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Abstract

This paper shows new results for Bujuru and Retiro HM deposits geological
control, located in the Coastal Plain of the Rio Grande do Sul state (Brazil).
Ground Penetrating Radar (GPR), drillholes and fieldwork were applied to
investigate deformational structures that control Holocene sediment deposi-

tion and the HM deposits accumulation. The Bujuru and Retiro HM deposits
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were developed as a consequence to deformational traps (synthetic and anti-
thetic normal faults). Mechanical subsidence and hanging-wall rotation, in-

stead of sea level changes, are the main controlling mechanism for structural
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placers development that leads to existing HM deposits. Based on listric fault
displacement and sedimentation rates, it is possible to distinguish three stages
of lagoonal deposition, and two main episodes of HM accumulation. The pre-
liminary HM concentration episode is due to sediment reworking from Pleis-
tocene footwall escarpment and from a Pleistocene structural barrier devel-
oped in the hanging-wall oceanward (LFS 6). The second HM concentration
episode is characterized by TDS and TD (LFS 5) developing upon a brachyan-
ticline built due to the progressive deformation of the hanging-wall that in-
cludes previous Holocene lagoonal radarfacies. The TDS and TD are a sedi-
mentary barrier and migrate inland due to NE onshore winds that also accu-
mulate over the structurally controlled lagoons.
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1. Introduction

Detrital heavy mineral (HM) deposits are significant in several countries, such as
Vietnam, Australia, the United States and Brazil. Despite ilmenite is largely the
most abundant mineral; some others may show a concentration such that it can
make this type of ore deposits to be even more economic.

The HM placer deposits in coastal plains tend to have their evolution controlled
by sea level changes; by weathering, erosion, and reworking of sedimentary rocks
and coastal sediments; by sediment deposition from offshore to backshore; or by
aeolian erosion and deposition in dunes ridges (e.g. [1]-[5]). In this way, HM de-
posits along southern Australia, west Africa and southern Vietnam coast seem to
display similar characteristics to Bujuru HM deposits in Rio Grande do Sul
Coastal Plain (RGSCP, southern Brazil; [6]).

Along the South America Atlantic Coast, there exist several HM occurrences
hosted in Holocene beach sediments (e.g. [3] [4] [7]-[14]). However, only two of
them showed mean HM concentration up to 4.5% to be mined: i) Guaju Mine in
Mataraca (Paraiba state; [15]), and ii) Bujuru and Retiro areas (Rio Grande do Sul
state, [16]).

Most studies are focused on the transport and deposition of HM (e.g. [17]-[20])
to build up an economic deposit (e.g. [1] [21]) on coastal plains. The recent ad-
vances investigate aeolian landforms that can develop aeolian mineral deposits
[22], and summarize sedimentological parameters, mineralogical and chemical
compositions for different landforms series to be used as prospective proxy ([23]
(24]).

The investigations on Brazilian Atlantic coast HM occurrences consider a sce-
nario where coastal units are dynamically homogeneous, at least during upper
Holocene (<8000 yr BP). However, recent investigations on central Rio Grande
do Sul Coastal Plain (RGSCP) revealed a large-scale growth fault controlling sed-
imentation in Bujuru District area [25].

The aim of this paper is to present the deformational framework that controls
the placing of Bujuru to Retiro HM deposits in the RGSCP during the Holocene.
50 MHz RTA Ramac GPR surveys, drillholes and field surveys were carried out to
investigate the regional deep structures, as well as recent dunes barrier encom-
passing HM concentrations. Some GPR surveys in RGSCP were conducted by
some researchers (e.g. [6] [26] [27]), but they are focused on sedimentary features

of upper strata, and do not search for deep deformational structures.

2. Geological Setting

The Rio Grande do Sul Coastal Plain (RGSCP) is the emerged part of the Pelotas
Basin, which started deposition in the Barremian/Aptian (125 Ma approximately),
after Gondwana rupture. The coastal plain is up to 100 km wide and >600 km long.
The geomorphic and stratigraphic configuration of RGSCP is currently described
to be formed by deltaic alluvial plains and four lagoons/barrier systems in response

to sea level changes between Middle Pleistocene and Holocene eras (Figure 1).
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Figure 1. Rio Grande do Sul Coastal Plain location (A), its reginal geological map
and HM deposits placement (B), and the model for its depositional systems (C).
Modified from [28] and [29]. Lagoon/Barrier system ages according to [30].

Sdo José do Norte County (RS, Brazil) presents two HM placer deposits, which
is now under licensing for mining: i) Bujuru and ii) Retiro. Both make up the
largest known deposit in Brazil, and display similar structural, sedimentological,
mineralogical, and economic grade characteristics [6] [16] [31].

According to [6], the Bujuru deposit is closely related to the sediments depos-
ited by the old Camaqua River course, whose position at 125 ka was geographically
close to the present deposit. Similar heavy mineral content was identified in sur-
face sediments from the adjacent shield [32]-[34].

