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Abstract

We report the occurrence of dawsonite, NaAlCO3(OH)2, in volcaniclastic rocks of the Albian hydrocarbon reservoir Castillo 
Formation, Golfo San Jorge Basin, neighboring the Cañadón Asfalto Basin in Patagonia; this is the first known occurrence in 
Argentina. Dawsonite replaces crystals pseudomorphically, and can also be found as a cement together with other carbonates, 
which induced a loss in the porosity of the host rock. Previous studies reported incomplete chemical reactions which suggested 
that oligoclase and analcime were dawsonite precursors. In the present work we document either totally achieved or incomplete 
chemical reactions which led to the transformation of analcime into kaolinite and dawsonite into kaolinite, respectively. These 
facts allowed us to deduce that the transformation of analcime into kaolinite was via dawsonite, minerals formed during different 
stages under a telogenetic regime. Dawsonite values of δ13C PDB (–0.1 to 1.5‰) are consistent with a magmatic source of CO2 
provided by hypabyssal, basic alkaline igneous rocks of regional importance starting in the Eocene. We identify both internal 
and external sources of Na and Al used in the formation of dawsonite.

Keywords: Dawsonite, volcaniclastic rocks, magmatic CO2, telogenesis, Patagonia Argentina
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Introduction

Dawsonite, NaAlCO3(OH)2, is prominent in expo-
sures of the Castillo Formation, one of the main hydro-
carbon reservoir units in the subsurface of the Golfo San 
Jorge Basin in Patagonia, Argentina. There, it was first 
reported in volcaniclastic rocks of the Cerro Castaño 
Member, Cerro Barcino Formation of the Chubut Group 
in the neighboring Cañadón Asfalto Basin. On that occa-
sion Zalba et al. (2011) demonstrated: (1) that the occur-
rence of dawsonite was independent of textural control, 
occurring both in vitric tuffs and litharenites; (2) the 
existence of an inverse relationship between analcime 
and dawsonite attributed to an incomplete chemical 
reaction regarding these two minerals, together with (3) 
the transformation of oligoclase into dawsonite; and, 
consequently, (4) that analcime and oligoclase were 
dawsonite precursors.

Previous studies have demonstrated that dawsonite 
may be diagenetic in origin (Smith & Milton 1966, 
Goldbery & Loughnan 1977, Baker et al. 1995, Worden 
2006, Liu et al. 2011), yet it can be hydrothermal in 
origin (Stevenson & Stevenson 1977, 1978, Ferrini et 
al. 2003), and may also be a weathering product in soils 
(Hay 1963, 1964).

It is important to highlight that in volcaniclastic 
rocks analcime has been reported as the precursor 
of dawsonite (Brobst & Tucker 1974, Mason 1983), 
whereas in sandstones feldspars are invoked as their 
parental minerals (e.g., Baker et al. 1995, Worden 
2006). In many units of the volcaniclastic Chubut Group 
several authors have attested to important occurrences 
of analcime, clinoptilolite or clinoptilolite-heulandite, 
and laumontite (Teruggi 1962, Iñíguez Rodríguez et al. 
1987, Manassero et al. 2000, Zalba & Andreis 2003, 
Cladera et al. 2004, Tunik et al. 2004).

In this study we document new evidence regarding 
the occurrence of dawsonite and mineral replace-
ments: (1) kaolinite pseudomorphs after analcime; (2) 
incipient, partial, and total replacement of dawsonite 
by kaolinite; (3) different steps in the replacement of 
plagioclase and also of alkali feldspar by dawsonite; 
(4) we explain why there is no textural control on the 
occurrence of dawsonite; and (5) we test the hypothesis 
that analcime and feldspar minerals, even if they are 
not found at present in the host volcaniclastic rocks, 
were necessary as internal sources of Na and Al, in 
addition to external Na, Al, and CO2, for the formation 
of dawsonite. 

Analcime and plagioclase, which characterize the 
Castillo Formation in other areas of the Golfo San 
Jorge Basin, have never previously been found associ-
ated with dawsonite in these rocks. We analyzed the 
occurrence of dawsonite-bearing volcaniclastic rocks 
and the syndepositional environment for the formation 
of its precursors. Also, the paragenetic association and 
the origin of dawsonite are discussed.

Geological Background

The Golfo San Jorge Basin (Fig. 1a) is predomi-
nantly extensional and formed in response to the break-
up of the Gondwana supercontinent during Jurassic 
and early Cretaceous time (Barcat et al. 1989). The 
Chubut Group (Barremian to Campanian? 600–7000 
m thick, according to Fitzgerald et al. 1990) represents 
the incorporation of large volumes of volcaniclastic 
rocks in the basin related to the Cordillera de los Andes 
uplift. It is integrated by lacustrine rocks of the Pozo 
D-129 Formation (Barremian to Aptian), the main 
source rock of the basin, which grades laterally into 
the fluvial Matasiete Formation (Sciutto 1981, Paredes 
et al. 2007). Both units are covered by the Castillo 
Formation (Albian; Lesta & Ferello 1972), which in 
turn is overlain by the fluvial Bajo Barreal Formation 
(Cenomanian to Campanian? Sciutto 1981, Umazano et 
al. 2008). Towards the basin margin, the Bajo Barreal 
Formation grades to the Laguna Palacios Formation 
(Sciutto 1981, Genise et al. 2002).

Magmatic activity, with the development of exten-
sive alkaline basaltic lavas and alkaline-basic intrusive 
bodies, occurred in the Late Eocene-Pleistocene (Bruni 
et al. 2008). At Sierra San Bernardo, tuffs and tuffaceous 
sandstones of the Castillo Formation were intruded by 
alkaline melts (Fernández Gianotti 1969). Menegatti et 
al. (2013) carried out a detailed petrographic study of 
these intrusives where plagioclase, alkali feldspar, and 
scarce nepheline are altered to analcime, and where 
alkali feldspar minerals may be altered to kaolinite. 

