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ARTICLE INFO ABSTRACT

Keywords: This study introduces a lithofacies modeling method to construct a complex Louisiana stratigraphy model up to
Lithc?facies depth of 900 m using more than 114,000 well logs. Lithofacies intervals in one well log can be as many as 76.
Aquifer systems Louisiana comprises a number of interconnected aquifer systems and distinct geological features, such as angular
chvzﬁell:; unconformities, domes, and faults. The method contains processes of tessellation, discretization, translation, and
Big data interpolation to accommodate these geological features. First, the model domain is tessellated into tiles. For-
Louisiana mations have the same dip direction within the same tile, but may have varying dip angles. Each tile is then

discretized into computational cells. The data of well logs in and around a tile are translated to a non-dipping
domain. A tile-lithofacies model for each tile is then constructed by interpolating well log data in the non-
dipping domain. Tile-lithofacies models for all tiles are generated concurrently through parallel computing.
Finally, the tile-lithofacies models are back-translated to the dipping domain and are assembled to form a
complex lithofacies model. The method was applied to construct a Louisiana stratigraphy model as deep as 800
m. The model revealed two different depositional patterns in southeastern Louisiana likely due to depositional
dissimilarity of the ancestral Mississippi River and Tennessee River. The major recharge zones appear to be in
northwestern, southeastern, and west-central Louisiana. These recharge zones represent essential outcrop zones
for Louisiana’s principal aquifers. The model confirmed hydraulic connections of the Mississippi River and the
Red River to their underlying alluvial sands. Hydraulic connections among different aquifer systems were also
revealed. The Louisiana lithofacies model offers valuable information to improve current knowledge about
Louisiana’s geology and demonstrates a method potential for large-scale lithofacies modeling.

1. Introduction

Modeling geological stratigraphy over large-scale domains becomes
achievable owing to large data storage and high computing power,
especially for applications in the field of hydrogeology (D’Agnese et al.,
1999; Doll et al., 2014) with either simplified or conceptual models (de
Graaf et al., 2015; Goderniaux et al., 2009; Maxwell et al., 2015; Suta-
nudjaja et al., 2011). There has been an increasing uptake of 3D map-
ping and modeling methods at geological survey organizations (GSOs).
MacCormack et al. (2019) highlights the recent successes, accomplish-
ments, and challenges experienced by GSOs in the development and
deployment of their 3D modeling programs. Stratigraphy models play an
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important role in understanding geological formations for groundwater
studies, sustainable resource development, environmental protection,
and public safety.

Various methods were developed to model stratigraphy. Conceptual
methods such as sequence stratigraphy (Haq, 1991; Posamentier and
James, 1993; Posamentier and Allen, 1993; Yoshida et al., 2007; Catu-
neanu et al., 2011; Catuneanu, 2019) identify chronostratigraphic sur-
faces based on spatial patterns of depositions within the geological
timeline of sedimentary processes. Geostatistics-based methods provide
detailed facies variation, including occurrence probability (Dowd, 1991;
Chiles and Delfiner, 2009; Wackernagel, 2013). Among various geo-
statistical approaches are multi-point simulation (Strebelle, 2002; Liu
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et al., 2004; Hu and Chugunova, 2008), transition probability simula-
tion (Journel and Alabert, 1989; Weissmann et al., 1999; Lee et al.,
2007; He et al., 2014), and two-point variogram methods (Johnson and
Dreiss, 1989; Johnson, 1995). The geostatistical methods are robust at
integrating different sources of information; however, they are very
sensitive to input datasets and can be computationally exhaustive for
large-scale modeling with abundant data. The conceptual models in
large scales can be combined with geostatistic methods in finer scales to
create a detailed stratigraphy for a large domain. Another class of stra-
tigraphy modeling methods is the horizon method (Lemon and Jones,
2003; Wu et al., 2005; Caumon et al., 2009; Gallerini and De Donatis,
2009; Touch et al., 2014) which interpolates upper and lower limits of
stratigraphic units using lithologic bed data at borehole locations and
cross sections. The simplicity and computational efficiency in dealing
with abundant data make the horizon method a suitable approach for
large-scale facies modeling.

In developing stratigraphy models, collecting data and processing
data are very challenging (Chang and Park, 2004). A big volume of data
introduces a computational burden as well as complexity (Katal et al.,
2013; Sivarajah et al., 2017). Lithological data may be integrated from
different sources such as lithologic logs and electric logs. Cognitive
geological knowledge may be also used to inform the model (Royse,
2010). Various types of well log information, distribution and density of
well logs in a study domain, and frequent variation of lithofacies in
boreholes add to the complexity of lithofacies modeling (Wycisk et al.,
2009; Chesnaux et al., 2011; Zhu et al., 2012; Jgrgensen et al., 2015;
Song et al., 2020). Unifying different sources of well log data into the
same class is the key mechanism to deal with big data complexity. In this
study the term “big well log data” refers to a large volume of well log
dataset.