Dillenburg et al [6] proposed a three-step scenario for Bujuru HM deposit for-
mation. The first step incorporated HM into the beach and wash over facies of a
transgressive barrier during the Postglacial Marine Transgression (ends at 5.6 ka).
The second step additionally concentrated HM in backshore deposits by eroding
and recycling Pleistocene sediments during slow sea-level fall and Holocene bar-
rier retreat. And, the third step eroded backshore deposits and HM was trans-
ported by onshore winds into an inter-barrier depression to give rise to transgres-
sive dune deposits.

Fontoura et al [25] investigations showed that the inter-barrier depression in
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the Bujuru area is, in fact, due to a large, gravity-driven listric growth fault, which

controls the Lagoa do Peixe escarpment and hanging-wall sedimentation. [25]

also showed that the balance of fault displacement and sedimentation rates estab-

lished three main radarfacies (Figure 2). Table 1 summarizes the main findings

related to the Lagoa do Peixe Growth Fault displacement and sedimentation.
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Figure 2. Radargram in the Talhamar Road (Tavares, Brazil), cutting across Lagoa do Peixe Growth Fault (Tavares
GPR line 2). See Table 1 for a description of the geophysical units and surfaces.

Table 1. Summary of main radar radarfacies and surfaces distinguished for GPR survey lines in the Lagoa
do Peixe and Bujuru HM deposit (RGSCP, Brazil). See [25] for a detailed description and analysis.

Radarfacies/Surface

DESCRIPTION

-1,-2,-3

Pleistocene sedimentary (geophysical) units that do not crop out in the area of
investigation.

Pleistocene sediments cropping out at the footwall top west of fault escarpment
(Barrier III).

Upward concave geometry surface that truncate Pleistocene sediments (west)
and lower lagoonal unit (east): Listric gravitational growth fault.

Offlap- toplap for reflectors underlying lower lagoonal unit: an erosional surface
developed on the down-throwing hanging-wall before fault controlled lagoonal
accumulation.

Convex upward arcuted lower lagoonal unit, displaying on/ap for lowermost
reflections in the thickest zones (2a), close to listric surface, and parallel
reflections (2b) for uppermost strata.

The upper sediments of this radarfacies are aged 3.49 ka (Dillenburg et al 2004)
First stage: fault displacement rate higher than sedimentation rate.

Horizontal reflections in a hanging-wall triangular area close to listric surface,
showing onfap upon lower lagoonal unit and listric surface.

Second stage: equalized fault displacement and sedimentation rates.

Upward arcuated reflections at both Lagoa do Peixe margins, showing
alternating onlap-downlap and toplap- offlap features.

The peat layer cropping out at Bujuru District is aged 1.06 ka (Dillenburg et al.
2004) and is defined as the lowermost strata of this radarfacies.

Third stage: sedimentation rate higher than fault displacement rate.

Dipping sinuous reflections in the Lagoa do Peixe escarpment, showing discrete
downlap with lagoon sediment reflections. Erosional degradation of the fault
escarpment and deposition as interbedded layer of sands and lagoon sediments.
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Continued

Cc

Irregular surface underlying recent dune sediments. Surface upon which recent
dune sediments are laid on with down lapping features (6a).

Horizontal and steeply dipping sigmoidal reflections (6a), as also as thin
horizontal reflection (6b) near the topographic surface, produced by Holocene
transgressive dunes and dune sheets.

3. Geological and Geophysical Surveying Methods

Satellite images and aerial photographs were applied to investigate local and re-
gional geological and sedimentary features. They enabled to recognize the fault
escarpment to the northwest lagoon borders, and to delineate the Holocene trans-
gressive dunes and dune sheets (TD and TDS) due to southwest direct onshore
winds. They also enabled to identify the continuity of surficial sedimentary units
during field works.

The GPR survey lines were acquired perpendicular to shoreline, to the fault es-
carpment and to TD direction (Figure 3). Some challenges were faced in setting
GPR acquisition parameters (frequency, depth of penetration, sampling fre-
quency). But the main challenges were regarded to data processing, since manda-
tory procedures must be precisely adjusted to avoid geophysical artifacts and re-
inforce structural and geological features.
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Figure 3. Simplified geological map of the Retiro and Bujuru HM deposits area,
showing the tip zone of the Lagoa do Peixe (1) and Retiro-Estreito (2) faults.

The GPR surveys were produced mainly by a 50 MHz (RTA) antenna, and the
acquired using Pro-EX GPR System (MALA-RAMAC). Acquisition parameters
were set to high lateral resolution (20 cm trace spacing) and time window to inves-
tigate at least 20 - 23 m depth. The mean vertical resolution was determined through
hyperbola analysis on radargrams. The first geophysical campaign used a minor
time window, and the velocity was approximated to 0.09 m/ns (vertical resolution
close to 0.9 m); the second campaign used a greater time window, and the mean
velocity was approximated to 0.08 m/ns (vertical resolution close to 0.8 m).

