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Abstract

The Rio do Sul and Rio Bonito formations in the region of
Rancho Queimado in the state of Santa Catarina,
southern Brazil, record environmental changes related to
climate fluctuations during the drift of the supercontinent
Gondwana from the south pole to the Earth's equatorial
region. These paleoclimatic variations were have been
assessed by clay mineral analysis and gamma-ray
spectrometric patterns of outcrops. The data obtained
indicate that detrital illite content makes up approximately
50 to 60 % of the clay mineral assemblage. The low
eTh/K and eTh/eU ratios and the detrital illite in the strata
of the Rio Bonito Formation indicate a cold and dry
climate during deposition. The contrast between the
increase in eTh/K and eTh/eU ratios and the decrease in
the illite content toward the top of the Rio Bonito
Formation suggests progressively warmer and humid
climatic conditions.

Introduction

The sedimentary stratigraphic record suggests that
glaciations have occurred episodically throughout the
earth’s history (Crowell, 1999). One of those glaciations
affected the Gondwana Supercontinent during the late
Paleozoic and constituted the longest period of
continuous glaciation in the Phanerozoic (Eyles, 2003).
Carboniferous to Early Permian glaciogenic sedimentary
rocks have been identified on all subcontinents of
Gondwana, such as, South America (Buatois & Mangano,
1995; Lépez-Gamundi, 1997; Archanjo et al., 2006),
Africa (Scheffler et al., 2003), India (Maejima et al., 2004),
Australia (Scheffler et al., 2003), and Antarctica (Collinson
et al., 1994; Isbell et al., 2003). This glacial age is
subdivided into three episodes (Lopez-Gamundi, 1997):
glacial episode | (Late Devonian-Earliest Carboniferous),
glacial episode Il (Late Carboniferous), and glacial
episode Il (Late Carboniferous-Early  Permian).
Sedimentological and stratigraphic studies of Permo-
Carboniferous sedimentary rocks in the Parana Basin
have suggested a transition of the glacial period to the
subsequent global warming that controlled the deep
paleoenvironmental change caused by transgression-
regression of the Panthalassa at the western edge of the
Gondwana Supercontinent (Fig. 1A and 1B). Climate
change during late deposition of the Rio do Sul Formation

(Itararé Group) and early deposition of the Rio Bonito
Formation (Guata Group) has been insufficiently studied.
Most of the studies on climate records in the ltararé and
Guatd Groups (Fig. 1A, 1B and 1C) were based on
paleoenvironmental and stratigraphic data (Goldberg,
2001; Holz & Kalkreuth, 2002; Slonsk, 2002; Cancela,
2008). This work presents gamma-ray spectrometric
patterns of eTh/K, eTh/U ratios and clay minerals to
investigate the paleoclimatic signature during the late
sedimentation of the Taciba/Rio do Sul Formation and the
early sedimentation of the Rio Bonito Formation in the
eastern portion of the Parana Basin (Fig. 1C). Gamma-
ray spectrometric data reveal important information on
paleoclimatic changes (Ruffell and Worden, 2000), and
petrographic data may reveal sedimentary provenance in
different tectonic environments (Dickinson, 1985).

