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{ ABSTRACT '}

The Llobregat delta constitutes a Pliocene-Quaternary sequence recording progradation. An 8 meter-thick,
delta-plain succession temporarily accessible in the subaerial delta plain was sub-divided into four units (A to
D), which constitute a shallowing upwards sequence recording sedimentation from shoreface at the bottom
(Unit A) to lacustrine settings at the top (Unit D). Unit B basically comprises gravelly, coarse-grained sandy
lenticular bodies (up to 20 m wide, up to a few decimetres thick), within a homogenous, medium-grained sandy
background, interpreted as prograding foreshore bars. 3D facies models, built by using the sequential conditional
indicator simulation method, reproduced the sedimentary heterogeneities identified in Unit B, using as input
data the sedimentary body geometry and its correlation with sandstone grain size values, with the grain size
modes taken as a continuous, quantitative proxy for facies distribution. The simulations not only reproduced
satisfactorily the significant sedimentary heterogeneities generated by the facies arrangement, but also predicted
and described the spatial relation and the three-dimensional shape of sedimentary bodies accurately. Quality of
the models should be ensured by a consistent prior analysis of the spatial structure of the grain size mode based
on semivariogram models.
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INTRODUCTION

Characterization of deltas is widely carried out be-
cause of their economic and social interest. Determination
of permeable/impermeable facies distribution and model-
ling fluid circulation using geostatistical methods is a
common aim in hydrogeology (Huggenberger and Aigner,
1999; Bitzer, 2004; Gongalves et al., 2004; Saaltink et al.,
2004; Yaramanci, 2004; Zabalza-Mezghani et al., 2004;
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Lafuerza et al., 2005; Zappa et al., 2006; Falivene et al.,
2007a, 2007b; Falivene et al., in press) and in hydrocar-
bon reservoirs (MacDonald et al., 1992; Jian et al., 2002;
Castellini et al., 2003; Larue and Legarre, 2004; Svanes et
al., 2004; Ainsworth, 2005; Falivene et al., 2007a). Geo-
statistical analysis simulating aquifer facies distribution
should be developed with a solid knowledge of sedimen-
tary body architecture, and considering sedimentary hete-
rogeneities affecting flow predictions (Dreyer et al., 1993;

|231]



P. CABELLO et al.

Deutsch, 1999). Geological data about the geometry,
arrangement and petrophysical characteristics of sedi-
mentary bodies are useful tools for improving 3D subsur-
face facies modelling, because they reduce uncertainties
associated with predicting interwell areas (Dreyer et al.,
1993; Li and White, 2003; Larue, 2004; Satur et al., 2005;
Cabello et al., 2006; Falivene et al., 2006a, 2006b).

Heterogeneities identified in the sedimentary record
and associated with sedimentary bodies, such as subaerial
or subaquatic channels, mouth bars in a deltaic environ-
ment or shoreface bars, are recognized by facies changes
(lithology, sedimentary structures, palaeobiological
remains, etc.), as well as by the geometry and arrange-
ment of these bodies. Physical properties of sediments are
often conditioned by the sedimentary processes that origi-
nated the deposits (because of this, facies usually corre-
late with physical parameters in clastic reservoirs or
aquifers); and, in turn, physical properties determine flow
performance through the sedimentary formation.

This paper focuses on the incorporation of sedimentary
heterogeneities as a fundamental premise for geostatisti-
cal studies of aquifer modelling. Its aim is to verify the
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efficiency of the sequential conditional indicator simula-
tion method in generating models of anisotropic sedimen-
tary bodies arranged on a homogeneous background. The
sequential indicator algorithm has been tested before in
both aquifer and reservoir modelling (de Marsily et al.,
1998; Deutsch, 1999; Falivene et al., 2006a). The present
paper contributes to Llobregat delta characterization by
providing information on deltaic sediments and testing
the efficiency of a geostatistical application in reprodu-
cing sedimentary bodies that are several decimetres thick
and some meters wide, with the aim of building an accu-
rate and consistent aquifer model.

