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ABSTRACT

Carvalho, A.M.; Lima Jr., S.B.; Maia, L.P.; Claudino-Sales, V.; Gastão, F.G.C.; Eduardo, L.M.; Souza, L.P., and Silva,
M.V.C., 0000. Understanding polydirectional aeolian cross-strata architecture in a coastal unidirectional wind regime.
Journal of Coastal Research, 00(0), 000–000. Coconut Creek (Florida), ISSN 0749-0208.

Crescentic dune fields along the NE coast of Brazil were analyzed to justify processes associated with the wide range of
cross-strata dip directions in aeolian deposits found in a unidirectional wind regime. Multiple spatial and temporal field-
based methodologies were employed, including trenching, ground penetrating radar (GPR), and photogrammetry. Wind
dynamics, coastline morphology, bounding surface developing processes, and dune migration patterns were also
considered. Analysis revealed a relationship between small- and large-scale morphologies of the crescentic dune field.
The interactions of crescentic dune crests, in association with the superposition of multiple superposed dunes, explain
the majority of cross strata and dip directions found in dune trenches and GPR sections. This study provides convincing
evidence that microscale structures observed within trenches and GPR sections are compatible with the macroscale
slipface position observed within the dune field. Small-scale changes in wind direction, caused by the dune crest
morphologies themselves, explain much of the supposedly unexpected strata dip directions that arc through from 908 to
1808. The presence of near-surface water tables supports the formation and preservation of aeolian cross-strata
sequences.

ADDITIONAL INDEX WORDS: Crescentic dunes, cross strata, trenches, 3D GPR, dip directions, NE Brazil.

INTRODUCTION
Multiple studies investigating small-scale aeolian transport

rates, based on deterministic models and/or associated with

dune dynamics, have been conducted in NE Brazil (e.g.,

Barrineau and Ellis, 2013; Carvalho, 2003; Carvalho et al.,

2015; Durán and Herrmann, 2006; Jimenez et al., 1999; Kok et

al., 2012; Kroy, Sauermann, and Herrmann, 2002; Levin et al.,

2009; Li, Ellis, and Sherman, 2014; Maia, 1998; Martin et al.,

2018; Pelletier et al., 2015; Sauermann et al., 2003; Schwämmle

and Herrmann, 2004; Sherman et al., 2013, 2018; Tsoar et al.,

2009). In spite of the importance of all these works for

advancing the understanding of wind-blown sand dynamics,

they do not focus on local variations in wind direction and the

resulting wide range of cross strata and dip directions in a

unidirectional wind regime. The lack of identification of these

processes was seen in the substantial variability of aeolian

strata dip directions found in local aeolianites (e.g., Carvalho et

al., 2008) and the controversial ‘‘paleo-wind directions’’

aeolianites by Castro et al. (2017), in a region dominated by a

unidirectional wind regime (Tsoar et al., 2009).

Since Sorby (1859) related migrating bedforms to internal

structures and external flow conditions and inferred sediment

transport directions from orientations of internal structures,

the study of cross strata has revealed new developments.

Important contributions were introduced by Allen (1962) with

the development of models for interpreting cross-strata dip

direction patterns for shallow marine and deltaic sediments.

The study of cross strata can also provide information about the

behavior of aeolian bedforms and how they interact with one

another. The study is also important for fluid dynamics and

modeling, since, as stressed by Rubin (1987), to produce

accurate bedform flow interaction models, it is necessary to

fully comprehend bedforms and flow behaviors. Narteau et al.

(2009) used cellular automaton (CA) dune models focusing on

the imprecision of the continuous dune models (e.g., Durán,

Schwammle, and Hermann, 2005; Hersen et al., 2004) to

reproduce dune interaction amalgamation and modelling of

secondary bedforms induced by collisions.

To unveil the processes responsible for developing complex

structures in the referred system, starting from the premise

that the nature, extent, and spacing of ancient bounding

surfaces and their hierarchical arrangement are incompatible

with simple dune systems was considered (Brookfield, 1977).

This is likely related to the migration of superposed protodunes

and dunes on larger dunes, as well as interacting dune fields, as

in the case of the studied area.

Brothers et al. (2017) recognized the interactions of dune

crestlines, accompanied by the ejection of dune segments, as

drivers in changing dune morphology. They considered that

defect and bedform repulsion interactions have been misiden-

tified or overlooked in the aeolian stratigraphic record.

Brothers et al. (2017) also highlighted the need to expand
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studies in this line of research to strengthen the model of dune

stratigraphy to form a basis for the identification of dune

interaction in the rock record. In this sense, Day and Kocurek

(2017) presented a series of ancient rock records interpreted as

aeolian dune interactions in Jurassic aeolian unities in the

Western United States.

It is well known that large bedforms can modify fluid flow

(Bagnold, 1941; Cooke and Warren,1973). Furthermore, there

is the recognition that the interactions of barchan dunes, for

instance, influence dune morphology (e.g., Durán et al., 2009;

Elbelrhiti, Claudin, and Andreotti, 2005, 2008; Parteli et al., in

review). Hence, this is an important tool for expecting

modifications on small protodunes, as well as dunes leeward

of a larger dune.

Additional studies have extensively investigated complex

dune interactions (e.g., Brothers et al., 2017; Ewing and

Kocurek, 2010; Ewing, McDonald, and Hayes, 2015; Fenton

et al., 2014; Kocurek, Ewing, and Mohrig, 2010; Liu and

Zimbelman, 2015; Zimbelman and Johnson, 2017), recognizing

that dune topography does influence wind speed and direction

(e.g., Bauer et al., 2013; Hesp et al., 2005, 2015; Jackson,

Bourke, and Smyth, 2015). Further investigations are re-

quired, particularly based on interactions among aeolian

bedforms in the scale of protodunes and dunes, and the

resulting cross strata in a unidirectional wind transport

regime.