The burial and thermal history of the Chubut Group 
has been reconstructed for different areas of the Golfo 
San Jorge Basin using maturity data (vitrinite reflec-
tance) and corrected bottom hold temperatures derived 
from more than 1700 well logs. For different areas of the 
basin the burial depth achieved at the base of the Chubut 
Group was around 3000 m. If the average geothermal 
gradient for the whole basin is considered (3.55 °C/100 
m), the base of the group attained temperatures above 
100 °C (Sylwan et al. 2008). 

The Castillo Formation: Previous studies

The Castillo Formation (Lesta & Ferello 1972) is 
broadly equivalent to the Cerro Castaño Member of 
the Cerro Barcino Formation (Lesta & Ferello 1972) 
in the Cañadón Asfalto Basin (Fitzgerald et al. 1990). 

Fig. 1. (a) Location map of the Golfo San Jorge Basin. (b) 
Satellite image of the Sierra Silva anticline. (c) Overview 
of the study area showing outcrops of the Cretaceous 
units. (d) The stratigraphic column analyzed and samples 
collected from the Castillo Formation.
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Tuff layers and ignimbrites intercalated in the Castillo 
Formation yielded Ar-Ar ages ranging from 104.8 to 
94.2 Ma (Bridge et al. 2000). The unit as a whole is 
2,200 m thick in the subsurface of the basin (Fitzgerald 
et al. 1990); in outcrops of the San Bernardo Fold Belt 
it thins northward from 964 m to around 30 m. In this 
area, Sciutto (1981) recognized a lower section which 
consists of tuff beds with minor epiclastic material and 
an upper section composed of tuff beds and sandstone 
bodies. Hechem et al. (1990) interpreted the lower 
section as lacustrine and the upper section as deposited 
by meandering fluvial systems. 

In the San Bernardo Fold Belt petrographic contri-
butions were made for diverse localities where the 
Castillo Formation outcrops (Fig. 1a). Teruggi (1962) 
and Teruggi & Rosetto (1963) described analcime for 
the first time in Argentina, in the Rio Senguerr anticline 
area. Authigenic montmorillonite and analcime were 
found replacing pyroclastic and lithic fragments in 
lacustrine paleoenvironments. In the studied section, 
the crystalline fragments, in tuffs and tuffites, are domi-
nated by plagioclase (andesine-oligoclase). This was 
also observed at Sierra de Castillo by Zalba & Andreis 
(2003), who remarked that the abundance of authigenic 
analcime revealed pyroclastic material deposited in 
extensive brackish lakes in a semiarid climate, attrib-
uting its formation to syndiagentic conditions. Tunik et 
al. (2004) carried out the first analysis concerning the 
source of lithic feldarenites at localities near the Sierra 
Silva anticline. As in previous studies, the authors 
stated that plagioclase is the most abundant crystalline 
component, and it is accompanied by analcime, chlorite, 
and kaolinite as cements.

Samples and Methods

An integrated stratigraphic column of the Castillo 
Formation was analyzed along the north-eastern flank 
of the Sierra Silva anticline where middle and upper 
informal units have been recognized and systematically 
sampled (Figs. 1b, c, d). Dawsonite-bearing volcanicla-
stic rocks were studied by optical and electron micros-
copy as well as by X-ray diffraction and carbon-oxygen 
isotopic analysis. In addition, one sample of the lower 
section, important for our discussion, was powdered 
and X-rayed because it is representative of the typical 
mineralogy of the study unit in other areas.

Petrographic modal analyses were carried out 
and quantified by counting 300 points per slide. The 
samples were impregnated with a blue epoxy resin to 
highlight the porosity and with Alizarin Red S to iden-
tify carbonate minerals (Dickson 1965). The texture and 
mineralogical compositions of the rocks were examined 
using a JEOL SEM/EDX.

X-ray diffraction (XRD) was carried out with a 
Philips 3020 instrument (Ni-filtered CuKα, 35 kV, 40 
mA, without secondary monochromator). For non-

oriented samples step-scan data were obtained from 3 to 
70° 2θ, with a step width of 0.04° and a counting time 
of 2s/step. Oriented samples (<2 µm) were prepared (air 
dried, glycolated overnight, and heated for 2 hours at 
550 °C) for analysis of clay minerals. Mineral phases 
were analyzed and quantified with the FULLPROF 
program (Rodríguez Carvajal 2001), which is a multi-
purpose profile-fitting standardless program which 
incorporates Rietveld refinement (Rietveld 1969). 

Dawsonite-bearing samples were examined for their 
δ13C and δ18O isotopic values at the Instituto de Geocro-
nología y Geología Isotópica (INGEIS), including 
duplicate and triplicate analyses. Carbonate minerals 
constitute more than 10% of the whole rock. The tech-
nique was based on the method developed by McCrea 
(1950). The CO2 fraction was extracted by reaction with 
phosphoric acid at 60 °C over two hours, then was puri-
fied in a high-vacuum line, and analyzed with a mass 
spectrometer (Delta S Finnigan Mat triple collector). 
The δ13C and δ18O values were reported in ‰ relative 
to the standard V-PDB (Vienna Pee Dee Belemnitella, 
Coplen 1994) and to V-SMOW (Vienna Standard Mean 
Ocean Water), respectively. The analytical error was 
0.1‰ (±2σ) for δ13C and δ18O.

Results

Stratigraphic section

A 280 m thick section of the Castillo Formation, 
whose top is eroded, overlies red mudstones of the 
Matasiete Formation (Sciutto 1981, Paredes et al. 2007) 
(Figs. 1c, d). The unit was informally subdivided into a 
lower, middle, and an upper section due to differences 
in the depositional framework. The lower section, 93 m 
thick, is dominated by floodplain deposits with large-
scale, low-sinuosity fluvial sand bodies. The middle 
section, 97 m thick, is composed of very shallow, thinly 
laminated lacustrine and floodplain deposits. Finally, the 
upper section, 90 m thick, is characterized not only by 
low-to-moderate sinuosity fluvial channels, but also by 
floodplain deposits (Paredes 2009).