The GPR survey lines were tracked by DGPS (Emlid, Reach RS + model, base
and rover receptors). The kinematic and post-processed corrections (PPP-IBGE

and Leica Geo Office, respectively) do permit a high horizontal (7 mm + 1 ppm)

DOI: 10.4236/0jg.2024.1412045

1020 Open Journal of Geology


https://doi.org/10.4236/ojg.2024.1412045

B. S. da Fontoura et al.

and vertical precisions (14 mm + 1 ppm) positioning.

Post-processing used Reflex-W software and included the following main steps:
dewow filter; bandpass filter (butterworth, but sometimes trapezoidal); migration
(v = 0.297 m/ns) for removing surface reflections in unshielded antenna; topo-
graphic correction; 3D topographic migration (e.g. v = 0.08 m/ns) and butter-
worth filtering.

Three percussion cores were drilled to correlate with GPR survey line (Bujuru
01). This GPR survey line extends to the beach, and the drillholes were set in it to
follow the peat layer cropping out in the beach. Then, it was possible to determine
the sand thickness covering the peat layer, and the stratigraphic features of the
Pleistocene barrier (III) sediments.

4. Structural and Geologic Controls of HM Deposits

Satellite images and aerial photographs interpretation and fieldwork made it pos-
sible to distinguish between main geological features and structures. As pointed
out by [25], the northwest margin of the Lagoa do Peixe (lagoon) is controlled by
a listric growth fault (Figure 2), whose displacement gave rise to mechanical sub-
sidence for lagoonal sedimentation.

Bujuru HM deposit is located at the southwestern tip of the Lagoa do Peixe
Growth Fault. The Bujuru area is also de tip zone for the Retiro-Estreito Fault (Fig-
ure 3), which controls the northwest margin of another almost clogged lagoon lo-
cated to the southwest. This tip zone for both, Lagoa do Peixe and Retiro-Estreito
faults (Figure 4(A)), is a structurally elevated area, where lower sedimentary units
are exposed due to the rotation during listric fault displacement.

The tip zone for both Lagoa do Peixe and Retiro-Estreito faults is entirely covered
by Holocene transgressive dunes (TD) and dune sheets (TDS), which extends well
upon Pleistocene sediments (Barrier III). In this area, then, one cannot yet exactly
define the faults interactions and fault-controlled sedimentation.

Retiro HM deposit, on the other hand, extends from midway through the
southwest tip of the Retiro-Estreito Fault (Figure 4(B)). The Holocene TD and
TDS cover the fault tip zone close to Sdo José do Norte city, so that it also cannot
yet be exactly followed.

The recent sedimentation process in the fault-controlled lagoons has taken place
under very low fault displacement rate (Stage 3, Table 1). Figure 5 and Figure 6

show the geomorphic expression of two sedimentary processes that are actually
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Figure 4. Simplified geological map for Bujuru (A) and Retiro (B) HM deposits. Lagoa do
Peixe (1) and Retiro-Estreito (2) normal fault traces define the Northwest escarpment
against Pleistocene sediments. Legend GPR radargrams: a) Figure 9 radargram; b) Figure
10 radargram; c) Figure 11 radargram. i-iii: boreholes locations in the Bujuru area.

+3r20s

Figure 5. High resolution Google satellite images in the Lagoa do Peixe area from north
(A) to south (E) showing the interplay of two clogging processes, from aeolian dunes
construction (A), to gravity- and hydraulic-driven deposition (B), a combination of both
(C), and the final fill of the lagoon by aeolian dunes (D, E).

clogging both lagoons: i) erosion of previous stage lagoonal sediments in fore to
backshore, and onshore wind transport (NE to SW) in the hinge zone of the rotating
hanging-wall fault block (Figure 5(A), Figure 5(C), Figure 5(D), Figure 5(E) and
Figure 6(A), Figure 6(B)); ii) fault scarp erosion and gravity- and hydraulic-driven
transport into de lagoon (Figure 5(B), Figure 5(C) and Figure 6(A)).
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Along the Retiro-Estreito Fault (Figure 6), some of these sedimentary processes
can also be observed. However, the TD and TDS cover almost completely the orig-
inal lagoon. On the other hand, Retiro-Estreito Fault has half the Lagoa do Peixe
Growth Fault trace length. Then, it is to be expected that vertical fault displace-
ment should be proportionally less. In a recent evaluation, it is observed that there
is a larger predominance of aeolian process upon this lagoon.

In the structural high developed at the tip zone for both Lagoa do Peixe and
Retiro-Estreito faults (Figure 5(E)), the peat layer defining the base of the upper
depositional radarfacies (1.06 ka, Figure 7(A)) is under wave erosion and disper-
sion along the beach. The TD and TDS cover discordantly the exposed peat layer
(Figure 7(B)). These fragments are being covered by aeolian sediments and being
incorporated into interdune layers (Figure 7(C), Figure 7(D)).

