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Mobility of Radionuclides and Rare Earth Elements in
the Coastal area of Rio de Janeiro: Implications for

Monazite deposits in Offshore Areas
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Abstract

Analysis of ground and airborne radiometric data as well as rare earth element abundances
in soils in the Saquarema region (Rio de Janeiro, Brazil) has allowed new insights into the
mobility of mineral aggregates containing monazites. The regional distributions of
radioactive elements, as revealed in results of airborne radiometric surveys, indicate that
topography play dominant role in transportation of weathered material. The mobility
pattern is characterized by systematic depletion of radioactive elements along the migration
paths. Superimposed on this depletion trend are indications of relative enrichment of
uranium and thorium with respect to potassium along the migration paths. Analysis of data
on rare earth element abundances in soils and beach sands point to the existence of a
complementary process responsible for formation of ore-grade deposits of monazites along
the coastal regions. The time and distance scales associated with this enrichment process
have been estimated based on the regional distribution of Th/K ratios. The results indicate
that submerged monazite deposits may be present along the offshore sand banks, in the
coastal region of the state of Rio de Janeiro. These results may be useful in locating
under-water monazite deposits in other parts of continental shelf with similar geologic
context.

Keywords: Mobility of Radionuclides, Rare Earths, Rio de Janeiro, Off-shore Deposits

1 Introduction

Knowledge of the distribution of natural radioactive and rare earth elements (REE) in
soils is of considerable interest in studies of the dynamics of a variety of geochemical
processes occurring in near surface layers [1, 2]. Weathering, in response to
environmental conditions near the earth's surface, is often considered to play a significant
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role in the movement of radioactive elements and REE in soil layers [3]. Both naturally
radioactive elements and REE appear as natural tracers in the whole geosphere and have
become important geochemical tracers during last few decades [4, 5].

The physical and chemical processes associated with weathering of radioactive and rare
earth elements have a direct relationship with the break down or alteration of host
minerals. Such processes depend primarily on the bonding between the mineral
aggregates and the rock matrix undergoing weathering. The mobility of altered material
on the land surface is essentially a gravity-driven process, determined primarily by the
local topographic conditions. Other factors such as precipitation and the nature of local
fluvial systems play secondary roles. The overall result of mobility is distribution of
weathered material starting from the source region, which leads to distinct features in the
physical and chemical characteristics of soil layers.

A number of studies have been carried out over the last few decades on the distributions of
radioactive elements and REE in specific localities in the interior and coastal areas of Brazil
[6 — 17]. Nevertheless, few have addressed the problem of distribution patterns of such
elements on regional scales, which can provide information on mobility under the
combined influence of topography, weathering and erosion. In the present work, we report
progress obtained in analysis of airborne radiometric data, with cross-check on selected soil
samples, in addressing the problem of mobility of natural radioactive elements and REE.
The study area is located in the municipality of Saquarema, in the coastal area of the state of
Rio de Janeiro (Brazil). There are indications that the source region of radioactive elements
and REE are located in the uplifted crustal blocks of the adjacent Serra do Mar continental
escarpment. We examine characteristics in the spatial distribution of these radionuclides
and REE and consider its implications for occurrence of eventual ore-grade deposits of
Monazites in the adjacent offshore regions. This study does not aim to solve all questions
related to the distribution of radioactive elements in the study area but it is of help in
obtaining a better understanding of factors affecting their mobility arising from weathering
and driven by topography and hydraulic processes at the surface.

2 Geologic Context of the Study Area

The basement rocks in the coastal region southeast Brazil belongs to the Mantiqueira
Province. According to geologic studies, the terrain has a number of NE — SW structures
composed of thrusts and folds, generated during the Brasiliano Orogeny. The units that
constitute the basement rocks are orthogneisses and orthoamphibolites of the Ribeira fold
belt of Paleoproterozoic age [18 — 21]. Tectonic processes associated with the opening of
the Atlantic have lead to development of extensive escarpments (known as Serra do Mar)
along the continental margin areas. Extensive sedimentary layers, of Tertiary to Quaternary
age, cover the down-faulted blocks in the coastal area.

The geologic context of the study area (municipality of Saquarema, in the state of Rio de
Janeiro) is illustrated in the map of Figure 1. Outcrops of basement rocks in this area are
rare as intense weathering processes have led to the formation of thick soil cover. A number
of lagoons and backwaters also occur along the coastal region. The climate is sub-tropical
with annual median temperatures of 22.5°C and annual median precipitation of 1700 mm
and has a long dry season. An understanding of the topographic characteristics is important
in evaluating terrain attributes related to geomorphologic processes and soil/regolith
properties in the study area. According to the digital elevation map of the study area (see
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Figure 2) the escarpments of the highlands (Serra do Mar), along the western border of the
study area, have altitudes reaching over 400 meters. It drops rapidly to sea level over
distances of approximately 30km.
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Figure 1: Simplified geologic map of the study area.