Petrographic description 

Volcaniclastic sedimentary rocks. Lithological types 
were classified on the triangular diagram of Folk et al. 
(1970) as litharenites (Fig. 2a, Table 1). The matrix, 
which is partially to totally devitrified, consists of 
volcaniclastic fragments (<15 µm in size). Reworked 
pyroclastic fragments make up almost 25% of the 
rock on average. Completely altered glass shards and 
deformed pumice fragments were differentiated (Figs. 
3a, b, c, d). Lithic fragments (40% on average and 0.5–1 
mm in size) are felsic lava with felsitic, hyaloplitic, 
and pilotaxitic textures, and are completely to partially 
altered, highly rounded tuff fragments (Figs. 3d, e). 
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The remaining lithic fragments (<5% on average) are 
represented by polycrystalline quartz and sedimentary 
and plutonic/metamorphic rocks. The crystalline popu-
lation (25% on average) is dominated by quartz, but 
also includes alkali feldspar and plagioclase. The quartz 
fragments are subhedral, angulose, and, in some cases, 
embayed and with normal extinction (Fig. 4a). Feld-
spar minerals may show significant alteration features 
and are partially to completely replaced by secondary 
minerals, sometimes only recognizeable by their pris-
matic habit as well as by their cleavage and twinning 
relicts (Figs. 4a, b, c, d). However, oligoclase with albite 
twinning and alkali feldspar with corroded features have 
been distinguished (Figs. 4e, f). Intragranular porosity 
represents 5% on average of the whole rock (Fig. 4e).

Pyroclastic rocks. Following Gillespie & Styles 
(1999) the pyroclastic rocks, which contain more than 
75% by volume of pyroclastic fragments, are classi-
fied as vitric tuffs on the Fisher & Schmincke (1984a) 
diagram (Fig. 2b, Table 1). Colorless glass shards, with 
planar and cuspate shapes which result in the typical X 
and Y forms, are the predominant components (80% 
on average and <100 µm in size). Pumice fragments 
(10% on average) are the largest ones (300 µm), and 
show canaliculi and, sometimes, corroded features. In 
the vitric tuffs, glass shards and pumice fragments are 
totally replaced by a submicroscopic crystalline aggre-
gate (Fig. 3f). The crystalline and lithic (5% on average) 
components are similar to those already described 
for litharenites. Intragranular porosity represents less 
than 5% of the whole rock (Fig. 3f). Pyroclastic frag-
ments are immersed in a mesostasis (30% by volume) 
completely altered to a submicroscopic crystalline 
aggregate (Fig. 3f) which shows a diffuse orientation 
(Fig. 3g). 

X-ray diffraction (XRD)

Mineral phases in litharenites and vitric tuffs were 
identified using XRD of whole rock powder samples, 
including one sample of the lower section (Figs. 5a, 
b). Applying the Rietveld method (Rietveld 1969) it 
was possible to quantify mineral phases (Table 2). The 
Rwp values (the weighted profile residual factor from 
refinement between observed and calculated patterns), 
which range from 14.5 to 28.7, are typical for XRD 
refinements according to Bish & Post (1993). Table 2 
shows that in the litharenites quartz (50% on average) 
and kaolinite (20% on average) are the most abundant 
minerals. Dawsonite attains values of 10% on average. 
It was possible to identify both alkali and calco-sodic 
feldspars (less than 10% on average) where the former 
predominate over the latter. Calcite and ferroan dolo-
mite are minor components. In vitric tuffs the associa-
tion of quartz and kaolinite attains approximately 90% 
of the volume (Table 2 and Fig. 3f).

Scanning electron microscopy (SEM)

Mineral descriptions were made from the litharenites 
because in the vitric tuffs kaolinite and microcrystalline 
quartz have almost completely replaced the volcanicla-
stic components and the mesostasis. 

Kaolinite plates completely replacing faces of anal-
cime cube-octahedrons (Fig. 6a) were identified by 
SEM/EDX. The replacement of feldspar by dawsonite 
is documented by optical and SEM observations. 
Dawsonite fibers grow parallel to cleavage (probably 
001) in albite-twinned crystals with (010) as the twin 
plane, and parallel to the [001] twin axis in Carlsbad-
twinned crystals, at the expense of plagioclase and 
alkali feldspar, respectively. This suggests that the 
alteration was controlled by the structure of the primary 

Fig. 2. (a) Sandstone classification diagram (Folk et al. 
1970) for dawsonite-bearing rocks. (b) Triangular diagram 
intended for the classification of tuffs (Pettijohn et al. 
1987).
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feldspars, as was observed in the incipient replacement 
of plagioclase (Figs. 4b, 6b, c) and of alkali feldspar 
(Figs. 4c, d) by dawsonite. In addition, it was possible 
to observe partially dissolved feldspar crystals with 
corroded features (Fig. 6d). Dawsonite fibers range 
from 1 to 10 µm wide and 50 to 100 µm long. Quartz 
occurs as pyramidal microcrystalline crystals (Fig. 6e). 
Stacks of pseudo-hexagonal kaolinite plates grow over 
dawsonite fibers (Fig. 6f). 

Authigenic minerals in litharenites and vitric tuffs

Both rock types have been affected by dissolution, 
generation of intragranular porosity, replacement of 
primary minerals, and infilling of secondary pores 
and fissures. Authigenic minerals are represented by 
analcime, dawsonite (only in litharenites at present) 
and kaolinite, quartz, pyrite/hematite, calcite, and 
Fe-dolomite in both litharenites and vitric tuffs.

