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ABSTRACT

Dawsonite, NaAICO3(OH),, occurs as a replacement, cement, and fracture filling in continental, zeolitized and silicified vitric
tuffs and litharenites of the Cenomanian Cerro Castaiio Member, Cerro Barcino Formation, Chubut Group, Patagonia, Argentina.
Analcime is the only associated zeolite; it replaces the vitric masses and also fills fractures and cavities. Dawsonite and analcime
display an inverse ratio. Textural relationships indicate that dawsonite is a pseudomorph after oligoclase, quartz, vitric shards,
and vitric masses; it coexists with diagenetic quartz cement and postdates analcime, calcite, and hematite cements. Unaltered
crystals of high sanidine postdate all other cements generated. Silicification of the tuffs is likely to have occurred in various
stages during the diagenetic history of the sequence. Hypabyssal bodies of alkaline basic rocks of the El Buitre — El Canquel
Formation, which intruded regionally the Cerro Castaiio Member during Eocene time, are interpreted to be responsible for the
introduction of CO; gas at high partial pressures, together with sodium, which led to dawsonite formation. Diagenetic quartz, at
a late stage of silicification, is related to the transformation of oligoclase and analcime to dawsonite, also releasing Na and Ca
into the system. The 8'3C (PDB) values of dawsonite, in the range —1.2 to —2.4%o, attest to alkaline igneous activity in the Cerro
Castaiio Member during the Eocene and, in addition, set a limit on the age of the dawsonite.

Keywords: dawsonite, Chubut Group, Cenomanian, diagenesis, magmatic CO,, paragenetic sequence, Patagonia, Argentina.
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SOMMAIRE

On trouve la dawsonite, NaAICO3;(OH),, comme remplacement, comme ciment, et en remplissage de fissures dans des tufs
continentaux zéolitisés et silicifiés et dans les litharénites d’age cénomanien du Membre de Cerro Castano, Formation de Cerro
Barcino, Groupe de Chubut, en Patagonie, Argentine. L’analcime, la seule zéolite associée, remplace les masses vitreuses et
remplit aussi les fissures et les cavités. La quantité de dawsonite et celle d’analcime montrent un rapport inverse. D’apres les
relations texturales, la dawsonite remplace 1’oligoclase, le quartz, les esquilles de verre et les masses vitreuses. Elle coexiste
avec le quartz diagénétique et s’est formée apres 1’analcime, la calcite et ’hématite. Des cristaux sains de sanidine désordonnée
sont apparus apres tous les autres ciments. Il est probable que la silicification des tufs a eu lieu en plusieurs étapes au cours de
I’évolution diagénétique de la séquence de tufs. Des venues hypabyssales de roches basiques alcalines de la Formation de El
Buitre — EI Canquel, qui ont recoupé sur une échelle régionale le Membre de Cerro Castano durant I’Eocene, seraient responsables
de I’introduction du CO, a une pression partielle élevée avec le sodium, ce qui a mené a la formation de la dawsonite. Le quartz
diagénétique, a un stade tardif de la silicification, est 1ié a la transformation de 1’oligoclase et de I’analcime a la dawsonite, ce
qui a aussi contribué le Na et le Ca au systeme. Les valeurs de 3'3C (PDB) de la dawsonite, dans ’intervalle —1.2 & —2.4%o,
témoignent de I’activité ignée alcaline dans le Membre de Cerro Castaino au cours de 1’Eocene et, de plus, placent une limite

sur I’age de la dawsonite.

(Traduit par la Rédaction)

Mots-clés: dawsonite, Groupe de Chubut, age cénomanien, diagenese, CO, magmatique, séquence paragénétique, Patagonie,

Argentine.

INTRODUCTION

Dawsonite, a basic carbonate of sodium and
aluminum, NaAICO3(OH),, was encountered for the
first time in Argentina in the Cretaceous pyroclastic
sequences of the Cerro Castaiio Member, Cerro Barcino
Formation, Chubut Group, northern Patagonia. The
objective of this contribution is the full characterization
of dawsonite through optical and electron microscopy,
X-ray diffraction, chemical and thermogravimetric
analyses, and stable isotope data. This characterization
was possible on account of the abundant, pure, well-
developed crystals occurring in outcrops of fine-grained
vitric tuffs and litharenites of this unit.

Two mentions of dawsonite have been made in
South America. The first one was in Argentina, where
birefringent crystals contained in fluid inclusions were
inferred to be “possible dawsonite” by Dominguez
& GoOmez (1988) in the Serie Andacollo, Neuquén,
northern Patagonia, but the authors could not char-
acterize it. The second mention was made in Bolivia,
Cerro Sapo locality, where it was characterized by
X-ray diffraction, infrared and Raman spectroscopy and
chemical analysis (http://rruff.info. Dawsonite: RRUFF
ID: R050645).