This study introduces a lithofacies modeling method utilizing litho-
logic information in a big well log dataset to build a large-scale complex
lithofacies model. The modeling processes include tessellation, dis-
cretization, translation, and interpolation to cope with geological com-
plexities such as structural dips, domal uplifts, angular unconformities,
and faults. The lithofacies modeling method is demonstrated through
the development of a Louisiana lithofacies model. This study does not
intend to find correlation among well logs. Instead, the correlation and
stratigraphic units in Louisiana have been established by the USGS
studies (Hosman 1996; Weiss 1990) that determine the dip directions
and dip angles. These stratigraphic units are coarse. This study in-
troduces the proposed method and employes a vast number of well logs
to construct detailed sand-clay facies structures along the dip directions
and dip angles. The modeling processes working together with big well
log data present an appealing approach.

2. Methodology
2.1. Well logs

Well logs are the key source of data in understanding dipping
geological structures. Well logs include drillers’ logs, geotechnical bor-
ings, and wireline electric logs. Geotechnical borings have high-quality
lithologic descriptions using the Unified Soil Classification System
(ASTM, 2017), but are usually shallow (less than 10 m). Electric logs
provide more accurate bed boundaries for lithofacies (Hilchie, 1982)
compared to other types of well logs. However, electric logs are usually
not abundant and often miss information for top 30 m-40 m due to the
well casing. Drillers’ logs are produced by drillers during drilling.
Lithologic descriptions in drillers’ logs are sometimes ambiguous or
unrecognizable. Drillers’ logs with unrecognizable lithological de-
scriptions shall be discarded.

2.2. Model domain tessellation and discretization

In order to cope with changes in structural dip direction (e.g., domes)
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and discontinuity (e.g., faults), this study tessellates the model domain
into a collection of tiles. Geological formations in each tile are assumed
to have the same dip direction, but dip angle can vary in depth. Different
tiles may have different dip directions. Therefore, a region of changing
strikes is made of many tiles. A tile is further discretized into a number of
computational cells in order to build a lithofacies model. The size of
computational cells depends on the desired accuracy. For example, areas
surrounding fault traces may be given finer discretization in order to
capture the discontinuity at faults.

The proposed method uses lithological data, well location, dip di-
rection, and slopes of the upper and lower inclined planes in geological
formations as input data to generate lithofacies for computational cells.
Consider a dipping geological structure for a tile shown in Fig. 1. The dip
direction o is the same within a tile, which results in a constant strike.
The slope represents the tangent value of a dip angle. This study assumes
linear slope increase from slope s; to slope sz. In the plan view (Fig. 1a),
the tile is discretized into a number of computational cells. A pivot point
(xp, yp) is at the southwest corner of the tile, where a pivot strike passes.
The pivot strike is perpendicular to the dip direction. The pivot strike
divides the tile into an updip domain and a downdip domain. A pivot
plane is a vertical plane passing the pivot strike.

Given a vertical well location Q in the tile, a fold line AA" passes Q
and intersects the pivot strike at location B. The cross-sectional view of
the fold line is shown in Fig. 1b. At location B, the slope at elevation 2; is
s1 and at elevation z; is sy. The inclined plane E; passes elevation z; with
slope s; and the inclined plane E; passes elevation z; with slope s;. El-
evations above the plane E; have the same slope as s;. Elevations below
the plane E; have the same slope as sp. The plane E; and the plane Ep
intercept at the line O. The inclined plane E between the plane E; and the
plane E; passes elevation 2, at the vertical well location Q and elevation
7y at the location B or the pivot plane. Elevations 21, z» and, z, are
vertically beneath the location B. In what follows, the key parameters s;,
s2, 21 and z, are used to determine a dipping stratigraphy.

2.3. Domain transformation: from dipping domain to non-dipping domain

Using well logs to directly construct a stratigraphy of varying slopes
of dips in a dipping domain can be difficult. Instead, translating all well
log data into a non-dipping domain and performing lithofacies modeling
in horizontal planes is much easier than directly interpolating lithofacies
modeling in the dipping domain. A similar concept was suggested by
Mallet (2004, 2014), which transforms horizons from a curvilinear
system to a rectilinear system. Lithofacies modeling is performed in the
rectilinear system. The domain transformation in this study is made
simpler than Mallet (2004) by tessellating a non-linear domain
(changing dip direction and slope) into a number of semi-linear domains
(tiles) with constant dip direction, but varying slope in each tile. For
each tile, well log data are translated from a dipping domain to a
non-dipping domain, and then are interpolated to computational cells
on horizontal planes. The resulting lithofacies distribution is then
translated back to the dipping domain.

