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A B S T R A C T   

Wave-, tidal-, and fluvial-dominated deltas are important hydrocarbon reservoirs worldwide, and it is well 
known that depositional facies types, detrital composition and diagenetic products are key aspects when eval
uating potential reservoir properties. Moreover, detrital composition and diagenetic products are controlled by 
external forces such as tectonism, climate, and depositional conditions. 

The Upper Cretaceous La Anita Formation (Austral-Magallanes Basin, Argentina) is a deltaic succession that 
shows a clear vertical variation in the relative role of wave, tidal and fluvial processes. The formation was 
accumulated during the foreland stage of the basin under relatively warm climate conditions. A detailed 
compositional and diagenetic analysis for these deposits is provided to evaluate the role of the controlling factors 
on the detrital and authigenic composition, and the impact on reservoir properties. 

Samples were analyzed by conventional petrography, X-ray diffraction and scanning electron microscopy to 
obtain a full spectrum of its detrital, authigenic and diagenetic composition. The analyzed sandstones were 
classified as lithic arenites which come from the fold-thrust belt region and from the magmatic arc located to
ward the westward. The clay mineral composition is characterized by variable proportions of illite, smectite, 
kaolinite and mixed-layer illite-smectite with the sporadic presence of chlorite. Stratigraphic variations in the 
abundance of authigenic kaolinite and smectite indicate a change in the climatic conditions during the de
positions of the unit evolving from tropical to more temperate conditions. Diagenetic processes affecting the 
porosity are considered as controlled mainly by the lithological nature of the deposits and depositional facies 
type. Sandstone porosity is mainly primary in origin, moderate to good in abundance and show micropore to 
mesopore as the main pore-sizes. 

This work enhances that the diagenetic products are heavily controlled by the dominant depositional process. 
The presence of diagenetic products as quartz overgrowth and calcite and hematite cement reduces pore spaces 
and affects the reservoir properties. The development of these types of cement is conditioned by the relative 
dominance of wave and river processes. Under wave-dominated conditions, quartz tends to develop thick 
overgrowths. Conversely, under river-dominated conditions quartz overgrowths are thinner and calcite and 
hematite cementation patches are developed.   
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1. Introduction 

Detrital and authigenic compositional studies are useful for 
analyzing the evolution of sedimentary basins since they show temporal 
and spatial variations in the input of terrigenous clastic components 
coming from different source areas, tectonic configurations, climate 
conditions and degree of diagenesis, among others (Dickinson and Rich, 
1972; Ingersoll, 1983; Critelli and Ingersoll, 1995; Cavazza and Inger
soll, 2005; Gómez-Peral et al., 2011; Varela et al., 2013, 2018). Sand
stone petrography in clastic successions combined with paleocurrent 
data provides a well-established methodology for provenance, paleo
geographic and basin analysis (Dickinson and Suczek, 1979; Zattin et al., 
2003; Stefani et al., 2007; Varela et al., 2013). 

The composition of whole rock and clay fraction will depend not only 
on the positive areas that supply clastic material but also on other factors 
such as depositional environments, transport mechanisms, climate, and 
diagenesis (Net et al., 2002; Gómez-Peral et al., 2011; Varela et al., 
2018). Clay mineral assemblages are commonly studied by X-ray 
diffraction (XRD) and scanning electron microscopy (SEM) and repre
sent the product of weathering and authigenesis that result of the 
interaction of different variables such as source area, basin morphology, 
depositional conditions and climate (Chamley, 1989; Do Campo et al., 
2010; Richiano et al., 2015). 

Diagenetic analyses via standard petrography and SEM are employed 
with success to predict reservoir quality in hydrocarbon exploration (e. 

g., Zhang et al., 2009; Morad et al., 2010; Taylor et al., 2010; Henares 
et al., 2016) since diagenetic processes control the development of 
porosity and permeability. Cementation, pressure solution, compaction 
and the authigenic clay content are the main pore volume-controlling 
factors, whereas cement dissolution and fracturing are the most 
important porosity-enhancing factors (Nabawy and Geraud, 2015). 

Wave-, tidal-, and river-dominated deltaic deposits may not show 
significant differences in their detrital composition under the same 
relative influence of tectonic and climatic conditions. However, the 
diagenetic products recorded in different types of deltas could be slightly 
different and these impact on reservoir properties. In many cases, the 
difference in the behavior between detrital composition and diagenetic 
products can be explained through the depositional facies type (e.g., 
Morad et al., 2000, 2010; Bjørlykke, 2014; Lai et al., 2018). 

The La Anita Formation (LAF) is a deltaic reservoir analog which 
shows clear vertical variations on the role of wave fluvial and tidal 
processes (e.g., Moyano-Paz et al., 2018, 2020). Also, this unit is a 
proven tight type of reservoir (Jait et al., 2018), providing a challenging 
opportunity to assess the relationship between detrital composition, the 
role of the relative dominance of the depositional processes and the 
diagenetic products with the resultant reservoir properties. 

The aims of this study are: i) to evaluate compositional variations as 
response to the main compositional controls, ii) to assess the influence of 
relative dominance of wave and river processes on the development of 
different diagenetic products, and iii) to establish linkages between 

Fig. 1. Study area. a) General location of the AMB at southernmost Argentina and Chile. b) Detail map of the LAF exposures and location of detailed logs. Samples 
were collected in order to analyze the composition and diagenesis of the LAF. RG = Río Guanaco; GF = Galpón de Freile; EA = Estancia Anita; CT = Campo Tropilla; 
CC = Cerro Calafate; LD = Luz Divina; FT = Filo del Turbio; PA= Paredón. 
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detrital composition and diagenetic products to analyze the impact on 
potential reservoir properties as a predictive tool. 

2. Geological background 

The Austral-Magallanes Basin (AMB) is located at the southernmost 
end of Patagonia and is one of the most important oil- and gas-producing 
sedimentary basins of Argentina and Chile (Fig. 1). The tectonic history 
of the basin is characterized by three main stages (Biddle et al., 1986): a 
rift stage, a postrift thermal subsidence stage and finally, a foreland 
stage. 

The transition from extensional to compressional regime took place 
~100 Ma and marks the beginning of the foreland stage (Biddle et al., 
1986; Fosdick et al., 2011; Varela et al., 2012; Ghiglione et al., 2015; 
Malkowski et al., 2017). Shortening caused during the early stages of the 
orogeny resulted in a retroarc fold-thrust belt along the 
Patagonian-Fuegian Andes (Fildani and Hessler, 2005; Fosdick et al., 
2011; Varela et al., 2012, 2013) which is associated along its eastern 
margin with the AMB foreland system. 

The onset of the foreland regime is recorded by flexural deeping of 
the foredeep main depozone from 100-500 m to 1000–2000 m (Natland 
et al., 1974). The AMB foreland system is characterized by a thick ma
rine infill followed by continental deposits, representing an evolution 

from an underfilled to overfilled stage (Malkowski et al., 2015; Tetta
manti et al., 2018; Moyano-Paz et al., 2018, 2020, 2022; Varela et al., 
2019; Ghiglione et al., 2021, Fig. 2). Sediment accumulation in the 
foredeep starts with the deep-marine, siliciclastic, turbiditic deposits of 
the Cerro Toro Formation (Albian-Cenomanian; Wilson, 1991; Fildani 
and Hessler, 2005; Malkowski et al., 2015, 2017), which are covered by 
the siliciclastic fine-grained, prograding slope to outer-shelf deposits of 
the Alta Vista/Tres Pasos Formation (Hubbard et al., 2010; Daniels et al., 
2018, 2019). This deep-marine sedimentation is capped on top by the 
Santonian-Maastrichtian siliciclastic coastal deposits of the La Anita 
Formation or by its equivalent in Chile, the Dorotea Formation 
(Macellari et al., 1989; Moyano-Paz et al., 2018, 2020; Santamarina 
et al., 2020; Ghiglione et al., 2021). Finally, this marine succession is 
overlain by the uppermost Cretaceous continental deposits, which 
include several lithostratigraphic units such as the Cerro Fortaleza, La 
Irene and Chorrillo formations (Fig. 2; Tettamanti et al., 2018; Ghiglione 
et al., 2021; Moyano-Paz et al., 2022). 

The Upper Cretaceous LAF (Bianchi, 1967) consists of a siliciclastic 
sandstone-dominated deltaic-coastal unit (e.g., Manassero, 1988; 
Moyano-Paz et al., 2018). The LAF is divided into two informal units: the 
lower unit and the upper unit, which are limited by a sequence boundary 
(sensu Moyano-Paz et al., 2018, Fig. 2). The lower unit is composed 
mainly of grayish fine-to coarse-grained sandstone with subordinate 

Fig. 2. Stratigraphic chart for the AMB in the Lago Argentino region and detail of stratigraphy and facies of the La Anita Formation.  
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participation of mudstones, heterolithic deposits and fine-grained con
glomerates, it shows aggradational to progradational vertical stacking 
patterns and is interpreted as accumulated in a storm wave-dominated, 
river-influenced deltaic depositional system (Moyano-Paz et al., 2018, 
2020). Conversely, the upper unit is divided into two intervals, the 
lowermost interval shows the coarser grain-sizes of the formation, 
including coarse-grained conglomerates to coarse-grained sandstones 
and is interpreted as the fluvial infill of an incised valley (Moyano-Paz 
et al., 2018). The uppermost interval of the upper unit is composed of 
fine-grained sandstones to pebbly-sandstones displaying heavily pro
gradational stacking patterns and is interpreted as the accumulation in a 
river-dominated, tidal-influenced delta system (Moyano-Paz et al., 
2020). 

