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ABSTRACT 

 

An integrated study of the Atafona Formation – lacustrine deposits 

from the rift phase of the Campos Basin, Brazil – using cuttings 

samples from a pre-salt well provided novel data and interpretations 

on the lithogeochemistry, mineralogy, depositional environment, 

and sediment provenance of the formation’s entire drilled interval. 

Analyses included X-ray fluorescence, inductively coupled plasma 

mass spectrometry, X-ray diffraction – including clay mineralogy – 

and scanning electron microscopy with energy-dispersive 

spectroscopy, in addition to well log correlation. The primary clay 

mineral identified is saponite, with geochemical and fabric 

characteristics indicative of authigenesis, suggesting an alkaline 

paleoenvironment. Cycles of wetter periods, marked by increased 

detrital input, and drier periods, marked by increased carbonate 

formation, were identified. An increase in phosphorus, sulfur, 

dolomite, and strontium in the upper Atafona Formation suggests a 

possible growth in microbial activity. Elemental ratios indicate an 

acidic to intermediate igneous rocks provenance for the detrital 

grains, while we propose an additional mafic source of calcium and 

magnesium supplied by groundwater flowing through the basaltic 

basement. 

Keywords: Atafona Formation, Campos Basin, lacustrine deposits, 

lithogeochemistry, saponite. 

 

 RESUMO 

 

Um estudo integrado da Formação Atafona – depósitos lacustres da 

fase rifte da Bacia de Campos, Brasil – utilizando amostras de calha 

de um poço do pré-sal forneceu dados e interpretações inéditas sobre 

a litogeoquímica, mineralogia, ambiente deposicional e proveniência 

sedimentar de todo o intervalo perfurado da formação. As análises 

consistiram em fluorescência de raios X, espectrometria de massa com 

plasma indutivamente acoplado, difração de raios X – incluindo 

mineralogia das argilas – e microscopia eletrônica de varredura com 

espectroscopia de energia dispersiva, além da correlação com perfis 

do poço. O principal argilomineral identificado é a saponita, com 

características geoquímicas e texturais indicativas de autigênese, 

sugerindo um paleoambiente alcalino. Ciclos de períodos mais 

úmidos, marcados por maior aporte detrítico, e períodos mais secos, 

com um aumento na formação de carbonatos, foram identificados. 

Um aumento em fósforo, enxofre, dolomita e estrôncio na porção 

superior da Formação Atafona sugere um possível aumento na 

atividade microbiana. Razões elementares indicam uma proveniência 

de rochas ígneas ácidas a intermediárias para os grãos detríticos, 

enquanto propomos uma fonte máfica adicional de cálcio e magnésio 

fornecida por águas subterrâneas que fluíram através do 

embasamento basáltico. 

Palavras-chave: Formação Atafona, Bacia de Campos, depósitos 

lacustres, litogeoquímica, saponita. 
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1. INTRODUCTION 

This study was conducted in the Atafona Formation, 

part of the Campos Basin rift sequence and the pre-salt 

section in the distal portions of the basin. Together with 

the Coqueiros Formation, it contains the mature source 

rocks of the basin (Trindade et al., 1995; Dias et al., 1988; 

Guardado et al., 2000; Mohriak et al., 2021).  

The Campos Basin, having been for many decades 

the main oil-producing basin in Brazil (da Costa Fraga et 

al., 2003; De Jesus and Vilela, 2023), has been widely 

studied since the 1970s, with studies on the basin's whole 

lithostratigraphy (e.g. Schaller, 1973; Guardado et al., 

1989; Rangel et al., 1994; Winter et al., 2007) or focused 

more specifically on the pre-salt section (e.g. Bertani and 

Carozzi, 1985a; 1985b; Abrahão and Warme, 1987, 1990; 

Dias et al., 1988; Muniz and Bosence, 2018).  

However, few recent studies provide insights into 

the lithostratigraphy and depositional environment of 

the lowermost portions of the Campos Basin, particularly 

the clastic sediments of the Itabapoana and Atafona 

formations. Notably, recent investigations (e.g. Carvalho 

and De Ros, 2015; Armelenti et al., 2016; Goldberg et al., 

2017) are limited by their use of data from wells that did 

not reach the subsalt section, lying beneath the 

evaporites (Retiro Formation). Additionally, there is a lack 

of detailed studies on the clay mineralogy of the Atafona 

Formation, as well as a gap in understanding its 

depositional evolution. 

This study aims to characterize the 

lithogeochemistry, mineralogy (including clay 

mineralogy), depositional environment, and provenance 

of the Atafona Formation. We analyzed cuttings samples 

from a pre-salt well in the southwestern portion of the 

Campos Basin, providing a comprehensive understanding 

of the entire drilled interval of the Atafona Formation and 

the environmental changes that occurred during its 

deposition 

 

2. GEOLOGICAL SETTINGS 

The Campos Basin, situated on the Brazilian 

continental shelf, is a passive margin basin that 

developed following the rifting and separation of South 

America from Africa during the Late Jurassic to Early 

Cretaceous (Dias et al., 1988; Trindade et al., 1995; Chang 

et al., 2006; Strugale and Cartwright, 2022). The basin’s 

early stages of development were characterized by 

intense rifting, resulting in the formation of a series of 

horsts and grabens bounded by normal faults (Chang et 

al., 1992; Strugale et al., 2021), known as the basin's highs 

and lows (Guardado et al., 2000). The basin’s basement is 

composed of gneisses and granitoids of the Oriental 

Terrane of the Ribeira Belt and the Cabo Frio Tectonic 

Domain (Eirado et al., 2006; Strugale and Cartwright, 

2022). 

