from twenty-seven turbidite-dominated deposi-
tional systems, including examples from the Neoproterozoic to the Ho-
locene, including a total of more than 32,000 facies and more than 
10,000 beds; (ii) The development of a script, coded in R, for the clas-
sification of sedimentary beds stored in a large sedimentological data-
base – the Deep-Marine Architecture Knowledge Store (DMAKS; Cullis 
et al., 2019) – into objectively defined types based on a selected set of 
facies properties; (iii) A demonstration of how this bed-type classifica-
tion can be used to quantify differences in bedding properties (e.g. 
bed-type frequency, thickness etc.) of selected types of deep-water 
architectural elements: terminal-deposit (lobe or sheet), channel-fill 
and levee elements; (iv) The creation of a stochastic algorithm, coded 
in R, that can be utilised to create synthetic 1D sedimentary logs of 
architectural elements based on geological-analogue data on their 
bedding architecture, which could serve as training datasets for machine 
learning algorithms aiming to automate subsurface sedimentological 
interpretations.

2. Database

A novel database-driven approach has been developed to categorise 

Fig. 1. (A,B) Geographical position of the studied deep-water systems; the numbers labelled on the map refer to the identifiers of each case study, as reported in 
Table 1. Bar charts of the numbers of studied facies units (C) and beds (D) charted based on their age.
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deep-water sedimentary bed types based on quantitative data on their 
lithological (facies) characteristics. The data employed for this purpose 
have been compiled from 27 turbidite-dominated depositional systems 
from 41 published sources (Fig. 1; 2A, Table 1). The data are stored in 
the DMAKS relational database, which contains qualitative and quan-
titative data on the sedimentological characteristics of deep-water ma-
rine and lacustrine depositional systems, and on geological attributes of 
their host basin and depositional setting (Cullis et al., 2019, Fig. 2). 
Sedimentary architectures are captured in the form of sedimentary units 
at multiple scales: architectural elements of different hierarchies and 
facies units. Data that are relevant for this study were originally 

collected from both outcrop and subsurface core studies, describing both 
modern and ancient deep-water clastic depositional systems (Fig. 1 and 
Table 1).

In DMAKS, a depositional system is defined to encompass the whole 
sediment-transport and deposition pathway in a clastic deep-water 
setting. In a classic shelf-slope-basin-floor profile, this pathway ex-
tends from the shelf-slope break to the most distal areas reached by 
gravity flows (Mutti, 1992; Normark, 1970). For each depositional sys-
tem, the recorded attributes include their location, age, lithostratig-
raphy, dimensions, palaeo-latitude, continental-margin type and 
tectonic setting at the time of deposition. The dimensions, age, shape, 

Table 1 
Deep-water systems recorded in DMAKS and used in this study.

ID System Latitude Longitude Basin Period Grain size N 
facies

N 
beds

Reference

1 Golo Turbidite 
System

42.05 9.61 Golo Basin Quaternary sandy 
system

587 82 Pichevin et al. (2003); Gervais 
et al. (2006); Deptuck et al. (2008)

2 Al Batha Turbidite 
System

22.4 60.59 Gulf of Oman Basin Quaternary sandy 
system

39 3 Bourget et al. (2010)

3 Bengal Fan 11.45 88.85 Rakhine Basin Quaternary sandy 
system

326 144 Yang and Kim (2014)

4 Capistrano 
Formation

33.52 − 117.6 Capistrano Embayment Neogene gravelly- 
sand system

797 326 Campion et al. (2007); Li et al. 
(2016)

5 Torre degli Amorotti 
turbidite system

44.25 10.46 Cervarola Basin Neogene gravelly- 
sand system

1742 255 Tinterri and Piazza, 2019

6 Black’s Beach 32.89 − 117.25 San Diego Basin Paleogene gravelly- 
sand system

223 84 Stright et al. (2014)

7 Brito Formation 
Turbidite System

11.75 − 86 Sandino Basin (during the 
Brito Fm)

Paleogene gravelly- 
sand system

619 153 Brandes et al. (2007); Struss et al. 
(2007)

8 Grès d’Annot 
Formation

43.96 6.68 Alpine Foreland Basin Paleogene sandy 
system

764 407 Brunt (2003)

9 Raca unit turbidite 
system

49.31 18.72 Magura basin Paleogene sandy 
system

540 246 Staňová et al., 2009

10 San Jacinto turbidite 
system

9.75 − 75.1 Caribbean basin Paleogene gravelly- 
sand system

439 207 Celis et al. (2024)

11 Cerro Toro Deep- 
Water System

− 51.08 − 72.68 Magallanes Basin (during the 
Cerro Toro)

Cretaceous gravelly- 
sand system

1479 73 Barton et al., 2007a

12 San Fernando 
Turbidite System

29.75 − 115.6 Rosario Embayment (during 
the Rosario Fm)

Cretaceous gravelly- 
sand system

4442 1848 Dykstra and Kneller (2007); Kane 
et al. (2007), 2009; Callow et al. 
(2013)