GEOLOGICAL SETTING

The Llobregat River is located in NE Spain. It springs
from the Pyrenees range and flows to the Mediterranean
Sea. At its mouth, this river forms a 97 km? moderate-
sized wave-dominated delta (Fig. 1A).

Previous studies defined the Llobregat delta as a
lobate type whose present-day shape is controlled by the
equilibrium between fluvial sediment input and littoral
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FIGURE 1T A) Location and geological sketch of the Llobregat delta and its surroundings. Modified from Marqués (1974). Cross-section A-B is shown
in B. See star in A for location of the studied area in C. B) NW-SE cross-section of the Llobregat delta. Modified from Manzano et al. (1986-1987).
See location (A-B) in A. C) Sketch of the studied zone and orientation of the outcrops. Numbers 1 to 5 correspond to location of sedimentological
logs shown in Figure 4. Coordinates are in kilometres in Universal Transverse Mercator (UTM) zone 31.
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modelling by swell and longshore currents (Marqués,
1974, 1984; Manzano, 1986; Manzano et al., 1986-87).
The delta is formed by a sedimentary package ranging
from Pliocene to Quaternary in age, even though its pre-
sent-day size is the result of delta progradation during
the last Holocene post-glacial marine highstand (Man-
zano et al., 1986-87). The delta body is split into four non-
formal units (Marqués, 1984; Manzano et al., 1986-87),
which are from base to top (Fig. 1B): 1) a lower unit, con-
sisting of blue marls and clays containing marine Pliocene
fauna; 2) Pleistocene muddy conglomerates that pass bas-
inwards to marls and clays, and are overlain by a coarser
sequence of gravels interfingered basinwards with sands; 3)
Holocene marine silts interfingered landwards with proxi-
mal gravels; and 4) the recent upper unit, mainly formed by
clean, well-sorted sands. Both the Pleistocene and the
Recent upper sandy delta units constitute two aquifers,
named the lower and the upper aquifers, respectively.

This study focuses on a sector (140 m long, 40 m wide,
Fig. 1C) of the Llobregat delta plain, corresponding to the
trenches excavated on a building site. The uppermost 8
meters of the delta plain belong to the upper unit cropped
out as a result of this excavation. The sedimentary record
mainly corresponds to clean sands, with minor gravels and
shallow lacustrine-marsh mudstone and peat.

METHODOLOGY

The study was developed in four basic steps (Fig. 2):
1) definition of sedimentary body geometry by using pho-
tomosaics and drawings of outcrops (Fig. 3). Three differ-
ent photomontages were obtained from three trench out-
crops, which were oriented in two nearly perpendicular
directions (see Fig. 1C); 2) sedimentological and strati-
graphic characterization, and facies analysis of the sedi-
mentary record, supported by 5 logs (Fig. 4) and the
above study of sedimentary body geometry; 3) sampling
and measurement of physical properties (grain size, per-
meability and porosity) of unaltered sediment samples

OBJECTIVE: to reproduce heterogeneity of foreshore bars
by using the sequential conditional indicator simulation method
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(Table 1), and analysis of the correlation between sedi-
mentary bodies and physical properties (Table 2, Figs. 3
and 5), on which the geostatistical analysis (the last
methodological step) is based. Grain size analyses were
made by using a Coulter LS 100 system. Permeability
tests were performed in a variable level permeameter, and
bulk porosity was obtained by the water immersion
method; and 4) exploratory statistical analysis of physical
data (grain size, permeability and porosity) and geostatis-
tical simulation of facies distribution, by the sequential
conditional indicator method (Figs.7 and 8).

STRATIGRAPHY, SEDIMENTOLOGY AND GEO-
METRY OF THE SEDIMENTARY BODIES

On the basis of their grain size, sedimentary structures
and palaeobiological content, seven sedimentary facies
(facies 1 to 7) were distinguished. Their main characteris-
tics are summarized in Table 2. These seven individual
facies can be grouped in four units (A to D; Figs. 3 and
4), in which the sedimentary record was subdivided.
These units constitute nearly tabular, continuous bodies,
whose boundaries are slightly irregular.