The development processes of bounding surfaces are often

attributed to changes in wind characteristics, dune deflation,

and migration, along with changes in groundwater level (e.g.,

Fryberger, Schenk, and Krystinik, 1988; McKee, 1966; Stokes,

1968), and are also important for the origin and preservation of

aeolian cross strata. Thus, the influence of the water table on

dune succession (Mountney, 2012) as an element of wind

deflation control, and therefore a consequent factor of deposi-

tional sequences or cross strata preservation, was observed and

evaluated in this study.

This type of study requires investigation of the internal

structures of aeolian deposits, whether directly through

trenches, indirectly through ground penetrating radar (GPR)

sections, or both. The first approach has proved to be effective

and relatively inexpensive (e.g., Bigarella, 1971, 1975; Biga-

rella, Becker, and Duarte, 1969; Kocurek et al., 2007; McKee,

1966, 1979). The association of GPR and trenching in aeolian

environments has been used worldwide (e.g., Bristow, Pugh,

and Goodall, 1996; Bristow, Chroston, and Bailey, 2000;

Bristow and Pucillo, 2006; Clemmensen et al., 2007; Girardi,

2005; Horwitz and Wang, 2005).

Thus, the purpose of this paper is to employ multiple spatial

and temporal field-based methodologies to explain the variable

dune crest migration directions and their resulting wide range

of cross strata dip directions in a unidirectional wind regime

along the NE coast of Brazil (Figure 1).

Study Area
The shoreline of the state of Ceará, NE Brazil, comprises

sequences of headlands separating bays ranging in size from 10

to 30 km (Carvalho et al., 2015) and that can be broadly

classified as crenulate shaped (Hsu, Silvester, and Xia, 1989;

Silvester, 1960, 1970; Silvester and Ho, 1972) or headland bay

beaches (Yasso, 1965). The beaches (ranging from 50 to 300 m

wide) are dissipative to intermediate, using the Wright and

Short (1983) beach classification system. Beach deposits are

predominantly fine and medium sand in equal proportions,

with rare occurrences of coarse sand (Carvalho, 2003), and are

at times bordered by foredunes. The local climatic regime, and

therefore aeolian dynamics, is mainly related to the Inter-

Tropical Convergence Zone (ITCZ) migration and meteorolog-

ical conditions in the Northern Hemisphere, despite the study

site’s location in the Southern Hemisphere (CLIVAR/Brasil,

1998). From December to April, the region experiences its rainy

season, when NE trade winds are significant, but not effective

for sand transport. From July to November, the rain steadily

diminishes until drought conditions are set and trade winds are

predominately from E and ENE (Figure 1), becoming effective

for sand transport.

These climatic and sedimentological conditions, coupled with

large quantities of fine and medium sands, are favorable to the

development of extensive dune fields. Tsoar et al. (2009)

estimated that 78% of the annual winds in this region are

above the threshold velocity for sand transport. They also

calculated wind drift potential (DP) for wind directions above

the threshold velocity and assigned a corresponding vector unit

(v.u.), which is an estimate of the sand drift amount in a given

direction. The total vector unit for all wind categories

comprises the DP. During the wet season, DP is low (14% of

the yearly DP); and during the dry season, DP is high (86% of

the yearly DP). Tsoar et al. (2009) also noted that annual winds

are easterly to southeasterly and produce an average drift

Figure 1. Coastal region of Ceará (in NE Brazil). The target area of this

research is highlighted on the map. The wind rose only considers wind

speeds above 5 m/s.
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potential of 692 v.u. They estimated a ‘‘very high’’ (0.95–0.99)

index of wind direction variability (resultant drift potential/

drift potential [RDP/DP]) along the Ceará coast (Figure 1). This

high index value, indicative of a unidirectional wind regime, is

also ideal for parabolic and barchan dune development (e.g.,

Bishop et al., 2002), which generates barchanoid dunes in

which the maximum range of dip direction is less than 608.

The unidirectional wind regime, associated with the cres-

cent-shaped bays, has created wind transport sectors along the

coast. Carvalho et al. (2015), following Bauer and Davidson-

Arnott (2002), divided these coastal sectors into two segments

associated with aeolian transport.

Dune Type and Evolution
A striking feature of wind activity in this region is the

distribution of aeolian deposits within different bedforms and

evolutionary sequences from the beach toward the continent’s

interior (Figure 2). These morphologies originate near the

upper foreshore as small patchy embryo (or incipient) dunes

without a well-defined shape. As they develop into foredunes

and grow and migrate inland, their migration rate decreases

and their sediment trapping rate increases. Barchans and

barchanoid dunes form and continue to migrate over a partially

grassy covered subhorizontal flat surface to a gently undulat-

ing plateau (Carvalho et al., 2015). Grassy covered plateaus

Figure 2. Dune migration patterns and evolutionary stages along the NW Ceará coast. Through time, the coast progresses from panel 1 to panel 4. Modified from

Carvalho et al. (2015).
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(Figure 2) usually separate near-beach dunes from crescentic

interacting barchan/barchanoid dune crests, developed in the

penultimate dune forming stage. These mostly crescentic

dunes form when large barchans and barchanoid dunes

traverse the grassy plateaus, coalesce and interact, while

increasing in size and colliding with greatly vegetated

stretches, reducing dune migration speed. At this point, the

small barchan/barchanoid dunes overlap larger dunes, result-

ing in accumulation and gradual formation of crescentic dune

fields (cf., McKee, 1979) that may cover tens of square

kilometers. Last, dune fields experience a deflationary phase

where large vegetated parabolic dunes and/or large fields of

parabolic dunes are formed (Carvalho et al., 2015).

Here the dune classification terminology compiled by

Mabbutt (1977) and McKee (1979) was followed. Dune fields

in the region under study also comprise large coalescing

barchanoid dunes superposed by smaller barchanoid and

barchan dunes (Figure 3). Crescentic dune fields usually have

dimensions of hundreds of meters to kilometers. Along some

places in the NE Brazilian coast these dunes merge to form a

singular unit surface without a slipface, locally referred to as

sand sheets (Carvalho, 2003; Carvalho et al., 2008; Claudino-

Sales, 1993, 2002; Maia, 1998). The presence of small (few

meters) and large (tens of meters) deflation surfaces are also

common on these dune fields.