To translate well log data at location Q to a non-dipping domain, the
vertical translation for elevation zq (Fig. 1b) is calculated based on the
horizontal distance (dq) from the location Q to the pivot plane and the
slope (sq) at elevation zq:

AZQ = dQSQ (1)

where Az, is the vertical translation at elevation zo. The greater the
distance dg, the larger the vertical translation. The horizontal distance
dq is calculated by (Spiegel, 1986)

do = (xg — xp)cosat + (yo — yp)sina @

where xq and y, are the coordinates of the well location Q. d, is negative
if the well location Q is in the updip domain and is positive if the well
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Fig. 1. (a) The plan view of a discretized tile, and (b) the cross-sectional view of the fold line AA’.

location is in the downdip domain.
Given the slope s; and slope sy, where s,>s; in Fig. 1b, a slope at any
elevation zq vertically beneath location Q is determined as follows

51 leQ’>Zl
o0 — 20 .
so={ 53— <z <zu 3
(4] d()—dQ (%]
s ifzy <2

where s is the slope at elevation zq. 2z is the translated elevation of zq,
2o is the elevation of the line O. Elevations above the inclined plane E;
have the same slope s;, which is defined at elevation z; in the pivot
plane. Elevations below the inclined plane E; have the same slope s,
which is defined at elevation 2z, in the pivot plane. Based on the trigo-

nometry, the slope sq is gg:fi‘; for any elevation between the planes E;

and Es. dp is the horizontal distance from line O to the pivot plane. do is
calculated by

_Aa

do “®
Sy — 8
Therefore, zy is calculated as
zg =20 +Azp (5)

If the formations have the same dip angle (i.e. s; = s,) throughout
the depth, the slope at elevation zq is s (i.e. so = s1).

2.4. Lithofacies modeling on non-dipping domain

This study adopted the lithofacies modeling approach from Pham
and Tsai (2017) to construct a stratigraphy on a non-dipping domain.
Binary values are assigned to sand facies and clay facies. Well log data
are mapped to a non-dipping domain. Sand and clay facies at well log
locations are interpolated on horizontal planes at different depths via
indictor natural neighbor interpolation method (Tsai, 2009)

N

?(xo) = Z wil;

i=1

(6)

where T is the estimated indicator value at unsampled location xg, I; is
the indicator value at well log i, w; is the natural neighbor weight for
welllog i, and N is the number of well logs. I = 1 refers to sand facies. I =
0 refers to clay facies. The weights are calculated by the natural
neighbor interpolation method (Green and Sibson, 1978; Sukumar et al.,

2001). Further details about the natural neighbor method can be found
in Boissonnat and Cazals (2002) and Watson (1999). A Fortran program
— Tile (Green and Sibson, 1978) was used to calculate the natural

neighbor weights in equation (6). A cutoff value that determines T to be
either a sand or a clay facies can be approximated based on the sand
facies fraction of the well log data in a tile (Elshall et al., 2013).

Similar to the indicator kriging, Tsai (2009) derived conditional
estimation variance for using non-kriging weights in equation (6). It is
noted that the indictor natural neighbor interpolation method is one of
many interpolation methods, but is computationally efficient. A
three-dimensional stratigraphy model in the non-dipping domain is
resulted by stacking up all horizontal planes.

2.5. Back-translating non-dipping stratigraphy to dipping domain

After a stratigraphy is determined in a non-dipping domain, esti-
mated lithofacies at any location Q at elevation zy is back-transformed
to corresponding depth zq in the dipping domain by:

=zy — Az 7)
where Az is calculated by equation (1).

The geometry of a non-dipping domain changes after the translation
from its dipping domain. Fig. 2a illustrates transformation of a dipping
formation to a non-dipping formation. The lithofacies in the non-dipping
domain stretch due to increasing slope with depth and lie horizontally.
To cope with an angular unconformity in a tile as shown in Fig. 2b, the
mildly dipping stratum (younger) is separated from the steeply dipping
stratum (older). As a result, lithofacies estimation is conducted sepa-
rately in two non-dipping domains. Then, the estimated lithofacies are
transformed back and merged to the same tile. Fig. 2b illustrates the
Louisiana geology, where the Holocene-Pleistocene alluvial deposits
eroded and replaced partial Tertiary deposits. Because each tile can be
modeled independently from the other tiles, the modeling can be effi-
ciently performed by parallel computing.

One caveat in tessellating the domain is unavoidably creating
interpolation discontinuity in dip direction and dip angle across tile
boundaries, which may result in lithofacies discontinuity at tile
boundaries. Other factor contributing to boundary discontinuity is lack
of deep wells in a tile. The interpolation discontinuity can be minimized
by refining the tile size and incorporating more well logs outside the tile
of interest. However, the interpolation discontinuity issue arising from
deep well scarcity is difficult to resolve and artifacts around tile
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Fig. 2. Translation from dipping domains to non-dipping domains: (a) three
stratigraphic units with increasing slope in depth, and (b) two stratigraphic
units with angular unconformity. Blue and white colors represent two different
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in this figure legend, the reader is referred to the Web version of this article.)

boundaries may remain. If a tile boundary is formed by a fault line, then
the well logs across the fault line are not included for interpolation in
order to maintain lithofacies discontinuity at the fault line.