The basin’s sedimentary record can be divided into 

three sequences: rift (non-marine), post‐rift 

(transitional), and drift (marine) (Dias et al., 1990; Rangel 

et al., 1994; Winter et al., 2007; Armelenti et al., 2016; 

Goldberg et al., 2017). The pre-salt succession is 

composed of the rift and post-rift sequences (Figure 1). 

At the base of the rift sequence lies the Cabiúnas 

Formation, composed mainly of subaerial and 

subaqueous tholeiitic basalt, and less frequently of 

diabase and volcaniclastic rocks (Mizusaki et al., 1988; 

Barros et al., 2023). Intercalated with and overlying the 

Cabiúnas Formation, there are alluvial lithic 

conglomerates and sandstone associated with fault 

borders (Itabapoana Formation) as well as lacustrine 

deposits including shales, marls, limestones, siltstones, 

and sandstones (Atafona Formation) (Winter et al., 2007; 

Armelenti et al., 2016; Goldberg et al., 2017). 

Accumulations of bivalve and ostracod bioclasts, 

represented by rudstones and grainstones (Coqueiros 

Formation), cap the rift sequence (Winter et al., 2007; 

Armelenti et al., 2016; Goldberg et al., 2017). 

 
Figure 1. Chronostratigraphic chart of the rift and post-rift sections of the Campos Basin. Chart modified from Winter et al. (2007). Lithology modified 

from Milani et al. (2007). 
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Figure 2. Studied well location. References: basemap from Google Earth; fields and blocks shapefiles from the National Agency of Petroleum, Natural Gas 

and Biofuels (ANP), and bathymetric curves shapefile from the General Bathymetric Chart of the Oceans (GEBCO). 

 

The depositional environments of the rift sequence, 

formed under arid conditions (Boucot et al., 2013), were 

previously interpreted in internal Petrobras studies as 

alluvial plain, lacustrine, and carbonate platform 

environments, as mentioned by Bertani and Carozzi 

(1985a), as well as saline-alkaline lakes alternating 

between playa lake and pluvial lake environments 

(Bertani and Carozzi, 1985a). Dias et al. (1988) interpreted 

the basal clastic unit of the sequence as alluvial fan, 

marginal and distal lacustrine facies, and the overlaying 

Talc-Stevensitic unit as marginal lacustrine facies. 

Abrahão and Warme (1990) interpreted fine-grained 

siliciclastic facies as deposited in lake margins, organic-

rich shales, and turbiditic sandstones in lake bottoms and 

banks of bivalve bioclasts in the shallow parts (Armelenti 

et al., 2016). Winter et al. (2007) present the Atafona 

Formation’s siltstones and sandstones as originating 

from chemical deposition processes in alkaline volcanic 

lakes, while its shales (informally known as the Buracica 

shale) as formed in a freshwater lacustrine environment. 

Armelenti et al. (2016) and Goldberg et al. (2017) 

interpreted that the basin’s rift phase deposits were 

formed in intermittently open and shallow saline lakes 

with variable alkalinity conditions. 

The studied well – 1-BRSA-1007-RJS – is located in 

the southwestern part of the Campos Basin (Figure 2), in 

a distal portion and in ultra-deep waters (2,274m or 7,461  

 

ft), and is included in the C-M-535 exploratory block (not 

currently under exploration). The drilled sedimentary 

rocks overlie the basin’s Outer High, at depths of 

approximately 5,000 meters, above the chronocorrelated 

sediments deposited in the surrounding structural lows 

(Guardado et al., 2000; Castro and Picolini, 2015). 

 

3. MATERIALS AND METHODS 

Fifty-five cuttings samples (equivalent to three 

meters of rock drilled per sample) from well 1-BRSA-

1007-RJS, provided by the company bp Energy Brazil, 

were selected for analysis. Each sample was washed with 

tap water and neutral detergent. Part of each washed 

sample was used for lithological description using a 

binocular magnifying glass. Another part was dried in an 

oven at 60 °C and milled two times in a Retsch S1 ball mill 

using a tungsten carbide jar and balls at a maximum speed 

of 40 rpm for 5 min. Once milled, the samples were sieved 

through a 106 µm (150 mesh) sieve and homogenized 

manually. 

The sieved samples were analyzed by X-ray 

fluorescence (XRF) using the loose powder method on a 

Malvern Panalytical Epsilon 1 X-ray fluorescence 

spectrometer from the Federal Fluminense University  

(UFF) Geosciences Institute. Major and minor elements 

results (in %) include SiO2, Al2O3, Fe2O3, MnO, MgO, CaO, 

K2O, TiO2 and P2O5. Trace elements include V, Co, Ni, As,  
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Rb, Sr, Y, Zr, Ba, and Th (in ppm), and sulfur (S), which was 

not quantified, obtained through comparison of energy 

count values. 