Taking into account that diverse occurrences of
dawsonite in sedimentary rocks are found all over the
world and include diagenetic assemblages (Smith &
Milton 1966, Loughnan & See 1967, Hay 1963, 1964,
Goldbery & Loughnan 1970, 1977, Baker 1991, Baker
et al. 1995, Worden 2006, among others), we believe
that the genesis of the dawsonite within these pyro-
clastic rocks is undoubtedly related to these processes.
Also, we propose the timing of its formation, associ-
ated with the emplacement of recent and neighboring
igneous intrusive bodies, previously described in the

study area; these rocks were the main source of Na
and CO,.

GEOLOGICAL SETTING

The continental Cretaceous Chubut Group, found
in the San Jorge Basin, one of the five most important
oil-producing fields in Argentina, extends along the
border between the Chubut and Santa Cruz provinces
in a north—south direction and from the Argentinean
continental platform to the Cordillera de Los Andes, in
an east—west direction (Fitzgerald et al. 1990, Anselmi
et al. 2004, Cladera et al. 2004). The sequences of the
Chubut Group have been described by Volkheimer
(1969), Robbiano (1971), Musacchio & Chebli (1975),
and Codignotto ef al. (1978), among others. The geology
of the Paso de Indios — Las Plumas area is displayed in
Figure 1, adapted from Codignotto et al. (1978). The
Chubut Group, which attains a total thickness of 1000
m, was mapped by Lesta & Ferello (1972) and Chebli
et al. (1976), among many others, and, in our area
comprises the Los Adobes and the Cerro Barcino forma-
tions (Fig. 1). The Cerro Barcino Formation comprises
five volcaniclastic members which, from bottom to
top, are: Puesto La Paloma, Cerro Castano, Las Plumas
and Puesto Manuel Arce — Bayo Overo (lateral facies).
The Cerro Castano (90 m) and the Las Plumas (90 m)
members are the most widespread sequences along the
Middle Chubut Valley River.

The Cerro Barcino Formation lies unconformably
over Jurassic volcanic and sedimentary deposits and
also over Proterozoic and lower Paleozoic metamor-
phic and igneous basement rocks. The Triassic and
Jurassic periods were characterized by crustal exten-
sion processes (Gondwana break-up). Structurally,
continental upper Triassic sediments are disposed in
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stratigraphic scheme of the Chubut Group in the study area

intracratonic subparallel basins (semigraben systems).
During the middle to upper Jurassic, a back-arc basin
appeared to the east of the continental volcanic arc
(Anselmi et al. 2004).

The age of the Chubut Group is considered Barre-
mian—Cenomanian on the basis of biostratigraphic data
from charofites and ostracoda of the Puesto La Paloma
Member (Musacchio 1972, Musacchio & Chebli 1975).
Codignotto et al. (1978) and Manassero (1997) corre-
lated the upper part of this group with the Angostura
Colorada Formation (Coniacian—Campanian) crop-
ping out 300 km to the northwest of the study area.
A marine ingression occurred to the west of the basin
(Thitonian). With the withdrawal of the sea, the depo-
sition of the Chubut Group began, and the first basin
inversion occurred (Barcat et al. 1989), accompanied
by compressive phenomena that generated the folding
of the sequences.

In the Paleogene (Eocene), the Cerro Barcino
Formation was intruded by basic, alkaline hypabyssal

¥»,  Caldera Limit

Geological map (adapted from Codignotto et al. 1978) showing the location of the sections studied and the simplified

bodies of the El Buitre — El Canquel Formation (Lema
& Cortés 1987, Anselmi et al. 2000) composed of alkali
basalt, diabase, basanite, teshenite and gabbro. These
magmatic bodies were emplaced at high levels of the
crust, in a back-arc environment (Ardolino et al. 1995),
corresponding to magmatism related with extensional
processes of the intraplate rift type. The gabbros bear
“analcime, possible natrolite, and medium to sodium
labradorite” (Fernandez 2000). Several exposures of
the El Buitre — El Canquel Formation have been mapped
less than 10 km northwest and east of the study area,
including the important Sierra de Los Paz (Anselmi et
al.2004). From Neogene time, intraplate volcanism led
to an outpouring of basaltic lavas related to a hot spot
(Kay et al. 1993).

The five members of the Cerro Barcino Formation
were previously studied in the Middle Chubut River
Valley (Paso de Indios — Los Altares — Las Plumas) by
Iniguez Rodriguez et al. (1987). The authors defined
four vertical different zones in a sequence of pyroclastic
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and epiclastic rocks 300 m thick, with analcime at the
base (Puesto La Paloma Member), analcime—clino-
ptilolite in the middle part (Cerro Castaiio Member),
clinoptilolite (Las Plumas Member) and glass at the
top (Puesto Manuel Arce — Bayo Overo members). A
diagenetic origin for these minerals was proposed by
these authors and related to ash falls deposited in flat
plains with saline—alkaline lakes, later affected by burial
diagenesis, responsible for the vertical zonation of the
zeolites. No dawsonite was detected by the authors.