Unit A

This unit is at least 3 m thick, though its lower boun-
dary was not established (Figs. 3 and 4). It is mainly com-
posed of facies 1, with subordinate amounts of facies 3.
They are fine-grained sands locally grading upwards to
medium or coarse sands, forming coarsening-upwards
sequence (logs 3 and 5 in Fig. 4). Sand and gravel form
lenses that are a few decimetres long and a few centime-
tres thick, and are interbedded with pebble horizons.
Small-scale wave ripples are widespread, while current
ripples and parallel lamination are scarce. Bioturbation is
intense, mainly in the lower part. The unit’s fossil content
is characterized by scarce vegetal remains and abundance
of bivalves, especially in its upper part. Remains of Mactra
stultorum (L., 1758), Glycimeris bimaculata (POLI, 1795),

Strutural analysis of the variable: semivariogram models (Fig. 6)

Sequential conditional indicator simulation
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FIGURE 2 | Methodological flow chart for this study.
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FIGURE 4 | Sedimentological logs (see location in Figs. 1C and 3). A to D are the depositional units described in the text. Numbers 1 to 5 show the

position of the studied samples (physical values in Table 1).

Donax trunculus (L., 1758) and Tellina planata (L., 1758)
were identified.

Unit B

This unit varies in thickness from 1.75 to 3.5 m (Figs.
3 and 4). It consists of well-sorted medium and coarse-
grained sands and gravels, with cross lamination and pla-
nar cross-bedding (Fig. 4), which can be attributed to
facies 2, 3, 4 and 5. The gravels frequently display
scoured bases and form two different kinds of bodies:

Geologica Acta, Vol.5, N° 3, 2007, 231-244

groove (Ch in Fig. 3C) and lenticular bodies (Le in Fig.
3). The former are approximately 3 m wide and 50 cm
thick. Lenticular bodies have greater horizontal continuity,
reaching lengths of up to 20 m, although they are only a
few decimetres thick (Fig. 3). These lenticular bodies dip
gently to S-SE. Unit B is characterised by a scarce fossili-
ferous content consisting of gastropods and bivalves
(Chlamys varia [L., 1758]).

The geostatistical simulation reported in this study
was applied to this unit.
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TABLE 1 | Physical values of the samples and facies correspondence studied.

Log s Gram'\/ls(l)zfa (um) (m/ﬁay) ® (%) Facies
1 137.9 1
2 163.5 3.6 53.7 1
3 380.0 2739 3
4 325.0 2739 3
5 235.7 171 25.3 2
6 292.0 2739 3
4 7 325.0 2739 3
8 390.0 1789 4
9 390.0 1789 23.6 32.6 4
10 262.3 1414 28.6 | 29..8 4
11 262.3 1414 4
12 325.0 1100 2
13 292.0 1100 17.6 354 6
14 8.5 7
15 1563.5 1
16 190.2 12.0 39.9 1
17 292.0 2739 3
18 262.3 9.2 41.7 1
19 211.7 1
) 20 211.7 2449 3
21 262.3 1414 14.7 40.9 2
22 262.3 1789 20.3 36.3 4
23 211.7 1789 16.1 36.9 4
24 262.3 1414 4
25 262.3 1789 149 | 329 6
26 8.5 7
27 153.5 29 42.3 1
28 89.8 0.7 40.5 1
29 100.0 1.7 40.3 1
30 170.8 7.5 45.7 1
31 350.0 1265 20.7 | 33.3 5
3 32 211.7 2236 30.7 | 295 5
33 400 2236 29.8 15.7 5
34 211.7 15.1 321 2
35 448.4 1265 31.8 421 2
36 262.3 0.9 33.3 6
37 0.1 7
38 9.3 41.6 1
39 8.3 39.1 1
40 153.5 6.2 45.7 1
N 41 7.8 43.0 1
42 18.5 34.3 4
43 24.3 33.8 4
44 211.7 49 42.6 1
45 137.9 2.7 471 1
46 170.8 2.6 42.3 1
47 190.2 2700 8.2 41.5 1
° 48 211.7 2700 10.0 38.7 1
49 263.2 2739 3
50 263.2 1265 11.9 34.4 4
51 211.7 1265 6.9 40.8 2

S is sample identification; K is permeability in m/day; ¢ is poro-
sity in %. Grain size in um. See sample location in Figure 4.
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Unit C

Unit C consists exclusively of facies 6, a single, mas-
sive, fining-upwards layer ranging from 0.50 to 0.75 m
in thickness (Figs. 3 and 4). It is composed of medium-
to fine-grained arkoses to subarkoses. Its massive
appearance is related to pervasive root bioturbation,
indicated by root marks. Its palaeontological remains
content is negligible.