The same bulk samples were analyzed by X-ray 

diffractometry (XRD) mounted by front-loading on a 

Bruker D2 PHASER X-ray diffractometer at the X-ray 

Diffraction Mineralogy Laboratory (LaminX) of the UFF’s 

Geochemistry Department. This equipment had a copper 

anode and a 0.2° divergent slit. The diffractograms were 

acquired from 4° to 90° 2Θ in steps of 0.02° for 3 s per 

step. 

Twenty of the samples mentioned above were 

chosen for clay fraction analysis by XRD. To remove 

carbonate material (minerals and drilling fluid additives), 

each selected milled sample was treated with a buffer 

solution of acetic acid and sodium acetate, following 

Salgado-Campos et al. (2022), for 2 to 6 h at 80 °C, 

depending on carbonate content. Solution was added 

hourly to replace evaporated volume. After the reaction, 

each sample was vacuum filtered through 28 µm pore 

paper and washed with distilled water. 

The clay fraction (<2 µm) separation after 

decarbonation was performed by mixing 3 g sample with 

10 mL of dispersant (sodium hexametaphosphate - 

(NaPO3)6) and deionized water up to 50 mL in total, 

dispersed in a SolidSteel ultrasonic bath for 20 min, and 

centrifuged at 500 rpm for 12 min in a horizontal position 

in a Cientec CT-6000 centrifuge. The upper 40 mL of the 

suspension in each tube was collected using a pipette, 

dried in an oven at 60 °C, disaggregated in a porcelain 

mortar, sieved to <106 µm, and homogenized manually. 

Clay fraction XRD analyses were performed for 

natural (air dried for 24h), glycol-solvated (kept ethylene 

glycol-saturated atmosphere for 12 h in a vacuum 

desiccator), and heated (at 500 °C for 1 h in a muffle 

furnace) oriented samples and non-oriented samples on 

a Bruker D8 ADVANCE ECO X-ray diffractometer at the 

Centre for Mineral Technology (CETEM) Multi-user 

Laboratory for Technological Characterization (LMCT). 

The equipment had a copper anode, and the motorized 

divergent slit was kept at 0.2°. Diffractograms were 

acquired from 4 to 70° 2Θ, step size of 0.02° and 

acquisition for 0.5 s/step for non-oriented samples, and 1 

to 40° 2Θ, step size of 0.01° and 0.5 s/step for oriented 

samples. The non-oriented clay samples were mounted 

on supports using front-loading. 

Mineral phase determination was performed using 

Bruker DIFFRAC.EVA suite. The PDF-2 2003 database 

from the ICDD (International Centre for Diffraction Data) 

was used for consultation. Sample displacement 

correction was performed by adjusting for the quartz 

peak at 3.34347 Å of the PDF-00-046-1045 pattern (Kern 

and Eysel, 1993). Illite’s full width at half maximum 

(FWHM) was measured using the 001 peak (circa 10 Å) of 

the clay air-dried diffractograms (Kübler and Jaboyedoff, 

2000). The bulk-sample mineral phase quantification was 

performed using Bruker DIFFRAC.TOPAS software. Clay 

fraction quantification was performed using the Mineral 

Intensity Factor (MIF) method, dividing the d001 peak 

areas by 3.7 for smectite, 1.0 for illite, 1.0 for talc (for 

having similar d001 peak FWHM values to those of illite) 

and 2.1 for kaolinite (Kahle et al., 2002; He et al., 2012). 

Five cuttings samples, with 5 and 10 g of material, 

were selected for inductively coupled plasma mass 

spectrometry (ICP-MS) analysis at the SGS Geosol 

Laboratory. Elements analyzed include rare earth and 

cobalt. Before analysis, each sample was washed with 

92.8% alcohol to remove drilling mud, then air-dried 

subsequently dried in an oven at 60 °C. Each dry sample 

was ground in a porcelain mortar and then sieved to <106 

µm. Next, each sample was reacted with 30% hydrogen 

peroxide to remove organic matter, washed with 

deionized water, and then dried in an oven at 60 °C. 

Cuttings from a selected sample (5,496/5,499m), 

cleaned from organic matter by reaction with 30% 

hydrogen peroxide, were mounted in a polished section, 

coated with carbon and analyzed in the Zeiss Sigma 300 

VP Scanning Electron Microscope (SEM), coupled to a 

Bruker Nano Quantax 400 EDS detector at CETEM. The 

spot analyses were performed using 20 kV, a current 

intensity of 20 nA, and a beam diameter of 7.7 to 8 mm, 

and EDS analysis of 30 s per spot. 

Well logs from the same well, acquired during 

drilling and provided by the National Agency of 

Petroleum, Natural Gas and Biofuels (ANP), were also 

analyzed using the software Interactive Petrophysics (IP). 