3. Study area: state of Louisiana (USA)

The proposed methodology was employed to develop a state lith-
ofacies model for Louisiana, USA. The state covers an area of about
135,000 km? (U.S. Census Bureau, 2010). Topography decreases from
the upland terraces in the north to the relatively flat Chenier Plain and
the Mississippi River Delta Plain in the south adjacent to the Gulf of
Mexico. Fig. 3 shows the major rivers, lakes, coastal plains, fault traces
and the Sabine Uplift area in Louisiana. The Eocene-Pleistocene for-
mations are partly overlain by the Holocene sediments mainly from the
alluvial depositions of the Red River, the Ouachita River, and the Mis-
sissippi River (Horton, 2017).

There are a few major geological structures in Louisiana: dips, faults,
and domes. The dip angle and dip direction are not constant over the
entire state. There are also angular unconformities formed by flat-lying
alluvial deposits over steep-dipping formations (Hosman, 1996). In
addition, there are families of faults in the southern Louisiana, of which
the Baton Rouge fault system is the most distinct fault system (Heinrich,
2005; McCulloh and Heinrich, 2012). The Sabine Uplift is an important
Cretaceous basement block, which extends from easternmost Texas to
northwestern Louisiana (Halbouty and Halbouty, 1982).

The areal extent of 13 major freshwater aquifer systems and their
vertical sequence in Louisiana are shown in Fig. 4 (Smoot, 1986). The

Computers and Geosciences 148 (2021) 104687

400900 500.000 60q000

Arkansas

700.000 80q000 900900

Ao EE

Study area

3600000
3600000

Fault trace — River

Lake * City

— State border

Sabine Uplift area

Chenier Plain

Mississippi River Delta Plain|

3500000
3500000

UTM Northing (m)

3400000
3400000

(=3 (=3

(=3 =

(=3 =3

S S

= =3

[3a) o

o o
Gulf of Mexico

|0 40 80 120 160

=3 [ s S Kllometers

S I

§ 400000 500000 600000 700000 800000 900000

UTM Easting (m)

Fig. 3. Study area (Louisiana) that includes major rivers, lakes, coastal plains,
fault traces in the southeast, and the Sabine Uplift in the northwest. The co-
ordinates are in NAD83/UTM zone 15 N.

400000 500000 600000 700000 800000 900000

Red River alluvial aquifer £
ississippi River alluvial aquifer|
7] Upland Terrace aquifer
[ Chicot Equivalent aquifer
Chicot aquifer
| Evangeline Equivalent aquifer
Evangeline aquifer
Jasper Equivalent aquifer
Jasper aquifer
Catahoula aquifer
Cockficld aquifer
Sparta aquifer
[l Carrizo-Wilcox aquifer

Period

Hydrogeologic Unit

Red River alluvial aquifer
Mississippi River alluvial aquifer

‘ Holocene | Epach

3 60?000
3600000

Quatemary

Upland Terrace aquifer
Chicot aquifer
Chicot Equivalent aquifer

Evangeline aquifer
Evangeline Equivalent aquifer

3. SO(I)OOO
3500000

>z

Jasper aquifer
Jasper Equivalent aquifer

Catahoula aquifer

UTM Northing (m)

340(‘)000
3400000
Cenozoic

Vicksburg confining unit

Oligocene | Miocene | Pliocene | Pleistos

Tertary

Jackson confining unit
Cockfield aquifer

Cock Mountain confining unit

330(?000
3300000

Eocene

Sparta aquifer

0 40 80 120 160 Cane River confining unit
— e Kilometers

Carrizo-Wilcox aquifer

3209000
3200000

400000 500000 600000 700000 800000 900000
UTM Easting (m)
(a) (b)

Midway confining unit

Paleo

Fig. 4. (a) Areal extent of the freshwater aquifers in Louisiana, and (b) vertical
sequence of the hydrogeologic units of Louisiana, modified from Smoot (1986).

Paleocene-Eocene Carrizo-Wilcox and Sparta aquifers are overlain by
the Pleistocene-Holocene Red River alluvial aquifer (RRAA) and the
Upland Terrace aquifer in the northwest. The Eocene Cockfield aquifer is
above the Sparta aquifer and is overlain by the Mississippi River alluvial
aquifer (MRAA) of Pleistocene-Holocene age. The Oligocene-Miocene
Catahoula aquifer underlies the MRAA, the RRAA, and the Upland
Terrace aquifer in the central Louisiana and underlies the Miocene
Jasper aquifer in the western Louisiana. In the southwest, the Evangeline
aquifer of Miocene-Pliocene age overlies the Jasper aquifer and is
overlain by the Pleistocene Chicot aquifer system. The Jasper Equivalent
aquifer, Evangeline Equivalent aquifer, and Chicot Equivalent aquifer in
the southeast are from the Miocene to the Pleistocene (Weiss, 1990;
Renken, 1998). These three aquifers together are also known as the
Southern Hills regional aquifer system (Buono, 1983). Both the Southern
Hills regional aquifer system and the Chicot aquifer system are desig-
nated as the Sole Source Aquifers (SSA) by the U.S. Environmental
Protection Agency.