Manassero et al. (1998, 2000) studied the distribu-
tion, paleoenvironmental conditions of deposition and
mineralogy of the Cerro Castaho and the Las Plumas
members of the Cerro Barcino Formation along the
Chubut River, between Los Altares and Las Plumas
localities, and postulated the existence of syneruptive
and intereruptive facies for these sediments. According
to these authors, pyroclastic sediments (ash falls)
covered extensive flats or slightly undulating plains with
shallow ponds and poorly developed drainage systems
flowing to the north—northeast. The abundance of fine
planar and cuspate shards in the tuffs suggested that the
explosive center was probably located approximately
500 km to the west of the study area.

METHODOLOGY

Twenty-seven samples of tuff and one sample of
litharenite from two stratigraphic sections of the Cerro
Castaho Member (Fig. 2, sections L and LA) were
studied by optical microscopy and X-ray diffraction
(XRD). Dawsonite was easily hand-picked from the
surface of the rock by the use of a fine needle and
observed under a stereomicroscope. Very pure mate-
rial was recovered for chemical analysis, performed
by inductively coupled plasma — atomic emission
spectroscopy technique (ICP-AES), X-ray powder
diffraction, simultaneous differential thermal and
thermogravimetric analysis (DTA-TG) and scanning
electron microscopy (SEM).

Crystalline phases were identified and quantified
by X-ray diffraction with a Philips 3020 goniometer
(Ni-filtered CuKa radiation, 40 kV, 20 mA, without
secondary monochromator). Step-scan data were
collected from 3° to 70° 20, with a step width of 0.04°
and a counting time of 2 s/step. Samples with a high iron
content were analyzed using special conditions (base
level of the Pulse Height Discriminator in the X-ray
detector system set at 45°). The hand-picked sample of
dawsonite was scanned between 8° and 70°, with a step
width of 0.02° and a step-counting time of 2 seconds.

The powder-diffraction patterns were analyzed
with the FULLPROF program, which is a multipurpose
profile-fitting program, including Rietveld refinement
(Rodriguez Carvajal 2001). A Rietveld analysis (Riet-
veld 1969) was used for cell-parameter calculation of
hand-picked dawsonite and for quantitative determina-
tion of the crystalline phases for samples from sections
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L and LA. The starting crystallographic data used for
each phase were extracted from the literature.

The DTA-TG analysis was carried out in open PtRh
crucibles in air. The sample was heated up to 1000°C at
a heating rate of 10°C/minute using a Netzsch STA 409¢
equipment. The texture and mineralogical composition
of the sediments were examined using a JEOL JSM 5800
scanning electron microscope.

Six different samples of pure dawsonite were
analyzed for their C and O isotope values in two
different laboratories. Five analyses were performed
at the Instituto de Geocronologia y Geologia Isotdpica
(INGEIS), CONICET - Universidad de Buenos Aires,
Argentina. The technique was based on the method
developed by McCrea (1950), with slight modifica-
tions. The CO, fraction was extracted by reaction with
phosphoric acid at 60°C during two hours, purified in
a high-vacuum line, and analyzed with a mass spec-
trometer (Delta S Finnigan Mat triple collector). The
3'3C and 3'%0 values were reported in %o, relative to
the standard V-PDB (Vienna Pee Dee Belemnitella)
(Coplen 1994). Values of 8'30 are also expressed with
respect to the V-SMOW (Vienna Standard Mean Ocean
Water). The analytical error was 0.1%o (+20) for 8'3C
and 3'%0.

One more sample was analyzed at the Laboratorio de
Isotopos Estaveis (LABISE), Department of Geology,
Universidade Federal de Pernambuco, Recife, Brazil.
The extraction of CO, was performed with orthophos-
phoric acid at 25°C for one day. The released CO, was
analyzed in a double-inlet, triple-collector SIRA II mass
spectrometer, and results are reported relative to the
PDB (Pee Dee Belemnitella) standard. Values of 3'0
are expressed with respect to the SMOW (Standard
Mean Ocean Water).The uncertainties of the isotope
measurement were better than 0.1%o for carbon and
0.2%o for oxygen.

RESULTS
The Cerro Castaiio Member: stratigraphic sections

The Cerro Castanio Member is composed of tabular
brownish, yellowish to whitish tuffs that are widespread
on both margins of the Middle Valley of the Chubut
River. The outcrops studied here comprise zeolitized
and silicified tuffs, sandstones and conglomerates,
which extend along the right margin of the Chubut
River, to the west of the Los Altares locality.

Two stratigraphic sections (Fig. 2) show the pres-
ence of dawsonite: Section L (70 m thick) composed
of abundant tuffs and minor sandstones, and Section
LA (110 m thick), 5 km to the southwest of Section L,
in which sandstones and conglomerates are more abun-
dant, and which bears microscopic vertebrate remains.