Figure 2: Digital elevation characteristics, with 3D perspectives, of the study area.

3 Database
3.1 Airborne Surveys

The results of airborne surveys carried out in 1978, within the framework of the Sdo Paulo
—Rio de Janeiro Project [22], were employed in the present work for mapping radioelement
abundances in the study area. The data sets available for this survey refer to intensities of
gamma ray emissions by natural radioactive elements (potassium, uranium and thorium) at
energy levels of 1.46 Mev (million electron-volts), 1.76 Mev and 2.61 Mev respectively.
These are recorded in separate channels, along with information on flight altitude and
atmospheric conditions. The flight lines were in north — south direction, had a spacing of
1000m and altitude of 150m. Quality control tests were carried out not only prior to data
acquisition, but also during and after the surveys. The total investigated area is 654.67km?,
which includes lakes and lagoons occupying 21.2km?.
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Most of the data processing in the present work has been carried out using the
computational package Geosoft® — Oasis Montag. Initially the raw data were corrected for
the perturbing effects of technical survey operations (LAG and Heading effects and altitude
variations). In addition, procedures were adopted for filtering, leveling and microleveling
operations, as per standard data processing techniques [23]. The original data, recorded in
units of counts per second (cps), were transformed into values of relative abundances using
conversion factors specific to each flight path. These factors depend on the sensitivity and
geometry of detectors used and the survey altitude. The results, corrected using calibration
data for the particular survey operations [24 — 26], are reported as equivalent values of
thorium (eTh), uranium (eU) and potassium.

The results of airborne survey reveal striking correspondences with geological and
morphological features of southeast coastal region in the state of Rio de Janeiro. Consider
for example the regional distribution of eTh in the eastern part of the state of Rio de Janeiro
(Brazil), illustrated in Figure 3a. The abundances of eTh are relatively high (> 20 ppm)
along NE — SW trending belts, which are in remarkable coincidence with exposures of
basement rocks along the thrust belts of Brasiliano orogeny. Also, eTh abundances are
much lower (< 10 ppm) in the low-lying planes along the coastal region. Similar features
are also present in the distribution eU abundances, illustrated in Figure 3b.

Results of regional surveys allow identification of large-scale anomalies, but are not
directly useful for investigating the role of topography in determining mobility patterns of
radioactive nuclides in the soil layers. In this context, we have used the technique of
draping radioelement distributions over 3D representations of the local topographic
features, as a convenient method in illustrating features related to variations in elevation.
Consider for example the distribution of eU, illustrated in Figure 4. The abundance values
of uranium are greater than 3 ppm in areas in the western parts, where altitudes are higher
than 100 meters. On the other hand, belts of low concentrations (less than 2ppm) occur in
the southern parts of the study area, which have altitudes of less than 10 meters. Lakes and
coastal water bodies are present in most such areas. It is clear that there is significant drop
in uranium abundances with decrease in elevation.
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Figure 3a: Regional distribution of eTh in the eastern part of the state of Rio de Janeiro
(Brazil) derived from results of airborne radiometric surveys.
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Figure 3b: Regional distribution of eU in the eastern part of the state of Rio de Janeiro
(Brazil) derived from results of airborne radiometric surveys.
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Figure 4: Distribution of eU draped on model representation of topography in the study

area.

Similar trends can also be seen in the regional distributions of eTh and potassium illustrated
in Figure 5. The abundance values of eTh are greater than 10 ppm in areas of high elevation
in the northwestern parts, while belts of relatively low concentrations (less than 5 ppm)
occur in the low-lying southern parts. In the case of potassium relatively high values (> 1%)
occur in the northwestern parts while belts of relatively low concentrations (< 1%) occur in
the southern parts. We conclude that topography plays a significant role in the regional
distribution of radioelements in the study area.