More than 90% of groundwater use in Louisiana is for agriculture,
industry and public supply. 66% of the total groundwater withdrawal
are from the Chicot aquifer system and MRAA (Collier and Sargent,
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2018). Although groundwater is an abundant source, there are concerns
regarding aquifers in Louisiana, such as declined groundwater level due
to heavy pumping, contamination from agricultural chemicals,
hazardous-waste sites and surface disposals, and saltwater encroach-
ment (Stuart et al., 1994).

3.1. Big well log data

The number of drillers’ logs are much greater than the number of
geotechnical borings and electric logs. Drillers’ logs can provide good
lithologic information for shallow depths (e.g., less than 100 m). For the
lithofacies modeling drillers’ logs, geotechnical borings, and electric
logs were interpreted into either sand facies or clay facies. Sand facies
represents a group of relatively coarse-grained sediments (e.g., gravel
and sand) that have relatively high hydraulic conductivity and form
aquifers. Silt, clay, and shale represent a group of relatively fine-grained
sediments that have relatively low hydraulic conductivity and form
aquitards and aquicludes.

More than 12,000 electric logs and more than 102,000 drillers logs
and geotechnical borings (Fig. 5) in Louisiana were collected from the
Louisiana Department of Natural Resources, the U.S. Geological Survey
(USGS), and the Louisiana Geological Survey. There are more than
355,000 sand and clay facies intervals in the well log data. While the
well data distribution is not uniform, on average one well log covers
about 1 km2. Well logs were digitized and interpreted into sand facies
and clay facies following the method in Elshall et al. (2013) and Pham
and Tsai (2017). Lithologic information in drillers’ logs was considered
only down to a depth of 107 m (350 feet) while electric logs of water
wells can be as deep as 914 m (3000 feet). The number of lithofacies
intervals identified in well logs varies from 1 to 76. About 6% of the well
logs in Eocene-Pleistocene formations have surficial sand records. 23%
of the well logs cover the alluvial formations of the Mississippi River and
the Red River.

3.2. Tessellation

Dip directions and dip angles in Louisiana were derived from USGS’
regional stratigraphy studies in the south-central United States (Hos-
man, 1996; Weiss, 1990). Accordingly, this study tessellated Louisiana
into 375 tiles shown in Fig. 6. Each tile size is 20 km. The tiles with
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irregular shape in the southeast were generated to fit fault traces. The
tile size is subjective, so is the tile geometry. If needed, the tiles can be
refined to account for rapid change in dip direction. Nevertheless, the
tessellation in Fig. 6 sufficiently captures the regional dip directions and
fault lines. Dip direction and slope in each tile are represented by a
vector and its magnitude. In general, formations in the north-central
Louisiana dip east toward the axis of the Mississippi embayment (Hos-
man, 1996). Formations in South Louisiana dip south uniformly, better
known as the homocline of the Gulf Coast (Granata, 1963). The trun-
cated Sabine Uplift domal shape indicates that the overlying formations
extend outward from the center of the dome and the formation slope
increases when moving away from the center (Ewing, 2009). The
southern extent of the Sabine Uplift dips south towards the Gulf of
Mexico.

It was considered that slopes of dips start from zero at the center of
the Sabine Uplift and smoothly increase to 2 m/km (0.002) outward
(Ewing, 2009). The slope of Gulf Coast homocline is considered to be 1.5
m/km (0.0015) (Jones et al., 1956). The transition between 1.5 m/km
and 2.0 m/km was obtained through vector interpolation. For
simplicity, the slope remains the same in depth. The dip direction to the
south with a gentle slope of 0.1 m/km (0.0001) is considered for the
MRAA and the RRAA. Angular unconformities occur between the allu-
vial formations and their underneath steeper formations.

3.3. Surface discretization

Each tile was discretized into computational cells of 1 km. However,
special refinement around the Baton Rouge fault system was made by
nested quadtree grid cells as shown in Fig. 7. Nested quadtree structures
were created based on recursive bisectional decomposition of the parent
grid (Lien et al., 2015). The cell size gradually decreases from 1 km to 50
m at fault traces. The total number of computational cells at land surface
for the Louisiana model is more than 174,000. The vertical resolution for
the non-dipping domain is about 3 m (10 feet). The vertical extent is
about 900 m, which yields 300 horizontal planes.
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4. Results and discussions
4.1. Computation time

The lithofacies model for Louisiana was set up and run on a super-
computer at the High Performance Computing (HPC) center at the
Louisiana State University. The computation time was around 14 h
without parallel computing and was reduced to less than 1 h with the
parallel code for computing 375 tiles. The computation time for larger
tiles was longer than small tiles.