The two areas chosen for detailing the architecture of the

cross strata are made up of wide fields of crescentic dunes, with

interacting barchan and barchanoid ridges in a process

detailed for other regions of the planet (i.e. Brothers et al.,

2017; Day and Kocurek, 2017; Ewing and Kocurek, 2010;

Ewing, McDonald, and Hayes, 2015; Fenton et al., 2014;

Kocurek, Ewing, and Mohrig, 2010; Liu and Zimbelman, 2015;

Zimbelman and Johnson, 2017). In both areas, these ridges

usually migrate over a wide surface of aeolian deposits, locally

called sand sheets because they do not have a slipface

(Claudino-Sales, 1993, 2002; Maia, 1998). However, in some

stretches these ridges migrate over a large sand body in which

slipfaces are observed. In other cases, these ridges merge to

form continuous barchan/barchanoid crescentic dune fields on

which the ridges interact. Less common in these areas are

isolated barchan and barchanoid dunes migrating over the

interdune plateau. Over these larger dunes it is common for

protodunes and smaller dunes to develop, which interact in a

manner similar to large dunefields. Particularly between both

large and small dunes, secondary wind directions develop,

forming small bedforms and respective aeolian sedimentary

cross strata with dip directions outside the standard of liquid

transport direction. In this study, two migrating dunes were

partially isolated in Flecheiras and in the continuous crescentic

dunefield in Paracuru and were studied in detail.

Compared with larger dunes of this field, these are

considered to be relatively small barchanoid dunes. Dune 1

(Figure 4) is approximately 300 m wide, 230 m long, and 30 m

high; and Dune 2 (Figure 4) is 300 m wide, 200 m long, and 25 m

high.

METHODS
Crescentic dunes were broadly investigated along the Ceará

coast, and detailed studies were concentrated along the coastal

localities of Flecheiras and Paracuru, NE Brazil (Figures 1 and

4). Intensive investigations using trenches were also conducted

on two dunes (Dunes 1 and 2) near Flecheiras (Figure 4), as

well as on dunes and interdunes in Paracuru (Figure 4). GPR

sections were conducted on the latter.

The wind rose (Figure 1) was generated using hourly wind

data collected at 10 m above the surface at the Paracuru Wind

Station in 2017. Wind speeds less than 5.0 m/s were not

considered for wind transport. Results from Tsoar et al. (2009)

were used for wind drift potential (DP) and Resultant Drift

Potential (RDP) analyses.

Photography and Photogrammetry
Isolated dune study was done using in situ and remote

sensing methods based on high resolution morphological

characterization through 3D modelling, using a Da-Jiang

Innovations (DJI) Phantom 4 unmanned aerial vehicle (UAV)

with a DJI FC330 camera of 400033000 pixels resolution, 6.17

mm 3 3.47 mm complementary metal oxide semiconductior

(CMOS) sensor and 3.61 mm focal length.

The images were mainly used to mark the spatial position of

small dunes, protodunes, and beveled remnants in relation to

their surroundings and the larger dune surface.

UAV imaging was carried out over Dune 1 and 2 in

Flecheiras and over the area of the GPR sections in Paracuru.

In addition to the beveled remnants of superposed small dunes

and protodunes to associate them with dip direction of internal

structures, low-altitude UAV images were also used in

Flecheiras and Paracuru.

Panoramic photographs obtained from a ground-level cam-

era were also used to record the positioning and migration

direction of dune ridges and beveled remnants.

Large surface characteristics, including position of the

crescentic dune field slipfaces, were delineated using satellite

imagery available on Google Earth (Figure 4).

In order to carry out the photogrammetric study, images

from a Landsat/Copernicus satellite from 2018 were used.

These images were processed and georeferenced to SIR-

GAS2000/Urchin Tracking Module Zone 24S datum in a QGIS

environment. To refine the georeferencing of these images,

Real-time kinematic (RTK) Geodetic GPS measurements from

the study area were used. In addition to these, imaging was

also performed using UAV, and a digital terrain model (DTM)

was developed. The resulting DTM served as an altimetric

basis of aeolian morphologies and to define morphological

elements associated to the characteristics of the textures and

Figure 3. Large dune surface in Flecheiras, Ceará, Brazil. Barchan and

barchanoid dunes of tens of meters wide migrate and overlap the larger

dune’s surface that measures more than 600 m wide and 400 m long. The

prevailing wind direction is from left to right of the image.
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roughness in satellite images. The satellite images from Google

Earth Pro, selected based on their representativeness and

image quality, without focusing on the acquisition date, were

used to illustrate figures.

Trenching, Attitude Measurement, and Grain Size
Analysis

Thirty-five trenches were dug using shovels to better

understand the internal structure of the dunes, especially in

places where it was not possible to execute GPR sections and/or

produce 3D images, and to measure cross-strata attitude. In

Flecheiras (Figures 1 and 4), the work was based on several

sequences of trenches: nine trenches on the base and twelve on

top of Dune 1, five on top of the Dune 2 (Figure 4), where

systematic strata attitude measurements of internal structures

were done using a Brunton compass. Nine trenches were also

dug in Paracuru (Figures 1 and 4), three of them to check dip

directions displayed by the remnants of bedform migrations to

check dip directions in GPR sections.

The trenches were dug in variable dimensions and shapes

but were generally rectangular. In general, these dimensions

were determined to cover the areas representative of the strata

sizes and their dip directions, as well as the diversity of cross-

strata interactions to be investigated. Often, the quantity and

dimensions of the crossed strata were identified by cross-strata

remnants on the surface. In general these trenches were at

least 0.60 m in length, 0.40 m in width, and 0.30 m in depth.

Attitude measurements were also checked and complement-

ed using Stereonet Mobile for iOS v. 3.0 (Allmendinger, 2017).

The identification of beveled remnants of superposed dunes

was useful as a strike line for locating stretches and enhancing

detailed strata attitude measurements using trenches.