Height (m)

eTh
(ppm)

S
.8
\
N

K (%)

Figure 5: Distributions of eTh (upper panel) and potassium (lower panel), draped on model
representations of topography in the study area.
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3.2 Ground Surveys

Ground surveys included measurements of abundances of radioactive elements in soils at
twelve localities in the municipality of Saquarema, in the state of Rio de Janeiro. Three
different experimental techniques were employed: scintillation detector, solid-state
detector and instrumental neutron activation analysis. Use of portable scintillation detectors
(of the type Nal - Tl activated) allows rapid in-situ measurements of naturally radioactive
elements. However, energy resolutions of such detectors for identifying the gamma
radiations are poor. On the other hand high purity germanium detectors (HPGe) have much
better energy resolution, allowing identification of several low-energy (< 1 Mev) gamma
emissions by the elements in the radioactive series. Neutron activation analysis allows
simultaneous measurement of several major and minor elements, but for obvious reasons
the instrumental setup is not portable.

The locations of the sample sites are indicated in the map of Figure 6. Also indicated in this
map are the main soil types and other local features such as rivers and islands as well as
saline water bodies and urban areas. According to the classification system of [27] Ultisol,
characterized by its high clay activity, is the predominant type of soil in the study area.
Other soil types present in the area include Spodosol, Gleysol, Entisol and Organosol.
Samples 1 to 9 are predominantly Entisol, while 10 and 12 are Ultisol.
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Figure 6: Map of soil cover in Saquarema municipality, in the coastal area of Rio de
Janeiro. The numbers refer to locations of soil samples.

3.2.1 Measurements using scintillation detector

The scintillation detector used in ground gamma-ray spectrometry survey is an
Exploranium GR-320 portable device. The main components of this equipment include a
sodium iodide (Nal) thallium activated crystal and an associated electronic system that
allows automatically maintaining the position of energy channels with respect to peaks of U
(ppm), Th (ppm) and K (%). The calibration tests were carried out at the facilities available
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at the Institute of Radiation Detection (IRD) in Rio de Janeiro [28]. These include 18
concrete calibration pads with concentrations of uranium, thorium and potassium
comparable to those found in normal geologic media. The procedure adopted for field
measurements is in accordance with the recommendations outlined in [29]. Initially the
detector was kept in contact with the ground during the measurement period. A second set
of measurements were made by placing the detector at a height of approximately one meter
above the ground level. In this case, the instrument detects gamma rays from a circular area
of approximately 10m radius. The sampling time for measurements was set to a value of
100s. Details of the methodology employed in use of the portable spectrometer and its
calibration are described in detail by [30, 31].

Two sets of samples were collected: the first one at shallow depths of up to 20 cm and a
second set from depths of 20 to 40 cm. According to the results obtained mean values of
uranium, thorium and potassium in soils are respectively 3.5 + 1.0 ppm, 18.4 + 3.6 ppm and
1.5 £ 0.3 %. The mean values of uranium and thorium are higher than those found for soil
samples in the interior parts of Brazil [32]. The ratios U/K and Th/K are found to have mean
values of 4.9 and 22.8, which are again higher than the corresponding values for soil
samples elsewhere. Table 1 provides a summary of the results obtained.

Table 1: Results of measurements on soil samples at twelve sites, using portable
scintillation detector. Sample locations are indicated in Universal Transverse Mercator
system (UTM). Symbol e refers to standard deviation.

Sample | Soil Coordinates U (ppm) Th (ppm) K (%)

ID Type | UTM X |[UTMY |Mean| ¢ |Mean| o Mean c
1 744910 | 7468638 | 4.7 0.8 | 238 | 109 2.4 0.3
2 745747 | 7469408 2.6 09 | 161 2.4 0.3 0.1
3 747710 | 7470546 | 2.2 | 1.3 | 196 | 5.1 1.1 0.2
4 748239 | 7470546 | 3.2 | 04 | 166 | 28 | - | ------
5 Entisol | 749804 | 7470285 | 4.1 | 0.8 | 22.8 | 2.8 2.2 0.2
6 750527 | 7470571 | 35 | 1.3 | 166 | 2.8 1.1 0.2
7 752278 | 7470882 | 3.2 | 0.6 | 184 | 1.1 0.7 0.1
8 751362 | 7470384 | 4.4 | 1.8 | 224 | 2.1 3.1 0.3
9 754747 | 7471378 2.9 1.3 | 20.3 5.8 | ===emmm | memmee-
10 757162 | 7469894 | 49 | 14 | 162 | 29 | - | -
11 Ultisol | 757035 | 7470808 3.2 0.9 | 137 1.8 | === | ==—---
12 757122 | 7471885 | 3.1 | 05 | 138 | 2.1 1.1 0.1