The tuffs of the Cerro Castano Member show domi-
nant pale yellow-brown colors; the strata are exposed
in steep ridges (Fig. 3a). Tabular beds are one to two
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meters thick and show sharp basal contacts. Most of the
strata are massive. Fine-grained vitric tuffs are dominant
over litharenites.

Dawsonite occurs in tuffs as coalescent aggregates
of radiating acicular crystals (Fig. 3b), whitish in color,
though they are commonly colored by ferric oxides
filling fractures and microfractures. Dawsonite is very
abundant at the surface, mainly where the tuffs are
protected by overhanging strata, as mentioned in the
literature (Goldbery & Loughnan 1970).

Petrology and mineralogy
The pyroclastic rocks of the Cerro Castaiio Member

plot in the tuff field (Fig. 4a) in a diagram adapted from
Fisher & Schmincke (1984). The composition of the
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fluvial interbedded sandstones plots in the triangular
diagram of Folk et al. (1970) where feldspathic lithar-
enites are dominant, in accordance with the findings of
Manassero et al. (2000) (Fig. 4b). The Cerro Castaho
Member rocks show a quartzofeldspathic composition.
The components of both the sandstones and the tuffs are
euhedral crystals of quartz with embayments, sanidine,
oligoclase (Anys), and fragments of volcanic material
(felsic and silicified rhyolites, tuffs and andesites), and
sedimentary rocks.

The tuffs of the Cerro Castaiio Member are mainly
vitric. Planar and cuspate glass shards predominate over
Y-shaped shards, whereas pumice fragments are very
scarce. Glass shards commonly show replacement by
dawsonite. Oligoclase (Anys), mainly with albite twin-
ning, is fresh or has been totally or partially replaced
by dawsonite or, seldom, by calcite.

The K-feldspar population shows euhedral unaltered
and unzoned sanidine crystals in thin sections. Euhedral,
prismatic crystals of K-feldspar (4—10 wm) have been
detected by scanning electron microscopy (Fig. 5) in
the altered vitric mass. Cell parameters obtained by
X-ray diffraction for the K-feldspar (up to 60°, Table 1a)
corresponds to high sanidine [a 8.5961(2), b 13.0133(2),
¢ 7.1748(1) A, B 116.005(1)°].

Unit-cell parameters values were plotted on the
a-contoured b—c quadrilateral of Wright & Stewart
(1968) to estimate the structural state and detect anoma-
lous unit cells. The a value plots slightly outside the
range of the series maximum microcline — high sani-
dine, and the other cell parameters fall in the vicinity
of sideline high albite — high sanidine. The slight devia-
tion observed with respect to the Or sideline (a 8.5961
A) attests to very limited extent of cation substitution
(Martin 1971, Kastner 1971).

Results of quantitative analyses by the Rietveld
method for sections LA and L are shown in Table 1a and
Table 1b. The Rwp values obtained are in accordance
with typical values for XRD refinements (Bish & Post
1993). For Sections L, Rwp ranges from 20.1 to 25.3,
and for Sections LA, it ranges from 17.1 to 26.2, except
for sample LA14b, which shows a value of 36.6. The
last sample contains almost 47% hematite, and the
background is very high, even using special settings of
the diffractometer for iron-rich samples. Also for this
sample, the Brindley particle-absorption-contrast factor
was used to correct mass abundance of the phase.

Primary quartz grains are in some cases embayed
and also have been partially replaced by calcite or
dawsonite (Fig. 6a). Flexured and partially bleached
detrital biotite is present in all the samples but one of
Section L. Section LA contains minor amounts of biotite
(Table 1a), in some cases only detected in thin section.

Authigenic minerals, besides dawsonite, include:
analcime, calcite, hematite, halite, trona, quartz and
high sanidine. Chlorite, carbonate-rich fluorapatite and
dolomite also have been identified as scarce accesories
(Tables 1a, 1b).
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Analcime is the only zeolite found in these two
sections of the Cerro Castaho Member, although some
subordinate clinoptilolite-Na has also been found in
nearby areas (Ihiguez Rodriguez er al. 1987, 1992,
Manassero et al. 2000, Cladera et al. 2004). From thin
section observations, analcime occurs as euhedral crys-
tals in pores (Fig. 6b) or fills cavities or cracks (Fig. 6c¢).
Textural relationships show that analcime is surrounded
by calcite cement (Fig. 6d).

From SEM observations, analcime shows polyhedral
forms. The average size (5 wm) and distribution of
analcime crystals in the altered vitric mass are shown
in Figure 7a. Quantitative analyses attest to the presence
of very abundant analcime (up to 52%) in almost all the
samples of Section L. On the contrary, in Section LA,
according to X-ray-diffraction data (Table 1a), analcime
is present only in some samples and in much lower
proportions (maximum 13%). Although smectite has
not been detected in these samples, its presence in the
Cerro Castaiio Member has been reported by Ihiguez
Rodriguez et al. (1987) as a coating that preceded the
development of analcime, as a replacement of glass
shards, and as a filling of available pore-space, showing
a honeycomb texture.