Analcime has been pseudomorphically replaced by 
kaolinite as documented in Figure 6a. Dawsonite consti-
tutes, in some cases, an abundant component, reaching 
about 20% of the total volume of the rock (Table 2). The 
dawsonite appears as acicular crystals forming bundles 
and rosettes when growing from a common center and 
radiates outwards, increasing in size and forming large 
sheet-like aggregates (Figs. 7a, b). It occurs as: (1) 
partial replacement of twinned feldspars (Figs. 4c, d, 6c) 
and as pseudomorph after feldspars (Figs. 4a, b, 7a, b); 
(2) completely and partially replacing vitroclasts (Fig. 
3c) and lithic fragments (Fig. 3e); and (3) as cement 
filling pore space among detrital grains, sometimes 
as spherulites (Figs. 4e, f, 7c). It is worth noting that 
dawsonite may be pseudomorphically replaced by 
pseudo-hexagonal plates of kaolinite (Fig. 6g and detail) 
and that the dawsonite fibers were never crushed.

In the litharenites, vitric (Figs. 3a, b) and lithic frag-
ments, feldspar minerals (Figs. 4c, d), and the matrix 
(Figs. 6e, 7d) are, at present, composed of kaolinite and 
microcrystalline pyramidal quartz. Scanning electron 
microscopy observation shows that kaolinite occurs in 
the following forms: (1) as individual pseudo-hexagonal 
crystals with grain sizes of about 4 µm (Fig. 6c) and 
(2) as stacks of euhedral plates with vermiform habits 
(Fig. 6e). 

In the vitric tuffs, glass shards, pumice fragments, as 
well as the mesostasis, are also composed of kaolinite 
and microcrystalline quartz (Fig. 3f). 

Hematite cement occurs as a fringe around grains 
(Fig. 7a), fills cavities, and results mainly from the 
dissolution of volcaniclastic fragments (Figs. 4e, f). 
Hematite is also present as coatings on the walls of 
cracks and fissures, in some cases accompanied by 
kaolinite. Pyrite cement constitutes a minor component 
and it occurs as euhedral-cubic grains (10–15 µm) iden-
tified by optical microscopy. Reddened pyrite crystals 
suggest their oxidation to hematite. Euhedral hexagonal 
hematite crystals and irregular patches are distributed 
among volcaniclastic fragments in both litharenites and 
vitric tuffs, and over spherulitic dawsonite (Fig. 7c).

Besides dawsonite, other carbonates act as cement 
and/or as replacement minerals. The observation of 
stained thin sections confirmed the presence of both 
ferroan calcite and ferroan dolomite, represented by 
microspar and macrospar calcite (Figs. 7a, b, d, e, f, g) 
and by dolomicrite (Figs. 7f, g). Calcite partly dissolves 
dawsonite fibers in both cavities (Fig. 7a, b) and in the 
interior of crystals (Fig. 7f), and it also occurs as a 
pseudomorph after dawsonite (Fig. 7e), after feldspar 
minerals (Fig. 7g), as well as fills microcracks (Fig. 7d). 
Anhedral Fe-dolomite crystals (<16 µm) commonly 
occur around calcite cement (Fig. 7f).

TABLE 1. COMPOSITION OF VOLCANICLASTIC ROCKS OF THE CASTILLO FORMATION

SAMPLE Qtzm (%) Qtzp (%) Pl (%) Kfs (%) Lv (%) Lpir (%) Lp/m (%) Lsed (%) Glass 
shards (%)

Pumice 
Fragments (%) Op (%) Θ (%)

SS-10 39 1 3 3 15 14 2 10 8 4 1
SS-9 20 2 1 5 20 9 5 31 2 5
SS-8 35 3 5 25 14 2 3 7 6
SS-7 21 2 4 6 38 12 3 1 8 5
SS-6 15 2 3 10 12 10 40 3 5
SS-5 16 1 2 4 29 10 8 23 1 6
SS-13 7 1 2 35 16 22 9 4 4
SS-4 20 5 2 26 13 2 18 5 5 4
SS-12 2 2 1 7 72 9 4 3
SS-11 5 1 3 6 76 3 5 1
SS-3 10 4 6 40 15 17 4 1 3
SS-2 23 3 5 35 10 4 11 5 4
SS-1 14 1 2 6 37 15 5 5 6 9

Qtzm: monocrystalline quartz, Qtzp: polycrystalline quartz, Pl: plagioclase, Kfs: K-feldspar, Lv: volcanic lithic, Lpir: pyroclastic lithic, 
Lp/m: plutonic/metamorphic lithic, Lsed: sedimentary lithic, Op: opaque minerals, Θ: porosity. 
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Fig. 3. Optical micrographs of litharenites and vitric tuffs. 
Cal: calcite, Lv: volcanic fragment, Fp: pumice fragment, 
ϴ: porosity. (a) Relict feldspar (dashed line) and glass 
shards (Gs) (full line). (b) (a) under crossed polars. (c) 
Large vitroclasts totally replaced by dawsonite (Da). 
(d) Mechanical compaction affecting grain contacts. 
(e) Pyroclastic fragment (Lpyr) partially replaced by 
dawsonite (Da). (f) Glass shards (Gs) as well as the 
mesostasis of the vitric tuffs totally replaced by kaolinite 
(Kln) and microcrystalline quartz (Qtzm). Crossed polars. 
(g) Preferential orientation of glass shards deposited in an 
aqueous environment.
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Stable isotope data

The δ13C and δ18O stable isotope analyses of the 
dawsonite-bearing litharenites were performed in 
duplicate and triplicate with consistent results, which 

are plotted in Figure 8. The fact that for samples SS-1, 
SS-8, and SS-10 dawsonite represents about 85% of the 
carbonate minerals indicates that δ13C‰ VPDB (–0.1, 
0.7, and 1.5) and δ18O‰VsSMOW (15.7, 20.3, and 
20.9) values represent its isotopic signature. 