3. Methods 

3.1. Fieldwork 

Eight sedimentary sections were described in detail for the LAF de
posits in different localities in the Lago Argentino region, five sections 
located to the south and three sections to the north of the lake (Fig. 1). 
Paleocurrent data (n = 375) were measured from current ripples and 
trough, tangential and planar cross-bedded structures using a Brunton® 
compass following the criteria of DeCelles et al. (1983) and Bossi (2007). 
Paleocurrent directions were corrected for magnetic declination ac
cording to the date on which they were surveyed. Data were grouped 
according to the facies association following the previous division of 
Moyano Paz et al. (2018). 

Samples were collected in order to analyze the composition and 
diagenesis of the LAF. Sampling was carried out in five localities, one to 
the north of the Lago Argentino (RG = Río Guanaco), and four to the 
south (GF = Galpón de Freile; EA = Estancia Anita; CT = Campo Tro
pilla; and CC = Cerro Calafate). Sampled rocks were siliciclastic mud
stones and fine-to medium-grained sandstone, in order to detect the 

greatest possible variability. 

3.2. Petrography 

Twenty-seven samples of sandstone (Table 1; eight from GF, eleven 
from CT and eight from CC) were analyzed by conventional petrography 
using Nikon Eclipse E−200 in order to analyze detrital components and 
diagenetic products and processes. For each sample, four hundred 
components were counted using a Swift point counter following the 
Gazzi-Dickinson methods to minimize the effect on the grain size on the 
modes (Gazzi, 1966; Dickinson, 1970; Ingersoll et al., 1984). Detrital 
modes were used to classify the sandstones according to Folk et al., 
(1970) and Dott (1964), modified by Pettijohn et al. (1972). For 
discrimination and discussion of sandstone provenance QpLvLs, QmFLt, 
and QtFL ternary diagrams of Dickinson and Suczek (1979), Dickinson 
et al. (1983) and Dickinson (1988) were used following the Zahid and 
Barbeau (2011) plotting criteria. The optical abundance and size of pore 
spaces was estimated following the criteria proposed by Net and 
Limarino (2000). Pore-rugosity was estimated qualitatively from thin 
sections depending on the presence and type of cements, clay precipi
tation and distribution of dissolution. 

3.3. X-ray diffraction (XRD) 

A total of eighty-two sandstones and mudstones samples (Table 2; 
thirteen from RG, twenty-one from GF, sixteen from EA, fourteen from 
CT and eighteen18 from CC) were prepared for whole rock and clay 
fraction (<2 μm) XRD analysis. Samples were subjected to soft grinding 
with a rubber mortar and repeatedly washed in distilled water until 
deflocculation occurred. XRD patterns from randomly oriented mounts 
(whole rock) of powdered samples were run from 0 to 37◦2θ for 3 h on 
an X PANanalytical model X’Pert PRO diffractometer using Cu/Ni ra
diation and generation settings of 40 kV and 40 mA. 

Semi-quantification of mineralogical components from the whole- 

Table 1 
Recalculated point-count data for the La Anita Formation sandstones.  

Un. Loc. Sample Detrital components % %M %C %P Qt Qm F L Lt 

Qm Qp Plg Fk Lv Ls Lm PMz Phy 

lu GF GF 5 23.5 10.5 3.5 8.5 43 3 2 – 5.75 0.25 3.25 12 35.9 25.3 11.2 52.8 63.5 
lu GF GF 23 20.2 7.1 4.2 5.2 50.7 3.7 1.7 – 7.1 1.21 0.75 12 29.6 22.5 8.3 62.13 69.2 
lu GF GF 38 19.8 7.8 2.6 5.2 52.7 3.4 1.15 – 7.2 1.44 4.5 12 29.8 21.4 8.4 61.8 70.2 
lu GF GF 99 22.4 12.7 1.9 6.3 47.9 1.7 – – 6.9 0.8 0.55 12 37.8 24.1 8.9 53.3 66.9 
lu GF GF 107 22.6 9.7 2.4 5.9 49.3 2.2 0.5 – 7.3 0.8 5 5 34.9 24.4 9 56.1 66.6 
lu GF GF 216 24.1 7.8 3.2 6.1 48.7 2.6 1.4 – 6.1 1.2 0.8 12 33.9 25.6 9.9 56.2 64.5 
lu GF GF 264 22.1 6.3 4.5 9.3 48.8 1.5 1.2 – 6.3 3.9 0.9 20 30.3 23.6 14.7 54.9 61.7 
uu GF GF 326b 26.3 10.6 4.8 3.6 48 2.1 1.5 – 3 3 1.8 15 38 27.1 8.7 53.3 64.2 
lu CT CT 3 27.5 6.1 3.2 9.6 44.7 3.5 1.3 – 4.1 0 1.2 20 35 28.7 13.3 51.7 58 
uu CT CT 85 24.6 7.9 3.5 5.3 50 2.9 0.6 – 5.2 0.6 14.6 10 34.3 25.9 9.3 56.5 64.8 
uu CT CT 102 21.1 7.4 4.6 6.6 51.8 2.6 1.4 – 5.3 2.3 7.5 7 29.8 22.1 11.6 58.5 66.2 
uu CT CT 115 24.5 11 4.6 5.2 46.1 1.7 1.2 – 6.7 2 5.2 9 36.9 25.1 10.6 52.5 64.3 
uu CT CT 128 20.3 7.9 3.2 6.5 49.4 3.5 1.8 – 7.3 2 5.5 10 30.5 21.9 10.5 59 64.3 
uu CT CT 143 21.8 6.6 4.6 8.9 50.4 2.3 – – 5.4 2 4.8 5 30 23 14.2 55.8 62.7 
uu CT CT 156 23 10 2 6.6 49.3 1.7 1.7 1.1 4.3 5 1.7 15 35.1 24.4 9.1 55.8 66.5 
uu CT CT 159 21.4 8.4 4.9 5.8 46.8 2.9 2.6 1.73 5.49 3.5 6 15 32.1 23.1 11.5 56.4 65.4 
uu CC CC 1 18.9 6.2 4 9.9 49.3 4 0.8 – 6.7 2.7 2 5 26.9 20.2 15 58.1 64.7 
uu CC CC 2 15.7 9 4.1 7.7 50.27 3.6 1.9 – 7.7 3 2 5 26.8 16.7 12.8 60.4 70.2 
uu CC CC 3 18.9 5.2 2.2 7.3 54.3 3.2 1.2 – 6.6 2 7 7 25.8 20.2 11.2 62.9 68.5 
uu CC CC 4 17.3 5.7 4.8 6.9 54.8 2.9 1.5 – 7 3.9 5 10 24.5 18.5 12.4 64.1 69.1 
uu CC CC 5 20.3 7.4 1.9 6.6 53.3 2.2 1.9 – 6.3 1.4 5.8 10 29.6 21.7 9.1 61.3 69.2 
uu CC CC 6 22.8 7.4 2.6 6.3 53.6 2.3 0.6 – 4.5 1.4 5 10 31.6 23.9 9.3 59.1 66.9 
uu CC CC 7 21.6 4.5 2.7 7.8 52.2 3.6 1.5 – 6 2.4 14 5 27.8 23 11.2 61 65.8 
uu CC CC 8 21.4 4.3 2.6 5.1 54 3.1 1.7 – 7.7 3.7 7 7 27.9 23.2 8.4 63.8 68.4 
uu CC CC 9 18.3 5.8 3.3 8 53.6 4.1 1.6 – 5 1.1 2 7 25.4 19.3 12 62.6 68.7 
uu CC CC 10 25.3 5.9 3.2 9.1 4.742.6 4.7 2.9 – 6.2 1.1 1.5 10 33.2 26.9 13.2 53.6 59.9 
uu CC CC 11 26.4 5.7 5 5.3 49.4 2.8 1.8 – 3.5 2 15 2 33.2 27.4 10.7 56 61.9 

Abbreviations: Un. = Unit; Loc. = Locality; Qm = monocrystalline quartz; Qp = polycrystalline quartz; Plg = plagioclase; Fk = pottasium feldspar; Lv = volcanic lithic; 
Ls = sedimentary lithic; Lm = metamorphic lithic; PMz = pseudomatrix; M = matrix; C = cement; P = porosity; Pms = porosity mean size; Qt = Qm + Qp; F = Fk + Plg; 
L = Lv + Ls + Lm; Lt = L + Qp; lu = lower unit; uu = upper unit. 
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rock diagrams was obtained from the intensity of the main peak for each 
mineral (Schultz, 1964; Moore and Reynolds, 1997) and classified ac
cording to the following abundances: traces (<1%); very scarce (1–5%); 
scarce (5–20%); moderate (20–40%); abundant (40–60%); and very 
abundant (>60%). 

The <2 μm fraction was separated by gravity settling in suspension, 
and oriented mounts were prepared on glass slides. Clay mineralogy was 
determined from diffraction patterns obtained using samples that were 
air-dried, ethylene glycol-solvated, and heated to 550 ◦C for 2 h 
(Brindley, 1961; Brown, 1980). Routine air-dried mounts were run be
tween 2 and 32◦2θ at a scan speed of 2◦2θ/min. Ethylene glycol-solvated 
and heated samples were run from 2 to 27◦2θ and 3–15◦2θ, respectively, 
at a scan speed of 2◦2θ/min. Semi-quantitative estimations of the rela
tive concentrations of clay minerals were based on the peak area method 
(Biscaye, 1965) on natural or glycolated samples given the absence or 

presence of smectite and/or mixed-layers chlorite-smectite and 
illite-smectite. Relative percentages of each clay mineral were deter
mined by applying empirical factors following the Moore and Reynolds 
(1989) criteria. 