In some cases, although calcite has not been
detected by X-ray diffraction (Tables la, 1b), it has
been identified in a petrographic analysis. It appears as
euhedral sparitic calcite cement showing a rhombohe-
dral cleavage, corroding detrital minerals (oligoclase,
quartz), and filling available pore-space and fractures
(Tables 1a, 1b) in Section L and Section LA. In some
cases (L10), two generations of calcite cement have
been detected.

THE CANADIAN MINERALOGIST

Dolomite was detected in only one sample (sample
LA1: 15%). As it has not been recognized in thin
section, its textural relationships with other cements
could not be determined.

Several samples of vitric tuff are reddened with
hematite. In sample LA14B, hematite attains 47%
(Table 1a). From optical microscopy, hematite cement
fills all available pore-space and partially or totally
occupies cracks and fractures. Hematite is also wide-
spread throughout the altered vitric mass; its average
grain-size (<5 wm) and euhedral shape are evident
under the SEM (Fig. 7b). Iron became available owing
to the hydrolysis of micas and glass during diagenesis.

The presence of sparitic calcite and ferric oxide
impregnations along tubular pores (biological activity)
and vertebrate remains (carbonate-rich fluorapatite) are
all features found only in litharenites (sample LA14B)
and correspond to an intereruptive facies (Manassero
et al. 2000).

Halite has been detected by X-ray diffraction in
some samples of both stratigraphic sections (Tables
la, 1b) and by SEM in sample L12, where it shows
dissolution features (Fig. 7c¢).

Trona [Na3;H(CO3),°2H,0] has also been detected
by X-ray diffraction in one sample (Table 1a), but its
textural relationships with other minerals have not been
observed.

Microcrystalline bipyramidal quartz cement (<5
pm) in the mesostasis of the tuffs is abundant in both
sections and has been detected by SEM (Fig. 7d).

Minor proportions of chlorite (up to 5%, Table 1b)
have been detected, as already reported by Cladera et al.
(2004) in the sediments of the Cerro Castanho Member.

FiG. 3.
by ferric oxides.

a) Cerro Castailo Member outcropping in steep ridges. b) Dawsonite in rosette aggregates of whitish needles stained
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Although anatase was detected in only one sample, it
is interpreted here as the product of intense weathering.

The distribution of dawsonite

Although detailed studies on the tuffs of the Chubut
Group have been carried out along the Middle Chubut
River Valley (see Ihiguez Rodriguez et al. 1987, Iiiguez
Rodriguez & Zalba 1992, Manassero et al. 1998, 2000,
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Cladera et al. 2004), no dawsonite had been found
previously.

Restricted to two stratigraphic sections, near the
Los Altares locality, in tuff and litharenite samples,
dawsonite is present at the surface and in the interior
of rocks. Its manifestation is limited to the middle and
upper part of Section L, but it is spatially widespread
and much more abundant in Section LA, averaging
about 13% of the bulk rock.

Q b

FELDSPHATHIC
LITHARENITE

CERRO
CASTANO
MEMBER

a) Triangular diagram intended for the classification of tuffs of the Cerro Castaiio Member (Pettijohn er al. 1987). b)

Composition of fluvial interbedded sandstone plotted in the QFL diagram (Folk et al. 1970).

FiG. 5.
quartz (Qtz), dawsonite (Da) and hematite (Hem).

SEM image of euhedral, prismatic crystals of high sanidine (Sa) associated with
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TABLE 1a. QUANTITATIVE PHASE-AN

THE CANADIAN MINERALOGIST

ALYSIS OF SECTION LA (RIETVELD)

LA1 LA2 LA3 LA4 LA5 LA6 LA7 LA8 LA9 LA10 LA11 LA12 LA13 LA14A LA14B
Analcime 7.3 1.7 5.1 3.6 13.6
0.3 0.2 0.2 0.2 0.2
Dawsonite 5.5 8.6 16.0 58 389 33 143 246 152 158 6.7 139 185 3.3
0.4 0.4 0.10 0.4 0.19 0.5 0.7 0.12 0.8 0.7 0.4 0.6 0.9 0.5
Mica 4.2 3.7 1.8 n.c. 7.4 3.7 71 4.4
0.2 0.4 0.2 0.2 0.2 0.3 0.3
Quartz 457 777 384 614 742 458 818 170 634 518 715 700 713 616 3.0
0.5 0.7 0.3 0.9 0.6 0.10 0.7 0.3 011 0.7 0.7 0.5 0.6 0.8 0.2
Sanidine 204 96 605 104 6.5 1.0 113 4.8 52 11.8 64 137 9.5 7.4 2.6
0.4 0.3 0.6 0.5 0.3 0.3 0.3 0.2 0.4 0.4 0.3 0.2 0.3 0.3 0.4
Oligoclase 8.5 1.3 4.8 6.3 104 3.6 1.0 6.6 53 4.5 2.4 1.7 54 5.0
0.3 0.2 0.5 0.2 0.5 0.2 0.2 0.5 0.4 0.2 0.2 0.2 0.3 0.3
Calcite 4.6 2.8 1.1 3.0 <1 22 1.0 3.6
0.2 0.2 2 0.2 0.2 0.4 0.2
Dolomite 15.2
0.2
Halite 49.7 3.3 0.9
0.7 0.0.3 0.2
Anatase 1.0
0.2
Hematite 46.9
0.8
C-Fap* 211
0.2
Trona 7.5
0.2

n.c.: not determined, * carbonate-rich fluorapatite. The modal proportions, with standard errors, are quoted in wt%.