13 Ropianka turbidite 
system (West)

49.9 20.9 Skole basin (West) Cretaceous sandy 
system

1155 223 Łapcik (2024)

14 Ropianka turbidite 
system (East)

49.79 22.33 Skole basin (East) Cretaceous sandy 
system

1111 354 Łapcik (2017)

15 Draupne Formation 
turbidite system

58.9 2 South Viking Graben Jurassic gravelly- 
sand system

371 116 Jackson et al. (2011)

16 Thelma Field 
turbidite system

58.3 1.3 South Viking Graben Jurassic gravelly- 
sand system

3297 1298 Cronin and Jones (2018)

17 Brushy Canyon 31.76 − 104.78 Delaware Basin (during the 
Brushy Canyon)

Permian sandy 
system

619 168 O’Byrne et al. (2007); Pyles et al. 
(2010)

18 Tanqua Karoo − 32.67 20 Tanqua Karoo Subbasin 
(during the Skoorsteenberg 
Fm)

Permian sandy 
system

987 330 Hofstra et al. (2015); Kane et al. 
(2017)

19 Laingsburg Karoo 
Turbidite System

− 33.19 20.86 Laingsburg depocentre Permian sandy 
system

3471 1203 Figueiredo et al. (2010); Hofstra 
et al. (2015); Morris et al., 2014a, 
2014b

20 Ross Sandstone 
Turbidite System

52.5 − 9.75 Shannon Basin Carboniferous sandy 
system

559 205 Pyles (2007a), 2007b

21 Antler foredeep 
turbidite system

37.1 − 116.19 Antler foreland Basin Carboniferous gravelly- 
sand system

328 54 Trexler and Cashman (1997)

22 Peary Land Group 
turbidite system

82 − 57 Franklinian Basin Silurian gravelly- 
sand system

1401 448 Larsen and Escher (1991)

23 Cloridorme turbidite 
system

49.22 − 65.03 Taconic foreland basin 
(during Cloridorme 
Formation)

Ordovician sandy 
system

650 219 Ningthoujam et al. (2022)

24 Yingtaogou turbidite 
system

38.77 105.81 Western margin of the North 
China Craton

Ordovician sandy 
system

490 24 Wang et al. (2021)

25 Bennett Island 
turbidite system

76.67 149.17 Bennett Basin Ordovician sandy 
system

1369 752 Danukalova et al., 2020

26 Aberystwyth Grits 52.43 − 4.08 Southern Welsh basin Ordovician sandy 
system

1517 208 Baker and Baas (2020); Baas et al. 
(2021)

27 Isaac Formation 53.47 − 119.62 Not Specified Precambrian gravelly- 
sand system

2693 1207 Navarro et al. (2007); Barton et al., 
(2007a, 2007b); Ningthoujam 
et al. (2022)
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and topographic characteristics of sedimentary basins, and of topo-
graphic depocentres that may have existed through the lifetime of a 
basin, are also recorded.

Data on architectural elements were collected from 2D and pseudo- 
3D outcrop or well correlation panels, and 1D sedimentary logs. In 
DMAKS, architectural elements are defined as sedimentary bodies or 
geomorphic elements representing a specific deep-water sub-environ-
ment, characterised by a distinct architectural or geomorphological 
expression, formed by a specific set of processes (Cullis et al., 2019). 
Architectural elements are classified according to different classification 
schemes (e.g., type and shape); among these schemes, a classification is 
operated whereby elements are categorised into terminal deposits (i.e., 
lobesor sheets), channel-fill and levee elements, among other classes 
(Fig. 2B). A three-tiered data quality index is assigned (attributing 
ordinal classes ‘A’, ‘B’ or ‘C’ in decreasing order) to rank the classifi-
cation of each element in terms of underlying data quality and sensi-
bility of interpretations. This study focuses on the sedimentary 
architecture of these three element types, in view of their common 
occurrence in deep-water successions. Architectural elements can exist 
over multiple hierarchies, which are digitised in DMAKS; for example, 
hierarchical relationships between terminal deposits (e.g., ‘lobes’, ‘lobe 
complexes’) or channel-fill elements (e.g., ‘storeys’, ‘complexes’) at 
different scales are captured via a record of the containment of 
lower-scale elements in larger-scale elements (parent-child 
relationships).

Architectural elements are made of facies units. Individual facies 
units represent basic lithological units distinguished on the basis of 
changes in sediment texture, sedimentary structure and/or presence of 
intervening bounding surfaces (Fig. 2B). The database hosts facies data 
originated from outcrops, cores or from wireline logs and can be filtered 
based on data type. Data on facies units analysed in this study are 

collected from published, interpreted, facies-based, 1D sedimentary logs 
measured in either outcrops or on cores. Recorded properties of each 
facies unit includes their grain size based on Folk’s textural classes (Folk, 
1980). These categories include mud, sand and gravel classes and mix-
tures of these, such as gravelly sand, sandy mud, muddy sand, etc. Other 
recorded attributes include the type of basal boundary of each facies (e. 
g., erosional, gradational) and a Boolean attribute indicating whether 
the boundary has been interpreted and indicated as an event-bed 
boundary (in the original log of the source dataset). For each facies 
unit, additional information is included in attributes describing sand 
grain size, presence and type of sedimentary structures and grading 
among others.