Methods

The stratigraphic sections of the Rio do Sul and Rio
Bonito Formations were examined and logged at four
localities of the Rancho Queimado region (Fig. 1A). The
exposures were at road cuttings along the BR-282 (Fig.
1A). The study outcrops have a wide lateral (> 30 m) and
vertical (5 to 15 m) exposure and include the uppermost
portion of the Rio do Sul Formation (BP.09 and BP.67)
and the lowermost portion of the Rio Bonito Formation
(BP.72 and BP.73) in this region. Four stratigraphic
sections on the studied outcrops (BP.67, BP.09, BP.72
and BP.73, Fig. 1) were made. Twelve sandstone thin
sections from the Rio do Sul Formation and seven thin
sections from the Rio Bonito Formation were analyzed
under an optical microscope at the Sedimentary Basin
Laboratory (LABAC/UFSC). The diagenetic constituents
and clay minerals were studied using a Scanning Electron
Microscope (SEM) (JEOL JSM 6010LA) at both the
Central Laboratory of Scanning Electron Microscopy
(LCME/UFSC), and Laboratory of Minerals and Rocks
(LAMIR/UFPR). Four samples of shales were taken from
each formation to analyze clay mineral associations using
X-ray diffraction (XRD) on a PANalytical model X
PertPRO-MPD (LAMIR/UFPR) equipped with a vertical
goniometer of 240 mm and a linear detector with a 2,122°
opening (Xcelerator). The spectral radiometric signatures
were obtained using the RS-230 handheld gamma-ray
spectrometer (Radiation Solutions, Canada) from the
Laboratory for Research in Applied Geophysics
(LPGA/UFPR). The equipment has a detector with a
bismuth germanium oxide (BGO) crystal with 6.3 in® (103
cm?) sensitivity. The readings were obtained in counts per
minute (cpm) for each element and total count (TC) in
parts per million (ppm) for uranium (eU), % for potassium
(K) and ppm for uranium (eU) and thorium (eTh). The
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data were acquired with spacing of 10 cm (sensor
diameter) and an integration time of 120 s. The readings
were performed with the instrument positioned
perpendicularly to the strata surface. The measured data
were stored in the apparatus and transferred to a

b

B
EE——
Gravel gim'f = 0lg

Sand 8

FORMATION

27°45'0"S

TACIBA/RIO DO SUL

[ tarare Group [TPassa Dois Group ~, Main lineaments
I 0om Feiciano Foid et [[] Guata Group © _Studied outcrops

BP72 BPT3 5 E
Boundary soquence A
Boindary Soquency/cos

TACIBAIRIO DO SUL FORMATION RIO BONITO FORMATION
e p:.m Interdistributary-flood plain deposits Beach barrier deposits
Meandering channel deposits Tidatdominated 1"{‘;3:“’:"’"9 "I“;:' channel-fill deposits
Fluvial-dominated| P l-mouth it estuary  [ERB] Tidal channel deposits
et |oita sadmebniouth bank depoaky R Bay-head delta deposits

front ——
Proximal-intermediate bars deposits
Prodetta [FAR] Distal bars deposits

Figure 1 - (A) Geological map of the study area in
Rancho Queimado region, with location of outcrops; (B)
Schematic stratigraphic section demonstrating the
relationship between the main facies and related
paleoenvironments; (C) Logged sections of the outcrops
with the position of the analyzed samples.
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Results

The clay minerals in the Rio do Sul and Rio Bonito
Formations include illite, vermiculite, and interlayered
illite-smectite and chlorite (Figs. 2 and 3). The illite was
identified by reflections at 10 A and the vermiculite by
reflections at 4.3 A. Octahedral smectite and quartz
traces occur. The illite occurs in all samples of the Rio do
Sul Member and was not identified in the Rio Bonito
Formation (Fig. 3). The illite-smectite interlayers generally
occur with associated illite crystals. lllite is the main clay
mineral in the Rio do Sul Formation, constituting 50 % to
60 % of the assemblage, and SEM micrographs show
dioctahedral-trioctahedral illite (Fig. 2). Vermiculite
constitutes 20 % of the clay mineral assemblage in the
middle to upper portions of the Rio do Sul Formation.
lllite-smectite interlayers represent approximately 1 % of
the assemblage. Chlorite was found in only the Rio
Bonito Formation (Fig. 3, BP.73).

Gamma-ray spectrometry is a valuable technique to
combine with fieldwork to recognize the effect of climatic
control on sedimentation. The TC, K, eU and eTh patterns

in the Rio do Sul Formation were interpreted in two
profiles, as shown in Figure 4.