TABLE 1b. QUANTITATIVE PHASE-ANALYSIS OF SECTION L (RIETVELD)

L1 L2 L4 L5 L6 L7 L8 L10 L11 L12
Analcime 47.0 46.8 18.0 26.4 11.5 18.5 18.2 31.0 51.7
0.4 0.3 0.3 0.5 0.3 0.3 0.3 0.2 0.4
Dawsonite 22.0 20.3
0.5 0.5
Mica 3.9 4.5 4.5 32.8 30.2 52 5.1 4.1 3.9
0.2 0.3 0.2 0.13 0.12 0.3 0.3 0.2 0.2
Quartz 23.7 40.8 60.0 15.6 40.8 42.6 50.3 48.7 323 70.5
0.3 0.5 0.5 0.4 0.6 0.5 0.6 0.3 0.4 0.7
Sanidine 2.3 3.0 11.9 5.7 9.8 4.7 13.0 6.4 2.1 4.7
0.3 0.3 0.3 0.4 0.3 0.3 0.3 0.2 0.2 0.3
Oligoclase 11.2 3.2 5.6 13.2 2.3 3.3 7.6 5.3 6.8 1.7
0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.3
Calcite 7.7 <1 26 3.7 3.0
0.3 0.3 0.3 0.3
Chlorite 4.0 <1 2.8 4.5 2.7
0.3 0.2 0.2 0.2
Halite 6.5 2.7 3.1
0.4 0.3 0.2

The modal proportions, with standard errors, are quoted in wt%.

Description of the dawsonite

Macroscopically, dawsonite is easily distinguished
by its white color, fine fibrous radial habit and silky
luster (Fig. 3b). Outcrops of vitric tuffs of the Cerro
Castafio Member show dawsonite in different modes

of occurrence: a) on surface rocks, it appears as super-
ficial whitish to pinkish aggregates of tiny needles (in
some cases reddened with hematite) infilling cracks,
oriented in several directions; b) radial aggregates of
needles forming well-defined, coalescent rosettes up
to 1 cm across preserved owing to the protection of
overhanging strata.



DAWSONITE IN TUFFS AND LITHARENITES, PATAGONIA, ARGENTINA

Petrographic studies show a variety of textural
relationships with coexisting authigenic phases in
which dawsonite occurs: c¢) aggregates of radial
needles replacing vitric masses (Fig. 8a); d) completely
replacing pseudomorphically cuspate, planar, branching,
Y-shaped or blebby glass shards (Fig. 8b); e) totally or
partially replacing oligoclase (in some cases dawsonite
replaces only one individual of a Carslbad-twinned
crystal of oligoclase, Fig. 8c); f) partially replacing
detrital quartz (see Fig. 6a); g) filling irregular cavities
(Fig. 8d); and h) filling microcracks (Fig. 8d).

In our study of the paragenetic sequence through
the SEM, striking mats of dawsonite fibers up to 1 mm
long were found to grow over quartz cement (Fig. 8e).

The amounts of analcime and dawsonite display an
inverse relationship (Tables 1a, 1b). Where analcime is
abundant, dawsonite is absent (Section L), except for
sample L7 where they coexist, almost equally repre-
sented. In Section LA, they may be present together,
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but with the increase in dawsonite, analcime decreases
or disappears.

Although petrographic analyses show that oligo-
clase is commonly pseudomorphically replaced by
dawsonite, in many cases (Fig. 8c) there is not a clear
relationship between the amounts of the two minerals
(Tables 1b, 1a).

Where calcite and dawsonite cements coexist,
calcite is invariably subordinate to dawsonite. Textural
relationships demonstrate that dawsonite fibers abut
against calcite cement, and so, postdates it (Figs. 9a, b).

Hematite crystallized along both sides of microfrac-
tures, whereas dawsonite fills the center of them, which
indicates that hematite predates the dawsonite (Fig. 9c).

The characterization of dawsonite
The unequivocal identification of hand-picked,

almost pure, dawsonite was possible with X-ray diffrac-
tion (Fig. 10a). Almost all the reflections correspond to

FiG. 6. Optical micrographs a) quartz (Qtz) grains partially corroded and replaced by dawsonite (Da). b) Euhedral crystals of
analcime (Anl), ¢) Analcime (Anl) filling cavities and cracks. d) Textural relationship between analcime (Anl) and calcite
(Cal) cement.