More than 200 strata attitude measurements were obtained

from trenches cut in barchanoid dunes and along crescentic

dune fields in Flecheiras and Paracuru (Figures 1 and 4). These

attitude measurements were plotted on a compass rose, which

was also composed of low dip angles when it was identified as

real dip angles (as in the case of the base of strata). This

Figure 4. (A) Satellite image showing Dune 1 (300 m wide, 230 m long, and 30 m high) and Dune 2 (300 m wide, 200 m long, and 25 m high). (B) Detail of a large

barchan/barchanoid surface with overlapping barchanoid crests measuring approximately 2 m in height. (C) Dune 2. The barchanoid crest distance is 10 m. B and

C display the place where trenches were cut. The inset shows the location of trenches at the top of Dune 2. Dominant wind direction is marked on the image. (D)

Satellite image displaying part of the Paracuru crescentic dune field. (E and F) Positioning of trenches and GPR sections. (G) Panoramic view of a deflation surface

controlled by a near-surface water table. The image highlights the sequence of beveled remnants of slipfaces and a horn (P) that migrated arching up to 1048 from

main wind direction. (H) Surface of some trenches and the exposed remnant of cross strata in Paracuru. Directions presented in azimuth.
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measurement in trenches was positioned along the dune

surface, on their arms, base dune remnants, and along the

interdune surface. Many trenches were also positioned on top

of the large dunes. Dunes (Dune 1 and 2) in Flecheiras, selected

for detailed study, are partially disconnected from the rest of

the crescentic dune field.

Trenching on beveled remnants of superposed small dunes

and protodunes migrating on larger ones was conducted in the

case of Flecheiras (Dunes 1 and 2) and Paracuru. This was also

done to analyze small- and medium-sized dune behavior as a

representation for the large dune field. The easy and cheap

access to internal structures and dip directions facilitates the

comparison with a similar situation on a larger aeolian

morphology on the satellite images. Locating the beveled

remnants of barchan/barchanoid dunes is facilitated when

fieldwork is conducted during the rainy season. During this

time, the presence of a near-surface water table limits the level

of wind deflation, as in the model proposed by Stokes (1968).

Sediment samples from surfaces of large Dunes 1 and 2, and

from the trenches cut on remnants of small dunes and

protodunes over Dunes 1 and 2, were collected to analyze the

granulometric pattern forming these large and small dunes

and protodunes. Grain size analysis was completed by dry

sieving sand-sized material and pipetting the silt- and clay-

sized sediments when representing a content of more than

10%. Grain size data were processed using SISGRAN software

(Camargo, 2006).

Ground Penetrating Radar (GPR)
Ground penetrating radar (GPR) sections were acquired on

active dune fields in Paracuru (Figure 1) to produce a 3D Cube

image composition from 2D Sections to measure real dip

directions and highlight cross-strata architecture. Additional-

ly, three trenches were carried out to confirm the structures

observed in the 3D GPR Cube (Figure 4).

GPR data were acquired using sections parallel to the

prevailing wind direction. A 10 m 3 10 m survey was covered

with 10 parallel GPR lines spaced 1 m apart, recording a GPR

trace every 0.05 m in order to obtain full-resolution 3D GPR

surveys.

All GPR surveys were conducted using a Geophysical Survey

Systems, Inc. model SIR-3000 with 200 and 400 MHz antennas.

The depth of penetration is limited to less than 18 m using a 200

MHz antenna and approximately 8 m using a 400 MHz antenna,

but the excellent resolution achieved has made it possible to

clearly identify internal characteristics, such as cross stratifi-

cations in depths up to 8 m on a flat sandy dune surface. The

sections were performed with constant spacing samplings of 40

traces per meter. When processing these data, a velocity of 0.113

m/ns determined from diffraction hyperboloid analyses with

ReflexW (Sandmeier Scientific Software) was obtained for the

shallow sediment cover that allowed for the parameterization of

GPR depths with a mean dielectric constant of 6.94. Owing to

the marked relief, topographical corrections were conducted on

the GPR sections using a RTK Geodetic GPS.

RESULTS
The results obtained in this study are shown in the next

paragraphs, following geographical areas:

Flecheiras
Satellite images of the crescentic dune fields in Flecheiras

show interactions of barchanoid and eventually barchan crests.

Secondary crests with secondary slipface dip directions to NNE

and SSW (Figure 5A,B) are identified at this scale, although the

wind’s main direction and crestline orientations suggest an

approximate migration direction to W.

In Flecheiras, near-Earth imagery shows some barchanoid

crests located on the smaller dune and protodunes on top of a

larger dune, such as those on Dune 1 and Dune 2 (Figure 4).

These features exceed 70 m (perpendicular to the wind

direction), measuring from 3 m to greater than 10 m (parallel

to the wind direction) and greater than 2 m (height) in Dune 1.

The southern portion of Dune 2 is marked by a straight crest

with some small crests overlapping the larger one. The

northern portion of Dune 2 resembles an almost disfigured

barchanoid form with a flat surface with many overlying

barchan/barchanoid crests measuring 2 m in height (Figure

4C).

An interaction of dune crests overlapping Dune 2 shows a

dune ridge running into the back of another dune (Figure 6),

which likely develops into a turbulence zone with air-flow

separation (Elbelrhiti, Claudin, and Andreotti, 2005) between

the windward back of the target dune (Figure 6) and the leeface

of the impactor dune. Brothers et al. (2017) included impactor

and target dunes in a class of interactions resulting in collisions

between faster-migrating defects or smaller dunes, defined as

impactor, and slower-migrating larger dunes defined as the

target.

This interaction generates a deflation surface oriented

perpendicularly to the main wind direction, hitting perpendic-

ularly to the side of the target dune, and excavating its side

until forming a slipface oriented parallel to the prevailing wind

direction (Figure 6). As this slipface parallel to wind direction

(Figure 6) extends to reach the back of the lee slipface of the

target dune and seems to induce a flow deflection on surface

winds (Hesp et al., 2015), it causes this slipface to turn almost

in the opposite direction to the prevailing wind. This type of

interaction process and its variables are similar to the one also

commonly identified on large crescent dune fields along both

studied areas, expressed by large ridges perpendicular to the

main wind direction, and also crests parallel to the main

migration direction of the dunes (Figure 5A,B).