Spatial relationships between different sedimentary units of the same 
rank (i.e., between architectural elements and between facies units) are 
also recorded, in the form of transitions along the vertical, downdip and 
strike directions (Fig. 2). When known, the lateral extent and distality of 
facies units within their parent architectural elements are also recorded 
using positional classifiers for the lateral (from the axis/core to the 
margin/fringe) and dip (proximal, medial and distal) directions.

Quantitative data on the geometry of elements and facies (thickness, 
width and length) stored in DMAKS were extracted from 2D panels or 
sedimentary logs using image-analysis software (ImageJ) or directly 
from the text of the published data source. Vertical and lateral di-
mensions of units stored in the database can be classified as ‘true’, 
‘apparent’, ‘partial’ and ‘unlimited’ (Geehan and Underwood, 1993). 
The ‘true maximum’ thickness, length and width of architectural ele-
ments is only recorded where some pseudo-3D reconstruction of the 
element geometry is possible; 1D datasets like sedimentary logs only 
yield ‘apparent’ thickness data for both elements and facies when both 
the underlying and overlying units are observed. If either the base or the 
top of the unit is not observed, the thickness value is classified as 

Fig. 2. (A) Applied workflow for the definition of deep-water bed types. Data collected from different published sourced on elements and facies of deep-water 
systems are stored in the DMAKS database. An R script assigns a bed type to every stored bed based on a three-tiered set of criteria (Fig. 3). Then, bedding prop-
erties are analysed to determine differences between channel-fill, levee and terminal deposits. These statistical differences are utilised to inform a script that gen-
erates stochastic synthetic 1D sedimentary logs of the above architectural elements. (B) Stored attributes of the DMAKS database; architectural sketch and facies log 
are not to scale.
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‘partial’, whereas it is classified as ‘unlimited’ when neither base nor top 
are observed. In the analyses of vertical facies trends and facies pro-
portion, only elements whose vertical extent was fully observed (true or 
apparent) were considered.

The dataset analysed in this study includes data on 32,015 deep- 
water facies units (including mud, sand and gravel facies) belonging 
to 438 architectural elements (Fig. 1).

3. Bed type analysis

3.1. Defining bed types

In the DMAKS database, different sedimentary facies that were laid 
down by the same depositional event, either a single- or multipulse flow 
event, can be grouped and linked to individual beds. The attribution of 
facies units to event beds is done on the basis of interpretations provided 
by the authors of the original sedimentological study from which the 
data are derived (e.g., based on the presence of bed boundary surfaces 
on the sedimentary log). Many literature studies do not attempt the 
discrimination of mud-rich facies representing mudstone caps, depos-
ited from the diluted tails of flow events, from hemipelagic mud, settled 
from suspension between flow events. Due to a lack in consistency in 
discriminating these two types of mud-prone deposits, an approach is 
proposed in this study for the classification of lithological beds, con-
sisting of the sandstone- and/or gravel-prone portions of event beds 
(Fig. 2B). In this study 19,888 deep-water facies units containing sand 
and/or gravel fraction were considered to create a general bed-type 
scheme useable to compare data from different sources and to carry 
out statistical analysis in a consistent way (Figs. 1, 3 and 4).

A script called DW-BC (Deep-Water Bed Classifier) was created in R 
(version 4.4.0) (R Core Team (2021) that draws data from the DMAKS 
database through SQL queries and sequentially applies a three-tiered set 
of criteria to the vertical facies sequence of each stored bed to classify 
them into pre-defined bed types (Fig. 2A and 3). In the R script, the 
‘RMariaDB’ (Müller et al., 2024) package was used to query the DMAKS 
database, the package ‘dplyr’ (Wickham et al., 2023) was used to 
manipulate the data, while ‘ggplot2’ (Wickham, 2016) was used to 
generate plots.

As a first step, based on data records of the presence of bed bounding 
surfaces between each vertically superimposed facies, the script groups 
vertically stacked facies units into individual beds with an assigned bed 
identification number (Fig. 2B). This initial step is followed by the 
calculation of bedding properties based on: (i) lithology (sand/gravel 
ratio and presence of sand/mud mixtures), (ii) presence of sharp grain- 

size changes (including changes in sand grain size across sandy facies 
units), (iii) presence and proportion of any kind of laminations or sub- 
bed scale stratification (e.g., planar parallel lamination, ripple cross- 
lamination) (Fig. 3). Finally, each bed is classified and associated with 
an alphabetic code based on these three key features of its facies units 
(Fig. 3). The approach was devised to ensure that (i) the created bed- 
type scheme can be applied universally (Fig. 4), and that (ii) a classifi-
cation can be made consistently across sources with heterogeneous and 
partial datasets (e.g., in cases where only grain-size descriptions are 
reported and no data on sedimentary structures are available). This 
latter goal was achieved by the sequential application of bedding 
properties to each bed (Fig. 3). The dataset contains 10,637 sandstone 
and gravel beds where all three examined attributes were observable. 
Currently, the proposed bed-type classification is only based on the 
above three attributes, as relevant quantitative data can be readily 
extracted from published sedimentary logs. Attributes such as the 
presence and style of grading within distinct beds, oversized-clast con-
tent or post-depositional facies attributes (e.g., bioturbation, dewatering 
structures) can be incorporated in the classification approach in the 
future. Relationships with underlying and overlying facies and thickness 
data were also not considered in the classification approach.