4.2. Surficial characteristics

Surficial distributions of sand facies and clay facies shown in Fig. 8
suggest 12.4% of land in Louisiana to be potential outcrops of high-
permeability facies. The result confirms the outcrop zones of the
Southern Hills regional aquifer system in southeastern Louisiana
(Buono, 1983), outcrop zones of the Chicot aquifer system and the
Evangeline aquifer in west-central Louisiana (Jones et al., 1956), and
outcrop zones of the Sparta aquifer in northwestern Louisiana (Ryals,
1982). Fig. 8 also shows potentially limited superficial recharge to the
MRAA, which accords with Ackerman (1989), and the RRAA. Southern
Louisiana is mostly covered by low-permeability facies. The lithofacies
model reveals that the Chenier Plain is mostly fine-grained at surface
with a few lenticular sands dispersed across the plain (Byrne et al., 1959;
Owen, 2008).

Depth to the topmost sands has tremendous implications on surficial
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Fig. 8. Distributions of surficial sand facies and surficial clay facies. The gray
zones have no well log data in the coastal zone.
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groundwater recharge and groundwater accessibility. The topmost
sands in this study are considered to have thickness 6.1 m (20 feet) or
greater and are shown in Fig. 9a. The topmost sands for the MRAA and
RRAA areas refer to their alluvial sands. By defining a high recharge
zone as an area with no surficial confining layer, the Chicot aquifer
system has high recharge zones of 283 km? in its north. The Southern
Hills regional aquifer system has high recharge zones of 268 km?. The
Sparta aquifer has high recharge zones of 200 km? in its west. No high
recharge zone is recognized for the Cockfield aquifer in the north-central
region and for the Carrizo-Wilcox aquifer in the northwestern region.

The effect of well log data density is showing in Fig. 9a and the later
figures. The modeling results in the coastal zone have relatively large
mosaic pattern due to the low data density. As a result, the estimated
lithofacies in the coastal zone have relatively large uncertainty.

Depth to the topmost sands is a useful index to evaluate the acces-
sibility to shallow groundwater. It is evident in Fig. 9a that the Chicot
aquifer system, MRAA and RRAA are highly accessible by agricultural
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and industrial wells. The Southern Hills regional aquifer system is also
highly accessible by domestic wells in the north of the Baton Rouge
Fault. The dense well logs in these regions (Fig. 5) reflect the high
aquifer accessibility at relatively shallow depths.

The Chicot aquifer system has much thicker topmost sands than
other aquifer systems (Fig. 9b). Topmost sands as thick as 200 m are
recognized in the central and eastern areas of the Chicot aquifer where
extensive groundwater is extracted for the irrigation purpose. The
thickness of the MRAA in the northern area is as high as 60 m and in-
creases towards the south. The northern and central areas of the
Southern Hills regional aquifer system have thick topmost sands as well.
In contrast, the RRAA and the topmost sands in the Sparta aquifer are
thin.

The statistics of top confining units and topmost sands for important
aquifers are shown in Table 1. The MRAA has the most uniform top
confining unit, whereas the thickness of confining unit of the Sparta
aquifer spatially varies the most. Comparing the average values of the
depth to the topmost sands, the MRAA and the Sparta aquifer have the
best and worst groundwater accessibility, respectively. The range and
average of the topmost sand thickness for the Chicot aquifer system
indicate that this aquifer has the thickest shallow aquifer sands. On the
other hand, the RRAA is thin compared to the other aquifers.

More than 50% of Louisiana is covered with clays thicker than 9.1 m
and thinner than 71.1 m (Fig. 10). Thick surficial clays mostly appear in
southern Louisiana and in the coastal zone. Fig. 10 is similar to Fig. 9a,
where areas with shallow depth to the topmost sands also have thin
surficial clay.

4.3. Connections with rivers and lakes

Connections between rivers and lakes and their underlying aquifers
were identified. Fig. 11 shows the thickness variation of topmost sands
that are connected to the major rivers. The Mississippi River and the Red
River are connected to their alluvial sands through around 50% of their
river length. Most of the connections along the Mississippi River are
identified along its northern extent (Fig. 12). The average sand thickness
is higher in the north of the Mississippi River. The decrease in sand
thickness from the north to the south of the Mississippi River is probably
due to different depositional environments (Saucier, 1994) and reduc-
tion in sediment load as the river approaches the Gulf of Mexico (Bentley
et al., 2016). In addition, the Atchafalaya River captures around 30% of
the Mississippi River flow which causes additional sediment reduction
(Roberts, 1997). The Amite River, the Calcasieu River, and the Atch-
afalaya River are connected to their topmost sands majorly in outcrop
zones. The northern reach of the Calcasieu River is connected to the
Chicot aquifer system, where the thickness of the topmost sands can be
up to 100 m. However, the connection length is very limited to only 14
km. Very limited connection was also found for the Vermilion River. No
direct connection was identified between the Mermentau River and its
topmost sands as well as the Pearl River and its topmost sands. The
Ouachita River and the Sabine River were not analyzed due to the lack of
bathymetric data.

Eleven percent (11%) of Lake Catahoula is connected to the MRAA,

Table 1
Statistics of topmost sands for different aquifers or aquifer systems.