The internal structure pattern of the studied area consists of

complex and varied cross structures, mainly plane parallel,

wedge planar cross strata, and trough cross stratification.

These cross-strata sets have variable thicknesses, from less

than 0.05 m to more than 2 m, but are predominately at

centimeter scale and mainly represent the preservation of

basal portions of the cross strata.

These cross-strata dip directions show a polymodal pattern

with two main directions, NNW and WSW (Figure 7). It should

be noted, however, that measurements made in trench cuts

were mainly concentrated in stretches of the dunes, where

complex structures were identified in relation to the migration

pattern of W, WNW, and WSW.

The studied aeolian deposits, positioned along with the base

level of Dune 1 (Figure 4B), are composed of basal sequences of

interacting small dunes. In some places, as in Figure 8, this is
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displayed by the beveled remnants of migration marks originat-

ed by small interacting barchan/barchanoid dune crests. In

Figure 8, a target dune (probably a barchanoid) was truncated by

an impactor dune (a barchan).

Trench 1 (Figure 8) displays the almost horizontal set of the

previous target dune on the base overlapped by the sequence of

two sets of moderate and high dip angles, in the sense of McKee

and Bigarella (1979). The middle set, with an apparent dip of

Figure 5. The orientation of the dune’s slipface (indicated by arrows) on medium and large dune features from satellite imagery of Flecheiras (A and B) and

Paracuru (C and D). Directions presented in azimuth.

Figure 6. Development of a deflation surface cutting the side of an overlying

barchan on Dune 2 and creating a slipface parallel to the wind direction.

Directions presented in azimuth.

Figure 7. Cross-strata dip directions from trenches in dune deposits along

Flecheiras and Paracuru. (Color for this figure is available in the online

version of this paper.)
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about 20/295, records the impactor dune in relation to the basal

set that hit a target set of barchanoid dunes. The top set, with

34/295, also records an impactor dune that hit both previous

sequences.

Trench 2 (Figure 8) records the almost horizontal base strata

from the target dune, with the trench cut almost perpendicu-

larly to the set of the barchanoid dune migration orientation.

But overlying this previous target strata dune there is a

sequence of two sets displaying a moderate apparent dip angle

of about 10/225 and 20/225. The first set, with a lower dip angle,

records the target base set, and the one with a higher dip angle

represents a small change in the dip direction of the slipface, or

the last impactor strata.

Trench 3 (Figure 8) displays a sequence of two sets with

moderate and high dip angles cut parallel to the barchan dune

migration direction. The lower set, with a 20/280, is covered by

the set of the higher dip angle of 31/280. The upper set is the

new impactor dune that truncated and covered the entire

previous sequence, as shown in Figure 8.

This base layer in trenches 1 and 2 (Figure 8) shows low

apparent downwind dip angles (3/295 and 4/225).

The base of Dune 1 is composed of moderately sorted

medium-sized quartz sand, intercalated with moderate levels

of heavy minerals. The basal layer is truncated by intercala-

tions of moderately sorted fine quartz sand, which has a lighter

color compared with the base layer (Figure 8) and comprises

heavy minerals. In addition, the sediments at the top of Dune 1

(Figure 4B) are composed of fine well-sorted quartz sand with

heavy minerals.

On the top of Dune 1, the erosional surface of the overlaying

barchan/barchanoid crests, exposing beveled remnants, and

the trenches cut on it, reveals complex structures formed by

sequences of interacting barchan/barchanoid crests.

Depositional sequences resulting from grain flow associated

with grain fall strata (e.g., Kindler et al., 2011; Kocurek and

Dott, 1981; McKee, 1979) are commonly observed (Figure 9A).

The high dip angle at the T1B sample place is orthogonal to the

other set of high dip angles on the image’s right side, where

grain flow is also associated with grain fall strata. In the middle

(Figure 9A, sample T1), there is an almost horizontal grain flow

(cut perpendicularly to the right layer dip direction), which also

exhibits grain flow associated with grain fall strata.

Analyzing the interaction of small dune/protodune crests on

the top of large Dune 1, there is a successive process of cutting/

deflation and deposition/superposition of barchan/barchanoid

dune and protodune deposits. In this process, when a more

windward sinuous part of the faster-migrating barchanoid

ridge bends forward, it may cover part of another barchanoid

crest (Figure 10A3) and divide it into two crests resembling

individual barchans (Figure 10A1,A4).

This process produces a new dune ridge further ahead in a

process similar to the one presented by Kocurek, Ewing, and

Mohrig (2010) and Brothers et al. (2017) as a defect or bedform

repulsion, or even a simply faster crest covering and surpassing

Figure 8. Beveled remnants of dune migration originated by an interacting small barchan/barchanoid dune. Base of Dune 1 in Flecheiras. Trench 1 and 2 shows

the almost horizontal base strata of the target dune overlapped by the sets of high dip angles. Trench 3 shows a sequence of two foresets of moderate and high dip

angles. Directions presented in azimuth.
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Figure 9. (A) Top of Dune 1: T1B sample place. Two sets of high dip angles, one orthogonal to the other. Both formed by grain flow associated to grain fall. (B) Top

of Dune 2: High apparent cross-strata dip. Grain fall associated with grain flow strata in the middle of the image (sample P003-2). There is a smaller apparent dip

angle on the base (sample P003-3) and for the top layers (sample P003-1).