The first criterion applied for bed classification pertains to the li-
thology. Based on the relative proportion of gravel and sand in the beds 
(obtained as a thickness ratio and reported as percentage), sand-rich and 
gravel-rich end-member beds are assigned where sandy and gravelly 
facies are exclusively present, respectively (Fig. 3). Between these two 
end-members, two intermediate types are defined: sandy-gravel 
(dominated by gravel) and gravelly-sand (dominated by sand) beds, 
based on a threshold of 50 % gravel-sand thickness proportion. Beds that 
contain at least one facies of muddy-sand or sandy-mud lithology were 
classified into a separate group called: muddy-sandy beds. These five 
bed categories are denoted by a code as follows: G (gravel), S (sand), sG 
(sandy gravel), gS (gravelly sand), MS (muddy sandy) (Fig. 3).

The second classification criterion is based on the presence of sharp 
facies-unit transitions within beds and grain-size changes associated 
with them, including changes in sand grain size across sandy facies. 
Numerical values were assigned to each facies within beds based on the 
combination of their facies and sand grain-sizes in a fining order, from 
gravel to sandy mud with very fine sand fraction. For each bed, the script 
calculates the difference in these assigned values between each facies 
and the overlying one. Then the minimum and maximum of these dif-
ferences for each bed are determined; these two numbers are referred to 
as ‘grain-size trend score’. In cases where these values are both equal to 
zero or where the bed is composed of only one facies, then the bed is 

Fig. 3. Features used to classify deep-water bed types: gravel, sand and sandy mud/muddy sand proportion; presence and type of sharp grain-size changes through 
the profile; presence and proportion of laminations.
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characterised as showing no vertical trend (category N). If the maximum 
value of the calculated differences is negative, then a fining-upward 
trend (category F) is assigned to the bed; if the minimum value is pos-
itive then the bed is classified as coarsening upward (category C). If both 
coarsening and fining trends are observed among the facies units 
composing the bed at hand (i.e., if the minimum value is negative and 
the maximum value is positive) without any preferential ordering, then 
the bed falls into the ’B’ category, which indicates the presence of both 
grain-size trends over the vertical profile of the bed.

This classification is only operated by considering sharp transitions, 
disregarding grain-size trends within portions of beds that exhibit grain- 
size grading (normal or inverse grading). In the case of facies that exhibit 
grading, the grain-size trend score is calculated from the grain size of the 
basal and topmost facies of the gradational part and its relation to the 
underlying and overlying facies respectively. This means that purely 
gradational beds would fall into the ‘N’ category, which flags the 
absence of sharp trends.

The third and last considered bed characteristic is the presence and 
proportion of any kind of lamination in sandy and gravelly facies of the 
beds. The cumulative thickness of the laminated or stratified portion (e. 
g., planar-parallel lamination, ripple cross-lamination, mesoform-scale 
cross-stratification and wavy cross-stratification) of each bed was 
compared to the total bed thickness. Based on these thickness ratios, 
three categories were established: beds that lack any kind of lamination 
or stratification (m), beds that are fully made of laminated or stratified 
facies (l) and beds that are only in part made of laminated or stratified 
facies (x).

3.2. Bedding properties of deep-water architectural elements

A statistical analysis (Fig. 2A) was carried out to reveal differences in 
the bed types, bed vertical transitions and bed thickness of terminal 
deposit, channel-fill, and levee elements. In this study, these three 
architectural element types were selected for analysis as they represent 

fundamental building blocks of deep-water successions. Furthermore, 
specific focus is placed on results of analysis carried out on DMAKS deep- 
water depositional systems whose facies units yield a sand fraction, 
relative to the cumulative sand and gravel content, higher than 95 %; 
these sedimentary successions are termed ‘sandy systems’ hereafter. Out 
of the 27 studied systems, 15 fall into this category; sandy systems 
contain 4568 of the total 10,637 beds where all three bedding attributes 
(Fig. 3) were characterised.