FiG. 7.

dawsonite; only traces of quartz are present as impurity.
The cell parameters of dawsonite were calculated by
the Rietveld refinement method, with initial data taken
from Corazza et al. (1977). The unit-cell parameters
are: a 6.759(3), b 5.587(4), ¢ 10.423(4) A. A quantita-
tive estimation revealed up to 39% by weight (sample
LAG, Table 1a). Dawsonite is by far more abundant in
Section LA, being almost absent in Section L.

The thermal decomposition of dawsonite (Fig. 10b)
can be represented by the following reaction:

NaAl(OH)2C03—> H,0 + CO; + NaAlO,

The reaction corresponds to the description made by
Huggins & Green (1973) as a two-step breakdown. An
endothermic peak occurs between 287 and 525°C, and
is related to a mass loss of 33.5%, indicating a loss
of all the H,O and part of the CO,. The release of the
remaining CO; and the recrystallization of the NaAlO,
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SEM photos: a) Analcime (Anl) crystals with polyhedral forms (5 wm) and its distribution in the altered vitric mass.
b) Hexagonal hematite (Hem) crystals associated with quartz (Qtz), dawsonite (Da) and high sanidine (Sa). ¢) Halite (Ha)
with dissolution features, quartz (Qtz) and dawsonite (Da). d) Microcrystalline bipyramidal quartz (Qtz) cement (C) (<5 pm)
and dawsonite (Da).

formed are represented by an exo—endo effect in the
DTA curve and a mass loss of 8.2% between 525°
and 700°C. The total mass-loss is 41.7%, resulting in
a purity of 96.9%. The heated sampled was rapidly
quenched in dry atmosphere and analyzed by X-ray
diffraction. These analyses confirmed that all the residue
is composed of NaAlO, and traces of quartz.

The results of a chemical analysis of the purified
hand-picked sample are shown in Table 2, together with
the theoretical values. The contents of Al,03, Na,O and
the LOI indicate a very pure material.

Values of 8'*C and 8'30 for dawsonite of the Cerro
Castaiio Member tuffs and other isotopic data taken
from the literature are plotted in Figure 11. Values
of 813C are between —1.2 and —2.4%o. Values of §'%0
(SMOW) are from +13.9 to +15.2%o. A good concor-
dance is found in the data from the two different labo-
ratories where the analyses were performed (LABISE
and INGEIS).
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DIsCcUSSION

Interpretation of mineral patterns

The analcime (average 5%) and quartz (between 15
and 20%) contents detected by petrographic analyses
are coherent with results of other authors (Manassero et
al. 2000, Cladera et al. 2004), but are significantly less
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than the amounts of these mineral phases detected by
X-ray diffraction techniques (Tables 1a, 1b). This fact,
as well as SEM observations, confirms the hypothesis
that analcime (Fig. 7a) and most of the quartz (Fig.7d)
are submicroscopic, mainly distributed in the sedimen-
tary matrix and in secondary cavities, and of authigenic
origin. Their formation within the matrix required

FiGg. 8. Optical micrographs. a) Radial aggregates of
dawsonite (Da) needles replacing the vitric mass in vitric
tuffs. b) Dawsonite (Da) completely replacing glass shards
in vitric tuffs. ¢) Dawsonite (Da) replacing only one
individual of a Carslbad-twinned grain of oligoclase (Pl).
d) Dawsonite (Da) filling irregular cavities and fractures
(Fr). e) Mats of dawsonite fibers up to | mm long (SEM
photo).
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extended periods of impregnation of the deposits by
saline alkaline solutions, as stated by Mees et al. (2005).

In the saline—alkaline lake environment, glass shards
may transform by selective dissolution into smectite,
and then, into clinoptilolite, phillipsite or erionite
(Surdam 1977). As clinoptilolite was found in other
stratigraphic sections of the Cerro Castaio Member
(Iniguez Rodriguez et al. 1987, Manassero et al. 2000,
Cladera et al. 2004), it is reasonable to suppose that it
acted as a silicic, alkaline precursor to analcime formed
during burial diagenesis, as already proposed by Iiiguez
Rodriguez et al. (1987).

From thin-section observations, the content of high
sanidine rarely exceeds 5%, whereas a quantitative
estimate through X-ray diffraction shows up to 60% of
this mineral (Table 1a). The average size of the crys-
tals (4-10 wm) explains the minor quantities obtained
by Manassero et al. (2000) and Cladera et al. (2004)
by optical microscopy, and also confirms that most
of the high sanidine is distributed in the sedimentary
matrix. The existence of high sanidine only, and no
other K-feldspar in the tuffs, is interpreted in terms
of a single origin for it. Euhedral, unaltered crystals
of high sanidine coexisting with dawsonite cannot be
attributed to a primary (igneous) origin owing to its
instability when high alkaline, aggressive fluids interact
with the host rocks, in this case to form dawsonite.
Also, the unit-cell parameters are consistent with the
group of anomalous alkali feldspar, of authigenic origin,
in which @ and ¢ seem completely normal, but the b
slightly departs from the series defined by homogeneous
feldspars (Martin 1971). Accordingly, high sanidine is
considered authigenic and postdating dawsonite and all
other authigenic minerals.