Unit D

This unit is 2 to 2.5 m thick (Figs. 3 and 4). It is
exclusively made up of facies 7, consisting of brown-grey
massive lutites. Towards the bottom of the unit, two dark-
grey peaty beds about 15 cm thick occur. Root marks and
vegetal remains are frequent, as well as terrestrial gastro-
pod shells of Helix aspersa (MULLER, 1774) and
Cochlicella barbara (L., 1758).

Interpretation

The fine- to medium-grained sands showing tractive
sedimentary structures and diverse degree of bioturbation
(mainly facies 1), which characterize Unit A, are inter-
preted as shoreface deposits generated under wave action
on the delta front (Bhattacharya and Walker, 1992; Read-
ing and Collinson, 1996). The gravels and coarse-grained
sandy horizons indicate higher environmental energy
episodes, whereas the presence of terrestrial vegetal remains
records contributions from the continent and suggests the
proximity of palaeoshore and subaerial emerged zones.

The coarser-grained sands (facies 2, 3, 4 and 5) consti-
tuting Unit B indicate an increase in environmental energy,
probably related to a shallowing trend. The arrangement
and geometry of the lenticular bodies of cross-bedded
gravels and coarse-grained sands (Le in Fig. 3) correspond
to small-scale foreshore bars (Ricci Lucchi, 1978; Read-
ing and Collinson, 1996) prograding towards the SE, in
a direction perpendicular to the shoreline. The groove
bodies (Ch in Fig. 3C) could be interpreted as transver-
sal-like sections of small channels arising from the
closer continent.

Although the palaeontological remains content of Unit
C is negligible, the high root bioturbation and the fining-
upwards trend of the sediments could indicate that Unit C
is the result of sedimentation in a backshore zone, where
low energy settings are frequent (Bhattacharya and
Walker, 1992; Reading and Collinson, 1996).

The ochre, greyish, fine-grained detrital sediments,

with abundance of root traces and gastropods of terrestrial
origin, which characterize Unit D, suggest deposition in a
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TABLE 2 | Physical, sedimentological and geometrical characteristics of the facies defined (1 to 7).

Facies Lithology Grain size (pm) K (m/day) D (%) Geometry Palaeocenvironment| Unit
1 fne tgaﬂgd um n=1g= 89.8 Tigggl ;:1(?_? -12.0 ?::1:?8.? -53.7 '.?Sﬁi-gf;;'n’fﬁ? shoreface A
2 medium sand "=?R= 211 ;)'_"1‘:1%3:‘ ;::55,9 -318 E==525.3 421 tabular foreshore B
3 c%?r:?al s:: d "=2R= 2 445 i_mzo?dsa; - lenticular foreshore B(A)
4 odomnd | Trerme g | Rewocoen| ienescage| Ienfover forephore; | B
° carsesand | " Ret26s. 2208 R=207-307 | R=303-157 s fopeshore B
6 S:Sidr:;? ;,OkEQZ; nzaR:?E;ga-i ;ugn;"émal) R=09-176 | R=329-354 tabular backshore | C
7 lutites n=2 R=ug.iglodal 2210'1 - tabular marsh D

n is the number of samples for each facies; R is the range values of grain size (in .m), permeability (K, in m/day) and porosity (¢,

in %) observed from sample values of Table 1.

calm, underwater environment, possibly in a pond or
marsh zone, in the vicinity of the backshore (Ricci Luc-
chi, 1978; Arche, 1992) in the lower delta plain. The two
black, peaty beds identified on the lower part of the unit
would indicate episodes of higher plant contribution at
the bottom of the pond.