LCME-UFSC

X450  50pm LCME-UFSC
Figure 2 - SEM micrography of the Rio do Sul and Rio
Bonito Formations: (A-B) illite (il), quartz grains (Qz) and
booklet kaolinite (ka) in sandstones; (C) smectite (Sm)
and illite; (D) illite parallel to the lamination, contouring the
silty-quartz (Qz) and plagioclase (Pl); and (E) booklet
kaolinite and authigenic quartz (Qa).

e

Q BP.738| e "% IQ BP.09I

1600 C

wa iRl ey 0
b Q ”Q.Wlk_\—/x
=1 " L - i A

|-t 25 s £ q Ethylone-glycol
3 [E3T7ChAu GRIL
8 00 Q oo oI . Q
900}
2000 NS A
c J ot il TR AT
1000 o] rhmane N
P B Y W Airdried °: Alr-dried
2003 JTCES AR a
Q 200 1! 1
o] ‘ w0 N At
1000 c ol e
e Total d
e T T o T
10 20 30 p 10 20 30 4
v i
o Q  BP.69E ° BP.67B
w000 vl
1000 )
221 3 1 A 1 3% |l Heated 490°C
o [ I f Meewidiog A a M A
o oA o Sestron z
v
e | i Q
2000 L\ Q 1000 '
1000 o \ A 1 A F]
2z °°: | A \L__ Etyenegicol| § M Etylenegicof
§ Hevmmo 8 1B Jevromy oy
- . 1000 |
2000 1 Q .
1000 1 A soo Nt \ 2
i), S A _— ~— Airdried S At N Alrdried
° Jevrare o fesroes
1000
2000 ; Q
g Q s00
1 \ o, As i
oot A fme rotal e ~ Total
. T - ° . -
10 20 30 40 10 20 30 40

Position ["2Theta] (Copper (Cu))

Figure 3 - XRD traces of main clay minerals (air-dry,
ethylene glycol-solvated and heated to 450°C) of the Rio
do Sul and Rio Bonito Formations. lllite (1), vermiculite (v),
quartz (Q) and chlorite (C).
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Spectral gamma-ray logs of the sandstones have lower K
concentrations (Fig. 4, BP.09 top), ranging from 1.2 to 2.4
%. In contrast, eU presents values approximately 17.9
ppm, having a minimum value of 7.1 ppm, and eTh
presents the highest value in this lithofacies (31.0 to 45.9
ppm). The eU and eTh have values of 14 and 40 ppm,
respectively. In these two lithofacies, TC values show
direct correlation with eU and eTh concentrations. The
shales show the values range between 2.1 % and 4.9 %
(Tab. 1). The eU and eTh show values between 3.6 and
14.3 ppm and between 19.2 and 48.3 ppm, respectively.
In general, this result indicates that the concentrations of
these radionuclides present a gradual increase from the
base (Fig. 4, BP.09) to the top (Fig. 4, BP.67) of the
session. The TC curves are similar to the curves of K, eU
and eTh, showing the relationship with these three
elements. The character of the gamma-ray log through
the investigated sections shows an upward increase in
the concentrations of these radionuclides, illustrating
consistency with TC data. However, there is no significant
variation in the eTh/K and eTh/eU ratios since growth is
equivalent to the K, eU and eTh concentrations. The
eTh/K and eTh/eU ratios from bottom to top of the
session show low and relatively homogeneous values (7
for eTh/K, 2 and 8 for eTh/eU). Two gamma-ray profiles
were measured in the Rio Bonito Formation (Fig. 5), and
data from each lithofacies, including TC, K, eU and eTh
concentrations, are listed in Table 1. In the sandstones at
the base and top portions of this stratigraphic unit (Fig. 5,
BP.73 and BP.72), the K values range from 1.2 to 2.6 %,
and the eU signatures have values from 2.3 to 28.6 ppm.
The sandstones at the base of the BP.73 profile (Fig. 5)
produce eTh values that gradually increase toward the
top of the section. In contrast, the sandstones at the base
of the log from BP:72 (Fig. 5), show values ranging from
12 to 17 ppm from the bottom to the top. The TC data are
similar to curves of eU and eTh, indicating the influence of
these radionuclides on the TC values. The pelites of the
Rio Bonito Formation exhibit K contents from 1.8 to 4.2 %
(in the lower portion of the BP.73 profile, Fig. 5,) and from
2.6 to 3.2 % (in the upper portion of the BP.72 profile, Fig.
5). The eU measurements are similar to the K
measurements, with 14.7 ppm at the base to 3.0 ppm in
the upper portion of the section. At the base of the
secession, the eTh values range from 14.2 to 23.5 ppm
and strongly correlate with eTh from the upper portion.
The TC data have similar patterns to K, eU and eTh,
indicating the influence of these radionuclide
concentrations. The gamma-ray data of the Rio Bonito
Formation show a significant upward decrease in the
radionuclides concentration, which is more evident in to
TC data. The variations in the eTh/K and eTh/eU ratios
are not expressive (~ 5), but with peaks at ~ 7. The
increase in eTh/K ratios is noted mainly in the sandstones
(14 to 25 ppm), but not accompanied by the eTh/eU
ratios, which show a small decrease (~ 2) in relation to
the general pattern (~ 2.5 to 7). The low eTh/eU ratio
results from the relative increase in eU concentration in
this sedimentary facies.