The analyzed logs included differential caliper (DCAL), 

gamma ray (GR), spectral-gamma ray with potassium (K), 

thorium (Th), and uranium (U), compressional transit time 

(DT), neutronic porosity (NPHI), density (RHOB), and the 

nuclear magnetic resonance (NMR) curves clay-bound 

water (CBW), bulk volume irreducible (BVI) and bulk 

volume movable (BVM). 

XRF chemistry, bulk mineralogy and the well logs’ 

average for each 3m sample were compared using a 

Spearman correlation matrix (see Supplementary Table 

5). Results of depths associated with basalt were removed 

prior to correlation. 
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Figure 3. Cuttings samples. Depths of each sample: (a) 5463-5466m; (b), 5493-5496m; (c) 5544-5547m; (d) 5592-5595m. 

 

4. RESULTS 

4.1. Lithology 

The cuttings samples from the Atafona Formation 

in the studied interval were interpreted as composed of 

light to dark cream, soft to semi-hard, massive to 

laminated calcareous siltstone; light to dark brown, soft 

to semi-hard, massive calcareous mudstone; and dark 

grey, semi-hard to hard, massive diabase (figures 3 and 4). 

 

4.2. Bulk mineralogy 

The studied interval consists mostly of quartz (20-

34%), calcite (0-16%), dolomite (1-15%), plagioclase (1-

10%), K-feldspar (0-8%) and clay minerals (13-51%; Figure 

4; see Supplementary Table 3). Barite (1-4%) occurs as a 

contaminant from the drilling fluid, also increasing 

barium contents (see Supplementary Table 1). Other 

minerals or mineral groups occur in minor quantities: 

pyrite, amphibole and pyroxene with less than 2% and 

gypsum, bassanite, analcime and anatase with less than 

1%. 

 

4.3. Clay mineralogy 

The clay minerals identified are trioctahedral 

smectite, mica/illite, kaolinite, talc and chlorite-smectite 

(Figure 5; see Supplementary Table 3). The mica 

contribution, considered as crystals larger than 2 µm, 

presents a considerable percentage reduction in the clay 

fraction, where only illite (Grim et al., 1937) remains 

(Figure 4).  

Smectite was identified by a d001 value ranging from 

12.7 to 15 Å in the air-dried samples, which shifts to 16.8 

- 17 Å in the EG-solvated samples and to 12.5 and 10 Å in 

the heated samples (Figure 5). Its trioctahedral type was 

identified by the d060 value of circa 1.53 Å.  Interstratified 

illite-smectite (Ilt-Sme) was identified by a circa 8.5 Å 

peak in the EG samples. Interstratified chlorite-smectite 

(Chl-Sme) was identified by the d001 peak in circa 15 Å in 

one glycolated sample. Illite and talc were identified by 

d001 peaks in circa 10 Å and circa 9.4 Å, respectively, in the 

air-dried, glycolated and heated samples. Kaolinite was 

identified by the d001 peak in circa 7.1 Å that appears in 

the air-dried and glycolated samples and disappears in 

the heated samples. 

Illite’s d001 peak FWHM values vary between 0.063° 

and 0.222° 2θ Cu Ka (avg. 0.128°, n = 20). 
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Figure 4. Atafona Formation cuttings samples’ lithology, XRD bulk samples’ mineralogy, bulk samples’ clay mineralogy (quantified using the Rietveld 

method), < 2 µm samples’ clay mineralogy (quantified using the MIF method), XRF chemistry and ICP-MS and SEM-EDS samples’ depths. 

 

 
Figure 5. Air-dried (AD, in blue), glycolated (EG, in green) and heated (H, in red) oriented clay samples, and non-oriented clay samples (in black) for d060 

identification. Sme = smectite; Chl-Sme = chlorite-smectite; Ilt = illite; Ilt-Sme = illite-smectite Tlc = talc; Kln = kaolinite; Qz = quartz. Abbreviations by 

Warr (2020). 
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Figure 6. Sample 5,496/5,499m SEM images. (a) and (b) represent detrital grains-rich cuttings while (c) and (d) illustrate clay-rich laminated cuttings. Qtz 

= quartz; Plg = plagioclase; Kfl = alkaline feldspar; Dol = dolomite; Sme = smectite; Py = pyrite. 
 
4.4. Scanning electron microscopy 

Twenty-five EDS spot analysis of smectite from 

sample 5,496/5,499m indicate the presence of Mg (6-

21%), Fe (3-21%), Al (3-10%), K (0-6%), Ca (0-5%) and Ti 

(0-2%), besides traces of Na, P and Mn (see 

Supplementary Table 4). Smectite geochemistry varies 

depending on the type of lithology. Laminated cuttings, 

whose areas mostly consist of very fine grains and where 

the boundaries between them are not visible, were 

interpreted as being composed primarily of clay minerals. 