Fig. 4. Litharenites. Optical micrographs of feldspar population. Qtz: detrital quartz, Hem: hematite, Lpyr: pyroclastic fragment, 
ϴ: porosity. (a) Dawsonite (Da) pseudomorph after feldspar minerals under crossed polars. (b) Detail of (a): incipient 
replacement of twinned plagioclase (Pl) by dawsonite (Da). (c) Dawsonite (Da) and kaolinite (Kln)-microcrystalline quartz 
(Qtzm) after alkali feldspar (Kfs). (d) (c) under crossed polars. (e) Partially dissolved alkali feldspar (Kfs) and dawsonite (Da) 
cement filling pores. (f) (e) under crossed polars.
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Fig. 5. Anl: analcime, Cal: calcite, Da: dawsonite, Fe-Dol: ferroan dolomite Kln: 
kaolinite, Kfs: K-feldspar, Pl: plagioclase, Qtz: quartz. (a) XRD of whole rock samples 
(middle and upper sections). (b) Diffraction pattern of a sample obtained from the lower 
section of the Cerro Chenque area. 

TABLE 2. QUANTITATIVE XRD ANALYSIS (WT.%) ON WHOLE ROCK SAMPLES (RIETVELD METHOD)

SAMPLE dawsonite kaolinite calcite Fe-dolomite anatase quartz K-feldspar plagioclase

SS-10 27.13( 1.26) 21.42( 1.88) 1.48( 0.32) 1.61( 0.37) 2.93(0.36) 34.30( 1.23) 5.98( 0.69) 5.15( 0.78)
SS-8 10.87(1.09) 18.64(1.20) 1.10(0.30) 1.12(0.41) 1.80(0.30) 55.39(1.31) 5.99(0.65) 5.09(0.65)
SS-7 0.81(0.33) 20.14(0.78) 2.98(0.25) 1.44(0.28) 1.69(0.42) 56.93(0.95) 8.79(0.64) 7.22(0.39)
SS-6 4.99( 0.24) 15.98( 1.20) 0.76( 0.21) 4.95( 0.29) 1.03(0.02) 69.06( 1.28) 2.19( 0.77) 1.04( 0.53)
SS-5 19.73(1.03) 13.11(0.86) 1.27(0.22) 7.64(0.41) 1.28(0.30) 46.71(1.33) 2.47(0.55) 7.79(0.97)
SS-13 3.76( 0.18) 21.36( 0.31) 0.36( 0.10) 0.28( 0.05) 0.60(0.10) 69.97( 0.62) 2.54( 0.15) 1.13( 0.20)
SS-4 17.97(0.93) 9.95(0.45) 0.92(1.20) 24.42 (1.25) 1.57(0.37) 31.53(1.09) 5.74(0.85) 7.90(0.96)
SS-11 - 25.97(2.38) 0.45(0.29) 0.92(0.33) 1.82(0.66) 65.99(2.49) 1.38(0.78) 3.47(1.22)
SS-3 5.63(0.40) 11.42(0.82) 23.18(0.75) 1.20(0.22) 1.63(0.25) 40.98(0.85) 8.91(0.21) 7.05(0.33)
SS-2 1.70( 0.99) 26.10( 1.57) 1.05( 0.50) 0.99( 0.30) 1.10(0.47) 57.42( 1.48) 7.42( 0.60) 4.22( 0.55)
SS-1 20.74( 1.45) 19.87( 1.43) 1.14(0.29) 1.35( 0.35) 2.61(0.35) 40.86( 1.69) 9.55( 1.25) 3.88( 0.75)

Estimated standard deviations were systematically corrected with Bérar and Lelann σcorr factor (Bérar & Lelann 1991).
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Fig. 6. SEM images. Litharenites. (a) Pseudomorph of 
kaolinite (Kln) after analcime. (b) Incipient replacement of 
plagioclase by dawsonite. (c) Plagioclase (Pl) transforming 
to dawsonite (Da) with kaolinite (Kln) crystals growing 
from dawsonite (arrow). (d) Kaolinite (Kln) crystals 
growing from alkali feldspar (Kfs) (circle) with dissolution 
features (dog- tooth). (e) Matrix almost totally transformed 
to kaolinite (Kln) and pyramidal microcrystalline quartz 
(Qtzm). (f) Kaolinite (Kln) cement postdates dawsonite 
(Da) fibers. (g) Kaolinite (Kln) pseudomorph (arrows) after 
dawsonite (Da); detail in the right lower corner. 
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Fig. 7. Litharenites. Optical micrographs. (a) Hematite 
(Hem) postdates dawsonite (Da) (dashed arrow). 
Microspar calcite (Cal III) (arrow) postdates hematite 
(Hem). (b) (a) under crossed polars. (c) Hematite (Hem) 
postdates dawsonite (Da) spherulites. (d) Microspar calcite 
(Cal III) filling a crack which cross-cuts the matrix altered 
to kaolinite (Kln) and microcrystalline quartz (Qtzm). (e) 
Macrospar calcite (Cal II) recrystallized from microspar 
calcite replacing former crystals (feldspar → da → cal I 
→ II). (f) Dawsonite (Da) after feldspar partly replaced 
by macrospar calcite (Cal II) and surrounded by ferroan 
dolomite (Dol) cement. (g) Macrospar calcite (Cal-II) 
pseudomorph after feldspar (feldspar → da → cal I → II). 
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Discussion

Paleoenvironment

In the lower and upper sections of the Castillo 
Formation, isolated fluvial channels with low-to-
moderate sinuosity are correlated with those presented 
in previous works (Paredes 2009, Umazano et al. 2012). 
In addition, Umazano et al. (2012) indicated that the 
deposition of this unit represented a syneruptive period. 

In the middle section pyroclastic events were 
concomitant with the sedimentation in an aggrading 
subaerial floodplain where shallow lakes were filled 
with finely laminated ash-fall deposits (Fig. 3g). The 
predominance of cuspate X and Y-shaped glass shards 
(Fig. 3f), as well as the absence of angular/blocky shards 
and welded pumice fragments, would indicate that the 
eruption which originated these deposits was subaerial 
in nature, conforming to Fisher & Schmincke (1984b) 
and Heiken & Wohletz (1985). 