Sedimentary[  TC (ppm of eU) K (%) eU (ppm) eTh (ppm)
profile W 1000 2000 3000 4000|1 3 4 5(1 5 1015 20253035(10 15 25 35 45

FAL

Figure 4 - (A) Sedimentary logs with facies associations,
including sample locations and gamma-ray signatures
(TC, K, eU and eTh); and (B and C) Field photographs of
the outcrops in the Rio do Sul Formation (BP:09 and
BP:67, respectively).

Discussion

The clay mineral assemblage is a significant indicator of
paleoclimatic regimes, paleotectonic processes and
diagenetic processes. Detrital or authigenic clay minerals

are widely used to determine the climatic conditions
during sediment deposition (Parry & Reeves 1968; Singer
1984; Chamley 1989; Tucker 2001; Gongalves et al.,
2006). lllite is the main clay mineral in the Rio do Sul
Formation and is ca. 50 to 60 % of the assemblage,
especially in the rhythmites and fine-grained sandstones.
According to Velde (1995), the illite formation includes
slow weathering processes, even in an environment with
high-K availability. The lack of occurrence of smectite in
these formations suggests a detrital origin of the illite. The
rich Na+-K+ environments aid in the formation of mixed
layers and micas. Vermiculite has a structure similar to
smectite, although it is less expandable (Tucker, 2001),
indicating leaching of K-feldspar (Kf) during diagenesis or
weathering of muscovite under good drainage and low-pH
conditions that are very abundant in both fine-grained
sandstone and rhythmites.
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Figure 5 - (A) Sedimentary logs with facies associations,
sampled levels and gamma-ray data (TC, K, eU and eTh)
of the Rio Bonito Formation; and (B, C) Field photographs
of the outcrops (BP:72 and BP:73).

The detrital illite indicates deposition in cold weather, with
a tendency toward warmer weather conditions. The
depositional context of the Rio do Sul Formation in the
studied area involves the movement of the Gondwana
Supercontinent from the South Pole to the equatorial
region, implying significant climatic and tectonic changes
(Milani et al., 2007). In this paleogeographic context,
temperatures progressively increased, favoring the
formation of clay minerals in increasingly hot and humid
climatic conditions, accompanied by transgressive
processes (Fig. 6). The gamma-ray spectrometric
patterns from shales of the Rio do Sul Formation show
low eTh/K (5 to 7) and eTh/eU (2 to 6) ratios from the
base to the top of the studied profiles (Fig. 6). However, in
the sandstones at the top of the succession, the eTh/K
ratios are markedly high (> 35), indicating the influence of
high eU and eTh concentrations (Fig. 6). Although heavy
minerals may contain uranium and thorium, the main
factor controlling the presence of the radionuclides is their
adsorption by organic matter and clays. According to
Menezes and Nascimento (2015), the arkose sandstones
of the sections studied have rich-feldspar and mica
matrix. Therefore, these mineralogical features can
influence the K, eU and eTh concentrations in shales.
Anomalous values of K, eU and eTh recorded in the
sandstones (above) and shales (at the base) interface
(see Fig. 6), resulting from the leaching of these
radionuclides from the upper strata, which tend to
concentrate at the interface of the shales. Shales exhibit
high K, eU and eTh because they have low permeability,
which limits the intra-stratal dissolution and allows the