In conclusion, the sequential arrangement of the sedi-
mentary record corresponds to a shallowing upwards
sequence in a transitional coastal environment, recording
sedimentation from the marine shoreface to a marsh, from
a delta front to a lower delta plain (Arche, 1992; Bhat-
tacharya and Walker, 1992; Reading and Collinson, 1996).
This sequence records the last episode of the Holocene
progradation of the Llobregat delta (Gamez et al., 2005).

GEOSTATISTICAL ANALYSIS

Robust 3D facies models of hydrocarbon reservoirs or
aquifers should capture sedimentary heterogeneities rele-
vant to flow (Dreyer et al., 1993; Deutsch, 1999). Sedi-
mentary heterogeneities control the anisotropy and vari-
ability of physical properties of deposits through space.
Facies and physical properties are closely related. The
seven above-mentioned facies types were described on
the basis of the correlation between sedimentology,
geometry and physical properties (Table 2 and Figs. 3, 4
and 5). These facies types constitute sedimentary bodies
characterized by a defined geometry (Fig. 3) and a range
of physical values (Table 1), and resulted from sedimenta-
tion in specific environmental settings (Fig. 4). For

Geologica Acta, Vol.5, N° 3, 2007, 231-244

instance, facies 4, which was deposited in a foreshore
environment (Unit B), comprises lenticular bodies of
coarse- and medium-grained sand with bimodal distribu-
tion of grain size, permeability values from 11.9 to 28.6
m/day and porosity values ranging from 29.8 to 36.9%.

The facies classification (Table 2) is mainly based on
distribution of grain-size populations (bi or unimodal) and
modal values (grain size). Samples with bimodal grain-
size distribution are considered matrix-rich, with the larger
size mode corresponding to the size of the grains and the
smaller size representing the matrix. Permeability or
porosity properties display poorer correlation with facies
and sedimentary bodies than grain size (Figs. SA, B and
C). This low correlation has two possible causes: 1) the
range of permeability and porosity values for each facies
types frequently overlap, and 2) the small number of sam-
ples tested for permeability or porosity compared with
samples analysed for grain size measurements (Table 1
and Figs. 5A, B and C). Thus, the close relationship
between grain size and the respective facies allowed us to
build models based on the distribution of a quantitative
and continuous variable instead of a qualitative and cate-
gorical variable, like facies. The grain size model results
can become the input for subsequent physical parameter
distribution suitable for flow simulation.

To sum up, this study assumed that the grain size
mode is directly related to the facies, and so can be con-
sidered a proxy for facies distribution (Fig. 2). Taking into
account the facies geometry described above and based
on photomosaic interpretation (Table 2 and Fig. 3), we
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than between permeability or porosity and facies. n is the number of samples for each facies type.

considered that the sedimentary heterogeneities produced
by the lenticular bodies (facies 3 and 4) inside the four
units have significant implications in flow simulations,
because these facies have different physical characteristics
from the background sediments (Tables 1 and 2, Fig. 5)
and their geometry and arrangement add sedimentary
anisotropy to the aquifer (Fig. 3). Facies 4 shows high, very
homogenous permeability-porosity relations (Fig. 5D),
which indicates low variability of physical properties along
this facies type if compared to the background (facies 2, Fig.
5). Although no permeability or porosity values sampled
facies 3, similar values of facies 4 were inferred for facies 3,
by analogy in grain size distribution and body geometry.
Consequently, geostatistical methods applied to modelling
should properly reproduce these lenticular bodies.

The geostatistical method
Sequential conditional indicator simulation

Grain-size distribution models were obtained by the
sequential conditional indicator simulation method. Simu-

Geologica Acta, Vol.5, N° 3, 2007, 231-244

lation is the process of building alternative equally proba-
ble realizations based on the spatial distribution of the
variable (Deutsch and Journel, 1992). Simulation pro-
vides many alternative numerical models, each of which
is a “good” representation of reality in some general
sense. The differences between these alternative models
or realizations provide a measurement of joint spatial
uncertainty (Deutsch and Journel, 1992).