Mean 3.5 10 | 184 | 3.6 15 0.3

3.2.2 Measurements using solid-state detector

The methodology employed in the use of solid state high-purity germanium (HPGe)
detector has been described in the literature [33, 34]. The detector used in the present work
has a diameter of 56 mm, length of 38.5 mm and has relative efficiency of 20% and
resolution of 1.8 keV (kilo electron-volts) at 1330 keV and 0.7 keV at 22 keV. Use of HPGe
detector allows determination of uranium based on intensity of the 63.3 keV photo peak
emitted by ***Th, corrected for the interfering effect of the 63.9 keV photo peak of “*Th
(the contribution of %'Th is relatively small and can be neglected for purposes of the
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present work). The correction for contribution of 2?Th is based on the activity ratio of *Ac
relative to 2**Th [33]. The relation used for determining intensity (C) values is:

£(63.9)* (232Th, 63.9)

£(63.9)*1 (228Ac, 338.32

C(234Th, 63.3)=C (63)— )C(ZZSAC, 338.32] 1)

where g(E) is the total peak efficiency, I(E) is the emission probability and m the mass.
Samples collected for measurements using solid state HPGe detector are from the same
localities as those indicated in Figure 5. The procedures used in measurements by HPGe are
similar to those discussed in the literature [35, 36]. According to the results obtained mean
values of uranium and thorium in soils are respectively 4.3 £ 1.3 ppm and 19.4 + 1.6 ppm.
The mean values of uranium and thorium are in reasonably good agreement with those
obtained using scintillation detector. Table 2 provides a summary of the results obtained.

Table 2: Results of measurements on soil samples at twelve sites, using HPGe detector. See
caption of Table 1 for details.

Sample . Coordinates U (ppm Th m
D | Soil Type UTMX |[UTMY Mean( ° )o Mean e )c
1 744910 7468638 4.2 14 28.4 2.1
2 745747 7469408 0.9 0.6 10.9 1.1
3 747710 7470546 3.1 1.1 17.8 1.6
4 748239 7470546 2.4 0.9 19.0 15
5 Entisol 749804 7470285 5.2 1.4 26.4 1.8
6 750527 7470571 5.3 14 19.3 15
7 752278 7470882 3.8 1.2 22.3 1.7
8 751362 7470384 4.6 14 19.9 1.8
9 754747 7471378 3.2 11 22.7 1.7
10 757162 7469894 4.7 1.3 15.4 1.4
11 Ultisol 757035 7470808 9.6 2.3 22.4 1.8
12 757122 7471885 51 1.4 9.4 1.2

Mean 43 1.3 19.4 1.6

3.2.3 Instrumental neutron activation analysis (INAA)

The methodology for neutron activation analysis, described in detail by [37, 38], were
adopted in the present work. Identical sets of samples were also collected for measurements
using instrumental neutron activation analysis. According to the results obtained mean
value of uranium in soils is 3.8 £ 0.3 ppm while that for thorium is 17.3 + 0.8 ppm. The
differences in the mean values of uranium and thorium are not significant, when compared
with the uncertainties of other methods. Table 3 provides a summary of the results
obtained.
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Table 3: Results of measurements of U and Th in soil samples at twelve sites, by neutron
activation analysis (INAA).

Sample Soil Coordinates U (ppm) Th (ppm)
ID Type UTM X |UTMY Mean c Mean c
1 744910 7468638 4.4 0.4 26.5 1.6

745747 7469408 2.2 0.2 9.6 0.4

3 747710 7470546 1.9 0.1 11.7 0.5
4 748239 7470546 4.2 0.4 23.9 0.8
5 Entisol 749804 7470285 3.6 0.3 23.2 0.8
6 750527 7470571 3.9 0.2 22.5 0.8
7 752278 7470882 4.8 0.4 15.2 0.8
8 751362 7470384 3.8 0.1 16.6 0.8
9 754747 7471378 2.3 0.2 18.6 0.8
10 757162 7469894 4.1 0.3 10.7 0.5
11 Ultisol 757035 7470808 6.4 0.5 19.2 0.8
12 757122 7471885 3.3 0.2 9.4 0.4
Mean 3.8 0.3 17.3 0.8

3.2.4 Comparative analysis

A comparative analysis of the results of gamma spectrometry carried out using portable
scintillation (GR-320) and solid state (HPGe) detectors as well as those obtained by
instrumental neutron activation analyses (INAA) are illustrated in the upper panel of Figure
7 for uranium and lower panel of the same figure for thorium.

Note that there is reasonable agreement between the results by the three methods. For
example, the mean values for uranium obtained by the three methods are 3.5, 4.3 and 3.7
ppm respectively. The differences between the means are not statistically significant. In the
case of thorium the mean values obtained for the three methods are 18.4, 19.4 and 22.7 ppm
respectively. In this case, the results indicate that the agreement is better between results
obtained by portable and solid state detectors. Similar results were also obtained in
measurements of potassium abundances.