Figure 10. Beveled remnants of an overlaying barchanoid dune (Dune 1) in front of a changing barchanoid with a horn (A2) migrating perpendicularly or

obtusely to the main slipface. (A1 and A4) Two crests resembling barchans on the left and on the right corner of the picture, divided by one crest (A3) that migrated

over the previous barchanoid crest that previously connected the two crest A1 and A4 and formed another barchan form, not seen in this picture. (B) Detail of

barchan form, the perpendicular horn, and two trenches exemplifying dip directions. (C) General dip directions. (D) Modeling of part of the cross strata based on

attitude data measured in the trenches. On this site, the angle between the dip directions arc about 1318 between two dip directions. Directions presented in

azimuth.
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another forward crest. It is also common to observe small

barchan crests gradually turning into barchanoids while

depositing their sets of trough cross stratification. This is due

to the constant variation in the migration direction of small

bedform filling cuttings on the top surface of major dunes.

A migrating dune crest overlaying another dune crest ahead

is also observed, resulting in a partial burial of the dune crest

as shown in Figure 10A2. This process produces sets with dip

directions arcing about 1318, as seen in Figure 10C. To the west

in Figure 10, dip directions arcing through more than 1808 were

registered (Figure 11).

This process is here attributed to air-flow separation (e.g.,

Elbelrhiti, Claudin, and Andreotti, 2005) or a flow deflection of

surface winds (Hesp et al., 2015) induced by a superposed

bedform, thus resulting in a secondary wind direction.

This secondary wind direction can also push the crest’s

exposed part, and a new slipface is developed (Figure 10A2) and

migrates perpendicularly or obtusely to the main dune slipface

(see projected dip directions of the sets trenched in Figure 10C).

This kind of strata is also seen in Figure 11, placed west of the

area of Figure 10A (see Figure 4A,B). These secondary wind

directions are also widely shown on satellite images (Figure 5).

The small crest shaped like a closed half-moon, shown in

Figure 10A4, seems to be responsible for the formation of the

kind of trough cross stratification (Trough 1) seen in Figure 11.

This trough cross strata, with an apparent barchan form,

associated with the other trough cross-stratification (Trough

2), displays a migration framework of barchanoid crests.

Figure 11 also exposes a panoramic view of main dip

direction sets composed of tabular sets dipping between 3078

to 3158 (dip directions confirmed by trenches), truncating

another tabular set dipping to 3608; both sets truncated by a

trough strata (Trough 1).

The center of the image (Figure 11) displays a tabular layer

indicating a general migration to NNW. This layer was

truncated by the cut-and-fill trough cross-stratification se-

quence, which exhibits dip direction arcing from 3008 to 278

(Trough 2) and highlights a slight truncation dipping to

458(NE). This slight truncation also resembles a smooth

variation in the direction of migration, or it may be a crest

like the one shown in Figure 10A2. However, in the case of

Figure 10A2, dip directions reach 1948 (SSW) (Figure 10C).

These dip directions, measured at the same dune, show the

possibility of generating cross strata tending toward opposite

dip directions, arcing from SSW to NNE, as also seen in Figure

5.

The top of Dune 2 (Figure 4C) is composed of well-sorted

quartz thin sand intercalated with moderate levels of heavy

minerals. Trenches in Dune 2 revealed that the sediments

found in the base and middle layers consisted of well-sorted

quartz sand, while the top layer was composed of moderately

sorted quartz sand (P003-1, P003-2, and P003-3) (Figure 9B).

The cross strata in trenches on the top of Dune 2 show grain

flow associated with grain fall strata in the middle layer and

grain fall in the basal layer (Figure 9B).

On the top of Dune 2, crest interaction developing a deflation

surface was observed, also seen in Figure 6, generating a

slipface parallel to the main wind direction. This slipface also

extends until it intercepts the leeward slipface of the target

dune, developing a slipface dip direction of 518 (Figure 12A).

The variations in dip directions shown by the beveled

remnant sequences of overlying barchan/barchanoid crests

are confirmed by trenches 1 and 2 (Figure 12). A comparison of

the positioning of the beveled remnant of dune cross strata with

the positioning of dune slipfaces (using satellite imagery, low-

altitude images, and field work (Figures 5 and 12)) confirms

their compatibility with internal structures exposed in trench-

es. The strata show higher dip angles (True dip) since the

trench is cut closely perpendicular to the beveled remnants

(strike), as seen in Figures 10, 11, 12, and 13.

In Figure 13, Trench 2 (wall T2-1, set A) has higher dip

angles of grain flow associated with grain fall strata, dipping to

2438, parallel in view to the real dip direction (perpendicular to

remnants lines). This same set, cut perpendicularly to the dip

direction in Trench 2 (wall T2-2, left of the picture), shows the

limits of grain flow associated with grain fall strata (Figure 13).

On the right side of wall T2-2, the other set, B, also formed by

grain fall associated with grain flow cross strata, dips to about

Figure 11. A panoramic view showing a deflation surface on the top of Dune 1 controlled by the near-surface water table. Beveled remnant sequences of riding

barchanoid migration surfaces marking tabular sequences truncated by trough cross strata are visible (Trough 1 and 2). Dip directions are confirmed by trenches,

as exemplified by Trenches 1, 2, and 3 and others not shown in this image. Directions presented in azimuth.
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2848 (Figure 13), and wall T2-3 shows the horizontal and

subhorizontal dip of set B in a perpendicular view to dip

direction. In the middle of the photo, the contact between the

two sets, A and B, is highlighted. This contact also shows the

transition between these two slipface directions, marked by

bottom set A (dipping to 2438) being truncated by upper set B

(dipping to 2848), although there seems to be a certain

intersection between the sets at the top of Trench 2, wall T2-

2 (Figure 13).

Figure 13 (Trench 1 and trench wall T1-3) shows a detailed

trench cut almost parallel to the top layer dip direction with a

high apparent dip angle and tangential contact with another

layer at this base. T1-2 displays truncated sets cut perpendic-

ularly and almost perpendicular to the dip directions, and T1-1

confirms the small and large variation on dip direction.

The contact between two perpendicular dip strata (Figure

13B and Trench 1) and the one almost perpendicular in Trench

2 shows at least one slipface migrated parallel to the prevailing

wind direction associated with the other slipface that migrated

perpendicularly to that, as also seen in beveled remnant

sequences (Figure 13A,B).