Aquifer Depth to topmost sand (m) Topmost sand thickness (m)

Range  Average  Standard Range  Average  Standard
deviation deviation

Sparta 0-420 70 54 6-140 18 13

Chicot 0-328 36 33 6-326 74 61

Southern 0-424 38 36 6-265 32 27

Hills
MRAA 0-91 18 14 6-91 40 19
RRAA 0-91 20 23 6-90 16 8
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Fig. 11. Thickness of topmost sands contacted by major rivers.

where the thickness of sand is from 28 to 38 m (Fig. 13). The connection
area appears in the southwest of the lake (Fig. 12). Lake Pontchartrain is
strongly connected to the topmost sands in the southeast. The lake also
reaches the Pleistocene sands in the north and Holocene sands in the
southwest (Kindinger et al., 1997). No direct connection could be found
between other major lakes and their topmost sands. In general, the
surface waters in South Louisiana are less likely to be connected to the
topmost sands.

4.4. Hydrostratigraphy of western Louisiana

Further analysis is conducted at three north-south cross sections AA’,
BB’, and CC’. The cross section AA’ (Fig. 14) illustrates the location of
the named aquifers in western Louisiana as well as the domal shape of
the Sabine Uplift in the northwest, centered at Bienville Parish. Well logs
are relatively shallow in the northwest and deeper in the southwest
resulting in greater modeling depths in the southwestern parishes. The
names of the hydrogeologic units are referred to Fig. 4b. The cross
section AA’ shows outcrops of the Upland Terrace sand in the northwest,
which is underlain by the Carrizo-Wilcox aquifer formed from deposits
of the Wilcox Group and Carrizo Sand Formation (Ryals, 1982). The
Carrizo-Wilcox aquifer extends southward to Sabine Parish. The Sparta
aquifer outcrops in Webster and Bienville Parishes and is separated from
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Lake Pontchartrain

the underlying Carrizo-Wilcox aquifer by the Cane River confining unit
(Hosman, 1996). The shallow RRAA is hydraulically connected to the
Red River. The Catahoula aquifer outcrops in the southern Sabine Uplift,
and is overlain by the Jasper aquifer in Vernon Parish. The Jasper
aquifer outcrops in Vernon Parish and is overlain by the Evangeline
aquifer in Beauregard parish. The Chicot aquifer system outcrops in
Vernon and Beauregard Parishes. The Chicot aquifer system includes
three named aquifers (200-foot sand, 500-foot sand and 700-foot sand)
in the Lake Charles area (Nyman et al., 1990) and in the western
Cameron Parish. The Chicot aquifer system overlies the Evangeline
aquifer.

Lithofacies discontinuities shown in Fig. 14 and other cross sections
appears in deep depths at some tile boundaries are due to the tessellation
effect that creates discontinuous dip direction and dip angle across tile
boundaries. The lack of deep wells makes the interpolation discontinu-
ities more pronouncing. Estimated lithofacies at upper depths exhibit
less interpolation discontinuities at tile boundaries because of abundant
shallow wells. Lithofacies discontinuities occurring within a tile are the
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result of abrupt lithofacies change in neighboring well logs and the use
of the natural neighbor interpolation method. Currently, it is not known
whether these are natural lithofacies limits or the results of undiscov-
ered faults.

4.5. Hydrostratigraphy of central Louisiana

Geological characteristics from the north-central Louisiana to the
south-central Louisiana are shown in cross section BB’ (Fig. 15). The
MRAA stretches from Morehouse Parish to St. Landry Parish. The allu-
vial aquifer is underlain by the Cockfield aquifer in the north-central
parishes. The stratigraphy model reveals connections between the
MRAA and the Cockfield aquifer in the north (Hosman, 1996). The
Cockfield aquifer is separated from the underlying Sparta aquifer by the
Cook Mountain confining unit. An angular unconformity is clearly
visible in the south-central parishes, where the relatively flat MRAA lies
on the top of the relatively steep Chicot aquifer. The Chicot aquifer
system includes two named aquifers (Upper Chicot and Lower Chicot) in
the east of the aquifer system. The MRAA has an extensive contact
(around 1000 km?) with the Upper Chicot aquifer from St. Landry Parish
to Iberia Parish (Weiss, 1990). This contact implies that groundwater
exchange between the MRAA and the Upper Chicot aquifer may occur
(Nyman et al., 1990). The MRAA is also referred to as the Atchafalaya
River alluvial aquifer in this region because of the presence of the
Atchafalaya River. The Upper Chicot aquifer can be as thick as 275 m.
The average sand thickness in the contact area is 113 m.

4.6. Hydrostratigraphy of Southeast Louisiana

Geological characteristics in southeastern Louisiana exhibit two
interesting depositional environments as shown in Fig. 16. The closely
interbedded deposit of sand and clay occurs to the north of the Baton
Rouge fault, whereas relatively continuous sands occur to the south.
Many freshwater aquifers have been named in the St. Helena and Liv-
ingston Parishes down to the Catahoula aquifer. The area to the south of
the Baton Rouge fault has four named aquifers: the Gramercy aquifer,
the Norco aquifer, the Gonzales-New Orleans aquifer, and the 1200-foot
sand, all of which are part of the Chicot Equivalent aquifer.