Mobility of Radionuclides and Rare Earth Elements in Rio de Janeiro 211

7

10 )
#GR-320 MINAA AHpGe
8
€
£ "
e H &
é’ 4 [ | ‘ ’ ; ]
g . Y Y |
D v
2 i3 -
O I I I I I ]
0 2 4 6 8 10 12

Sample Number

—_—

¢ GR-320 MINAA HpGe

30

= " v TS
*

520 M . 0 u
= ¢ * * - [ * . e
>
3 -
210 0 - n
|_

O Il Il Il Il Il 1]

0 2 4 6 8 10 12

\ Smple Number )

Figure 7: Comparison of the abundances of uranium (upper panel) and thorium (lower
panel) in soils at 12 sites in the study area, determined by portable spectrometer GR-320
(lozenges), solid state detector (triangles) and INAA (squares).

4 Mobility of Radionuclides

The mobility patterns of radionuclides in the Saquarema region is greatly influenced by
weathering and hydrological processes occurring in the southeastern flank of the Serra do
Mar escarpment. The area is characterized by a series of multiple southeast trending valleys
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and ridges. Results of airborne surveys reported in the present work (see Figures 3 and 4)
have mapped the radioelement distributions along closely spaced flight lines, following
roughly the valley and ridge system. Results of ground surveys (discussed in section 3 of
the present work) have been helpful in determining abundances in soil samples. The map of
Figure 8 illustrates the topographic variations of the area selected for ground surveys. Also
indicated in this map are the flight lines of airborne surveys, as well as locations of ground
surveys. Many valleys are characterized by high drainage density and are known to
transport natural radionuclides. Hence the results of ground surveys should be considered
as indicative of cumulative end products of mobile processes driven by weathering and
fluvial transport.

The regional distributions of uranium, thorium and potassium, illustrated in Figures 4 and 5
reveal that areas of high elevations in the northwestern border of the study area (adjacent to
the Serra do Mar continental escarpment) are characterized higher concentrations of
radionuclides relative to those in the low-lying plains. We consider the systematic decrease
in the abundances of radioactive elements with distance from areas of elevated topography
as consequence of weathering and erosion. In the present work, our interest is in examining
not only the general trends in mobility of the natural radionuclides but also characteristics
of their relative movements within the study area.

UTM South

740000 745000 750000 755000 760000 765000 770000

UTM west
2500 0 2500 5000 0 1 2 10 20 33 50 80 150 250 880

T (meen)

Corrego Alegre 1970-72 /UTM zone 23S heigth (m)
Figure 8: Topographic variations of the area selected for ground surveys. The lines indicate
flight paths of airborne surveys and the red circular symbols indicate sites of ground
surveys.

4.1 Indications of Relative Movements

Some insights into the general trends in the relative mobility can be obtained by
considering the geographic distributions of the ratios of radionuclides. Consider for
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example the distribution of Th/K and U/K ratios illustrated in the map of Figure 9. Note that
high values of Th/K are found in areas with altitudes of less than 10 meters, while regions
with altitudes higher than 100 meters are characterized by relatively low values. A similar
trend can also be seen in the distribution of U/K (lower panel of Figure 9).

S
1

U/K

Figure 9: Regional distributions of the ratios Th/K (upper panel) and U/K (lower panel) in
the Saquarema region, draped over model representations of topography.

Since potassium is usually associated with the clay fractions, the observed trends of
decrease in Th/K ratio are indications of steady enrichment of thorium along the migration
paths. We conclude that weathering processes have led to gradual removal of
potassium-rich clay fractions along the path from high altitudes to flat-lands. Thus, even
though the absolute values of the abundances of thorium decrease with distance from the
source region the relative enrichment process with respect to potassium prevails and seems
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to be a characteristic feature of the weathering process. Such trends are contrary to those of
the absolute abundances, illustrated in Figures 4 and 5.

As in the case of Th/K, high values of U/K are found in areas with altitudes of less than
10 meters, while regions with altitudes higher than 100 meters are characterized by
relatively low values. It is indication that weathering processes have led to gradual
removal of potassium-rich clay fractions along the migration path. Consequently, there
has been relative enrichment of uranium with respect to potassium along the path from
mountainous areas to flat lands. Again, this is contrary to the trend of absolute
abundances, illustrated in Figures 4 and 5.