preservation of these elements (Schnyder et al., 2006).
Thus, the eTh/K and eTh/eU ratios from shales can be
used as paleoclimatic indicators (Ruffell and Worden,
2000). Although eTh/K and eTh/eU ratios from the base
(< 5) to the top (> 7) of the Rio do Sul Formation indicate
a tendency toward arid to cold conditions, it is considered
that the progressive increase in these ratios could also
indicate a gradual increase in temperature, favoring the
remobilization of potassium, uranium, and thorium
concentrations. The eTh/K and eTh/eU ratios in the Rio
Bonito Formation (6.0 to 7.3 at the base to ca. 5 at the
top) indicate an increase and then decrease in
temperature (Ruffell and Worden, 2000). Low eTh/K and
eTh/eU ratios indicate cooler weather conditions; thus,
the ratios indicate that the temperatures became
progressively hotter and wetter, alternated by cycles of
aridization of the environment.
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Figure 6 - Paleoclimatic interpretation of the Rio do Sul
Member and Rio Bonito Formation from gamma-ray
spectrometry and clay minerals mineralogy.

Conclusions

Clay mineralogy through the Rio do Sul and Rio Bonito
formations indicates alternating moist and arid phases.
The abrupt climate change toward a more arid
environment is supported by the dataset of the present
paper. This aridity coincides with a cold interval,
suggesting a relationship between cold and arid
conditions during the late Permian. The eTh/K and eTh/U
ratios suggest an arid and cold climate during deposition
of the base of the Taciba Formation, as indicated by
detrital illite. The progressive increase in the eTh/K and
eTh/U ratios toward the top indicates greater K and eU
leaching with respect to eTh, suggesting more humid and
hot climates. The eTh/K and eTh/U ratios of the Rio
Bonito Formation indicate a temperature increase toward
the top of this formation. However, the oscillations in
these ratios suggest momentary enrichment in K and eU
with respect to eTh, which is also indicated by the
variations in the eTh/K and eTh/U ratios.
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Table 1. Gamma-ray spectrometric data from sandstones and shales of the Rio do Sul and Rio Bonito Formation.

Rio do Sul

Formation Sandstones (16 samples) Shales (153 samples)

Elements TC K eU eTh TC K eU eTh
(ppm/el) (%)  (ppm)  (ppm) (ppm/eV) (%) (ppm) (ppm)
Mean 2240.82  1.60 9.77  38.65 1855.87 3.70 6.02 24.80
gta’.‘d‘f’“d 24882 030 262  3.32 24953  0.40 155 3.75
eviation

Variation 011 1.18 0.26 0.08 0.13 0.10 0.25 0.15
coefficient
Maximum 204520 240  17.90 45.90 3302.20 4.90 14.30 48.30
Minimum 1919.70 1.20 7.10  31.30 153250 2.10 3.60 19.20

Rio Bonito

Formation Sandstones (38 samples) Shales (63 samples)
Elements TC K eU eTh TC K eU eTh

(ppm/eU) (%)  (ppm)  (ppm) (ppm/eV) (%) (ppm) (ppm)
Mean 1693.01 1.84  10.70 19.90 1677.07 3.06 7.70 19.50
gtaf‘d‘."“d 681.60 040  8.00 6.00 33629  0.63 3.10 2.30
eviation

Variation 040 0.21 0.74 0.30 020 0.20 0.40 0.11
coefficient
Maximum 3166.00 260  28.60 30.90 2177.30  4.20 14.70 23.50
Minimum 92330 1.20 2.30 11.50 1140.00 1.80 3.00 14.20
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