The base of dunes and interdune space are also the main locus for HM accu-

mulation, where it displays a horizontal stratification (Figure 7(E), Figure 7(F)).
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Figure 6. High resolution Google satellite images in the Retiro (A) and Estreito
(B) showing the predominance of aeolian dunes construction in these areas.
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S

Figure 7. Stratigraphic relationships between peat layer and TD hosting HM in
the structural high at Bujuru District. A) Peat layer cropping out ate Bujuru beach
under erosional fragmentation. B) Undulated contact between peat and dune
sediments. C) Vertical peat fragment identified in a excavated trench. D) Horizontal
peat fragment in an excavated trench. E) Natural vertical cut of HM layering close
to interdune area. F) Orthogonal trench cut showing HM lamination; note higher
HM concentration in the horizontal layering.

5. Geophysical Structures Controlling HM Deposits

GPR lines were surveyed in the NW-SE direction to investigate the NW dipping
peat layer (Radarfacies 3) and the underlying lagoonal sediments (Radarfacies 1).
This direction is also perpendicular to gravitational faults. Then, GPR surveying
was conducted to emphasize the deformational structures and their relationships
with TD deposition. In this direction, it is to be noted that TD stratification will
appear as two different geophysical signatures: i) dipping sigmoidal reflections for
the lateral segment (6a) of TD, and ii) thin horizontal reflection (6b) for the frontal
segment of TD (see Table 1).

The geological control of upper radarfacies was carried out based on surface
geologic surveying and based on three percussion drills located midway between
GPR lines Bujuru-2 and PB-13 (a and b in Figure 4). The drillhole logs are pre-
sented in Figure 8, and show the Pleistocene sediments (radarfacies 1), the peat

layer cropping out in Bujuru beach (base of the radarfacies 4), and Holocene TD
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and TDS (radarfacies 6a and 6b).
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Figure 8. Description of the percussion Drillholes Logs in the Bujuru area. Borehole
logs legend: 1) Light yellow sand; 2) Light yellow sand with coarse lamination (1 - 5
mm thick); 3) light yellow sand with gently inclined lamination (1 - 2 mm thick) and
disseminated heavy minerals; 4) light yellow sand with thin horizontal lamination (1
mm) and disseminated heavy minerals; 5) Massive, dark gray sand with high quantity
of heavy minerals; 6) Massive light yellow sand and disseminated heavy minerals; 7)
Peat; 8) light yellow sand with gently arched lamination (1 mm); 9) isolated thin
horizontal laminas of heavy minerals; 10) up to 2 cm recent root fragments; 11) small
recent root fragments; 12) small disseminated shell fragments; 13) up to 1 cm shell
fragments; 14) oxidized material; 15) oxidized (orange) dark gray sand; 16) heavy
minerals concentration; 17) light yellow sand with fragmentary structure; 18)
dispersed organic matter; 19) relicts of organic matter; 20) local breccia structure;
21) dark yellow sand lamination.

Figure 9 shows a radargram surveyed for the deepest structural relationships in
the Bujuru HM deposit area. It emphasizes the normal fault truncation of the
Pleistocene units (1), and the first (2) and third (4) lagoonal radarfacies. The trans-
gressive nature of the Holocene dunes (6) can be recognized by their both lateral
and frontal geophysical signatures.

Two other GPR lines were selected to illustrate the deformational structures,
and the sedimentary relationships between each radarfacies. Such GPR lines were
located close to Bujuru Project drillhole sections, to better correlate direct data
with geophysical results (PB-01 and PB-13). In this way, a re-interpreted profile
is presented with each of the radargrams (Figure 10(B) and Figure 11(B)).

Figure 10(A) shows the radargram close to PB-13 drillhole section, which is
also parallel and close to radargram present in Figure 9 (~500 m to the NE). The
most striking geological feature is the presence of two normal faults dipping to-

wards the SE. The peat layer overlying the first lagoonal radarfacies (2b) is
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interrupted in the hanging-wall block, as already noticed in Figure 2.

| Borehole 3 P 230 Borehole 2
E Distance (m)

(=10.0

1
sujw 800 =A je (w) yydag

Time (ns)

Figure 9. Radargram depicting deep structural relationships in the Bujuru area. Radargram
legend: i) white numbers: radarfacies as presented in Table 1; ii) green lines: normal faults; iii)
thick yellow lines: ~1.0 m peat layer cropping out at Bujuru beach; thin yellow lines: geophysical
units/radarfacies; white lines: lateral stratification of dunes (6a in Table 1). Boreholes position is
projected into the radargram.

The first lagoonal radarfacies (2), then, is folded to a gentle synclinal and an
anticlinal in the hanging-wall block (Figure 10(A)), due to normal, listric faulting.
It can be recognized that the thickest TD is deposited in the synclinal, where the
lateral geophysical signature of TD (6a) shows its best downlap expression over
the exposed peat layer (C). Fieldwork has also observed that gentle folds are, in
fact, brachyanticlines and brachysynclines, since their hinge zone dips NE and SW
parallel to the master listric normal faults.