The distribution of U/Th, illustrated in Figure 10, reveals that U/Th values in the range of
0.2 to 1.0 in areas with altitudes of less than 10 meters, while regions with altitudes higher
than 100 meters are characterized by relatively low values of less than 0.1. Such features
are indications of enrichment of uranium relative to thorium in the study area. The
enrichment process is believed to be related to the higher mobility of elements in the
radioactive series of uranium. It may also be considered as a consequence of gradual
retention of thorium-rich materials associated with heavy mineral fractions during its
movements through soil layers.

900 0.8

Height (m)
o
w

7476880
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X 760009 §

Figure 10: Regional distribution of U/Th ratios, draped over model representation of
topography in the study area.

4.2 Fits to Diffusion Models

The geographic distribution patterns in the maps of Figures 4 and 5 are clear indications
that radioactive elements have migrated from the source region (the Serra do Mar
escarpment) downstream into the sediment covered plains of the coastal area. The objective
here is to model this migration as the result of an equivalent of a particle diffusion process
in the geologic environment of the study area.

We assume that particle transport can be mathematically described as simple,
one-dimensional diffusion equation [39]:
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oCc _o%C
~“_b )
ot 0 X2

where C is the particle concentration, t is time, D the particle diffusion coefficient and x the

distance downslope. One particular solution to equation 2 is:

M exp |- x* 3)
2.7 Dt 4Dt
where Co is the background concentration in the source region (mg/kg) and M is a constant

related to the tracer mass in the study area. Note that equation 3 is similar in form to a
Gaussian:

C-Co 1 {_ (X_ﬂ)z} "

C(x,t)=Cq +

(Cm —Co) - o277 252

where Cy, is a constant related to the maximum concentration of the element at the center of
the study area, p is the downslope position of the maximum concentration and is the
distance of transport of the entire center of mass of the study area, and o is the spread of the
peak and represents the transport distance caused by particle diffusion. In this study ¢ was
determined by fitting a Gaussian of the form of equation 4 to the concentration-distance
data. If the duration of transport episode is used as time even though it may not be
continuous in time, a crude estimate of the particle diffusion coefficient can be obtained by
noting that D=o2/2t .

In carrying out model fits we used results of experimental data obtained in the present work
for 12 sites in the Saquarema region and also results for the source region reported by [21].
The distances of sample to source regions were estimated from information available in

local geologic maps and results of regional gamma surveys. The parameter values
employed in model fits are given in Table 4.

Table 4: Values of parameters employed in model fits.

Parameter Uranium Thorium
Background Concentration (Co) 0 0
Maximum concentration (Cp,) 9.5 50
Transport dlst‘ance' caused by particle 5000 5000
diffusion (o)
Downslope position of C, (1) 10-20 10-20

The results of fits of diffusion model (continuous curves) to observational data are
illustrated in Figure 11 for Uranium (upper panel) and for Thorium (lower panel). The
relatively good fit of observational data to model curves is indication that diffusion leads to
depletion of radioactive elements along the migration path, starting from the high altitude
source region and ending in the flat-lying low lands. This depletion process determines the
systematic trend of decreasing abundances of all three radio-elements, in spite of the
relative enrichment of thorium and uranium relative to potassium.
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Figure 11: Fits of diffusion model (continuous curve) to observational data for uranium

(upper panel) and for Thorium (lower panel). The dashed curves indicate error limits in
model fits.

5 Distributions of Rare Earth Elements

The general aspects of geochemical differentiation of rare earth elements in the Earth and in
the sedimentary cycle have been discussed [40, 41]. The chemical behavior of rare earth
elements is governed by the systematic contraction of trivalent ionic radii with atomic
number as the shielded electrons are added to the inner 4f shell and some of the elements,
especially Ce and Eu occur in oxidation states other than +3, the main oxidation state of the
group. Rare earth element geochemistry is commonly assessed using REE profiles, in
which raw concentration data are normalized to standardized abundances for chondritic
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meteorites, considered representative of the bulk Earth composition. This produces smooth
patterns by suppressing differences in absolute abundances, and such profiles have
distinctive shapes that may be indicative of compositional groupings or processes.

5.1 REEs in Soil Samples

In the present work we have measured REEs from the soil samples using neutron activation
methods. Sample preparation can be a major problem with REE analysis as the bulk of
these elements, particularly the heavier REEs (Dy-Lu), commonly resides in refractory
accessory minerals such as zircon, sphene and garnet. REE data obtained was calibrated
against results for certified and standard reference materials. The precision of this method is
better than 5% with comparable accuracy. A summary of the results obtained is provided in
Table 5 for twelve rare earth elements. In all soil samples the abundances of the first four of
the lighter REEs (La, Ce, Pr and Nd) are relatively higher (in the range of 40 to 300ppm),
compared with those (in the range of 5 to 10 ppm) of the remaining heavier REEs (Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu).