Sequential conditional indicator simulation is a cell-
based algorithm (Deutsch, 1999; Falivene et al., 20006a,
2007a). This statistical technique involves the application
of the general sequential simulation method to the case of
an indicator function, or more generally of several nested
indicators (Chiles and Delfiner, 1999). The indicator func-
tion transforms the variable into a new property, which is
the probability of finding the original value of the related
variable at a given position (Journel and Alabert, 1989;
Gomez-Hernandez and Srivastava, 1990; Falivene et al.,
2006a, 2007a). The indicator value is one at a grid cell
position if the considered value of the variable exists (or is
estimated) at that location; if not, the indicator is set to
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zero. The sequential simulation principle is a generalization
of this idea: the conditioning (honouring data at certain loca-
tions) is extended to include all data available in the neigh-
bourhood of a given point, including the original data and all
previously simulated values (Deutsch and Journel, 1992).
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The sequential conditional indicator method is suit-
able for simulations of both categorical variables (i.e.
facies) and continuous variables (i.e. grain size values).
As grain size is a continuous variable, by applying the
sequential conditional indicator simulation method the
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ity of the grain size mode along the x, y and z axes: x axis for outcrop 2 (C) and for outcrop 3 (D), y axis for outcrop 1 (E) and z axis for the outcrop 1
(F). Outcrop interpretation is shown in Figure 3.
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value given to a cell is one if the estimated value of grain
size mode at that point is above, or below, a certain
threshold. Otherwise, the cell value is zero.

The geostatistical process and semivariograms

Even though grain size mode is spatially continuous,
its value at every point cannot be known. Instead, its values
are known only through samples situated at specific loca-
tions (Davis, 1986). The variable is related and charac-
terised by properties of these samples, on which its spatial
distribution is also based. Changes of sample values also
involve changes in variable and spatial structure. In the
present study, these samples not only comprise the 45
physical values of Table 1, but photomosaic interpretation
also informs on the size and orientation of sedimentary
bodies (facies, Fig. 3), which match up with certain grain
size values. For each facies type, unsampled sedimentary
bodies were given grain size values of the most frequent
grain size modes of Table 1. As the sedimentary hetero-

A Outcrop 1

3D modelling of grain size distribution in Quaternary deltaic deposits

geneity under consideration only occurs in Unit B, models
were constructed only for this unit.

Semivariance is a measurement of the degree of
spatial dependence between samples along a specific
support (Davis, 1986). We calculated semivariances for
values of grain size mode and projected them onto an
experimental semivariogram (Fig. 6A). To calculate
predictions and/or simulations of grain size, an analyti-
cal model must be fitted to the experimental semivario-
gram: the semivariogram model (Fig. 6B), which
describes the spatial structure of grain size. Since models
reproduce the grain size heterogeneity of lenticular bod-
ies, the experimental semivariograms obtained (Figs. 6C,
D, E and F) describe the continuity of the variable at val-
ues above 700 um, a representative grain size for lenticu-
lar bodies of facies 3 and 4 (Tables 1 and 2, Fig. 5A).

The photomosaic interpretation of Fig. 3 was used to
establish the degree of spatial dependence of grain size.

SSE-NNW

E Anthropic cover

— unitD { [] Facies 7

— unit ¢ {_ [ Facies 6

Facies 5

- Facies 4
- Facies 3
I:l Facies 2
unitA { [[] Facies 1

Unit B

SW-NE

D Outcrop 2

NE-SW

G Outcrop 3

FIGURE 7 | Outcrop discretization (B, E and H), 25 cm-resolution, based on previous interpretation of facies distribution (A, D and G). Visual results
of sequential conditional indicator simulations for each outcrop (C, F and 1) are shown. Black cells indicate values of grain-size mode coarser than
700 pm and represent facies of gravelly, coarse- and medium-grained sandy lenticular foreshore hars. Grey cells indicate grain size modes finer

than 700 pm representing the background.
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Outcrop 1

3D modelling of grain size distribution in Quaternary deltaic deposits

FIGURE 8 | Visual results of models showing grain size distribution resulting from the application of the sequential indicator simulation method to
the sedimentary record of Unit B. Dark zones indicate grain size modes coarser than 700 pm, while in greyish sectors the grain size is finer than
700 p.m. Note that dark sectors are lengthened morphologies in vertical sections and oval viewed from the top. These bodies reproduce the gravelly,

coarse- to medium-grained sandy lenticular foreshore bars.