The group of sets displayed in trenches (Figures 12 and 13)

confirms suggested dip directions displayed by the remnants on

its surface and also matches the position displayed by crest

interactions shown in Figure 5A,B.

Paracuru
Satellite images of the crescentic dune fields in Paracuru also

display interactions of barchanoid and eventual barchan crests

and secondary crests. Secondary slipfaces also dip direction to

NNE and SSW (Figure 5C,D), and the main wind direction and

crestline orientations are to W.

In a restricted area in Paracuru (Figure 4G), several slipface

sequences display azimuth dip directions arcing through 1308.

However, arcs reach 1808 between dip directions when

extending the measurements for the total area analyzed in

Paracuru (Figure 5C,D). The beveled remnant set sequences of

overlaying barchanoid migration crests draw sequences of

tabular and trough cross stratification with dip directions

confirmed by trenches.

In Paracuru (Figure 4D,E,F,G,H), some strata sequences in

trenches display a large number of truncated sets. The trench

base (Figure 14A, P4 sample) is the thicker set (more than 0.8

m in thickness) of this section and is composed of well-sorted

fine sized aeolian quartz sand intercalated with levels of heavy

minerals. The stratum is tabular-planar with a high dip angle

of about 30/260, and it is truncated by a sequence of rhythmic

trough cross strata, varying in thickness from about 0.02 to

0.04 m, alternating layers of lighter and darker moderately

sorted fine quartz sand, which grows from the bottom up

(Figure 14A, P3), forming a set of 0.30 m in thickness and an

apparent dip of about 18/351. These previous sets are truncated

by another trough cross-strata set composed of light well-sorted

fine sized quartz sand (Figure 14A, P2) of about 0.20 m

thickness and low apparent dip angle (17/320).

This last set is also truncated by another trough cross-strata

set of about 0.15 m thick fine sand composed of light mineral

with a low apparent dip angle (17/277) (Figure 14A, P1). It is

truncated by another set of trough cross-strata sets that follow

each other showing small variations in the direction of

deposition. Most of these sets are truncated by a bounded

layer dipping north (Figure 14A).

Figure 14B shows the main large-scale set of tabular strata,

with a 28/330 attitude, truncated by a trough cross-strata set

Figure 12. Details of Dune 2. (A) A panoramic view of small crest interaction on the barchanoid dune top. It also shows many truncated beveled remnant

sequences of overlapping barchan/barchanoid crest migration directions and the trenches’ placement. Detail of the surface and positions of Trenches 1 and 2.

Directions presented in azimuth.
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with 18/260, and several other trough cross strata dipping in

different dip directions. This sequence of cross strata forms a

set of dip directions arcing through 1448 between dip directions.

Sets that are rougher on the surface are observed to be

generally related to grain flow strata. As seen in Figure 14A,B,

some strata sequences in trenches display a large number of

truncated sets with different dip directions, mainly in an arc of

up to around 608 (Figure 14A,B). Orthogonal dip directions are

also easily identified, and cross strata tending to dip in opposite

directions with dip azimuths arcing through more than 1008

are common (Figure 14B). Panoramic surfaces locate two

trenches separated 30 m from each other in Paracuru. Both

images (Figure 14A,B) show sequences of tabular and trough

cross strata with dip directions arcing through 1748 for the sets

of dip directions measured for the two trench locations.

The diversity of cross-strata dip directions is also easily

identified in the GPR 3D Cube (Figure 15). These sections were

performed on the area as shown in Figure 5G in Paracuru. An

area of about 10 3 10 m2 on an active interdune surface was

covered immediately at lee side of a barchanoid dune crest.

These sections, grouped in 3D, highlight a sequence of cross-

strata architecture dipping to WSW, WNW, and SSW. The

strata sequence expresses the variations in migration direc-

tions of the slipfaces.

In the 3D dip direction sets, predominate cross strata in

intervals between dip directions form an arc of around 608.

Orthogonal contacts are also found, and the interval between

dip directions also arc through 1298.

Although most of the sets represent a cross-strata base,

following McKee and Bigarella (1979), it was determined that

moderate dip angles (158–258) are the pattern, although high

dip angles (288–298) are common (Figure 15). The sets captured

by GPR sections and represented in 3D are tabular, with the

exception of set 6 (in purple), counting from top to bottom

(Figure 15), which displays a trough cross strata. In this case,

the attitude was also measured in a trench.

DISCUSSION
The dunes systems in the referred coastal region, effectively

migrating landward, are conditioned by the relationship

between the coastline’s position and the effective wind

direction to WSW (Carvalho et al., 2015). This causes sediment

to migrate from the beach toward the mainland from a specific

stretch downdrift of the headlands, resulting in a sequence of

characteristic dune type evolution.

Figure 13. Details of Dune 2. (A) Panoramic view of part of the interacting dune crests; (B) Panoramic view showing many truncated beveled remnants sequences

of barchanoid crest migration directions and trench placement. The top panels of (B) show details of the trench walls. The high apparent dip of grain fall

associated with grain flow strata is shown in Trench 2. Directions presented in azimuth.
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Satellite images of the crescentic dune fields in Flecheiras

and Paracuru (Figure 5) show interactions of barchanoid and,

eventually, barchan crests, mainly migrating to WSW and

WNW, as well as secondary crests positioned to NNE and SSW.

This diversity in slipface dip direction and, consequently,

strata dip direction, is also evidenced by the cross-strata

azimuth measurements in trenches (Figures 10, 11, 12, 13, and

14) and 3D GPR (Figure 15).