The abundance of different mineralogical components and clay 
minerals obtained from whole rock and clay fraction analysis is sum
marized in Table 2. 

3.4. Scanning electron microscope (SEM) 

Three samples of sandstone (one from GF, one from CT and one from 
CC) were selected considering the position in the sedimentary log, the 
presence of clays and diagenetic products. Chips were covered with Au 
and analyzed by SEM under secondary electron and backscattered 
diffraction modes with Energy Dispersive X-ray Spectroscopy using an 

TABLE 2a 
X-ray Diffraction data of the La Anita Formation.  

Un. Loc. Sample Lithol. Whole Rock Clay fraction 

Q FK Pl Ca D S Cli A Ht Mg Clays I Cl K I/S Sm 

lu EA EA 2 Sand 72 5 10 – 1 – – – – – 12 50 0 25 25 0 
lu EA EA 37 Sand 89 1 6 – – – – – – – 4 30 0 45 25 0 
lu EA EA 44 Sand 73 8 13 – – – – – – – 6 40 10 35 10 5 
lu EA EA 81 Sand 82 3 10 – – – – – – – 5 30 10 50 25 0 
lu EA EA 87 Sand 70 6 15 – – – – – – – 9 60 5 10 25 0 
lu EA EA 96 Sand 66 3 8 – – – – – – – 23 35 0 5 60 0 
lu EA EA 98 Sand 74 5 15 – – – – – – – 6 25 25 35 15 0 
uu EA EA 110 Sand 72 6 15 – 2 – – – – – 5 30 30 30 10 0 
uu EA EA 118 Sand 83 3 10 – – – – – – – 4 40 20 15 25 0 
uu EA EA 130 Sand 82 4 9 – 1 – – – – – 4 40 20 20 15 5 
uu EA EA 147 Sand 79 3 15 – – – – – – – 3 60 0 5 30 5 
uu EA EA 149c Sand 88 4 6 – – – – – – – 2 60 0 10 30 0 
uu EA EA 157a Mud 84 3 6 – – – – – – – 7 40 35 5 20 0 
uu EA EA 157c Mud 50 2 6 11 1 – – – – – 30 35 0 10 35 20 
uu EA EA 175 Mud 77 3 5 – – – – – – – 15 35 15 5 35 10 
uu EA EA 178 Sand 88 1 6 – – – – – – – 5 35 5 50 15 0 
lu GF GF 2 Sand 85 2 9 – – – – – – – 4 15 10 70 5 0 
lu GF GF 10 Sand 75 5 8 5 2 – – – – – 5 15 10 70 5 0 
lu GF GF 19 Sand 78 2 11 – 3 – – – – – 6 25 10 50 15 0 
lu GF GF 23 Sand 83 4 4 2 2 – – – – – 5 20 10 65 5 0 
lu GF GF 31 Mud 76 4 8 2 – – – – – – 10 50 10 10 30 0 
lu GF GF 33 Mud 79 4 5 2 2 – – – – – 8 30 20 30 20 0 
lu GF GF 34 Mud 86 3 7 – – – – – – – 4 45 25 15 15 0 
lu GF GF 35 Mud 79 2 9 – 1 – – – – – 9 35 15 40 10 0 
lu GF GF 48 Sand 83 4 9 – 1 – – – – – 3 20 10 60 10 0 
lu GF GF 63 Sand 74 7 8 – 1 – – – – – 10 30 10 50 10 0 
lu GF GF 91 Sand 74 4 13 – 1 – – – – – 8 25 15 50 10 0 
lu GF GF 129 Mud 75 3 8 – 1 – – – – – 13 35 15 25 20 5 
lu GF GF 185 Mud 78 3 12 – – – – – – – 7 30 15 30 20 5 
lu GF GF 187 Sand 68 4 6 – 2 – – – – – 20 30 25 5 30 10 
lu GF GF 282 Sand 82 2 7 – – – – – – – 9 30 25 25 20 0 
uu GF GF 309 Mud 79 2 13 – – – – – – – 6 35 15 25 15 10 
uu GF GF 310 Sand 75 3 8 – – – – – – – 14 45 0 10 35 10 
uu GF GF 346b Mud 88 3 7 – – – – – – – 2 60 0 40 0 0 
uu GF GF 360 Mud 84 3 8 – – – – – – – 5 35 45 15 5 0 
uu GF GF 385 Sand 88 3 4 – – – – – – – 5 35 0 30 20 5 
uu GF GF 398 Sand 77 6 8 – – – – – – – 9 25 35 25 10 5 
lu CT CT 3 Sand 70 5 5 15 – – – – – – 5 15 10 40 35 0 
lu CT CT 21 Sand 30 5 10 45 – – – – – – 10 30 10 25 25 5 
lu CT CT 60 Sand 80 5 10 – – – – – – – 5 25 25 5 45 0 
uu CT CT 85 Sand 88 2 8 – – – – – – – 2 10 0 0 90 0 
uu CT CT 102 Sand 80 3 15 – – – – – – – 2 20 20 10 50 0 
uu CT CT 105 Sand 84 3 10 – – – – – – – 3 25 10 5 60 0 
uu CT CT 108 Sand 89 3 6 – – – – – – – 2 15 20 5 40 20 
uu CT CT 128 Mud 92 1 4 – – – – – – – 3 20 2 10 65 0 
uu CT CT 131 Sand 67 4 5 – – – – – – – 24 5 0 10 65 20 
uu CT CT 143 Mud 75 5 14 – – – – – – – 6 50 0 5 45 0 
uu CT CT 150 Sand 71 4 7 – – – – – – – 18 20 0 5 75 0 
uu CT CT 156 Sand 76 10 9 – – – – – – – 5 20 15 5 60 0 
uu CT CT 159 Sand 84 3 9 – – –     4 15 20 30 35 0 
uu CT CT 170 Sand 82 3 11 – – – – – – – 4 15 30 25 30 5 

Abbreviations: Q = quartz, FK = potassium feldspar, Pl = plagioclase, Ca = calcite, D = dolomite, S = siderite, A = analcime, Ht = hematite, Mg = magnetite, I = illite, 
Cl = chlorite, K = kaolinite, I/S = illite-smectite, Sm = smectite. 
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FEI Quanta 200 SEM (Laboratorio de Investigaciones de Metalurgia 
Física, Universidad Nacional de La Plata, Argentina). The accelerating 
voltage was 20 kV with a current emission of 50–100 pA. This meth
odology was used to determine the clay origin and observe the cement 
morphology, pore geometry and diagenetic relationships. 

4. Paleocurrent data 

Paleocurrent data obtained from the wave-dominated, river-influ
enced delta of the lower unit were measured in the mouth-bars and both, 
terminal and distributary channels deposits (Fig. 3a and b). For the 
upper unit of the LAF, paleocurrent directions were measured in the 
amalgamated channel deposits of the incised valley fluvial infill (Fig. 3a 
and c) and the mouth bars and distributary channels of the river- 
dominated, tidal-influenced delta (Fig. 3a and d). 

4.1. Lower unit 

Paleocurrent measurements from the wave-influenced mouth-bar 
deposits show low data dispersion and indicate a mean paleoflow di
rection towards the northeast (Fig. 3a). The non-amalgamated terminal 
distributary channels show low direction dispersion and a mean paleo
flow direction toward the southeast (Fig. 3a). The amalgamated dis
tributary channels also flowed towards the southeast showing higher 
data dispersion (Fig. 3a). 

4.2. Upper unit 

The paleocurrent directions measured from the amalgamated fluvial 
deposits that filled the incised valley of the lowermost interval of the 
upper unit reflect that these channelized bodies flowed mainly toward 
the southeast (Fig. 3b). Flow directions measured from the river- 

dominated, tidal-influenced deposits show main directions towards 
the southeast and show higher dispersion than those measured from the 
wave-dominated delta (Fig. 3c). 

5. Sandstone petrography 

The LAF sandstones (n = 27; Table 1) are composed of siliciclastic 
detrital grains (75–93%, with an average of 85%), pores (2–20%, with 
an average of 10%) and authigenic cements (0.8–15%, with an average 
of 6%). 

Petrographic analysis allowed the recognition of five main detrital 
components in the analyzed sandstone thin sections which are, in order 
decreasing of abundance: lithic fragments, monocrystalline quartz, 
polycrystalline quartz, feldspars and phytodetritus (terrestrial plant re
mains). These sandstones are clast supported with scarce participation 
of fine-grained muddy matrix, ranging between 0.25% and 4.5% 
(Table 1). The grain size of detrital components varies from very fine-to 
very coarse-grained sand. These components are subrounded to sub
angular and they are poor to well sorted. 

Pore types recorded in the LAF sandstones are mainly primary in 
origin with the subordinate presence of secondary pores related to 
microfractures and dissolution. Dominant pore textures are intergran
ular and subordinate oversized, moldic and intragranular, in decreasing 
order of abundance (Fig. 4a–e). The dominant pore-sizes are micropore 
to mesopore (4–62 μm and 62–250 μm, respectively; sensu Net and 
Limarino, 2000), and eventually macropores (250–1000 μm). Pore-size 
sorting is mainly poor to moderate, and the dominant distribution is 
homogeneous to heterogeneous (Fig. 4a). The pore-rugosity is moderate 
to high, related to the presence of bitumen and clays as pore lining 
(Fig. 4e). The pore abundance in the sandstones of the LAF lower unit is 
higher than the ones recorded for the upper unit with porosity mean 
values of 13% (good) and 8.5% (moderate), respectively (Table 1; sensu 

TABLE 2b 
X-ray Diffraction data of the La Anita Formation.  