Bed-type frequencies were calculated based on the number of ob-
servations of a specific bed type divided by the total number of beds in a 
specific subset of the dataset; these frequencies were reported as per-
centages. The studied sand-dominated subset of the total dataset is 
dominated by the presence of ‘sand’ beds (Fig. 5). Nearly 60 % of the 
considered beds belong to the structureless sand bed category (S-N-m), 
while the second most common bed type, purely laminated sand beds (S- 
N-l), only represent 15 % of the total bed count (Fig. 5). Analysing the 
bed-type frequencies of different architectural elements showed that the 
‘structureless sand bed’ (S-N-m) class was the most frequent bed type in 
the studied terminal deposits and channel-fills. Aside from these two bed 
types, partially laminated (S-N-x) and partially laminated fining-upward 
sand beds (S-F-x) are also common. On the other hand, levee deposits 
were dominated by purely laminated beds (S-N-l) (Fig. 6A). Beds with 
sandy-mud or muddy-sand facies (SM category) represent only a small 
portion of the analysed dataset and are described in 8 of the 27 studied 
deep-water systems. Only beds containing either sandy-mud or muddy- 
sand facies (SM-N-m) and beds where these facies are arranged into a 
fining-upward trend (SM-F-m) reach frequencies above 1 % in terms of 
bed counts. Furthermore, this bed type is only observed in terminal 
deposits, and is instead absent in the examined channel-fill and levee 
deposits (Fig. 6A).

In the analysis of vertical transitions, each sandstone/gravelly bed 
can be overlain by another sandstone/gravelly bed or by a mudstone 
layer. The probability of a bed being overlain by a mudstone layer is 
referred to as “overlying mudstone probability”. These values were 

Fig. 4. Examples from the collected dataset. The figure shows sedimentary logs drawn by different authors and the type of the illustrated beds based on the proposed 
global bed-type scheme.
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calculated as the percentage of transitions with a bed top being overlain 
by a mudstone layer relative to the total number of observed vertical 
transitions for each bed top (Fig. 6B). In general, the studied beds of 
channel-fill elements are significantly less likely to be overlain by 
muddy facies (22 %) compared to beds of terminal deposits (57 %) and 
levee elements (90 %) (Fig. 6B). In other words, sand or gravel bed 
amalgamation is higher on average in channelised deposits. In channel- 
fill elements, the highest overlying mudstone probability does not 
exceed 45.3 %, which is observed for fully laminated sand beds (S-N-l); 
structureless sand beds (S-N-m) are the least likely to be overlain by fine 
grained sediments (17.2 %). Similarly, for terminal deposits, structure-
less sand beds are the least likely to be overlain by a muddy interval (42 
%), whereas all other observed bed types are expected to be overlain by 
fine-grained sediments. Overlying mudstone probabilities reached at 
least 80 % for all the five bed types seen in levee deposits.

For bed-thickness analysis and comparison, only sedimentary logs 
capturing sediments at the same vertical resolution (mm to cm) were 
considered. In the studied sandy deep-water systems, individual beds 
attained on average higher thickness values in channel-fill elements than 
in terminal deposits, while levee elements are characterised by much 
thinner beds on average (Fig. 6C). The mean and median thickness of 
beds are largest in channel deposits for all bed types except S-N-l. In the 
case of the studied terminal deposits and channel-fill elements, ‘fully 
laminated’ beds are characterised by lower thickness values on average, 
whereas such beds attain the largest thickness in levee elements 
(Fig. 6C). Partially laminated sand beds, either with fining-upward 

trends (S-F-x) or without sharp grain-size changes (S-N-x), tend to be 
thicker than other bed types in terminal deposits and channel fills.

Aside from bedding properties the stacked-mud thickness of the 
studied architectural elements was also analysed along with the sand- 
gravel fraction. The latter was calculated as the ratio between its cu-
mulative sand and gravel thickness and the cumulative thickness of all 
its facies units for elements with ‘apparent’ or ‘true’ thickness records. 
The differences in the median thickness of muddy intervals of the 
studied elements do not exceed 0.03 m, whereas the mean thickness 
value is higher in the case of levee deposits (0.51 m; 0.27 m and 0.24 m 
for channel-fill elements and terminal deposits; Fig. 6D). The large mean 
value in mud thickness seen for levee elements reflects the occasional 
occurrence of m-thick fine-grained intervals. Studied terminal deposits 
and channel fills are characterised by higher sand-gravel fraction values 
compared to levee elements (Fig. 6E), and this is reflected in the higher 
overlying mudstone probability of levee elements (Fig. 6B).

To analyse vertical trends in bed thickness, a ‘thickness trend value’ 
was calculated for each segment of sedimentary log intersecting the 
architectural element of interest. In the analysis of facies and bed-type 
proportions, thickness and facies transitions, all sedimentary logs were 
used regardless of the type of thickness observation recorded for the bed- 
formating facies units. For the analysis of vertical facies trends, only 
architectural elements whose entire vertical profile was captured by the 
sedimentary logs (i.e., ‘true’ and ‘apparent’ thickness values recorded) 
were considered. The ‘thickness trend value’ was calculated as follows: 
(i) the difference between the thickness of each bed and the thickness of 
the bed above was computed, considering both beds that are in direct 
contact, as well as beds separated by mud intercalations; (ii) the total 
sum of these differences was divided by the sum of the thickness of the 
beds, to make the different logs comparable. If the calculated value was 
positive (i.e., if the magnitude and/or number of positive vertical 
thickness changes outweighs the negative ones), then that specific 1D 
representation of the element was classified as ‘thickening upward’; if 
instead the value was negative, the element was classed as ‘thinning 
upward’. The studied terminal deposits of sandy systems tend to exhibit 
thickening-upward trends in sand beds (Fig. 6F). Channel-fill and levee 
elements are instead characterised by a thinning-upward trend in the 
majority of cases; this is in agreement with previous studies (e.g., Fell-
etti, 2002; Kane et al., 2007).