These grains contain smectites rich in Mg (above 18%) and 

with similar geochemical compositions, while cuttings 

with large amounts of detrital grains, including quartz and 

feldspars surrounded by clay minerals, contain smectites 

poorer in Mg (below 17%) and richer in Fe and Al, with more 

varied compositions (Figure 6 and Supplementary Table 

4). The phase diagram in Figure 7 presents the different 

smectites analyzed. Mg-rich smectites plot close to 

saponite geochemistry, while the Fe-Al-rich ones range 

from saponite to Al-Fe beidellite. Fe-Al-rich smectites 

show higher Fe than Al concentrations, while Mg-rich 

smectites have higher Al than Fe. 

 

     
Figure 7. Phase diagram schematically representing the results of 

experimental syntheses of smectites in the Al2O3–Fe2O3–MgO system 

(modified from Meunier, 2005). Blue points = detrital grains-rich 

cuttings and red points = clay-rich laminated cuttings. 

 

4.5. Geochemistry 

Regarding inorganic geochemistry (Figure 4 and 

Supplementary Table 1), the interval is mainly composed 

of SiO2 (51-58%), CaO (14-22%), MgO (9-17%), Al2O3 (6-

9%), Fe2O3 (4-6%), and K2O (1-2%).  
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Al, Fe, Ti, K, Rb, and Zr, usually associated with 

detrital minerals, are positively correlated among them 

and with feldspars, while Ca, Mn, P, U and S, commonly 

associated with authigenic minerals, also present a 

positive correlation between them and with Ca-dolomite 

(see Supplementary Table 5), which may indicate an 

authigenic origin for this mineral.  

Rare-earth elements (REEs) analyses from five 

samples (Figure 8) show similar concentrations and 

display behavior comparable to that of an alkaline lake.  

The five samples present a europium (Eu) enrichment 

relative to chondrite and the Post-Archean Australian 

Shale (see Supplementary Table 2; calculations based on 

McLennan, 1989). This positive Eu anomaly is likely due to 

interference from barium compounds during ICP-MS 

analyses (Dulski, 1994; Shields and Stille, 2001).  

 

4.6. Well logs 

Gamma ray and spectral-gamma ray’s potassium 

and thorium are positively correlated with elements 

associated with detrital minerals (eg. Al, Fe, K, Ti, Rb, Zr; 

see Supplementary Table 5). These logs are also 

negatively correlated with NMR’s clay bound water (the 

main NMR porosity type in this formation). NMR’s bulk 

volume irreducible is positively correlated with calcium, 

phosphorous, sulfur, dolomite and pyrite. 

 

5. DISCUSSIONS 

5.1. Origin of the clay mineral assemblage 

The Atafona Formation interval studied in well 1-

BRSA-1007-RJS presents trioctahedral smectite as the 

main clay mineral (Figure 4). Smectite’s broad d060 peaks 

could also indicate an interstratification of dioctahedral 

and trioctahedral smectite (Hay et al., 1991). The presence 

of diffraction peaks at circa 8.5 Å indicates the presence 

of interstratified illite-smectite (Ilt-Sme; Moore and 

Reynolds, 1989) in small quantities, due to the small peak 

heights.  

Although their chemistry is variable (Figure 7), the 

Al-bearing Mg-rich trioctahedral smectite analyzed in this 

study can be categorized as saponite. Saponite can form 

through alteration (including hydrothermal activity, 

diagenesis to low-grade metamorphism and post-

eruptive cooling; Schenato et al., 2003; Meunier, 2005) and 

weathering of Mg-Fe rich minerals, as well as by 

neoformation or transformation in alkaline lakes (De 

Segonzac, 1970; Furquim et al., 2008; Milesi et al., 2019) – 

the most favorable environment on Earth's surface for 

the formation of Mg-clays (Pozo and Calvo, 2018).  

In the first two cases (alteration and weathering), a 

mixture of two or more clay minerals is expected in the 

sediments derived (Wilson and Pittman, 1977; Singer, 

1980). Alkaline lakes (pH > 8.5 and saline; Chase et al., 

2021), however, commonly present great amounts of 

saponite, formed by transformation of detrital Al-clays 

via Mg uptake in its margins or mudflats, while long 

subaerial exposure periods favor transformation to 

palygorskite (Pozo and Calvo, 2018). Smectite can also be 

transformed into interstratified illite-smectite (Ilt-Sme) 

at surface conditions due to increasing salinity and 

alkalinity (Singer and Stoffers, 1980; Turner et al., 1991; 

Honty et al., 2004) and through wetting and drying cycles, 

common in evaporative lakes (Eberl et al., 1986; 

Deconinck et al., 1988). 

The abundance of clay minerals found in the 

samples (up to 52%) suggests rock weathering occurrence 

(Bristow et al., 2015). Therefore, if no transformation had 

occurred, dioctahedral smectites would be expected in 

large quantities. Since only trioctahedral (or possibly di-

tri-octahedral) smectites were identified, transformation 

of clays in alkaline waters seems probable. In addition, the 

REE concentrations in the samples are consistent with an 

alkaline lake environment (Figure 8). Thus, the results 

obtained in this study, carried out on samples from the 

subsalt portion of the formation, agree with the 

interpretations of Bertani and Carozzi (1985a; 1985b), 

Winter et al. (2007), Armelenti et al. (2016) and Goldberg 

et al. (2017), obtained from samples of the same 

formation, but from the portion above the salt. 