Un. Loc. Sample Lithol. Whole Rock Clay fraction 

Q FK Pl Ca D S Cli A Ht Mg Clays I Cl K I/S Sm 

uu CC CC 1 Sand 82 7 5 1 – – – – – – 5 10 5 85 0 0 
uu CC CC 2 Sand 87 7 2 – – – – – – – 4 5 5 90 0 0 
uu CC CC 3 Sand 86 7 2 – 0 – – – – – 5 10 5 85 0 0 
uu CC CC 4 Sand 80 8 4 – 1 – – – – – 7 15 10 60 15 0 
uu CC CC 5 Sand 84 6 3 1 1 – – – – – 5 10 5 85 0 0 
uu CC CC 6 Sand 89 5 3 1 – – – – – – 2 15 5 75 5 0 
uu CC CC 7 Sand 84 8 4 – – – – – – – 4 30 5 60 5 0 
uu CC CC 8 Sand 84 3 2 – – – – – – – 1 10 0 85 5 0 
uu CC CC 9 Sand 84 5 5 – – – – – – – 5 5 0 85 10 0 
uu CC CC 10 Sand 84 3 2 1 – – – – – – 1 5 0 95 0 0 
uu CC CC 11 Sand 84 4 2 6 – – – – – – 4 5 0 90 5 0 
uu CC CC Ca 2 Mud 84 5 2 2 – – – – – – 16 25 0 20 35 20 
uu CC CC Ca 13 Mud 84 6 5 0 – – – – – – 27 15 0 20 35 30 
uu CC CC Ca 25 Mud 84 2 2 2 – – – – – – 9 40 0 30 20 10 
uu CC CC Ca 30 Sand 84 3 1 0 – – – – – – 1 0 0 90 10 0 
uu CC CC Ca 50 Mud 84 2 2 2 – – – – – – 16 30 0 30 20 20 
uu CC CC Ca 58 Mud 84 4 2 0 – – – – – – 38 15 0 10 20 60 
uu CC CC Ca 64 Mud 84 2 2 2 – – – – – – 31 20 0 15 35 30 
lu RG RG-10 Mud 84 2 13 1 – – – – – – 8 15 10 50 25 0 
lu RG RG-34 Mud 84 2 4 – – – – – – – 35 15 0 5 80 0 
lu RG RG-41 Sand 84 3 12 6 – – – – – – 8 15 5 30 50 0 
lu RG RG-45 Sand 84 4 13 6 – – – – – – 8 15 5 35 45 0 
lu RG RG-59 Sand 84 2 14 0 – – – – – – 4 15 5 35 45 0 
lu RG RG-65 Sand 84 13 8 – – – – – – – 6 20 5 40 35 0 
lu RG RG-66 Sand 84 4 23 5 1 – – – – – 8 5 5 25 65 0 
lu RG RG-67 Sand 84 3 7 – 1 – – – – – 18 5 20 0 80 0 
lu RG RG-77 Sand 84 5 22 2 – – – – – – 8 25 0 20 55 0 
lu RG RG-93 Sand 84 2 17 1 1 – – – – – 4 15 0 35 50 0 
uu RG RG-101 Sand 84 2 12 10 – – – – – – 5 15 0 85 0 0 
uu RG RG-107 Mud 84 2 8 – – – – – – – 9 15 10 10 65 0 
uu RG RG-127 Sand 84 0 18 – – – – – – – 9 5 0 55 10 30 

Abbreviations: Q = quartz, FK = potassium feldspar, Pl = plagioclase, Ca = calcite, D = dolomite, S = siderite, A = analcime, Ht = hematite, Mg = magnetite, I = illite, 
Cl = chlorite, K = kaolinite, I/S = illite/smectite, Sm = smectite. 
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Net and Limarino, 2000). 
Cements are represented by hematite, silica and carbonate which 

behave as pore lining, pore filling, grain coating and sometimes 
replacing detrital grains reducing the pore space. Different diagenetic 
processes and products were also identified with conventional petrog
raphy and were described in the Diagenesis section (see section 7.1). 

5.1. Detrital components 

Monocrystalline quartz: this component is the most abundant crystal 
clast type of the LAF with abundance values ranging between 13% and 
23%, with an average of 19%. This component shows typical charac
teristics of volcanic origin such as straight extinction, commonly with 
embayments, partial presence of crystalline faces and surfaces free of 
inclusions. These grains are subrounded to subangular (Fig. 5a). 

Fig. 3. a) Outcrop panel showing the stratigraphic position of the La Anita Formation, the division of the two informal units bounded by the sequence boundary (SB) 
and the position of the paleoenvironments where paleocurrent directions where measured. Geological maps showing the LAF exposures and paleocurrent rose di
agrams for the: b) wave-dominated, river-influenced deposits of the lower unit, c) incised valley fluvial infill of the lowermost interval of the upper unit, and d) river- 
dominated, tidal-influenced delta of the upper unit. 
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Potassium feldspar: the abundance of these grains ranges between 
3% and 9%, with an average of 6%. These are the most abundant feld
spar type and are subrounded to subangular. The dominant type is the 
orthoclase (Fig. 5b), and in lower proportions microcline is present 
(Fig. 5c). 

Plagioclase: this component is less abundant than K-feldspars, 
ranging between 1% and 4%, with an average of 3%. These gains are 
typically subangular and they are twinned according to the albite law 
(Fig. 5d). 

Polycrystalline quartz: these grains are scarce, their abundance 
ranges between 2% and 12% (7% on average). These grains are 
composed of individual crystals larger than 62 μm which are mainly 
anhedral, elongate-shaped and have undulating extinction and saturated 
boundaries (Fig. 5e). This component corresponds to the coarse-grained 
type of polycrystalline quartz (sensu Limarino and Giordano, 2016) 
which suggests a metamorphic origin. 

Volcanic lithic: these are the most common detrital component of the 
LAF (25–50%, 42% on average). The grains are subrounded and can be 
divided into two types according to their textures. Some of these vol
canic rock fragments are characterized by pilotaxitic texture, which is 
recognized by small, chaotically distributed, euhedral to subhedral, 
plagioclase crystals, in an aphanitic groundmass. Pilotaxitic texture is 
characteristic of the intermediate volcanic groundmass. Other volcanic 
lithics present an internal felsitic texture which consists of an aphanitic 
texture, crypto to microcrystalline, formed by an association of small 
equidimensional feldspar and quartz crystals (Fig. 5f). 

Sedimentary lithic (Ls): this type of rock fragment abundance ranges 
between 0% and 2%. Most consist of mudstone and siltstone intraclasts 
(Fig. 5g), uncommonly there are fine-grained sandstones. They are 
rounded, internally structureless and uncommonly presented as part of 
the pseudomatrix. 

Phytodetritus (Pd): these correspond to terrestrial organic matter 
particles which abundance ranges between 0.25% and 8%. These grains 
are presented in two types: a pale brown in color variant that preserves 
some features of its original vegetable texture indicating low decom
position degree (Fig. 5h). Other grains are dark brown in color and do 
not preserve original vegetable textures indicating a higher degree of 
decomposition (Fig. 5h). 

5.2. Sandstone classification 

The LAF sandstones are composed of rock fragments (66%), mono
crystalline quartz (23%) and feldspars (11%). Detrital modes were 
plotted in Folk et al. (1970) and Dott (1964) modified by Pettijohn et al. 
(1972) ternary diagrams. 

All the analyzed sandstones are classified as litharenites according to 
the Folk et al. (1970) classification (Fig. 6a). Considering the diagram 
proposed by Dott (1964), modified by Pettijohn et al. (1972), which 
discriminates not only detrital components but also by the matrix 
abundance, the sandstones of the LAF are classified as lithic arenites 
(Fig. 6b). 

5.3. Provenance 

Detrital modes were plotted in traditional sandstones provenance 
ternary graphs (Dickinson and Suczek, 1979; Dickinson et al., 1983; 
Dickinson, 1988) and are shown in Fig. 6. Although the efficiency of 
these diagrams is discussed (Ingersoll, 1990; Ingersoll et al., 1993; Cri
telli and Ingersoll, 1995), many authors accept and use them (e.g., 
Suczek and Ingersoll, 1985; Packer and Ingersoll, 1986). Moreover, 
there are many provenance studies of the AMB that use them (Mana
ssero, 1988; Macellari et al., 1989; Romans et al., 2011; Varela et al., 
2013; Richiano et al., 2015; Malkowski et al., 2017; Sickmann et al., 
2019). 

When locating the samples of the LAF in the ternary diagrams, a low 
data dispersion can be observed. In the QtFL diagram of Dickinson et al. 
(1983), the analyzed sandstones are grouped in the limit of the recycled 
orogen and transitional arc areas (Fig. 6c). Regarding the proportion of 
monocrystalline quartz in the QmFLt, the analyzed samples show higher 
affinity to the recycled orogenic field of the Dickinson et al. (1983) di
agram (Fig. 6d), and in the recycled orogen sand suites area of the 
Dickinson (1988) diagram (Fig. 6e). In these last, a certain affinity with 
the transitional arc and volcaniclastic sand fields is maintained for some 
samples from the upper unit of the LAF (Fig. d and e). 