The PB-13 radargram (Figure 10(A)) also enabled to distinguish two different
first lagoonal radarfacies (2a and 2b) overlying the Pleistocene sediments (1). They
correspond well to PB-13 Drillhole Section description (Figure 10(B)). The Drill-
hole section can be re-interpreted based on radargram by including fault displace-

ment of some key sedimentary strata.

Borehole Borehole SE .

Beach .
- -

Orthometric
height (m) 3

200 m

Horizontal scale

|:| Mineralized Aeolian cover EI Low grade silty sand -Peat layer - Fine sand with shells

Figure 10. PB-13 section structural features. A) Radargram close to B) PB-13 drillhole section. Drillhole
section under permission of RGM S.A. Radargram legend as shown in Figure 9.
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Figure 11(A) is a radargram surveyed to the southwest (~11 km SW of PB-13),
near to PB-01 Drillhole Section, midway between Lagoa do Peixe and Retiro-Es-
treito faults exposed tips. It shows mainly the gentle anticline close to the beach,
and the first half of the synclinal. PB-01 radargram presents quite the same radar-
facies as described for Figure 10(A). However, an additional radarfacies was dis-
tinguished: the third lagoonal one (4, as described in Table 1), onlapping the first
lagoonal one (2). It is to be noticed that peat layer cropping out at Bujuru beach
is one of the basal strata of the third lagoonal radarfacies (4).
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Figure 11. PB-01 section structural features. A) Radargram close to B) PB-01 drillhole section. Drillhole
section under permission of RGM S.A. Radargram legend as shown in Figure 9.

Figure 11(B) shows the complete PB-01 Drillhole Section re-interpreted, now
including normal listric faults displacing the key layers. The corresponding GPR
line was placed some distance to the north due to access facilities and represents
just the ~600 m of its southeastern segment. In any way, the correlation between

radargram and drillhole section is quite good.

6. Discussion

Deep GPR surveys in the Bujuru and Retiro HM deposits brought in evidence of
a series of deformational structures that were not yet described for the RGSCP:
listric normal faults related to gravitational tectonic supported by the exposed seg-
ment of the Pelotas Basin.

Radargrams presented in Figure 2, Figure 9, Figure 10 and Figure 11 show the
main deformational structures controlling the erosional and depositional condi-

tions supported by the RGSCP from the onset of faulting. The onset of gravitational
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tectonics in the Bujuru District is estimated to be 9 - 8 ka taken the geological
records for lagoonal sediments (see [25] [35] for discussion).

The main listric normal faults related to gravitational tectonics promote the
hanging-wall block rotation and gentle folding of the stratigraphic units, as also
as minor interconnected faults, even synthetic or antithetic ones [36].

The Bujuru HM deposit is placed upon the tip zone of the Lagoa do Peixe and
Retiro-Estreito faults (Figure 4). Radargrams in this area (Figures 10-11) show a
gentle anticlinal close to the Bujuru beach, which amplifies toward Retiro-Estreito
Fault and gave rise to the hinge zone of the rotating hanging-wall block. That ra-
dargrams also show that the thickest Holocene mineralized TD and TDS are
placed in the synclinal area. The Retiro HM deposit, on the other hand, is placed
mainly upon the depocenter of the fault controlling Retiro Lagoon (hangingwall),
and upon the southwestern Pleistocene footwall bulkhead block.

The intersection of two master fault systems at Bujuru District area introduces
additional structural complexity in erosion and sedimentary deposition of Holo-
cene radarfacies. Additional investigation is being conducted in this area, since
the deformational structures are covered by mineralized Holocene TD and TDS.
The extent the down warping block open space for Holocene deposition and ero-
sion of the Pleistocene sediments on the footwall and in the hanging-wall is still
under concern. The tip zone of listric faults is also the locus for the development
of transfer faults, which introduces additional displacement patterns in the down
warping hangingwall and in sedimentary processes and thickness. The presence
of some different radarfacies shown in Figure 9, Figure 10 and Figure 11 is a clear
consequence of the diachronous development of regional master and local faults
of each interconnecting system.

The HMs are still being transported by onshore winds and deposited in TD
(Figure 7). It is interesting to observe, however, that HMs are present in the TD
overlying exposed peat layer (base of the radarfacies 4) and the underlying radar-
facies 2. But, from the northeastern tip zone of Lagoa do Peixe Growth Fault to
southwestern exposed tip of the Retiro-Estreito Fault, it is to be noticed that TD
and TDS have not HMs, or have very low HM concentration when peat layer is
not still exposed due to folding and/or faulting along the beach.

The deformational structures along the fault direction seem to control not only
the lagoonal sedimentation (radarfaceis 2 and 4, mainly), but also their erosion to
give rise the economic HM deposits. The source for HMs transport by onshore
winds and their deposits in Holocene TD is to be considered.