4. Application: synthetic sedimentary-log generation

Sedimentological interpretations of borehole cored intervals and of 
facies logs based on the processing of subsurface wireline well logs can 
be aided by the use of tools based on artificial intelligence (e.g., Bressan 
et al., 2020; Halotel et al., 2020; Martin et al., 2021). This approach has 
also been applied to the interpretation of deep-water architectural ele-
ments in subsurface facies data based on geological analogues and 
quantitative facies models (e.g., Martin et al., 2022). However, these 
machine learning approaches require training datasets that are coded 
consistently and contain a vast amount of data. The discussed bed-type 
scheme and classification method is based on a large dataset that has 
been compiled by aggregating data from different systems following a 
common standard; thus, the proposed approach satisfies these two 
criteria.

The collected and analysed geological-analogue data (Fig. 6) were 
utilised in an R script for the generation of artificial sedimentary logs, 
called DW-SLG (Deep-Water Sedimentary Log Generator). DW-SLG in-
corporates a stochastic algorithm for producing synthetic one- 
dimensional sedimentary logs illustrating the bedding style of specific 
deep-water element types (terminal, channel-fill and levee deposits). 
The bedding properties of synthetic logs generated by the script could 
serve as features of a training dataset for machine learning algorithms 
specialising in automated sedimentary-log interpretation.

Fig. 5. (A) Heathmap showing the frequency (based on number) of different 
bed-types on the total dataset. (B) Example depiction and frequency of most 
common bed types.
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Fig. 6. Plots showing differences in bed properties of channel-fill, levee and terminal deposits of sand-rich deep-water systems: (A) stacked bar chart showing the 
relative frequency of different bed types; (B) heatmap showing overlying mudstone probability for the most frequent bed types; (C,E) boxplots depicting sandstone 
bed thickness for the most frequent bed types (C), stacked mud thickness ranges (D) and sand-gravel fraction (E) for different elements (median and mean values 
indicated in the boxplots); (F) calculated ‘thickness trend values’ for different elements.
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4.1. Sedimentary log modelling process

In the modelling process for the production of synthetic sedimentary 
logs, the collected dataset on bedding characteristics (Fig. 6) is filtered 
by a set of input variables (Table 2). These variables include the type of 
the modelled architectural element along with the climate under which 
the studied deposits accumulated and their age. Furthermore, specific 
bed types can be selectively excluded from the modelling process (e.g., 
exclusion of beds with gravel). This filtered analogues dataset is used by 
the algorithm to assess the bed-type frequencies and thickness, vertical 
transitions and thickness trends along with element sand-gravel fraction 
and mud thickness of the generated logs using a stochastic approach.

Another set of input variables govern the facies characteristics of the 
output synthetic logs for the chosen element type. These variables 
include the cumulative sand-gravel thickness, number of beds and sand- 
gravel fraction, and are described below in detail (Table 2). The script 
can generate any number of realisations (artificial facies logs) in a single 
run. Random number generators in the script are governed by seed 
numbers, to ensure reproducibility. For the batch generation of multiple 
logs a number of seeds needs to be specified.

As a first step in the modelling process, the algorithm proceeds to 
estimate the number of occurrences of each bed type in one of two ways, 
to be chosen by the user. As a first option, the number of bed-type oc-
currences can be determined based on the random sampling of data on 
bed frequencies and the desired number of beds to be reproduced in the 
log (Fig. 7). The total number of beds can be specified as a single value or 
as a range from which the script draws a value at random (this is done 
separately for each iteration when multiple logs are generated at once). 
As a default the dataframe containing the modelled beds is populated 
using a random number generator that samples a probability density 
function (PDF) of bed type proportions (e.g., Fig. 6A). As an alternative, 
the number of occurrences of each bed type can be set deterministically 

to be proportional to the overall frequency of each bed type (calculated 
from the filtered dataset). However, if this option if chosen, bed-types 
that are less frequent will only be incorporated in generated logs that 
span a large enough number of beds, unlike in the case of the default 
stochastic approach.