The diagram of Dickinson and Suczek (1979) for sandstones with a 
high proportion of lithic fragments was used in order to differentiate 
those samples coming from the orogen from the ones related to the 
magmatic arc. In this, it is highlighted that the sandstones of the LAF are 
located within the magmatic arc field (Fig. 6f). 

Fig. 4. Photomicrographs showing pore textures. a) General view of the slide section showing pore abundance and oversized texture (o); b) Intragranular (i) and 
intergranular (I) pore textures; c) Intergranular (I) and moldic (M) pore textures; d) Intergranular pore texture (I); e) Intergranular pore texture (I) under SEM. 
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6. X-RAY diffraction (XRD) 

From the whole-rock XRD analysis variable proportions of quartz, 
potassium feldspar, plagioclase, calcite, dolomite and clay minerals 
were recognized (Table 2; Fig. 7). Quartz is the dominant mineral in 
most of the analyzed samples, its content is abundant to very abundant. 
Plagioclase and potassium feldspar contents are very scarce to scarce. 
Calcite and dolomite are present as scarce minerals and are not present 

in all the samples, their values are less than 5%, but exceptional calcite 
values have been recorded reaching 45% for specific samples of the 
lower unit in CT locality, associated with the presence of bioclastic 
sandstones. Clay minerals are present in variable proportions, they are 
very scarce to abundant with higher contents in the fine-grained sam
ples, where they increase to the detriment of quartz. 

Clay fraction analysis indicates that the LAF is characterized by a 
variable proportion of illite, chlorite, kaolinite, and smectite as well as 

Fig. 5. Detrital component. a) Monocrystalline quartz (Qm); b) Potassium feldspar (Fk), orthoclase which is twinned according to the Carlsbad law; c) Potassium 
feldspar (Fk): microcline displaying typical lattice twinning; d) Plagioclase (Pg) twinned according to the albite law; e) Polycrystalline quartz (Qp); f) Volcanic lithic 
(Lv); g) Sedimentary lithic (Ls); h) Phytodetritus (Pd). 
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interstratified minerals including illite-smectite and chlorite-smectite 
(Table 2; Fig. 8). Illite is scarce to moderate in RG, CC, CT and moder
ate to abundant in GF and EA with maximum values documented in fine- 
grained samples. It is characterized on oriented aggregates by their (00l) 
reflections at 9.94, 4.98 and 3.33 Å (Fig. 9a and b). These peaks show no 
changes on air-dried, ethylene-glycol saturation and heating to 550 ◦C 
samples, and according to the sharp and symmetrical form of the illite 
~10 Å peak, a high crystallinity is considered (Eberl and Velde, 1989). 
Chlorite is not present in all the samples, but when it does, is very scarce 
to moderate as observed in some samples from RG, CC, CT, GF and EA. 
The basal reflections at ~ 14.30, 7.03 and 3.53 Å (Fig. 9a, c) are 
observed, however in many samples from CT, GF and EA there is a shift 
in ethylene-glycol solvated patterns towards lower angles which suggest 
the presence of some expandable layers within the structure of chlorite. 
Kaolinite is recognized by diagnostic peaks at 7.15, and 3.58 Å ranging 
from scarce to very abundant as documented through the analyzed 

locations (Fig. 9b, d). This mineral represents an important phase in 
deposits of the LAF, in particular, kaolinite dominates in the lower unit 
at GF, many sandstone levels at EA, and in sandstones of the upper unit 
at CC. The content of this mineral decreases considerably in fine-grained 
intervals where enrichment of illite, smectite and/or illite-smectite is 
observed in both the lower and upper units. Smectite is not present in all 
the analyzed samples, but when it does, is scarce to abundant and 
characterized on XRD oriented ethylene-glycol solvated patterns by a 
broad peak at 17.0 Å (Fig. 9b), with a low resolution of its low-angle 
side. In most samples, illite-smectite (I/S) interstratified minerals are 
present with moderate to very abundant contents as recorded in sand
stones of the lower unit at RG, sandstones of the upper unit at CT, and 
many fine-grained samples in conjunction with smectite (Fig. 9a, c). 
According to the positions of 001(I)/002(S) and 002(I)/003(S) of 
ethylene-glycol solvated patterns, I/S is characterized by random to 
partially ordered types (R0 to R1) with a relative abundance of illite 

Fig. 6. Classification and provenance of LAF sandstones. a) Folk et al. (1970); b) Dott (1964), modified by Pettijohn et al. (1972), c) Dickinson et al. (1983); d) 
Dickinson et al. (1983); e) Dickinson (1988); f) Dickinson and Suczek (1979). 
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layers in the order of 40–60% (Moore and Reynolds, 1997). 

7. Diagenesis 

An integrated approach between conventional sandstone petrog
raphy and SEM enables the identification of diagenetic processes and 
products. Also, SEM analysis in sandstone samples made possible the 
corroboration of cross-cutting relationships between different diage
netic products in addition to examining the origin of clay minerals. 

7.1. Diagenetic products and processes 

Diagenetic processes and their associated products identified in the 
petrographic and SEM studied samples are listed below in relatively 
chronological order. Not all the diagenetic products were found in all 
samples. 

Compaction: different compaction products were recognized in the 
studied sedimentary sections. Mechanical compaction is evidenced by 
different types of grain contacts, microfractures and pseudomatrix. Long 
and concave-convex contacts are abundant between detrital grains 
while sutured contacts are infrequent (Fig. 10a). Transgranular and 

Fig. 7. Results of the whole-rock composition based on X-ray diffraction patterns of the LAF.  
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intragranular microfractures are common in all studied samples 
(Fig. 10b and c). Pseudomatrix is scarce and was recognized only in the 
GF section (Fig. 10d). Chemical compaction is evidenced by simple 
microstylolites with organic matter presence and was identified only in 
the CT locality (Fig. 10e). 

Dissolution: this process was recognized only in the GF section and is 
evidenced through the porosity in some selected grains of potassium 
feldspars, intraclasts, volcanic lithics, and eventual skeletal grains. 
Intragranular porosity is common and oversized, while moldic porosity 
is rare (Fig. 10f). The pore size is mainly micropore (less than 0.62 μm) 
and connectivity between them could not be recognized. 

Clay replacement: this process is common and was recognized in all 
the analyzed samples and consists in the partial to total alteration of 
volcanic lithic and feldspars grains by authigenic clay minerals (Fig. 10g 
and h), mainly kaolinite. Kaolinite occurs mainly as booklets that consist 
of thin (1–3 μm thick) pseudohexagonal crystals (Fig. 11a). These were 
recognized also as infill of voids left by the dissolution of detrital grains 
(Fig. 11b). In addition, volcanic lithics are replaced partially by chlorite 
(Fig. 11c). 

Hematite cementation: this type of cement was identified as affecting 
the entire sample or as patches (Fig. 11d and e). Hematite minerals 
behave as pore lining, pore filling, grain coating and sometimes 

Fig. 8. Results of the clay-fraction based on X-ray diffraction patterns of the LAF.  
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replacing detrital grains. Although it is present in isolated samples of all 
the study sedimentary sections, it develops especially towards the top of 
the CT locality. In the samples with hematite cementation, most of the 
clay minerals and detrital grains look stained by iron oxide, thus they 
show reddish stain color. 

Clay authigenesis: this process was recognized in all the analyzed 
samples and is represented by clay coatings. These coatings are less than 
10 μm thick and are formed by smectite (and illite-smectite inter
stratified minerals) occurring on the surface of framework grains, except 
at points of grain-to-grain contact (Fig. 11f). Smectite displayed a typical 
honeycomb texture characteristic of authigenic products (Fig. 11g and 
h). Clay crystals are usually enveloped by quartz overgrowths. 

Silica cementation: silica cement is present in all the studied local
ities and typically occurs as thin overgrowths on detrital quartz grains. 
The width of most overgrowths is less than 20 μm thick (Fig. 12a and b) 
and has optical and crystallographic continuity with detrital quartz 
grains. 

Carbonate cementation: carbonate cement includes only calcite in 
patches in isolated samples of CC and GF localities (Fig. 12c). Calcite 
crystals are inequigranular, their size ranges between 20 and 800 μm 
and fills pore spaces between detrital grains. 

Bitumen migration: bitumen is present in all sedimentary sections as 
grain coating, pore lining (Fig. 12d), pore filling and fracture filling 
(Fig. 12e). The textural relationships indicate that the deposition of the 
solid bitumen post-dates the carbonate cementation. 

Pyritization: this process is present in all the studied localities and is 
represented by the presence of isolated or framboidal in shape, sub
hedral to euhedral, pyrite crystals up to 15 μm in size (Fig. 12f). 

7.2. Paragenetic sequence 

Through an integrated approach with conventional sandstone 
petrography and SEM, a diagenetic history is proposed for the LAF 
(Fig. 13). A detailed description of the paragenetic sequence is devel
oped below. 

During the early stages of diagenesis, compaction of sand grains 
involved closer packing and mechanical reorganization of the 

components. The lithostatic pressure caused fracturing of brittle grains 
and bending of weak grains. The concave-convex sutured contacts 
(Fig. 10a) and deformed muscovite and phytodetritus (Fig. 10d) indi
cated that sandstones were compacted due to lithostatic pressure during 
early diagenesis (Yasin and Ibrahim, 2017; Abbasi and Yasin, 2017). The 
lithostatic pressure and water mineral interaction caused the partial or 
total dissolution of volcanic lithic and feldspar and transformation in 
authigenic clay minerals such as kaolinite and chlorite as was docu
mented under SEM and optical microscopy (Fig. 10g and h and 11a-c). 