 

 

Figure 8. Rare-earth elements diagrams for five samples and an alkaline lake example (average from Salgado-Campos et al., 2022), all normalized by (a) 

chondrite (Pourmand et al., 2012) and (b) PAAS (Post Archean Australian Shale; Pourmand et al., 2012). 
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The presence of saponite throughout the studied 

interval indicates that the lake was perennial and alkaline 

for all the depositional time, and the absence of 

palygorskite and the presence of small quantities of Ilt-

Sme indicates that the sediment at the well location 

remained covered by water most of the time and that the 

lake conditions were not extremely alkaline or saline 

(possibly brackish to saline).  

The sample analyzed by SEM-EDS presents Fe-Al-

rich saponite and Mg-rich saponite. The Fe-Al-rich 

saponite, being associated with detrital grains, can also be 

interpreted as detrital in origin. This may have been 

originally trioctahedral, formed by early weathering of 

Mg-Fe-rich minerals, or may have transformed inside an 

alkaline lake environment from dioctahedral to 

trioctahedral by replacement of Al3+ and Fe3+ by Mg2+ and 

Fe2+ in the octahedral sites (McKinley et al., 1999).  

The Mg-rich saponite, in turn, found in clay-rich 

laminated cuttings, can be interpreted as authigenic, 

likely formed by neoformation from gel precursors 

(Furquim et al., 2008) – which would explain the lower 

concentrations of interlayer cations (Na+, K+, Ca2+; see 

Supplementary figures and Supplementary Table 4; Galán 

and Pozo, 2011; Pozo and Calvo, 2018) –, but possibly also 

by transformation of Al-clays in an alkaline lake (Pozo and 

Calvo, 2018) during periods of low sedimentation rates 

(Cuevas et al., 2003; Deocampo, 2015; Pozo and Calvo, 

2018). 

Mica and illite were interpreted as being of detrital 

origin. Illite crystallinity (IC), a measure of the full width at 

half maximum (FWHM) of the d001 peak, increases with the 

progression of diagenesis (De Segonzac, 1970; Kübler and 

Jaboyedoff, 2000; Meunier and Velde, 2004). Lower FWHM 

values indicate higher IC, with widths below 0.25° 2θ (Cu 

Ka) denoting metamorphic (epigenesis) conditions (De 

Segonzac, 1970; Kübler and Jaboyedoff, 2000; Meunier 

and Velde, 2004).  

The samples presented low FWHM values for illite 

(0.063°- 0.222° 2θ), providing evidence that it formed 

under metamorphic conditions. Since saponite has 

retained its expansibility, it was not exposed to the same 

conditions as illite, supporting the interpretation of a 

detrital origin for illite, derived from metamorphic 

basement rocks. Considering that illite transforms into 

mica at even higher burial temperatures (Totten and 

Blatt, 1996; Gharrabi et al., 1998; van de Kamp, 2008), mica 

is also assumed to be of detrital origin. Mica can also be a 

contaminant from the drilling fluid, as is used in the 

industry as a lost circulation material (Jaf et al., 2023). 

However, the lack of correlation between mica and barite 

(see Supplementary Table 5) indicates that this was not 

the case in this well. 

Since kaolinite is unstable and dissolves in alkaline 

media (De Segonzac, 1970; Wang et al., 2016), it can also  

be interpreted as detrital, since it is not formed in alkaline  

 

lakes, or a product of feldspar and mica alteration. The 

small amount identified (Figure 4) may indicate that, due 

to a dry climate, only limited quantities were formed 

during brief episodes of increased precipitation, with 

smectite formation being favored during most 

weathering periods. On the other hand, a greater amount 

of kaolinite may have formed but was mostly dissolved in 

alkaline waters after deposition. 

The amount of talc increases at depths near the 

diabase intrusions (considering the MIF method; Figure 2). 

Talc was interpreted as resulting from hydrothermal 

alteration of Mg-Fe rich minerals in the diabase or of 

saponite at high temperatures (>137°C), associated with 

the intrusions (Longstaffe et al., 2024). The small 

amounts of Chl-Sme identified are interpreted as detrital 

or as resulting from localized saponite transformation in 

permeable sediments (Chang et al. 1986). 

 

5.2. Atafona formation paleoenvironment 

Environmental changes over time are reflected in 

variations in the chemistry and mineralogy of a 

sedimentary basin. As mentioned in previous sections, the 

Atafona Formation sediments in the studied well were 

deposited in an alkaline and perennial lake in an arid to 

semiarid paleoclimate. However, variations in rainfall are 

expected, causing fluctuation in detrital input. An 

increase in detrital minerals and elements associated (eg. 

Al, K, Ti, Zr and Rb) are favored during wetter periods, 

transported in streams and rivers, while dry periods favor 

carbonates precipitation (which are associated with Sr). 

Therefore, the joint increase in K, Ti, Zr, and Rb/Sr ratio is 

indicative of intensified weathering and erosion, 

transporting minerals rich in these elements to the basin.  