[22] analysed a series quaternary aeolian landforms and the physical, chemical
and sedimentological conditions that make possible the development of aeolian
mineral deposits of economic grade. [24] reviewed several aeolian landforms with
emphasis on their textural, compositional, and geodynamic maturity of the sedi-
mentary deposits, to propose a “hybrid manual” for practical field studies of aeo-
lian mineral deposits. On this basis and on additional research papers, it is possi-

ble to evaluate the source and concentration processes that led to Bujuru and
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Retiro HM deposits.

The HM occurrences in the RGSCP were first reported by [11] and [37]. Both
papers sampled HM in the foreshore and backshore of actual beaches, and sug-
gested the HM were transported by SW to NE swell action. [37] suggested HMs
were concentrated by swash and backwash action in the foreshore and backshore,
water sheet flows by berm-top spillover and aeolian winnowing action. [37] in-
vestigation was restricted to southern RGSCP segment (Cassino to Chui beaches)
and found that the north part has a slight non-opaque minerals predominance,
while the south part (Chui) has opaque minerals predominance.

The proportion of different HMs along RGSCP Holocene beach zones and con-
tinental shelf varies. [38] sampled a large area in the continental shelf from north
Rio Grande do Sul (Brazil) to north Argentina, to discuss the regional and local
sources of HMs based on opaque HMs concentration, and on mineralogical index
and multivariate data analysis (non-opaque HMs). [38] showed the higher opaque
minerals (ilmenite, limonite, leucoxene e pyrite) concentration in front of Rio de
la Plata Estuary, and suggested that it represents a regional source due Rio de la
Plata draining mainly Parand Basin sedimentary and volcanic rocks. Local sources
are put in evidence, since non-opaque minerals (hyperstene, hornblende, tourma-
line, staurolite, apatite and zircon). [39] showed a large variation on HMs compo-
sition from Chui area to Lagoa da Ave (SC state, to the north), sampled on swash
zone, and pointed out some proximal source correlation.

[33] made a series of microprobe analysis in non-opaque HMs along the north-
ern RGSCP and compared their chemical composition with composition of same
minerals from different stratigraphic units: continental plateau basalts (Serra
Geral Fm., Parand Basin) and Rio Grande do Sul Precambrian Shield (granite-
gneisses and metamorphosed vulcano-sedimentary rocks). [33] found that non-
opaque HMs are mainly derived from RGS Precambrian Shield. Additionally, [34]
analysed zircon composition and found that zircon grains mainly derived from an
association of subalkaline to alkaline granitic rocks of nearby Pelotas Batholith
(RGS Precambrian Shield). These results corroborate [38] results for HM sampled
in the continental shelf.

The sediment reworking in the RGSCP is usually mentioned as a mechanism
for HMs differentiation and concentration. [40] sampled different barrier/lagoon
system near Chui area (southmost area of RGSCP) and showed some different
HMs concentrations in each barrier/lagoon system. Additionally, [40] reported
an increase in total concentration of HMs from Barrier/Lagoon II to Barrier/La-
goon IV (0.042%; 1.89%; up to 4.66%). [41] sampled the aeolian and the upper
shoreface-foreshore facies for all four Barrier/Lagoon systems and could define
some trends for HMs differentiation from older to younger barrier/lagoon sys-
tems. However, [40] and [41] investigations have limited sampling locus distribu-
tion in the RGSCP for a complete discussion about HMs differentiation along bar-
rier/lagoon systems.

Table 2 lists HMs compositional differentiation and concentration determined

in some of previous investigations to compare them with Bujuru and Retiro HM
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deposits. It is noteworthy that ilmenite + magnetite is the most abundant HM
specie in each barrier/lagoon system, and sampling site. It is also interesting to
observe the expressive epidote + zircon + amphibole + pyroxene increasing from
older to younger barrier/lagoon system. This non-opaque HMs increase can imply
the advance of Rio Grande Arc denudation processes toward the NNW, where
metavolcanic rocks (epidote + amphibole), alkaline granites (zircon) and strati-
form mafic-ultramafic complexes (pyroxenes) predominates in the exposed RGS
Precambrian Shield.

Bujuru and Retiro HM deposits, in this way, as also [37] and [38] results for
backshore-foreshore and shoreface-offshore zones, do reflect these conditions.
[38] identified an opaque HM and ZTR anomalous area offshore the Bujuru and
Retiro HM deposits.

Table 2. HMs compositional differentiation and concentration as recorded in some investigations to compare with Bujuru and
Retiro HM deposits. SKA = sillimanite + kyanite + andalusite.