The types and complexities of internal structures found in

this crescentic dune field can be explained by ENE to ESE

winds (Figure 1B). Under this assumption, one expects dunes

to move arcing from WSW to WNW, with slipface dip azimuths

arcing through about 608. Along the studied coastal stretches of

Paracuru and Flecheiras (Figure 1A), planar tabular cross

strata with dip azimuths arcing through about 608 are

dominant in these crescentic dune depositions, followed by

the cross strata dipping to the azimuth arcing through 908

between dip directions. Trough type, wedge-shaped planes, and

parallel and tangential contacts were frequently identified. The

presence of smaller dune crests overtopping larger ones, and

interacting crests, increases the range of slipface dip directions

from NNE to SSW (Figure 7), which produces slipface dip

azimuths arcing through 1808 between dip directions. These

data reveal polymodal patterns with WNW and WSW as main

directions, and NNW, NNE, and SSW as secondary directions.

Major directions represent the main migration direction of

large slipfaces, while the secondary ones are related to smaller

slipfaces, especially trough cross strata developed between

larger ridges. Allen (1962) and Harms and Fahnestock (1965)

concluded that thin sets are deposited by small dunes or

bedforms, and thick sets by larger dunes. In this sense,

trenches in Flecheiras (Figures 10, 12, and 14 ) and Paracuru

(Figure 14) show larger sets on the meter scale, present dip

directions positioned within the range of 608 (WSW to WNW),

which is in the effective wind direction. On the other hand,

most thin sets, considered here as the result of a secondary

slipface, usually present dip directions forming a range of 908 to

1808 between dip directions. This secondary slipface and its

resultant cross strata are developed by superposed bedforms

inducing air-flow deflection of surface winds, resulting in a

secondary wind direction. In this sense, geological records of

complicated variations in aeolian cross-strata dip directions are

not uncommon in the literature. Crabaugh and Kocurek (1993),

studying Entrada Sandstone, identified ‘‘scalloped bounding

surfaces truncating foresets to the SW, and interpreted as

resulting from superimposed dunes migrating NW and SE

along slope larger bedforms that migrated toward the SW’’. On

the other hand, Havholm and Kocurek (1988), following the

dynamic of a modern draa, found that second-order bounding

surface orientations indicate resultant primary palaeowind

directions; compound cross-strata dip directions indicate

secondary flow conditions; and also considered cross-strata

Figure 14. Panoramic surface locating two trenches separated 30 m from

each other in Paracuru. A and B show sequences of tabular and trough cross

strata with many dip directions. The maximum angle between dip directions

in B arc through 1448, and through 1748 if dip directions measured for both A

and B locations is included. P1, P2, and P3 are sampling points, and

directions are presented in azimuth.

Figure 15. 3D GPR Cube composition from 2D Sections, showing nine sets of

aeolian cross-strata architecture. (Color for this figure is available in the

online version of this paper.)
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dip directions oblique or perpendicular to the second-order

surface indicate longitudinal secondary flow on the lee face.

The presence of more complicated cross strata leeward of the

large ridges, as presented by Crabaugh and Kocurek (1993) and

Havholm and Kocurek (1988), explains the lack of expected

main dip directions to the W and WNW (Figure 7) as related to

the trenches’ locations, concentrated between crests.

The presence of moisture rising by capillary forces to the top

of the dunes acts as a limiting factor for a wind-blown deflation

surface and also reveals the migration marks of superposed

dune ridges on crescentic dunes. These marks are interpreted

as beveled remnants (McKee, 1979) of various dune crests that

result from the combination of deposits from crest interactions

with different dip directions, previously dug and truncated by

the leeward wind. This combination occurs, for example, when

migrating slipfaces undergo changes, such as the crests of a

small barchanoid overtopping another barchanoid or barchan

dunes with different slipface migration directions intersecting

each other.

The strata preservation, continuously attacked by secondary

winds scouring unconsolidated dune sediments, is facilitated

by the presence of moisture rising by capillary. This limiting

control of the aeolian deflation process caused by near-surface

water tables is compatible with the model proposed by Stokes

(1968). The wind deflation surface, also described by Fryberger,

Schenk, and Krystinik (1988), forms a downward scour limit

through the cohesion of damp or wet sand near the water table.

The relationship between water table or moisture variations

and the formation and preservation of cross stratification

sequences with different dip directions has been observed

locally in the cross strata of small thickness found in trenches

and GPR sections.

The influence of surface moisture on aeolian entrainment

and sediment transport is well recognized in the literature (e.g.,

Davidson-Arnott et al., 2008; Nield, Wiggs, and Squirrell, 2011;

Wiggs, Baird, and Atherton, 2004). Wind exceeding the

threshold for transport deflates the dunes’ surfaces until the

water table is reached. Only when the water table or moisture

of exposed surface sands dries out does additional aeolian

transport take place. These surfaces are gradually covered by a

new slipface migrating over them and preserving part of the

crossed strata. This process repeats itself as the new dunes’

crests continue to migrate. Thus, recording this migration

activity is only possible after the dunes are fixed or when

deposits are covered by new layers.

CONCLUSIONS
The present study along the NE coast of Brazil demonstrated

that multiple spatial and temporal field-based methodologies

can provide an explanation basis for variable dune crest

positions, resulting in a wide range of cross-strata dip

directions in a unidirectional wind system. The different

slipface dip positions found within the crescentic dune using

satellite and UAV imagery was confirmed by dip direction

measurements in cross strata in trenches and GPR sections.

This finding reveals the complicated dynamics of these dune

fields and associated morphologies under unidirectional winds

and highlights the possibility of recording these sedimentary

structures over time. The morphology and evolution of the

crescentic dune field, in association with the multiple aeolian

bedform interaction and superposition of barchanoid/barchan

crests, explains the majority of structures and the wide range of

strata dip directions in this unidirectional coastal wind regime.

This study also demonstrates convincing evidence that

variations resulting from changing wind directions, caused by

the dunes’ morphology, explain much of the uncommon dip

directions for unidirectional wind conditions, especially those

cross strata in which dip azimuths tend to form an arc through

1808. The presence of near-surface water tables limiting the

deflation level, and consequent preservation of the structures

immediately covered by new deposits, suggests their impor-

tance in the formation and preservation of aeolian sequences of

internal structures. The findings in this study have the

potential to contribute to developing an understanding of the

complex stratigraphic record that gave rise to many analogous

ancient deposits worldwide.
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