Gamma ray (GR) logs can also be used to interpret 

climate variations. Since the increase in GR is mostly due 

to the increase in potassium, which is mainly concentrated 

on feldspars and micas (Siegel, 1979), its rising values 

indicate an intensification of detrital input, along with a 

greater water intake into the lake, thereby increasing the 

accommodation space. However, during drier periods, 

there is less water entering the system, which reduces the 

available space and results in less detrital input. With this 

focus, the comparison of GR with detrital input proxies 

enabled the definition of wetter and drier cycles 

throughout the deposition of the Atafona Formation.  

Wetter periods are marked by an increase in detrital 

input while drier ones show an increase in carbonate 

formation. The identified carbonates include calcite and 

dolomite. Since only a small calcite grain (<5 µm) was 

identified (Supplementary Figure 5), calcite is interpreted 

as micritic cement, formed during sediment deposition.  

Dolomite, on the other hand, was interpreted as formed 

during early diagenesis. Early diagenetic dolomite is  

typically 10-100 µm (Warren, 2000) and presents planar  
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crystal boundaries (Sibley and Gregg, 1987), consistent 

with the grains seen in the SEM-EDS analyses, which 

presented dolomite rhombohedra with planar faces and 

crystal sizes of approximately 10 µm (Figure 6a and 

Supplementary Figure 1). 

Strontium (Sr) and sulfur (S) are assumed as original 

to the sediments. High Sr values (above 700 ppm) were 

found, which could result from contamination by drilling 

fluid, as barite (BaSO4) accommodates strontium (Sr) in 

its crystal structure (Widanagamage et al., 2014) and 

celestite (SrSO4) is sometimes used as a substitute for 

barite (USGS, 2025). However, this mineral was not 

identified through XRD, and Sr shows a negative 

correlation with Ba and barite (see Supplementary Table 

5), indicating that celestite was not used as a partial 

substitute for barite. Sulfur also does not show a 

significant correlation with barite (see Supplementary 

Table 5). 

The upper Atafona Formation interval (5,440 to 

5,500m) shows an increase in phosphorus (P), sulfur (S), 

dolomite, and strontium (Sr). This occurs during a period  

 

of decreasing terrigenous input, indicating that these 

minerals and elements are not of detrital origin.  

Phosphorus and sulfur are vital macronutrients for 

microbes. Phosphorous is supplied to lakes through the 

weathering of P-rich rocks and organic matter, and it is 

released to the environment – and fixed in sediments – by 

microbial activity (Föllmi, 2011). Sulfur originates from 

the weathering of sulfur-containing rocks and from the 

oxidation of organic sulfur derived from terrestrial 

sources (Holmer and Storkholm, 2001). Microbial activity 

also promotes the precipitation of calcium carbonate, 

including poorly ordered dolomite (Bosak, 2011; 

Baldermann et al., 2015; Petrash et al., 2017). Dolomite 

formed in sulfate-rich environments incorporates more 

strontium (Sánchez-Román et al., 2011), which 

preferentially substitutes calcium at sites within poorly 

ordered, early diagenetic dolomite – or protodolomites, 

that become highly ordered during diagenesis (Shukla, 

1988; Tucker and Wright, 2009; Petrash et al., 2017). At 

high pH (≥ 8.0), dolomite – due to its Mg content – also 

shows a stronger capacity to immobilize phosphorus than 

does calcite (Xu et al., 2014). 

 

 

Figure 9. Atafona Formation cuttings samples’ lithology, accommodation space trends (based on gamma ray log), well logs, bulk mineralogy, terrigenous 

input proxies (K, Ti, Zr, Rb/Sr and Al), sulfur, dolomite, P2O5, and strontium curves, ICP-MS and SEM-EDS samples’ depths and climate variation cycles 

based on accommodation space and terrigenous input proxies. Aluminum values were suppressed in the intervals with diabase due to undue enrichment. 

GR = gamma ray; DCAL = differential caliper; Th = thorium; U = uranium; K = potassium; DT = compressive transit time; RHOB = density; NPHI = neutron 

porosity; CBW = NMR’s clay bound water; BVI = NMR’s bulk volume irreducible; BVM = NMR’s bulk volume movable. 
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In summary, P, S, Sr, and dolomite can be correlated 

within an environment influenced by microbial activity, 

which facilitates the fixation of S and P in the sediments 

and promotes the formation of protodolomite, a mineral 

phase that incorporates Sr. The increase in these 

elements and this mineral in the upper portion of the 

Atafona Formation may be related to enhanced microbial 

activity, an expected activity in an alkaline lake – one of 

the Earth's most productive ecosystems today (Jones and 

Grant, 2000; Haines et al., 2023; Tutolo and Tosca, 2023). 

Additional evidence of possible biogenic activity is a Si-

rich phase found as an anhedral to rounded agglomerate 

(Figure 10).  