[37]
Barrier/Lagoon  Hermenegildo-
System (age) Chui (southern
RGSCP)

Ilmenite (46.6%),
magnetite (3.2%),
epidote (10.8%),
pyroxene (12.5%),
tourmaline (2.6%),
B/L system IV staurolite (4.4%),
(8 a0ka) zircon (2.9%),
rutile (1.8%),
garnet (3.0%),
kyanite (1.7%),
andalusite (0.3%)
and others (9.9%)

B/L system III

N 1
(125 ka) o samples
B/L system II
N 1
(230 ka) o samples
B/L system I
L system No samples

(325 ka)

hypersthene (6.3%), zircon pyroxene, chromite + leucoxene (2.1%),

[41]
6] [16 31
[38] HMs listed in order . [6] [16] . . [31] .
Bujuru HM deposit Retiro HM deposit
of abundance
Opaque minerals (31.6%): Ilmenite (58.6%),
paque minerals (31.6%) renite (58.6%), 1) enite (62.39%),
ilmenite, limonite, zircon (8.4%), . .

) ) zirconite (7.5%),

leucoxene and pyrite. epidote (8%),

Ti-magnetite

Non-opaque minerals:  Ilmenite + magnetite, tourmaline (6.3%),
(6.2%), quartz

tourmaline (11.5%), epidote, zircon, magnetite (5.3%), .
. . . (5.9%), epidote
hornblende (9.3%), rutile, tourmaline, staurolite (5%), .
. . . . (5.2%), staurolite
staurolite (9.3%), augite staurolite, garnet, rutile (2.5%), (4.8%), Rutil
.070), Rutlle
(8.9%), epidote (7.4%), SKA, amphibole, kyanite (2.1%),

(2.2%), Turmaline
(2.2%), Garnet

(4.5%), garnet (4.4%), pinels garnet. (0.7%), (1.7%), kyanite
kyanite (3.9%), apatite perovskite (0.5%),
. . . (1.1%), leucoxene
(3.6%), sillimanite (1.1%) chromite (0.3%) and (0.7%)
and rutile (0.8%) others (0.2%)
Ilmenite + magnetite,
tourmaline, epidote,
No samples staurolite, rutile, No samples No samples
zircon, SKA, garnet,
chromite + spinels
Ilmenite + magnetite,
tourmaline,
No samples staurolite, rutile, No samples No samples
zircon, SKA, garnet,
chromite + spinels
Ilmenite + magnetite,
zircon, staurolite,
No samples tourmaline, rutile, No samples No samples

SKA, chromite,
garnet, spinels
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The composition and concentration of HMs, however, are not sufficient condi-
tions to give rise to a mineral deposit. An economic mineral deposit depends on
the existence of high-grade HMs concentration in a large volume of material; other
way, one has an uneconomic HM occurrence. Then, it is to be discussed what kind
of conditions led to the development of the Bujuru and Retiro HM deposits.

The deformational structures and the associated mechanical subsidence pre-
sented here must have played an important role in HM concentration and purifi-
cation processes. But the deformational structures have definitively contributed
to HMs concentration in a large volume of TD and TDS sediments. Figure 12
shows a simplified geologic-structural sketch depicting the stratigraphic units dis-
tinguished by [25] and detailed in this work. Figure 13 presents a synthesis of HM
concentration, purification, and accumulation in different stages of structural de-

velopment.

Mean sea level

[ ] Holocene lagoonal radarfacies 3 & 4
[ Holocene lagoonal radarfacies 2
Holocene offshore sediments
Pleistocene sedimentary units

Mean sea level

= Holocene Transgressive Dunes

[ Holocene lagoonal radarfacies 3 & 4

[____1 Holocene lagoonal radarfacies 2
Holocene offshore sediments
Pleistocene sedimentary units

Figure 12. Geologic-structural model for placer Bujuru and Retiro HM deposits (RGSCP,
Brazil). A) The development of the structural trap (placer) for the first stage of HM
concentration. B) The third stage HM concentration and purification on Transgressive
Dunes.

The first stage is characterized by a fault displacement rate higher than sedi-
mentation rate and the development of a structural basin to constitute the main
trap (placer) for preliminary HM concentration. The Pleistocene sedimentary unit

rotation in the hanging-wall of listric normal fault developed a structural barrier
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oceanward, whose remnants are still observed in recent beach line (e.g. [6]).

. 2.4.6,8 10 (mmy) Fault displacement rate < sedimentation rate
09 © Third Holocene lagoonal radarfacies deposition
© o | Erosion of Pleistocene footwall escarpment
‘c ® | Reworking of First Holocene lagoonal radarfacies
14 i— & | Concentration of HMs in Transgressive Dunes
Fault displacement rate ~ sedimentation rate
2 Second Holocene lagoonal radarfacies deposition
_g @ | Erosion of Pleistocene sedimenatary units
O D! inthe footwall escarpment
o ,,‘E Reworking of sedimentary units
Eh % O | Concentration of HMs in the structural trap (placer)
4 4 Fault displacement rate > sedimentation rate
o 2 @ | First Holocene lagoonal radarfacies deposition
© o (©)]
5 - c ‘qc: 81 Erosion of Pleistocene sedimenatary units
% IS 2 in the footwall escarpment and
b= 8 o | in the hinge zone (a structural barrier)
@ © =
o
6 '-'E % L Reworking of sedimentary units
3 = Concentration of HMs in the structural trap (placer)
3
7 w
8
ka

Figure 13. Diagram showing the development stages for structurally controlled lagoons,
and the formation of Bujuru and Retiro HM deposits. Rate scale is only for illustration.