Table 5: Rare earth element abundances (in ppm) of soil samples in Saquarema region,
determined by instrumental neutron activation analysis (INAA).

La Ce Nd | Sm | Eu | Tb | Dy | Ho | Er | Tm | Yb | Lu

107 | 215 | 94 15 |14 15|19 |22 |26 ]| 29 | 33 | 0.7

370 | 78 33 65 13091113 |15| 17 |19 |04

51.2 | 107 | 43 84 11410410506 07| 08 ]09]02

86.0 | 176 | 65 | 117 | 08 |13 |16 |18 |21 | 23 | 26 | 0.5

95.0 [ 194 | 79 | 147 |16 |17 | 26 | 34 |42 | 49 |58 ]08

920 | 192 | 78 15 1131824 |29 | 35| 41 | 46 | 06

652 | 133 | 55 1103 |14 |12 119 ] 26 |33 ] 40 | 47 |06

645 | 133 | 53 97 110111519 |23 ] 27 | 31 ]05

83.0 [ 168 | 69 | 127 |13 |11 |15 |19 |24 | 28 |32 |04

443 | 93 37 81 /09 |15]29 |43 |57 ] 71 |85]|13

850 | 177 | 75 | 145|119 |23 | 36|48 |61 ] 73 |86 |12

el = —_
QlE|B|o|e(N|o|lu|s|wiv- g

447 | 90 37 77 1161091418 22| 26 | 30|04

Mean | 71.2 | 146 | 598 | 112 | 13 | 1.3 | 19 | 25 | 3.0 | 36 | 42 | 0.6

SD 232 | 467 | 198 | 32 (03 | 05|08 |12 |16 | 20 [ 24 |03

The relative pattern of abundances observed in samples of the present work is similar to
those encountered in soil samples of other regions [42 — 44]. Another common
characteristic refers to the differences relative to the abundances reported for chondrites
[45, 46]. The abundance values of soil samples of the present study are, in general, 1~2
orders of magnitude higher than those of the chondrites. The variation of abundances in soil
samples and the chondrite normalized patterns are illustrated in Figure 12. It reveals
enrichment of light REEs relative to heavy REEs as well as the well known drop in
abundance of Eu relative to other REEs. The negative Europium (Eu) anomaly noticed in
soil samples appear to be controlled by the presence of feldspars in clay fractions. Thus the
removal of feldspar during weathering and erosion will give rise to a negative Eu anomaly
in the soil. Ce anomaly is not so much evident.
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Figure 12: Abundances of REEs in soil samples (upper panel) and scaling with respect to
chondrites (lower panel). The numbers refer to locations of samples.

5.2 Comparison with REEs in Basement Rocks and Beach Sands

The abundances of REEs discussed in section (4.1) refer to soil samples from locations
which occupy intermediate positions along the migration paths of radioactive and rare earth
elements. However, understanding its relative importance for the problem of mobility of
REEs require comparison with corresponding values of the basement rocks as well as those
of the beach sands of the coastal area. We consider in this context, REE abundances
reported for Buena region monazites [14], Vermelha Beach sands [9, 10] in the state of Rio
de Janeiro and Guarapari Beach sands in the state of Espirito Santo (ES), for the basement
rocks of the state of Rio de Janeiro [21]. In comparing these results with the data for soil
samples of the Saquarema region it is convenient to make use of values normalized to those
of the chondrites. In the present work we make use of the relevant data for chondrites,
reported by [46]. Such a comparison, illustrated in Figure 13, reveals that beach sands and
monazites (curves A, B, C and D) are enriched by factors of 10° to 10° in REES, relative to
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those of chondrites. The enrichment is relatively high in light REEs (La, Ce, Pr and Sm)
when compared with those of heavier REEs (Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu).
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Figure 13: Concentrations of REE relative to chondrites in source rocks, soil samples and
beach sands of the study area. (A) Buena region Monazite [14], (B) Vermelha Beach sand
[9], (C) Guarapari sand [10], (D) Buena region Monazite [8], (E) Saquarema soil (this
work), (F) basement rocks [18] and (G) Buena region groundwater [8].