Thickness values assigned to the beds are governed by thickness data 
from the filtered dataset and the desired cumulative sand-gravel thick-
ness (in metres) of the modelled log, with a margin of error indicated by 
an input variable (Table 2). When generating multiple logs simulta-
neously, a range of cumulative sand-gravel thickness values can be 
specified from which the algorithm choses a value randomly. For each 
bed type that is present in the generated artificial log, a lognormal bed- 
thickness distribution is fitted to the filtered input dataset (Fig. 7). A 
lognormal distribution is used as a default because it is generally 
considered as a realistic approximation of the thickness distributions of 
beds observed in outcrop (e.g., Pantopoulos et al., 2018; Sylvester, 
2007). A different type of bed-thickness distribution can be obtained by 
revising the code. A bed thickness value is assigned to each bed incor-
porated in the synthetic sedimentary log based on generating random 
numbers using the mean and standard deviation of the fitted lognormal 
thickness distribution of the relative bed type (via the ‘rlnorm’ function). 
The assignment of bed-thickness values proceeds until the cumulative 
thickness of the beds falls within the range calculated from the desired 
sand-gravel thickness and a specified error margin. In cases when the 
desired sand-gravel thickness cannot be met (e.g., due to imbalance 
between sand-gravel thickness and the number of beds), the algorithm 
stops assigning bed thickness values after 100 attempts, and either 
moves on to the generation of a new log or terminates the process, 
depending on whether one or multiple logs are being generated. When 
the script fails to generate a sedimentary log, a warning appears in the 
console to explain where the code failed.

Transition probabilities for each bed type are used to constrain how 

Table 2 
Input variables of the synthetic facies-log modelling algorithm (DW-SLG).

Input variable Variable name Description Type

Analogue 
dataset filters

Depositional-system 
grain size

selected_sys_type Dominant grain size of the deep-marine system (sand or gravel-sand dominated) 
whose element will be represented on the output log. Both options can be selected 
at the same time.

list

Architectural-element 
type

selected_element Architectural-element type (terminal deposit, channel fill or levee) represented on 
the modelled log. Only one class can be selected.

character/ 
string

Global climate selected_climate Global climate (icehouse, greenhouse) under the modelled element was 
deposited. Both classes can be selected at the same time.

list

Age selected_period Age of the deposits included in the studied dataset (periods of the geological time 
scale). It allows the exclusion of e.g., Quaternary deposits from the bed-type 
statistics. By default, the whole geological time scale is selected.

list

Algorithm input 
variables

Force selected sand- 
gravel fraction

try_to_force_NG Choose if the script should try to model an element with a certain sand fraction 
(TRUE or FALSE). If ’FALSE’ is selected, the script assign thickness values to mud 
layers without trying to attain a selected sand fraction value.

logical/ 
boolean

Sand-gravel fraction selected_NG_value Desired sand fraction of the modelled element (0–1). The script uses the mean 
value calculated from the filtered dataset as default.

numeric

Allowed sand-gravel 
fraction margin

selected_NG_margin Allowed discrepancy between desired and modelled sand fraction (0–1). Default 
value is 0.05.

numeric

Bed frequency (weighted 
random/pre set)

stochastic_bed_frequency If TRUE is selected, the bed frequency of the modelled log will be based on 
weighted random number generation, based on bed-type percentages calculated 
from the filtered dataset.

logical/ 
boolean

Inclusion of sand-mud 
heterolithic beds

include_SM_beds If FALSE the generated log will not contain sand-mud heterolithic beds. logical/ 
boolean

Inclusion of beds with 
gravel facies

include_G_beds If FALSE the generated log will not contain beds that have gravel facies (either G, 
sG or gS type beds).

logical/ 
boolean

Total sand-gravel 
thickness (m)

selected_sand_thickness Cumulative sand thickness of the modelled element in metres. It can take a single 
value or a range.

numeric

Allowed tot. sand 
thickness margin (m)

selected_sand_thickness_margin Allowed discrepancy between desired and modelled cumulative sand thickness in 
metres. The default value is 0.5 m.

numeric

Number of beds selected_bed_number As a default, a value calculated from total sand thickness and mean bed thickness 
is used. It can be a single value or a range.

numeric

Start seed start_seed Seed to control all random number generation used in the script for 
reproducibility.

Numeric 
(integer)

Iteration number iteration_number Number of logs the user wants to generate. numeric 
(integer)
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the algorithm produces bed stacking trends, determining whether each 
output bed is overlain by another sand bed or by mud, using a weighted 
random number generator (via the ‘sample’ function), for which the 
weights are based on the calculated transition probabilities (e.g., 
Fig. 6B).

As a follow-on step, the modelled sand/gravel beds are rearranged in 
position through the vertical profile of the log so that any vertical bed 
thickness trend that may be observed in the selected input analogues is 
reproduced. To achieve this, firstly, the frequency of upward-thinning or 
upward-thickening logs in the filtered dataset is sampled by a weighted 
random number generator to determine whether the modelled log will 
display thinning-or thickening-upward trends, or no trend (e.g., Fig. 6F). 
Secondly, a while loop is performed to rearrange each bed entry (row) in 
the produced dataframe until the calculated ‘thickness trend value’ 
(Fig. 6F) falls within the range (minimum to maximum) of values of the 
filtered analogue dataset (Fig. 7).