As was stated by Surdam (1981) for closed hydro-
logic systems, the combination of highly reactive 
pyroclastic material and saline, alkaline solutions in a 
playa-lake complex is ideal for the crystallization of 
zeolites. In the middle section, shallow lake deposits 
of decimeters to a few meters thick and hundreds of 
meters in lateral extent are interpreted as a playa-lake 

complex, as was previously observed for equivalent 
reservoir units in the subsurface of the basin by Acuña 
et al. (2011). 

We suggest a saline, alkaline-lake depositional envi-
ronment due to the presence of finely laminated ash-fall 
deposits, which are highly favorable for the formation of 
zeolites, as was previously stated for volcaniclastic units 
of the Cerro Barcino Formation, Chubut Group in the 
Cañadón Asfalto Basin (Iñíguez Rodríguez et al. 1987).

Paragenetic sequence

In the litharenites, the feldspar minerals (partially 
to totally replaced by dawsonite) were not taken into 
account in the petrographic modal analyses used to 
study their provenance. The quartz content detected by 
petrographic analyses is less than the amount of this 
mineral phase detected by X-ray diffraction techniques 
(Tables 1, 2). This fact, as well as SEM observation, 
confirm that most of the quartz, together with the 
kaolinite, is submicroscopic (Fig. 6e). The amount of 
submicroscopic quartz points out that it is necessary 
to consider it as a by-product released to the system 
in several chemical reactions separated in time and 
related to different diagenetic processes which involved 
detrital and authigenic minerals as well. The relative 
timing of authigenic mineral growth was deduced from 

Fig. 8. Stable-isotope values for dawsonite-bearing litharenites. Values are also plotted for magmatic CO2 source taken from 
the Sydney Basin, Australia (filled triangle), Shabwa Basin in Yemen (filled circle), Upper Hunter region in Australia (cross), 
and for the Cañadón Asfalto Basin in Argentina (filled square). 

not so good
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the textural relationships observed in thin sections as 
well as from SEM images. The proposed paragenetic 
sequence is summarized in Figure 9. 

Compaction put grains in contact with each other. 
Crushed pumice grains can be observed among 
the more rigid pyroclastic and volcanic lithic frag-
ments, changing the contacts between grains from 
straight-straight to concavo-convex ones (Fig. 3d). 
After mechanical compaction, dawsonite formed via 
dissolution-precipitation (Worden & Burley 2003), the 
most conspicuous diagenetic replacement process. We 
interpret that dawsonite is subsequent to mechanical 
compaction of the host sediments, which normally ends 
at 70–80 °C (Bjørlykke 1999), because the fibers are not 
deformed or broken. 

Kaolinite and microcrystalline pyramidal quartz 
postdate dawsonite crystallization because the kaolinite 
pseudomorphically replaces dawsonite fibers (Fig. 6g) 
and kaolinite, as a cement, crystallizes over dawsonite 
fibers (Figs. 6c, f), fills cavities, pores (Figs. 6c, e, f), 
and cracks. Therefore, there are two kaolinite genera-
tions. Hematite cementation occurred after the second 
kaolinite generation filling cavities, pores, and cracks. 

On the crack walls, kaolinite grows as coatings, 
followed by a central late infilling of hematite.

Euhedral macrospar calcite (II), formed via recrys-
tallization of microspar calcite (I), pseudomorphically 
replaces dawsonite crystals (Fig. 7e) and, in a last step 
verified in the forward reaction, calcite II partially 
(Fig. 7f) and totally (Fig. 7g) dissolves dawsonite 
fibers. Aluminum released during this transformation 
could have contributed to the formation of a second 
kaolinite phase. As the amount of calcite in litharenites 
is not relevant, it is assumed that most of the kaolinite 
present is the result of the transformation of dawsonite 
into kaolinite (first generation) plus quartz. In the case 
of the vitric tuffs, all the kaolinite found could be attrib-
utable to the first generation due to the virtual absence 
of calcite in these rocks.

A third generation of calcite infills fissures and 
cracks which cross-cut not only the matrix, composed of 
kaolinite and microcrystalline quartz (Fig. 7d), but also 
crystals (Fig. 7f), which suggests that calcite III post-
dates the former association. In addition, ferroan dolo-
micrite grows around the calcite, which indicates that 
dolomite is the last carbonate to precipitate (Fig. 7f). 

Fig. 9. Paragenetic sequence. Summary of the diagenetic stages proposed. Reaction (1) taken from Zalba et al. (2011). 
Temperatures taken from: (a) Bjørlykke (1999), (b) Hay (1978), (c) Hellevang et al. (2013), (d) Bjørlykke & Jahren (2012).
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Origin of dawsonite and diagenetic history

Previous studies carried out on other lithostrati-
graphic units of the Chubut Group attest to important 
occurrences of zeolites whose zonal distribution is 
attributed to burial diagenesis (Iñiguez Rodríguez et al. 
1987, Manassero et al. 2000) and which are summarized 
in Figure 10, in accordance with the schemes of zeolite 
zonation of Hay (1978), Surdam & Boles (1979), and 
Iijima (2001). In addition, in the lower section of the 
Castillo Formation, sampled at Cerro Chenque (5 km 
northwest of the dawsonite-bearing stratigraphic profile) 
plagioclase, alkali feldspars, and analcime are the main 
components of the volcaniclastic rocks (Fig. 5b), which 
are characteristic minerals of this unit in other areas 
of the Golfo San Jorge Basin (Teruggi 1962, Zalba & 
Andreis 2003, Tunik et al. 2004). 

We interpret that the zeolite vertical associations 
described for the Bajo Barreal and Laguna Palacios 
formations correlate well with the Clinoptilolite-
Analcime Zone (<84 °C), while the Castillo Formation 
correlates with the Analcime Zone (84–123 °C). On 
the other hand, the presence of analcime-laumontite in 
the Matasiete Formation would indicate deeper burial 
diagenesis (>123 °C) for this unit (Fig. 10).