Referring to Figure 13 note that the enrichment relative to chondrites is much less in
basement rocks (curve F) and soils (curve E). As expected, abundances of REES in
groundwaters (curve G) are at least one or two orders of magnitude lower than those for
soils and basement rocks. It must be pointed out here that this enrichment process is
distinctly different from the relative enrichment of uranium and thorium with respect to
potassium in soils, discussed earlier (see section 3.1). Another notable feature in Figure 13
is the presence of negative europium anomaly in beach sands and monazites (curves A, B,
C and D) and its subdued presence in soils (curve E) and groundwater (G). It is almost
absent in basement rocks (curve F).

6 Formation of Ore-grade Deposits

We now consider the implications of this enrichment process in the formation of ore-grade
deposits of monazites. It seems reasonable to argue that removal of light fractions from
mineral aggregates lead to reduction in mobility of accessory minerals. Obviously, mobility
of monazites will be significant only as long as the lighter clay fractions remain attached to
the mineral aggregates. Near total removal of lighter clay fractions leads to aggregates that
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contain only the heavier accessory minerals, which remain as relatively immobile residue
of the weathering process. Continued action of erosion brings in additional residues into
this zone, which contributes to enrichment of accessory minerals and eventual formation of
ore grade deposits of monazites in the coastal region.

It is possible to obtain approximate estimates of the time and distance scales of the
ore-forming environment, from an analysis of the characteristics of the enrichment process
illustrated in Figures 9 and 10 and the diffusion process illustrated in Figure 11. Variations
in the values of Th/K ratios as a function of distance from the source region may be used for
this purpose. The results obtained are illustrated in Figure 14 for the Gurapari and
Saquarema regions. Note that a limiting value of 10° for the Th/K ratio has been adopted,
which is in accordance with the results of Figure 13 for the monazites in the region of
Guarapari (ES). This has also been adopted as the limiting value of Th/K ratio for the
Saquarema region.

The source area of radioactive elements and REES in the Gurapari region is about 65 km
from the coast line, where Th/K ratio reaches value of 10°. In the Saquarema region the
coast line is only 35 km from the source area of radioactive elements and REEs. However,
Th/K ratio is postulated to reach its value for ore-grade deposits at a distance of
approximately 45 km. The inevitable conclusion is that the ore-grade deposits of monazites
in Saquarema region are located in the submerged part of the continental shelf, at a distance
of about 10 to 20 km from the present coastline.

The time and distance scales associated with this enrichment process have been estimated
based on the regional distribution of Th/K ratios. The results obtained indicate that
submerged monazite deposits may be present along the offshore sand banks, in the coastal
region of the state of Rio de Janeiro. The geographic association between the source region
and Monazite deposits is illustrated in Figure 15 for Guarapari (upper panel) and
Saquarema (lower panel) regions. It is possible that the formation of monazite deposits in
continental shelf areas took place during periods of low sea-level. These results may be
useful in locating under-water monazite deposits in other parts of continental shelf with
similar geologic context.
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Figure 14: Variation of Th/K ratio with distance from the source regions of Saquarema
and Guarapari. The dashed curves are polynomial fits to observational data. The vertical
lines indicate domain limits.
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7 Discussion and Conclusions

Analysis of ground and airborne radiometric data as well as rare earth element abundances
in soils in the Saquarema region (State of Rio de Janeiro, Brazil) has allowed new insights
into the mobility of mineral aggregates containing monazites, under tropical weathering
conditions. The characteristics of the regional distributions of radioactive elements, as
revealed in results of airborne radiometric surveys, indicate that topography and fluvial
systems play dominant roles in determining the transportation of weathered material. The
mobility pattern is characterized by a systematic depletion trend of radioactive elements
along the migration paths, extending from regions of relatively high topography to the
low-lying flatlands. Superimposed on the general depletion trend are indications of relative
enrichment of uranium and thorium with respect to potassium along the migration paths.
On the other hand, analysis of data on rare earth elements abundances in soils and beach
sands point to the existence of a complementary process responsible for formation of
ore-grade deposits of monazites along the coastal regions. There are indications that the
enrichment process is related to transport processes occurring along the coast by long-shore
currents. Beach formation leads to rapid removal of lighter clay fractions from the
weathered material, which leaves behind a residue of heavier fractions rich in sands. This
process gets enhanced in the presence of heavier REESs in the sand fraction. Note that this
enrichment process in the coastal region is distinctly different from the depletion process
operating in the interior regions away from the coastal region.
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Figure 15: Locations of the source regions of monazites and ore-grade deposits in the

Guarapari area (upper panel). An equivalent hypothesized scheme for monazites of the
Saquarema region is shown in the lower panel.
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