The diagenesis continues with a clay coating and silica cement 
(Fig. 13). Both processes reduce pore and throat spaces. The dissolution 
of feldspar and unstable minerals of lithic (volcanic) fragments can 
result in authigenic kaolinite (Xu et al., 2003; Zhang et al., 2009), which 
also conforms dense aggregates filling cavities (intergranular pores) 
between detrital grains (Fig. 11a and b). The smectite (and 
illite-smectite interstratified minerals) overlain detrital quartz forming 
clay coating (Fig. 11g and h). Illite-smectite typically begins to form 
during mesodiagenesis at temperatures that exceed about 70 ◦C (Wor
den and Morad, 2003). The persistence of smectite besides illite-smectite 
with high amounts of expandable layers suggests that deep burial con
ditions (temperature >110 ◦C) were not reached. The silica cement 
post-dated the clay coating and is represented by thin quartz over
growths (Fig. 12a and b). The potential source of silica for quartz 
cementation could be internal (i.e., related to the quartz grains) because 
it is volumetrically insignificant (Worden and Morad, 2000). However 
more precise studies as oxygen isotope are needed to confirm this origin 
(Hyodo et al., 2014). Different authors proposed the diagenetic trans
formation of clays from smectite precursors to illite via illite-smectite 
interstratified minerals as a source of quartz cement in other sand
stone deposits of the AMB (e.g., Spalletti et al., 2005; Richiano et al., 
2015). 

The advanced stage of diagenesis is related to calcite cementation, a 
new phase of compaction and bitumen migration (Fig. 13). The quartz 
overgrowth is succeeded by calcite, which was then partially fractured, 
and secondary pores and microfractures were filled with bitumen. Car
bonate cement includes calcite crystals in patches filling pore spaces 
between detrital grains (Fig. 12c). The source of calcite could be related 

Fig. 9. Examples of representative X-ray diffractograms of the clay-fraction of LAF showing the position of peaks expressed in Angstroms. a) sample CT 159 with 
chlorite, illite, kaolinite and illite/smectite mixed layers; b) sample CC Ca 50 with the contribution of illite, kaolinite, and smectite; c) sample CT 128 dominated by 
illite/smectite mixed layers and a minor proportion of illite and kaolinite; d) sample RG-101 dominated by kaolinite. References: Qtz (quartz), Ill (illite), Sm 
(smectite), IS (illite/smectite mixed layers), Kn (kaolinite), and Ch (chlorite). 
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to the dissolution of skeletal grains (Fig. 10f). The second phase of 
compaction is represented by the presence of transgranular and intra
granular microfractures (Fig. 10b and c). This process is interpreted as 
post-dated calcite cement through cross-cutting relationships. Bitumen 
(Fig. 12f) fills pore spaces and microfractures and coats authigenic 
kaolinite or quartz overgrowth. Organic geochemistry, fluid inclusion 
and biomarkers studies are needed to know the origin of bitumen, but 

the textural relationships indicate that the migration phase post-dates 
the second compaction phase. 

Hematite cement (Fig. 11d and e) is present in some samples of the 
LAF upper unit filling pore spaces, coating grains and altering some 
detrital grains. This cement postdated the second phase of compaction 
but its cross-cutting relation with bitumen migration could not be 
recognized. Detrital Fe–Mg silicate grains could be a local source of Fe 

Fig. 10. Photomicrographs showing diagenetic processes and products. a) Compaction: long and concave-convex contacts; b) Compaction: closed fractures (Mfr, 
white arrows); c) Compaction: open transgranular fractures (Mfr, white arrows); d) Compaction: pseudomatrix (ps); e) Compaction: microstylolites (Sty); f) 
Dissolution: moldic porosity (Dis); g) Clay replacement: partially replacement of volcanic lithic (Re); h) Clay replacement: partially replacement of potassium 
feldspars (Re). 
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for some authigenic hematite (Lu et al., 1994), although a large amount 
of this cement suggests that an external source is also required. 

Pyritization of organic matter is the last process in diagenetic history. 
Pyrite (Fig. 12f) is recognized over detrital grains and cements. The 
precipitation of pyrite could be related to the degradation of the abun
dant organic matter present in the sediment that would generate local 
reducing conditions (Berner, 1984). 

8. Discussion 

8.1. Controls on the composition of the La Anita formation 

The composition of the LAF has been analyzed by conventional 
petrography, XRD and SEM, in order to detect the compositional vari
ability of these deposits. From the sandstone petrographic analysis, it is 
highlighted that all the samples are classified as lithic arenites with low 
matrix content (Fig. 6a and b). No significant differences in detrital 
modes or vertical trend can be observed between the analyzed samples 

Fig. 11. Photomicrographs showing diagenetic pro
cesses and products. a) Clay replacement: partially 
replacement of potassium feldspars by kaolinite (k) in 
pseudohexagonal crystals (detail of Fig. 10h); b) Clay 
replacement: kaolinite (k) crystals infill voids left by 
the dissolution of detrital grains; c) Clay replacement: 
volcanic lithics replaced partially for chlorite (chl); d) 
Hematite cementation: a patch of hematite cementa
tion (he); e) Hematite cementation: hematite crystals 
(he); f) Clay authigenesis: clay coatings (Co); g) Clay 
authigenesis: Smectite coating (Co); h) Clay authi
genesis: Smectite coating with typical honeycomb 
texture (Co, detail of Fig. 11g).   
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Fig. 12. Photomicrographs showing diagenetic processes and products. a) Silica cementation: quartz overgrowths (Qo); b) Silica cementation: detail of quartz 
overgrowths (Qo); c) Carbonate cementation: Calcite crystals (Ca) fill the pore spaces between detrital grains; d) Bitumen migration: bitumen as pore-filling (Bit); e) 
Bitumen migration: bitumen as fracture filling (Bit); f) Pyritization: framboidal pyrite (Py). 

Fig. 13. Diagenetic sequence of sandstone of LAF. Blue arrows represent processes that increase the porosity and red arrows represent processes that decrease the 
porosity. The width of the arrow represents the magnitude of the process. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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of the lower unit with respect to the upper unit, reflecting a homoge
neous detrital composition. Whole-rock XRD analyses also show a 
relatively homogeneous composition throughout the entire unit (Fig. 7). 
On the other hand, the clay-fraction reflects that the LAF is characterized 
by variable proportions of illite, kaolinite, smectite and mixed-layer 
illite-smectite with the sporadic presence of chlorite. Although there 
are no significant changes in the clay-fraction composition, kaolinite 
tends to dominate in sandstones of the lower unit with an increase in the 
abundance of smectite and illite-smectite clay-minerals towards the 
upper unit (Fig. 8). 

The detrital and authigenic composition of sedimentary successions 
is controlled by different factors. Tectonic processes generate elevated 
areas that act as sediment sources and also control the rates of sediments 
supply (Dickinson et al., 1983; Zattin et al., 2003; Cavazza and Ingersoll, 
2005; Stefani et al., 2007). Climate influences the rate of sediment 
available for transport but also impacts the authigenesis of clay-minerals 
(Galán, 2006; Raigemborn et al., 2014). Chemical weathering processes 
prevail under tropical humid climates and control the composition of 
siliciclastic sediments (Nesbitt and Young, 1982; Middelburg et al., 
1988; Raigemborn et al., 2014; Wanas and Assal, 2021). By contrast, 
physical weathering dominates under arid climates and includes the 
fragmentation of source rock into smaller grain sizes without significant 
changes in chemical or mineralogical composition (Nesbitt and Young, 
1982). Depositional environments may also influence the composition of 
sediment due to local controls such as carbonate production and pedo
genesis processes, among others (e.g., Lundegard, 1994; Morad et al., 
2010; Varela et al., 2013, 2018). During sediment burying, diagenetic 
processes may enhance and affect the original composition of the de
posits via diagenetic alterations and cement precipitations as well as 
preserve or destroy porosity and permeability (Morad et al., 2010). A 
brief discussion of each one of these compositional controls will be 
developed in the next pages. 

8.1.1. Tectonic influence on sandstone provenance 
Foreland basins receive detrital material mainly from three different 

sources: i) the volcanic arc, ii) the fold-thrust belt, and iii) the stable 
craton and the uplifted continental blocks on the periphery of the basin 
(Nie et al., 2012). The AMB foreland system received detrital material 
from these three main sediment source areas (Varela et al., 2013; 
Richiano et al., 2015; Malkowski et al., 2017; Sickmann et al., 2019; 
Odino et al., 2021; Ghiglione et al., 2021). 

The magmatic arc, associated with the west compressive margin of 
South America, began to develop during the Late Cretaceous in the 
western sector of the basin (Ramos et al., 1982; Bruce et al., 1991; Hervé 
et al., 2007; Varela et al., 2013). The development and evolution of the 
fold-thrust belt toward the west of the basin uplifted the Paleozoic 
metasedimentary complexes known as the Eastern Andean Metamorphic 
Complex and the Jurassic rocks of the El Quemado Complex (157-145 
Ma) which is mainly composed of acidic volcanic and volcaniclastic 
rocks associated to the synrift stage of the basin (Pankhurst et al., 2000; 
Ghiglione et al., 2021). Peripheral areas that supplied sediment corre
spond to the older Chon Aike volcanic (200-157 Ma) which are repre
sented in the Deseado and North Patagonian Massifs (Pankhurst et al., 
2000; Varela et al., 2013; Malkowski et al., 2017; Sickmann et al., 2019). 