In the study area the fact that analcime is pseudo-
morphically replaced by kaolinite (Fig. 6a) implies 

that the former was a previous component of these 
rocks and, moreover, that it is one of the precursors of 
dawsonite, following the statements of Brobst & Tucker 
(1974) for the Piceance Creek Basin, USA. The trans-
formation of analcime into dawsonite is exemplified by 
the following reaction (Brobst & Tucker 1974):

NaAlSi2O6·H2O + CO2 ↔  
   analcime 
NaAlCO3(OH)2 +2SiO2 (1)  
  dawsonite    quartz

As analcime is absent in these deposits, the hypothesis 
that reaction (1) was totally achieved is realistic, so all 
the analcime was consumed to form dawsonite, and 
therefore it is not recorded at present. This assumption 
is also based on Zalba et al. (2011) who pointed to the 
inverse relationship between analcime and dawsonite 
in volcaniclastic rocks of the Cerro Castaño Member, 
and considered that analcime was partially transformed 
to dawsonite. 

The stability of dawsonite relative to analcime was 
studied by mapping the thermodynamic stability of 
these mineral phases competing for Al at 100, 150, and 
200 °C at a fixed CO2 pressure of 300 bar (Hellevang 
et al. 2011). Assuming that Al is conserved, the authors 
indicated the dependence of dawsonite stability on CO2 

Fig. 10. Vertical distribution of zeolites in lithostratigraphic units of the Chubut Group. Dawsonite was found in the Cerro 
Castaño Member (Zalba et al. 2011) and in the Castillo Formation (present study).
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pressure, and that towards higher temperatures (>150 
°C) the analcime stability field increases considerably. 
In this sense, after the Castillo Formation reached the 
Analcime Zone (84–123 °C) the injection of CO2 at 
relatively high partial pressures could have pushed the 
unit into the dawsonite stability field at the expense of 
analcime.

Other dawsonite precursors, as documented by 
optical microscopy (Fig. 4) and SEM-EDX (Fig. 6c), 
are plagioclase and the Na-dominant alkali feldspar. 
The transformation of plagioclase into dawsonite was 
proposed by Coveney & Kelly (1971):

Na9CaAlSi29O80 + 11CO2 + 11H2O + 2Na+ ↔   
 oligoclase  
11NaAlCO3(OH)2 + 29SiO2 + Ca2+  (2) 
 dawsonite      quartz

Concerning the transformation of K-feldspar into 
dawsonite proposed by Bénézeth et al. (2007), repre-
sented in equation (3):

KAlSi3O8(s) + Na+ + CO2(aq) + 2H2O(l) ↔  
     K-feldspar  
NaAlCO3(OH)2(s) + 3SiO2(s) + K+  (3) 
  dawsonite    silica

this process has fully been discussed by Hellevang et al. 
(2011, 2013), who concluded that K-feldspar cannot be 
a source for Al for dawsonite growth at any temperature. 
In an isochemically closed system and at temperatures 
above 120–130 °C, K-feldspar and kaolinite trans-
form into illite, leaving no Al for dawsonite growth 
(e.g., Hellevang et al. 2011). Moreover, dissolution of 
K-feldspar at lower temperatures increases the aqueous 
K+ activity and prevents further dissolution (Ehrenberg 
& Nadeau 1989). 

However, optical and scanning electron microscopy 
as well as X-ray diffraction analyses performed for this 
study provide evidence of the possible transformation of 
alkali feldspar into dawsonite, based on the following 
observations: (1) where no dawsonite is present, 
K-feldspar and plagioclase are important mineral phases  
(Fig. 5b); and (2) where dawsonite is found, both 
K-feldspar and plagioclase are depleted (Fig. 5a), more-
over in this case no other K-Al mineral phases (musco-
vite, illite) are present. Therefore, alkali feldspar may 
have supplied Al and some Na+ for dawsonite growth, 
as observed by Worden (2006) for the Lam Formation. 
As our example seems to have developed in an open 
system, the K+ generated could have been removed.

It is assumed that Al and Na were provided not 
only by internal sources (analcime, plagioclase, and 
alkali feldspar), but also by external ones derived from 
basic alkaline subvolcanic bodies. These bodies were 
intruded into different units of the Chubut Group, 
including the Castillo Formation, which constitutes the 
Sarmiento Alkaline Province (Bitschene et al. 1991). 

According to Markl & Baumgartner (2002), in alkaline 
and peralkaline magmatic systems, late-magmatic fluids 
present strongly basic pH values. The pH of fluids of the 
Na2O–Al2O3–SiO2–H2O–NaCl system mainly depends 
on the Na/Cl ratio and, to a lesser degree, on salinity 
and temperature. If the Na/Cl ratio is greater than 1, pH 
lies between 7 and 12. Under such conditions NaOH is 
the dominant Na-bearing species and Al(OH)4

– is the 
dominant Al-bearing species.

Assuming that Al solubility is a function of pH, when 
the above physicochemical conditions are achieved, the 
existence of an external Al source is rational. 

Based on values of δ13C PDB (–0.1‰ to +1.5‰) 
obtained from the dawsonite-bearing litharenites, a deep 
source of CO2 related to a magmatic origin is presumed, 
in accordance with tectonically active areas as have 
been documented in other parts of the world (Baker et 
al. 1995, Worden 2006, Golab et al. 2006) (Fig. 8). An 
organic source of CO2 is considered unlikely because 
the δ13C values related to decarbonylation of organic 
matter are –20‰ and below (Smith et al. 1985). Even 
though there is a gas generator (Las Heras Group) and 
source rocks (Pozo D-129 Formation) underlying the 
Castillo Formation, none of them could have provided 
the CO2 because the δ13C values are not consistent with 
an organic origin. Also, the lack of marine carbonates 
in the Castillo Formation, as well as in other units of 
the Chubut Group, argues against a marine source for 
the CO2. 