We proceeded by discretizing the three cross-sections into
2D grids of 25 x 25 cm cell size (the grid resolution
should respect the minimum size of the body to be repro-
duced). Each cell, referenced to an X, y, z coordinate sys-
tem (Fig. 3), was given the appropriate value of grain size
mode, taken from the original photomosaic interpretation
(Fig. 7). A database of cell position and the corresponding
indicator value (zero if the grain size is below 700 wm or one
otherwise) of the grain size became the input to three experi-
mental semivariograms, one of them for each axis and coin-
ciding with the outcrop directions, on which, consequently,
the semivariogram models are based (Figs. 6C to F).

Semivariograms are structured into different regions:
for short distances, the semivariogram resembles a linear
function; while, if distance increases, the function adapts
to a curve until it reaches a constant semivariance value,
the sill (Fig. 6B). This distance, at which the semivari-
ogram develops a flat region, is called range (Fig. 6B),
and it defines a neighbourhood within which all locations
are related to one another (Davis, 1986) and the values
have some degree of spatial continuity. The ranges of the
semivariogram models of outcrops 2 and 3 (Figs. 6C and
D) are similar (9.14 m and 10.72 m, respectively) and
larger than the range of outcrop 1 (5.6 m, Fig. 6E),
because the major continuity of grain size values (and
consequently, of facies) observed is consistent with the
direction of outcrops 2 and 3, i.e. SW-NE (x axis, Fig. 3).
Along this direction, lenticular bodies of several metres
length were described (Fig. 3). Likewise, the intermedi-
ate continuity of grain size coincides with the direction
of outcrop 1 (y axis, Fig. 3), which is the NNW-SSE
apparent progradation direction of the lenticular bodies (to
the SSE). Lenticular body thickness, however, shows the
minor continuity of grain size (z axis, Fig. 3).
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Semivariograms for the z axis show a pure nugget
effect, although a certain spatial correlation along the ver-
tical axis can be qualitatively inferred from the observa-
tion of the facies diagrams. Assuming that such a nugget
effect is related to the smaller density of sampling along
the vertical direction together with strong anisotropy
related to stratification, resampling at a finer scale (grid-
ding of the facies diagrams at a 10 x 10 cm grid) and
rescaling of the z axis (multiplied by 10) was performed
(Fig. 6F). Semivariograms calculated on such transformed
diagrams show a higher spatial correlation for outcrop 1
than original non-rescaled semivariograms, although out-
crops 2 and 3 maintain an uncorrelated spatial structure.
The range of the semivariogram of outcrop 1 after rescal-
ing of the range (the range has been divided by 10, since
this is the value for the multiplier of the transformed z
axis) was chosen as the valid vertical range for the simu-
lations (Fig. 6F).

The sill of semivariogram models used is non-stan-
dardized, since, in sequential indicator simulation
method, the spatial structures are not limited by Gaus-
sianity (Gomez-Hernandez and Srivastava, 1990). The sill
of the semivariogram of outcrop 3 was chosen for simula-
tion because it provides a good approximation to facies
proportions in the studied unit (Fig. 6). The semivariogram
range for x axis used is the one measured in outcrop 3
(10.72 m), and this range is also a good approximation to
the range measured from outcrop 2 (Figs. 6C and D). The
range of the semivariogram of outcrop 1 (5.6 m, Fig. 6E)
was the range for the y axis. Simulations of grain size
field using the sequential conditional indicator method to
reproduce the spatial distribution of the lenticular bodies
were based on the spatial continuity of grain size
described by the semivariogram models. Qualitative,
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visual comparisons between the real and simulated out-
crops are given in Figs. 7 and 8.