The use of the conventional sandstone provenance ternary diagrams 
is based on the fact that they use components that are present in all the 
stratigraphic units of the study area and because several published 
studies of other units of the basin use them. In some cases, provenance 
ternary diagram is followed by U–Pb detrital zircon provenance analysis 
that gives sustenance to the interpretations (Fildani and Hessler, 2005; 
Romans et al., 2011; Varela et al., 2013; Richiano et al., 2015; Cereceda, 
2016; Malkowski et al., 2017; Sickmann et al., 2019; Ghiglione et al., 
2021). 

Sample plots on different used ternary diagrams are homogeneous, 
showing low data dispersion, and no difference is recognized in the 
provenance of the samples analyzed from the lower unit with those from 

the upper unit of the LAF (Fig. 6). Provenance from recycled orogen 
would imply that these sediments are part of a secondary depositional 
cycle that reworked the components of an orogen. In this way, it is 
proposed that these sandstones have mixed features with affinity both 
for the magmatic arc and for a recycled orogen raised by the fold-thrust 
belt. Considering that, (1) the basin deepens to the south, and (2) the 
paleoflow measurements the LAF indicate a southeast progradation di
rection both for the lower and upper unit (Fig. 3; Moyano-Paz et al., 
2018), suggesting that the sediment source areas were located toward 
the west/northwest. 

The obtained plots show certain similarities with previous studies 
published for underlying and overlying formations and also contempo
rary stratigraphic units of the basin (Fig. 14a; Romans et al., 2011; 
Varela et al., 2013; Cereceda, 2016; Malkowski et al., 2017; Sickmann 
et al., 2019). Recently, Sickmann et al. (2019) presented a detailed study 
differentiating the provenance of detrital zircons for different strati
graphic intervals of the AMB. The discrimination did for the Tres Pasos 
(Alta Vista)/Dorotea (La Anita) stratigraphic interval also suggests a 
provenance from a magmatic arc and a fold-thrust belt as the analyzed 
samples for the LAF (Fig. 14b). Although the development of the 
fold-thrust belt affected both the Paleozoic Eastern Andean Meta
morphic Complex and the El Quemado Complex, the scarce proportion 
of metamorphic components, which are practically restricted to poly
crystalline quartz and detrital illite, indicate that the supply of these 
sources was mainly from uplifted areas of the El Quemado Complex 
(Fig. 14c). 

Climate and environmental influence on clay minerals composition. 
Clay minerals present in sedimentary successions can be detrital or 

authigenic in origin (Chamley, 1989). Detrital clay minerals are those 
that come from an external source and that have been almost none 
modified during transport. By contrast, authigenic clay-minerals are 
those neoformed or transformed in situ (Wilson and Pittman, 1977). 

The origin of smectite and kaolinite clay minerals was determined by 
morphological observations under SEM images and by the shape of their 
diagnostic peaks observed in the clay-fraction diffractograms (Figs. 9b 
and 11g and h). Kaolinite occurs mainly as booklets that consist of thin 
(1–3 μm thick) pseudohexagonal crystals, and smectite displays a typical 
honeycomb texture characteristic of an authigenic origin. Moreover, 
both kaolinite and smectite show well-formed peaks suggesting good 
crystallinity and therefore supporting an authigenic origin in the 
depositional environment. Illitic clay could not be detected under SEM 
and was only determined by XRD (Fig. 9a, b and c). A detrital origin is 
proposed for illite clay mineral considering that the Paleozoic Eastern 
Andean Metamorphic Complex, which is characterized mainly by illite, 
chlorite and white micas (Hervé et al., 2008), acted as source area. 

Smectite clay minerals can be formed as the product of the alterna
tion of volcanic or volcaniclastic components due to authigenic pro
cesses under diverse climatic conditions (Chamley, 1989; Galán, 2006; 
Raigemborn et al., 2014). Otherwise, kaolinite may be formed as 
chemical weathering (lixiviation) of precursor minerals such as smec
tite, mica, feldspar, and volcanic and volcaniclastic components under 
warm and humid tropical conditions (Senkayi et al., 1987; Chamley, 
1989; Marfil et al., 2003; Galán, 2006; Raigemborn et al., 2014). In this 
way, the same volcanic material under warm and humid climatic con
ditions could form kaolinite as the main clay minerals, while in 
temperate climatic conditions smectite should be the expected dominant 
clay-mineral (Chamley, 1989; Thiry, 2000; Raigemborn et al., 2014). 

The increment of authigenic smectite in detriment of authigenic 
kaolinite recorded in the LAF could reflect a change in the paleoclimatic 
conditions in the depositional area, or at least in the rainfall regime. 
Although several works stand that for the Upper Cretaceous the climate 
was dominantly warm and humid and with no major fluctuations of 
global scale unlike the Lower and early Upper Cretaceous (Jenkyns, 
1980; Barron et al., 1989; Föllmi, 2012; Friedrich et al., 2012; Robinson 
et al., 2017; O’Brien et al., 2017; O’Connor et al., 2019). The presence of 
authigenic kaolinite and the scarce to null participation of authigenic 
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smectite in the lower unit deposits could indicate a high rate of chemical 
weathering under tropical climates with high rainfall (Thiry, 2000; 
Raigemborn et al., 2014) and this is consistent with the role of deposi
tional processes which show a strong influence of storm events (Moya
no-Paz et al., 2018, 2020). On the contrary, the increment of authigenic 
smectite in detriment to the authigenic kaolinite observed for the upper 
unit could be related to the formation of smectite in the fine-grained 
poorly drained water-logged soils of the interdistributary areas (Moya
no-Paz et al., 2018) under more temperate seasonal climatic conditions 
(Raigemborn et al., 2014). The presence of authigenic smectite clay 
minerals formed by alteration of volcanic components coming from the 
Late Cretaceous magmatic arc is the result of pedogenesis under 
temperate seasonal climatic conditions (Varela et al., 2013, 2018). 
These seasonal climatic conditions could also explain the episodic 
sedimentation of turbidity or density currents in the river-dominated 
distal delta front associated with fluctuations in the fluvial discharges 
(Moyano-Paz et al., 2020). 

8.1.2. Diagenetic influence on the composition 
The link between detrital composition and diagenetic products is 

especially interesting because the detrital composition is very homoge
neous but diagenetic history is slightly different in the LAF deposits. 
Comparing the lower unit with respect to the upper unit, no significant 
differences in detrital modes or vertical trend can be observed (Figs. 6 
and 7). Clay-fraction has no significant vertical changes but an incre
ment in the abundance of smectite clay minerals is observed, from the 
lower to the upper unit, to the detriment of kaolinite (Fig. 8). On the 
other hand, the diagenetic products are different in both units. In the 

lower unit, we identified scarce carbonate cement and thick quartz 
overgrowth. Conversely, in the upper unit, we recognize abundant 
carbonate cement (preferably in the CC section), hematite cement (CT 
section) and pseudomatrix (GF section) that are not present in the lower 
unit. 

The difference in the behavior between composition and diagenetic 
products can be explained through the depositional facies which in turn 
may control the composition of pore fluids. While the lower unit is 
interpreted as accumulated in a storm wave-dominated, river-influenced 
deltaic depositional system, the upper unit was mainly accumulated by a 
river-dominated, tidal influenced deltaic depositional system (Moya
no-Paz et al., 2018, 2020). In wave-dominated deltas like the one of the 
lower unit of the LAF, the riverine freshwater is easily diluted by the 
wave action and pore water composition is mainly marine. In these 
cases, sandstone deposits that are poor in carbonate grains have lower 
potential to develop eogenetic carbonate cementation and maintain 
relatively high intergranular porosities (Morad et al., 2000). During 
mesodiagenesis, quartzose sandstones may become extensively cemen
ted by quartz overgrowths if grain coatings are not well developed 
(Bloch et al., 2002). 

In river-dominated deltas, like the one recorded in the upper unit of 
the LAF, sandstone deposits display patterns of diagenetic alterations, 
including the formation of carbonate cement (especially calcite), pseu
domatrix formation, hematite cement and thin authigenic coatings of 
smectite clay (Moraes and Surdam, 1993; Lundegard, 1994). The car
bonate cementation is usually associated with layers rich in carbonate 
bioclasts or mud intraclasts along flooding surfaces (Morad et al., 2010). 
The formation of pseudomatrix is due to the mechanical compaction of 

Fig. 14. a) Comparison with the obtained sandstone provenance results with previous provenance studies. LVF = Lago Viedma Formation (Malkowski et al., 2017), 
AVF = Formación Alta Vista (Cereceda, 2016); TPF = Tres Pasos Formation (Romans et al., 2011; Sickmann et al., 2019); LAF = La Anita Formation; CFF = Cerro 
Fortaleza Formation (Varela et al., 2013). b) Detrital zircon provenance diagram (modified from Sickmann et al., 2019), FTB = fold thrust belt; A = arc; PCA =
peripheric Chon Aike. c) Scheme of the sources that supplied detrital material to the LAF. 
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mud intraclasts eroded from floodplain deposits. In delta-front deposits 
developed in warm, tropical, river-dominated deltas is common the 
presence of grain coating and Fe-rich clays. Such settings promote the 
formation of these clays due to high sedimentation rates, abundant 
iron-bearing particles from rivers, and brackish pore-water composi
tions (Johnsson, 1990; Kronen and Glenn, 2000). Brackish pore waters 
have lower concentrations of dissolved sulfate ions than marine pore 
waters. Thus, less Fe+2 is sequestered in pyrite, making more of it 
available for Fe-rich clays formation (Odin, 1985, 1990) and for he
matite cement during mesodiagenesis. Other eogenetic alterations in 
deltaic sandstone related to tidal influence include the formation of 
grain-coating smectite, which is transformed into illite via illite-smectite 
interstratified minerals during mesodiagenesis (Morad et al., 2010). 