These hypabyssal bodies are associated with 
conspicuous magmatic activity during the late Eocene-
Pleistocene according to Anselmi et al. (2004) and 
Bruni et al. (2008). Additionally, in the neighbouring 
Cañadón Asfalto Basin, δ13C values for dawsonite pure 
crystals (–1.2‰ to –2.4‰) are in accordance with a 
magmatic origin, related to the presence of hypabyssal 
alkaline intrusive bodies and correlated to those of the 
Golfo San Jorge Basin. In light of this evidence, we 
concur with Zalba et al. (2011) that the dawsonite could 
not be older than Eocene in age.

The relatively high δ18O SMOW values for the 
dawsonite-bearing litharenites, ranging from 15.7 to 
20.9, probably represent mineral growth in an aqueous 
solution with relatively elevated δ18O and of diagenetic 
origin, according to values presented by Worden (2006) 
and Golab et al. (2006) for parental fluids where connate 
water is the most likely O source.

The absence of dawsonite in vitric tuffs is not related 
to a textural control, but to its complete replacement 
by kaolinite. 

The transformation of kaolinite into dawsonite was 
studied by Hellevang et al. (2013) who reported the 
following equation:

Al2SiO5(OH)4+ 2Na+ + 2CO2 + H2O ↔  
      kaolinite  
2NaAl(OH)2CO3 + 2SiO2 + 2H+ (4) 
    dawsonite
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where, if the system is open, with CO2 and Na+ 
supplied, all kaolinite can be converted to dawsonite, 
and generated H+ removed. However, from SEM 
evidence (Fig. 6g and detail) it is clear that kaolinite 
replaces dawsonite and, therefore, postdates it. It is 
assumed that the equilibrium for Reaction (4) was 
shifted to the left. This process represents a further 
step in the diagenetic story because kaolinite has never 
been found in the dawsonite-bearing vitric tuffs and 
litharenites of the Cerro Castaño Member (Zalba et 
al. 2011). The pseudomorphic kaolinite after analcime 
recognized here (Fig. 6a) would mean that this reaction 
occurred via dawsonite.

From dawsonite formation on, all the diagenetic 
processes that occurred are related to basin inver-
sion associated with compression, faulting, folding, 
uplift, erosion, and topographic changes that exposed 
previously deeply buried sediments to meteoric water 
influx (see Fig. 9). These phenomena are particularly 
well developed near basin margins and are reported in 
the literature as telogenesis (Worden & Burley 2003). 
Dissolution of feldspars and dawsonite, and precipita-
tion of kaolinite, requires a through flow of meteoric 
water to remove cations such as Na+ and K+ from the 
host rocks (Bjørlykke 1998). The low solubility of Al 
at circum-neutral conditions suggests that precipitation 
of kaolinite requires Al-bearing precursor minerals 
like dawsonite, as was documented in Figure 6g. Even 
though dawsonite and kaolinite correlate to a telogenetic 
stage, they are not associated in time and correspond to 
different and successive geochemical conditions: low 
chloride concentration waters that are enriched in Na 
and HCO3 and high pCO2 are necessary for diagenetic 
dawsonite (Loughnan & Goldbery 1972, Baker et al. 
1995, Worden 2006); while high fluxes of acidic and 
low salinity meteoric waters (low K+/H+) are required to 
maintain the pore water in the stability field of kaolinite 
under telogenetic conditions (Bjørlykke 1998, Worden 
& Burley 2003).

During Eocene time a generalized magmatic activity 
in the Golfo San Jorge basin, associated with basic 
alkaline subvolcanic intrusions, began with the injec-
tion of CO2. Concomitantly, the dawsonite stability 
field at the expense of analcime and plagioclase was 
achieved. During Miocene times a major phase of 
tectonic inversion in the San Bernardo Fold Belt area 
occurred (Sylwan et al. 2008), promoting fracturing and 
uplift and the incursion of acidic meteoric-water flux 
responsible for kaolinite formation. 

Conclusions

(1) Dawsonite has been identified in litharenites of 
the middle and upper sections of the Castillo Formation 
at Sierra Silva anticline. Its absence in the associated 
vitric tuffs is not considered to be related to a textural 

control, but to its complete diagenetic replacement by 
kaolinite in an open system. 

(2) Burial diagenesis transformed silicic zeolites 
formed in saline alkaline lakes into more alkali ones; 
accordingly, the Castillo Formation reached the Anal-
cime Zone.

(3) The presumed absence of analcime in the 
middle and upper sections of the Castillo Formation, 
considered one of the precursors of dawsonite in volca-
niclastic rocks, is due to its complete transformation to 
dawsonite.

(4) Based on the incomplete transformation of anal-
cime into dawsonite as reported by Zalba et al. (2011), 
which allowed these authors to identify it as one of 
the precursors of dawsonite, followed by the pseudo-
morphical transformation of analcime and dawsonite 
into kaolinite as documented here, we propose that the 
chemical reaction analcime → kaolinite was complete 
and achieved via dawsonite.

(5) Telogenetic processes, probably beginning in 
Eocene time, favored the emplacement of basic alka-
line hypabyssal bodies (Sarmiento Alkaline Province) 
which externally sourced Al, Na, and CO2-fluids at high 
partial pressure. Replacement of analcime, together 
with plagioclase and alkali feldspar, occurred, which 
released Na and Al (internal sources) for the formation 
of dawsonite. Dawsonite δ13C PDB (–0.1 to 1.5‰) 
values are in accordance with deep sources of CO2 
related to a magmatic origin. 

(6) As a major phase of tectonic inversion occurred 
during Miocene time, we interpret that acidic meteoric 
fluids introduced along faults, fractures, and fissures, 
favored the formation of a first kaolinite phase at the 
expense of dawsonite. The pseudomorphical replace-
ment of dawsonite by calcite released Al to the system, 
favoring the formation of a second kaolinite generation. 
Based on the scarce calcite detected, the hypothesis that 
most of the kaolinite belongs to the first generation is 
realistic. Passive precipitation of hematite, calcite, and 
dolomite occurred as a final event.
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