DISCUSSION

The trench excavations in the studied zone provided
artificial outcrops located in an urban, highly inhabited
area, where outcrops are exceptional. We had available an
adequate sedimentological (outcrops and photomosaics)
and physical property database (grain size, porosity and
permeability). Nevertheless, the expanse of the outcrop
(140 m x 40 m x 8 m) is relatively limited if compared
with the whole of the delta. As a consequence, the results
of this research are mainly methodological, since the
objective was to test the efficiency of the sequential con-
ditional indicator simulation method in building models
of gravelly, coarse- and medium-grained sandy lenticular
bodies in a medium-grained sandy background. Although
the sedimentary record comprises other sedimentary
units (Units A, B and D) and facies (facies 5, Fig. 3 and
Table 2), apart from lenticular bodies and the back-
ground of medium sands of Unit B, the method simpli-
fied the modelling simulating distribution of facies 3
and 4 for the record of Unit B to provide the most
important heterogeneity (Figs. 7 and 8). The spatial dis-
tribution of the larger, delta-scale sedimentary bodies
needs to be supported by more data (outcrops and/or
bore-holes), covering a wider area and thicker strati-
graphic record, as in the case of Lafuerza et al. (2005).

The quality of the simulations depends on the quality of
the structural analysis of the variable performed
(Gringarten and Deustch, 2001), i.e. defining at what point
the semivariogram models conform to the actual spatial
structure of the variable. This is also largely a matter of
how the variable was sampled. Conditional simulations
honour the observed values at some given locations, which
in this study are the data from sedimentological logs. The
more locations are available as conditioning values, the
lower will be the variability between different conditional
realizations (Journel and Alabert, 1989). In the limit, pro-
vided there are enough conditioning values, the outcome
from conditional simulations will not differ substantially
from an interpolation between these values.

Three-dimensional appropriate models improve
knowledge of aquifer or reservoir structure by predicting
and explaining the geometry of lenticular bodies in 3D,
generating new, complete and precise images about the
3D geometry of these sedimentary bodies and the spatial
relationship between them.

Visual results of modelling (Figs. 7 and 8) show
certain dark-coloured sectors, which correspond to
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zones where the indicator is one (i.e. the grain size
mode is coarser than 700 um), alternating with grey-
ish sectors where the indicator is zero (the grain size
is finer than 700 um). The close correspondence and
coincidence between the original outcrop interpreta-
tions and equivalent sections of models (Fig. 7) reveal
that the models built using the sequential conditional
indicator method satisfactorily reproduce foreshore
bar heterogeneities.

As Fig. 8 illustrates, certain sectors of the models,
recording grain-size values coarser than 700 wm (dark
colour), have long, thin shapes in vertical sections and
become oval viewed from the top, floating on a back-
ground whose grain size mode is below 700 um. These
bodies with high-grain size values (which could be re-
lated to bodies with high-to-moderate permeability and
porosity) are partially disconnected in vertical direction
but have high horizontal continuity, and reproduce the
gravelly, coarse- to medium-grained sandy lenticular fore-
shore bars. In addition, these bars are oriented preferen-
tially in a ENE-WSW direction and slightly dip prograd-
ing towards the SSE, like Unit B’s lenticular bodies (Figs.
3,7 and 8).

CONCLUSIONS

The 3D models of the area studied are adequate for pre-
dicting the sedimentary heterogeneity that significantly
influences fluid flow. Sedimentary heterogeneity is asso-
ciated with the presence of the foreshore bars recognized
in Unit B as gravelly, coarse- and medium-grained sandy
lenticular bodies, which are interstratified and arranged in
a specific direction, within a medium-grained sandy back-
ground.

Correlation between sedimentary facies and physical
properties (i.e. grain size, porosity and permeability)
enable models based on the distribution of a quantitative
and continuous variable to be built (not of a qualitative
and categorical one, like facies), which are suitable for
flow simulation.

By applying the sequential conditional indicator sim-
ulation method, 3D models of reservoir not only satis-
factorily reproduce the significant sedimentary hetero-
geneities generated by lenticular bodies, but also
accurately predict and explain the spatial relationships
and the 3D geometry of the sedimentary bodies that
generate heterogeneity, using as input data outcrop inter-
pretations (2D) of facies geometry. Nevertheless, the
quality of models should be ensured by an accurate and
consistent prior analysis of the spatial structure of the
variable performed.
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