The two different depositional environments may either be related to
undiscovered faults in the north creating the disturbed sand beds, or to
the source of progradation of Louisiana’s coastal plain. There are two
substantial hypotheses on the source of progradation (Bentley et al.,
2016). Saucier (1994) suggested that the Mississippi River is the only
one major fluvial axis, to which all other tributaries join. However,
Galloway et al. (2011) suggested the existence of multiple fluvial axes,
such as the Mississippi River and the Tennessee River. Saucier’s hy-
pothesis would result in a single depositional pattern like the one to the
south of the Baton Rouge fault in Fig. 16. However, the multi-axis hy-
pothesis much better complies with the modeling result. The closely
interbedded deposit of sand and clay may be further elucidated by the
lenticular depositional pattern in the Citronelle Formation (Matson,
1916). Post-depositional faults might have further amplified the close
interbedding. The Citronelle Formation is buried by the Pleistocene river
terraces where the close interbedding is less conspicuous. More research
is necessary to prove that multiple faults in the north of the Denham
Springs-Scotlandville fault do exist.

The east-west extents of lithofacies in Louisiana shown in cross sec-
tions DD’, EE’, and FF’ are available in the Supplementary Material. The
additional cross sections help the understanding of the hydrogeology in
Louisiana.

4.7. Major alluvial aquifers
A 3D plot of the sand distribution of the RRAA and the MRAA is

shown in Fig. 17. The sand distribution of the RRAA has lenticular
characteristics. The vertical extent of the alluvial aquifers is based on the
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USGS Fact Sheets (USGS, 2020). Less than 29% of the Red River alluvial the Mississippi River alluvial deposits are composed of sand. The MRAA

deposits are composed of sand. The lower interconnections are the re- is thick and extensive. A relatively thin top confining unit in the north
sults of downcutting, erosive actions of the Red River. Sand units in (Fig. 9a) provides favorable conditions for accessing groundwater. The
northwestern Louisiana on the other hand are well connected and occur average sand thickness of the MRAA increases from an average of 17 m
close to land surface (Fig. 9a), indicating potentially strong interactions in the north to an average of 42 m in the south. The total sand volume of
of the Red River and its alluvial aquifer. The average sand thickness is the MRAA is around 3900 million m®.

around 8 m. The total sand volume in the RRAA is approximately 600
million m®. The RRAA and the MRAA merge in Rapides Parish. 51% of
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5. Conclusions

The proposed lithofacies modeling method is simple, but efficient to
deal with a vast amount of well logs over a very large region. The
method accounts for the geologic information (dip direction, dip angle,
strike) from the structural geology and transforms the structural infor-
mation into a non-dipping domain for lithofacies interpolation. The
method has been successfully demonstrated to handle distinct geological
features in Louisiana (such as angular unconformities, domes, and
faults) through domain tessellation, tile discretization, vertical trans-
lation, and lithofacies interpolation.

Hydrogeological characteristics were identified for the state of Lou-
isiana through developing a complex lithofacies model. There are three
major outcrop zones in northwestern, southeastern, and west-central
Louisiana, through which precipitation and surface water recharge the
aquifer systems. Southern Louisiana is mostly covered by low-
permeability sediments. The average thickness of the top confining
layers for the MRAA and the RRAA is around 20 m, which indicates high
accessibility to groundwater in these aquifers. The stratigraphy model
also reveals that the Mississippi River alluvial aquifer has a strong
connection to the sands of both the Upper Chicot and Lower Chicot
aquifers.

Assessing the connections between the major rivers and the aquifers
reveals that the Mississippi River and the Red River are strongly con-
nected to the MRAA and the RRAA, respectively. The connections
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between the Mississippi River and its sands mostly occur in the northern
reach of the river, whereas the connections become weaker in the Mis-
sissippi River Delta. The Calcasieu River, the Atchafalaya River, and the
Amite River are all mostly connected to their underlying aquifer systems
in the outcrop zones. Catahoula Lake connects to the MRAA. Lake
Pontchartrain have connections with shallow sands in many areas.

Sand formations in southeastern Louisiana show two different pat-
terns. The closely interbedded deposit of sand and clay is identified to
the north of the Baton Rouge fault while the sand formations to the south
of the fault are continuous. The modeled difference between these two
patterns of sand formations corresponds well with the hypothesis of
multi-axis depositional patterns of the ancestral Mississippi River and
Tennessee River. The close interbedding has also been confirmed
through the studies on the Citronelle Formation in southeastern
Louisiana.

This study does not include uncertainty analysis. The sources of error
in the facies modeling results likely come from well log quality, well log
interpretation, domain tessellation, tile discretization, interpolation
methods, etc. Uncertainty quantification for such a large-scale complex
lithofacies model remains a challenging future work.
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