8.2. Impact of diagenesis on primary porosity values and reservoir 
properties 

Conventional sandstone reservoirs are often shown to be controlled 
by facies types and spatial distribution of facies (Fic and Pedersen, 2013; 
Shanmugam, 2012). However, post-depositional diagenetic processes 
may affect reservoir primary depositional features, enhancing, preser
ving, or destroying primary porosity and permeability and therefore 
affecting the reservoir properties (Morad et al., 2010; Higgs et al., 2013; 
Henares et al., 2016). In the LAF sandstones, diagenetic processes affect 
primary porosity values by increasing them or reducing them in 
different magnitudes. 

Carbonate and hematite cementation are diagenetic processes that 
significantly reduce pore volume (Dapples, 1971; Lu et al., 1994; Zhang 
et al., 2009). In the LAF sandstones, calcite crystals fill the spaces be
tween detrital grains (Fig. 12c) and significantly reduce the porosity to 
values between 2 and 10%, depending on the size of the patch. Hematite 
minerals are presented as pore lining, pore filling, grain coating and 
sometimes replacing detrital grains (Fig. 11d and e), this process reduces 
the porosity to values between 1 and 10%, depending also on the size of 
the patch. Both processes are more frequent in the upper unit of the LAF. 
While calcite cement is present in samples of CC and GF localities, he
matite cement develops especially towards the top of the CT locality. 

Other diagenetic processes identified in the LAF reduce the porosity 
but not significantly, such as early mechanical compaction phase, clay 
coating and replacement, silica cement and bitumen migration. The 
early mechanical compaction phase is represented by long and concave- 
convex grain contacts (Fig. 10a) in all the studied sections. The small 
proportion of sutured contacts and pseudomatrix in addition to the 
abundance of ductile lithic grains (mainly volcanic lithic; Figs. 5 and 6) 
evidence low reduction of porosity probably related to textural param
eters (grain size fine to very fine-grained sandstone) or low burial depth 
(<2 km; Bjørlykke, 1999). During early diagenesis, volcanic lithics and 
potassium feldspars grains are replaced partially or completely for clay 
minerals, mainly kaolinite and chlorite (Fig. 10g and h and 11a and c). 
Although these clay minerals were recognized also as infill voids left by 
the dissolution of detrital grains (Fig. 11b), the magnitude of this 
diagenetic process is not enough to generate a significant reduction in 
poral space. Clay coating was recognized in all the samples as <10 μm 
thick smectite coatings (Fig. 11f–h). Grain-coating smectitic clays could 
be an important factor in the evolution of reservoir quality and het
erogeneity because the formation of smectite coating could inhibit 
quartz cementation preserving the primary porosity (Al-Ramadan and 
El-Khoriby, 2013). Silica cement typically occurs as overgrowths on 
detrital quartz grains (Fig. 12a and b). The quartz overgrowths do not 
significantly reduce porosity due to their thinness (<20 μm thick), 
probably related to previous development of clay rims (Morad et al., 
2010). Bitumen is present in all the studied localities as grain coating, 
pore lining, pore filling and fracture filling (Fig. 12d and e), but it only 
accumulates significantly in two samples of CT locality. Solid bitumen 
occurs in carbonate and siliciclastics petroleum reservoirs in many ba
sins worldwide (e.g., Jones and Speers, 1976; Wilhelms and Larter, 

1995; Horstad and Larter, 1997; Huc et al., 2000), and forms barriers in 
the reservoirs, which prevents economic petroleum production (Shalaby 
et al., 2012). 

Post-depositional dissolution and late mechanical compaction phase, 
where microfracture generates, increase porosity values. These kinds of 
pores are denominated as secondary porosity (Taylor et al., 2010). In the 
LAF deposits, secondary porosity is represented mainly as intragranular, 
oversized and moldic pore types. The petrographic evidence suggests 
that these pores are related to the dissolution of potassium feldspars, 
intraclasts and volcanic lithics grains (Fig. 10f). Regarding the micro
fractures, which are the less frequent secondary pore type observed in 
the LAF, these are generally closed and occasionally open (Fig. 10b and 
c) without non-associated mineralization, although in some cases a few 
fractures are filled by solid bitumen. The volume of secondary porosity is 
<1%, which coincides with some authors who suggest the contribution 
of dissolution to porosity is commonly volumetrically minor (<2%; 
Taylor et al., 2010; Bjørlykke, 2014). 

The porosity of the LAF sandstones is mainly primary with moderate 
to good abundance and micropore to mesopore as main pore-sizes 
(Fig. 4). The porosity is highly variable throughout the localities 
mainly due to diagenetic calcite and hematite cementation presence 
(Fig. 15). These kinds of cements are more frequent in the upper unit of 
the LAF which is interpreted as the fluvial infill of an incised valley 
(Fig. 15), and then as a river-dominated, tide-influenced deltaic depo
sitional system in the uppermost interval (Fig. 15c; Moyano-Paz et al., 
2018, 2020). Contrary, the lower unit of the LAF which is interpreted as 
a wave-dominated, river-influenced delta (Moyano-Paz et al., 2018, 
2020), has a lower potential to develop carbonate and hematite 
cementation and maintain relatively high intergranular porosities 
(Fig. 15; Morad et al., 2010). Thus, the principal control affecting the 
porosity is the diagenetic processes, these are in turn controlled by the 
depositional facies (Fig. 15). 

Natural siliciclastic reservoirs are commonly classified as either 
conventional reservoirs or tight reservoirs (e.g., Zou et al., 2012; Moore 
et al., 2016). They differ in several properties including depositional 
conditions, diagenetic history, pore type and origin, pore throat struc
tures and permeability (Zhao et al., 2007; Zou et al., 2012). The LAF has 
been defined and exploited as a tight type of reservoir in some sectors of 
the AMB (Jait et al., 2018). Tight sandstone reservoirs are characterized 
by a composition dominated by feldspar crystal clasts, reaching mid to 
late diagenetic stages, low porosity values (<12%), the dominance of 
secondary porosity, low permeability (≤0.1) and a high fluid saturation 
(45–70%), among other characteristics (e.g., Surdam et al., 1997; Hol
ditch, 2006; Zou et al., 2010, 2012). Although LAF sandstones have 
similar porosity values to tight reservoirs (13% in the lower unit and 
8.5% in the upper unit), the pore origin and the general composition is 
more like those of conventional reservoirs. The studied sandstones are 
composed mainly of volcanic lithic grains and monocrystalline quartz 
while feldspar crystals are always in smaller proportion (<10%; 
Table 1). Also, secondary porosity (Fig. 4) is considerably low (<2%) as 
exposed before and does not contribute significantly to the general 
abundance. Although detailed fluid saturation and permeability are 
needed to have a complete picture of the reservoir properties and 
characteristics of the LAF, it has good potential characteristics to 
develop as a conventional reservoir analog from wave- and 
river-dominated deltas. 

9. Conclusions  

● The detrital and authigenic composition of the LAF is controlled by 
tectonic processes, climate influences, depositional conditions and 
diagenetic processes. The sandstones of the LAF are all classified as 
lithic arenites with low matrix content and show a homogeneous 
detrital composition.  

● The source that supplied detrital material was the magmatic arc 
developed during the Late Cretaceous and the recycled orogen raised 
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by the fold-thrust belt associated mainly with the El Quemado 
Complex. These source areas were located toward the west/north
west of the accumulation zone.  

● The origin of smectite and kaolinite clay mineral was determined as 
authigenic by morphological observations at SEM and by the shape 
of diagnostic peaks observed in the clay-fraction diffractograms.  

● A change in the paleoclimatic conditions, or at least in the rainfall 
regime, can be highlighted by the vertical variation of authigenic 
clay minerals from the lower to the upper unit evolving from tropical 
climates with high rainfall and a high rate of chemical weathering 
where kaolinite dominates, to more temperate seasonal climatic 
conditions where smectite formed in poorly drained paleosols. 

● The diagenetic processes are controlled especially by the deposi
tional facies type which also control the fluid pore composition. In 
the wave-dominated lower unit scarce carbonate cement and thick 
quartz overgrowth occur. Conversely, in the river-dominated upper 
unit carbonate and hematite cementation is frequent, and pseudo
matrix is recognized.  

● The principal control over the porosity and reservoir properties are 
the diagenetic processes, which are in turn controlled by the type and 
distribution of facies. Carbonate and hematite cementation are 
diagenetic processes that significantly reduce pore volume. Other 
diagenetic processes identified in the LAF reduce the porosity but not 
significantly, such as mechanical compaction, clay coating and 
replacement, silica cement and bitumen migration. Depositional 
dissolution and fracture processes increase the porosity, but the 
volume of this is considerably low (<1%).  

● The porosity of the LAF sandstones is mainly primary with moderate 
to good abundance and micropore to mesopore as the main pore- 
sizes. The porosity is highly variable throughout the localities 
mainly due to diagenetic calcite and hematite cementation presence. 
These kinds of cement are more frequent in the upper unit than the 
lower unit. 
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