Rock-forming elements enter various igneous 

minerals at different concentrations during magma 

crystallization (Wager and Mitchell, 1951). Al normally 

resides in feldspars and Zr is generally associated with 

zircon, minerals with higher concentration in felsic rocks 

(Hayashi et al., 1997; Hoskin and Schaltegger, 2003; Jones 

III et al., 2017). La is incompatible with solid mineral 

phases and incorporate in (heavy) minerals with low 

crystallization temperatures like felsic minerals such as 

monazite (Augustsson et al., 2023). Ti and Co, contrarily, 

are compatible and are mostly included in mafic minerals 

(e.g. Hurst and Milodowski, 1996; Mange and Morton, 2007 

in Augustsson et al., 2023). Felsic rocks are enriched in 

light REE – e.g. La – while mafic rocks are enriched in heavy 

REE – e.g. Lu (Cullers, 1994; Nagarajan et al., 2017). 

Therefore, these elements' concentrations and ratios can 

be used for sediment provenance tracing. The samples 

analyzed present Al2O3/TiO2, TiO2/Zr, La/Co, and La/Lu 

(chondrite-normalized) indicative of felsic to 

intermediate rock composition (Table 1 and 

Supplementary Tables 1 and 2). 

 

5.3. Provenance of sediments 

Rare earth elements (REEs) are also a reliable tool 

for sediment provenance tracing since they are 

uncommonly fractionated during sedimentation, being 

transported chiefly in the silt and clay size fraction, and 

heavy minerals carry a large part of these elements 

(Taylor and McLennan, 1985; McLennan, 1989). The five 

samples analyzed present similar REEs values (Figure 8), 

which indicate that the source rock(s) did not change 

during the deposition of the Atafona Formation. The 

samples show depletion compared to PAAS standard due 

to the high quartz and carbonate content, which, being 

poor in REEs, results in a dilution effect (McLennan, 1989). 

Acidic to intermediate igneous rocks are rich in Si, 

Al, K and Na, and their detritus provided these elements 

to the sediments through weathering. However, the 

analyzed samples are also rich in Ca and Mg, with 

concentrations much higher than expected for acidic to 

intermediate igneous rocks, and much closer to those of 

basic igneous rocks (see Supplementary Table 1). A 

possible explanation is the chemical input from mafic 

rocks, providing elements mobile in fluids but 

contributing little to no immobile elements. Considering 

that the Atafona Formation sediments were deposited 

above basalts, we propose that the Ca and Mg ions were 

supplied by groundwater flow through fractures in the 

basaltic basement, while the detritus from acidic to 

intermediate igneous rocks was transported by rivers or 

streams and eroded from the basin’s crystalline basement 

exposed in the footwall crests (Armelenti et al., 2016; 

Rostirolla et al., 2021). 

 

 

Figure 10. Sample 5,496/5,499m SEM images. Anhedral to rounded Si-rich agglomerate with EDS chemistry mapping. Fe = iron; Si = silicon; Ca = calcium. 

 

Table 1. Elemental and oxide ratios minimum and maximum values for felsic, intermediate and mafic igneous rocks and for this work’s samples. CN = 

chondrite-normalized (Pourmand et al., 2012). References: 1Hayashi et al. (1997); 2Cullers (2000); 3Nagarajan et al. (2017). Analysis type: a XRF; b ICP-MS. 

Ratios Felsic rocks Intermediate rocks Mafic rocks This work 

Al2O3/TiO2 1 a 21-70 8-21 3-8 12–17 

TiO2/Zr (ppm/ppm) 1 a <55 55-195 >~200 38–62 

La/Co 2 b 1.4–22.4 - 0.14–0.38 2.64–5.09 

(La/Lu)CN 3 b 3–27 - 1.1–7 12.2–14.2 
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4. CONCLUSIONS 

The depositional environment at the well location 

during the deposition of the Atafona Formation was 

interpreted as a perennial alkaline and brackish to saline 

lacustrine system due to REE concentrations, the 

presence of abundant saponite and little interstratified 

illite-smectite, and the absence of dioctahedral smectites 

and palygorskite. Conditions were not extremely saline or 

alkaline, and the sediments remained submerged most of 

the time. The climate during deposition oscillated 

between wetter periods, marked by an increase in detrital 

input, and drier periods, with an increase in carbonate 

formation. 

Saponite was interpreted as both detrital and 

authigenic, formed by neoformation and transformation 

of Al and Fe-rich detrital clays. Talc and Chl-Sme may be 

of detrital or hydrothermal origin. Illite and kaolinite were 

interpreted as detrital. Dolomite is presumed to be early 

diagenetic, and calcite authigenic. Quartz was interpreted 

as both detrital and authigenic. 

The increase in phosphorus, sulfur, dolomite, and 

strontium in the upper Atafona Formation is suggested to 

result from enhanced microbial activity, which facilitated 

the fixation of S and P in the sediments and possibly 

promoted the formation of protodolomite, which 

incorporated Sr. 

Based on elemental ratios, the detrital grains in the 

Atafona Formation were interpreted as originating from 

acidic to intermediate igneous rocks of the basin’s 

crystalline basement, transported by surface waters. 

These rocks supplied large amounts of Si, Al, K, and Na 

ions. In contrast, the high concentrations of Ca and Mg 

were interpreted as deriving from mafic igneous rocks, 

likely introduced by groundwater flowing through 

fractures in the basaltic basement. 
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