The erosion of that uplifted structural barrier was responsible for sediment re-
working and deposition in the rapidly subsiding, fault-controlled lagoon (Lagoa
do Peixe and Retiro-Estreito lagoons). Swash and backwash by waves and tides
may have acted to erode Pleistocene units and to concentrate the HM in the First
Lagoonal radarfacies (Figure 12(A)). The erosional process supported by the
structural barrier was certainly facilitated by transfer faults, which open channels
to ocean water sheets spreading on lagoons. These processes additionally contrib-
uted to HM concentration in the First Lagoonal radarfacies.

The second stage began in the period when fault displacement rate equals sed-
imentation rate (~3.46 ka upper age for the first lagoonal radarfacies). The corre-
sponding radarfacies is not actual exposed, since it was deposited as a triangular
unit (Figure 12(A)) in the asymmetric lagoon depocenter close to the fault es-
carpment [25]. This triangular zone was progressively developed during the high
fault displacement and filled with sediments chiefly derived from Pleistocene foot-
wall block (bulkhead structure west of fault). It also constitutes a structural trap
for HMs. The continuity of fault displacement and hanging-wall block rotation
(high to medium rates) began the folding of the first lagoonal radarfacies into bra-
chysynclines and brachyanticlines. The sedimentation gap (3.46 to 1.06 ka) iden-
tified close to Bujuru beach is the time interval for the second lagoonal radarfacies
deposition [25].

The third stage is characterized by a sedimentation rate higher than fault displace-

ment rate and imply lagoon clogging due to sediments derived from Pleistocene
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bulkhead (footwall structural high) to the west and from brachyanticline that was
exposed near the beach. The peat layer (~1.06 ka) now exposed by folding in the
beach is the lowermost strata of this radarfacies (4). At this stage, the initial Pleis-
tocene structural barrier at the beach was completely eroded, and a new structural
barrier is present: the brachyanticline. Tides and waves erosion on the previous
lagoonal radarfacies exposed in the beach zones, HM hydraulic sorting in the off-
shore to backshore zones, onshore winds transport, and winnowing are the pro-
cesses responsible for the Bujuru and Retiro HM deposits. The brachyanticline ero-
sion and sediment transport by onshore winds are the main mechanisms building
up the TDS and TD that are actually clogging the Lagoa do Peixe and Retiro-Es-
treito lagoons and giving rise to HM deposits (Figure 12(B)).

7. Conclusions

The RGSCP was developed close to a super-mature crustal section (RGS Precam-
brian Shield). The Bujuru and Retiro HM deposits were developed in a conse-
quence of deformational traps (synthetic and antithetic normal faults). Mechani-
cal subsidence and hanging-wall rotation due to gravitational tectonic, instead of
sea level changes, are the main responsible for structural placers that lead to the
existence of these HM deposits.

A three-stage evolutionary model is suggested based on fault displacement and
sedimentation rates. A preliminary HM concentration episode was promoted by
reworking sediments from the Pleistocene footwall escarpment and from a Pleis-
tocene structural barrier developed in the hanging-wall oceanward. A second HM
concentration episode is still in operation: TDS and TD developing upon another
structural barrier (brachyanticline), that was build due to the progressive defor-
mation of the hanging-wall upon the previous Holocene lagoonal radarfacies. The
actual sedimentary barrier (TDS and TD) developed upon this brachyanticline
barrier and migrates inland due to NE onshore winds, also accumulating over
structurally controlled lagoons to clog them.

The results of this investigation seem to show a double evolution when classi-
fying the aeolian landforms for Mostardas to Retiro-Estreito area in the RGSCP,
following [24]. The structurally controlled Lagoa do Peixe and Retiro-Estreito la-
goons, in the first and second stages of development, evolved as coastal lagoons
(LES 6), perennial lacustrine environment. The fine-grained sediments and or-
ganic matter define this depositional environment, as discussed in [25]. However,
the third stage (recent) stage of development is now occurring as typical coastal-
marine (LFS 5) in warm temperate climate and in microtidal-wave-dominated
coastal-marine environments [22].

HM sources for this placer deposits seem to be regarded to Pleistocene sedi-
ments reworking induced by deformational structures. However, new HM input
could have played an important role, chiefly due to longshore Atlantic currents as
pointed out by [38].

HM transport and accumulation differ from first to second episodes. But,
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erosion of previous Holocene lagoonal deposit, HM longshore transport, hydrau-
lic sorting in the offshore to backshore zones, onshore winds transport, and win-
nowing are the envisaged processes as sedimentary structures show. Purification
and diagenetic processes may have played another role in the relative concentra-
tion and composition of the HM deposits, as demonstrated by [3] [4] [42]. How-
ever, this subject was not under the scope of this paper and may be addressed in

future investigations.
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