The thickness of the muddy intervals in the generated log are 
assigned using a lognormal distribution fitted to the mud thickness 
dataset filtered by the input variables (using the ‘fitdistr’ and ‘rlnorm’ 

functions similarly to the bed thickness values) (Fig. 7). If specified by a 
dedicated Boolean variable (Table 2), the algorithm keeps assigning 
thickness values to the muddy intervals present in the generated log 
until a selected sand-gravel fraction is met. If the target sand-gravel 
fraction cannot be reached within 100 iterations, the algorithm exits 
the loop (and produces a warning in the console). This may happen if 
there is a small number of muddy intervals in the generated log, arising 
from the random sampling of transition probabilities. If instead a spec-
ified sand-gravel fraction is not set, the mud thickness values are 
assigned based on a fitted lognormal distribution without any constraint 
on the cumulative mud thickness.

4.2. Modelling outputs

The R script generates three different outputs saved in a folder 
named after the modelled architectural-element type: 

(i) a CSV file containing the seed number, input variables and 
properties of each of the generated synthetic sedimentary logs; 

Fig. 7. Workflow of the DW-SLG script. First, an analogue dataset is filtered based on the first set of input variables (including element type, climate, system grain 
size etc.). The algorithm calculated bed occurences from bed frequency data. As a next step, bed thickness values are assigned for each bed based on fitted lognormal 
distribution; if the desired cumulative sand thickness cannot be reached the script exits the loop. In the next step, overlying facies types are assigned from vertical 
transition probabilities. The produced dataframe is then reorganised to reflect a realistic ‘vertical thickness trend value’. As the final step, thickness values are 
assigned to muddy intervals as drawn from a fitted lognormal distribution, with an option to meet a selected sand-gravel fraction. The script then creates text and 
graphical outputs.
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these numerical properties include the modelled sand and mud 
thickness, the element thickness and sand-gravel fraction, and the 
‘thickness trend value’. By reading this file the reported bedding 
properties can be utilised as features in machine-learning algo-
rithms for facies-log interpretations.

(ii) Graphical 1D vertical sections of the generated log(s) in PDF 
format, editable using vector-based graphical software (Fig. 8).

(iii) Charted summary information on sand-gravel fraction, mud 
thickness, vertical thickness trends and bed thickness calculated 
on the dataset filtered by input variables. These plots also show 

the same values for the generated logs for comparison against the 
filtered analogue dataset that underpins them (Fig. 9).

The generation of graphical outputs increases the run time, but is 
only optional. The name of each output file contains the seed number, 
the element type, the type of the output file and a timestamp indicating 
the time of creation.

Fig. 8. Example outputs from the DW-SLG script. 1D depiction of channel-fill, terminal deposit and levee deposits of comparable thickness.
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5. Discussion and conclusions

Deep-water architectural elements are composed of beds whose 
facies properties, act as records of sedimentary processes linked to tec-
tonic, climatic, and sea-level controls, and, have a major impact on 
subsurface reservoir characteristics. This study has addressed the need 
to develop a generic bed classification scheme and method that can be 
utilised to bring together data on bedding properties across different 
case studies. In turn, this makes it easier to apply geological analogues in 
subsurface interpretation workflows and will facilitate comparisons 
across deep-water sedimentary successions.

By utilising a large database of global scope and based on the inte-
gration of many data sources, it is ensured that the proposed deep-water 
bed-type scheme can be applied broadly to sedimentological datasets. 
Meanwhile, the statistical characterisation of deep-water architectural 
elements presented herein supports the use of the proposed scheme in 
contexts of subsurface interpretations and predictions. The proposed 
sedimentary-bed classification scheme feeds into a novel stochastic 

algorithm for the creation of 1D synthetic sedimentary logs for specific 
architectural-element types, which can be utilised as machine-learning 
training data for automating sedimentological interpretations of sedi-
mentary logs. This is particularly applicable to the process of labelling 
facies logs in subsurface successions, a process that may itself be based 
on the application of machine-learning approaches (e.g., Hall, 2016; 
Bressan et al., 2020) and that determines categorisation of borehole data 
at the architectural-element scale for conditioning geocellular facies 
models. Importantly, the proposed approach allows generation of large 
training datasets based on data from outcrop analogues, in which facies 
and architectures are seen. It is hoped that such training dataset will 
enable automatic predictions of subsurface sedimentary architectures 
(cf. Colombera and Budai, 2025).

Current limitations of the sedimentary-log modelling algorithm 
could be addressed in the future with the inclusion of the option to 
model multiple, vertically superimposed elements at the same time. 
Currently, transition probabilities between beds of different types are 
not considered in the process of vertical ordering; this could also be 

Fig. 9. Graphical outputs on the comparison of synthetic 1D sedimentary logs generated using the proposed algorithm with the underlying data from the sedi-
mentological database of geological analogues. The box plots show distributions in sand fraction (A), mud thickness (B), vertical thickness trends (C) and sand bed 
thickness (D) of terminal deposits of sandy systems in the database, compared against corresponding values (red squares) for a modelled sedimentary log depicting a 
terminal deposit represented in Fig. 8. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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addressed. Furthermore, vertical trends of the modelled logs could be 
improved by the analysis and application of thickness relationship be-
tween superimposed beds.

The illustrated workflow can be generalised to the characterisation 
of other clastic and carbonate depositional systems, and therefore it 
holds promise as a way to digest and apply large sedimentological 
datasets for both fundamental and applied investigations.
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