Although calcite is not abundant, the presence of
sparitic cement may account for breaks in (volcanic)
sedimentation (Mees et al. 2005). Also, according to
these authors, the presence of faunal activity, verte-
brate remains and carbonate-rich fluorapatite found in
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litharenites may be related to subaerial exposures or
soil formation during breaks in sedimentation (see also
Cladera et al. 2004). In tuffs, calcite may have precipi-
tated by evaporative concentration from groundwater
in the capillarity zone where pH and the Mg:Ca ratio
increase steadily as the groundwater moves toward the
center of the basin (Surdam 1977).

A possible mechanism of dawsonite formation

The association analcime+dawsonite has only
rarely been reported in the literature. Brobst & Tucker
(1974) studied the composition and relationship of
analcime with diagenetic dawsonite in tuffs of the Green
River Formation. They concluded that analcime was
converted to dawsonite under high partial pressures of
CO; according to the reaction:

NaAlSi,Og *H,0 + CO; < NaAICO3(OH); + 2 SiO,
Analcime Dawsonite + Quartz

Loughnan & Goldbery (1972) stated that the occurrence
of dawsonite in the Singleton Coal Measures of the
Sydney Basin could be attributed to locally high partial
pressures of CO,. This statement is in agreement with
Bader (1938), who proposed that considerable excess
of CO; is necessary to precipitate dawsonite from
solutions of sodium carbonate and sodium aluminate.
Goldbery & Loughnan (1977) reported the occur-
rence of dawsonite in Permian marine strata of the
Sydney Basin, Australia, which they interpreted to be
of late syngenetic or epigenetic origin. Worden (2006)
concluded that dawsonite in the Lam Formation, in
Yemen, formed at expense of detrital plagioclase under
conditions of elevated partial pressure of CO,, with 8'3C
about —4 to —2%o, and that it resulted from an influx of
a magmatic CO, that pushed the Lam Formation into
the stability field of dawsonite at the expense of albite
in quartz-dominated sandstones.

FiG. 9.

Optical micrographs. a) Dawsonite (Da) fibers abutting against calcite (Cal) cement. b) Detail of photograph a. c)
Hematite crystallized along both sides of microfractures.
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FiG. 10. a) X-ray diffractogram of hand-picked grains of dawsonite from vitric tuffs.
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In the case of the deposits in the Cerro Castaiio
Member, an important factor to take into account
concerning the mode and timing of formation of
dawsonite is the inverse relationship between analcime
and dawsonite, which points to a transformation of
analcime into dawsonite as a reasonable hypothesis.
Reference to this inverse relationship was made by
Mason (1983). As the glass shards and vitric mass were
previously replaced by analcime, as Iiiiguez Rodriguez
et al. (1987) demonstrated, it is realistic to suppose that
analcime transformed into dawsonite, releasing silica
to the system, according to the reaction proposed by
Brobst & Tucker (1974) and mentioned above. The fact
that dawsonite has replaced the vitric mass where anal-
cime is concentrated is coherent with this assumption.

Dawsonite pseudomorphically replacing oligoclase
and detrital quartz possibly implies that plagioclase and

quartz dissolution occurred contemporaneously with
dawsonite cementation.

The presence of dawsonite in fractures, its textural
relationships with other diagenetic minerals, together
with the fact that the fibers of dawsonite are not
deformed or broken, imply not only the prior consolida-
tion of the host sediments, but also the late appearance
of dawsonite.

The paleoenvironment of deposition

The Chubut Group was deposited in semigrabens
with a thickness of more than 1000 m of sediments (ash
fall tuffs) in alluvial plains associated with saline—alka-
line lakes (Ifiguez Rodriguez et al. 1987, Manassero
et al. 2000). Diverse geological features described for
these lacustrine deposits (Sheppard & Gude 1968, Hay
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FiG. 11.  Stable isotope data, ' C and 8'8 O, for dawsonite of the Cerro Castailo Member
tuffs. Values are also plotted for other examples of magmatic dawsonite taken from
Boussaroque et al. (1975) and from Baker et al. (1995).

TABLE 2. CHEMICAL COMPOSITION OF HAND-PICKED DAWSONITE (1)
COMPARED WITH THE THEORETICAL COMPOSITION (2)

Si0, ALO, Fe,0, MNO MgO CaO Na,0 K, 0O TiO, P,0, LOI

1) 079 3508 008 0 002 010 2080 002 0 002 4266
2) - 354 - - - - 215 - - - 42.9*

LOI: Loss on ignition, * H,0 + CO,. Concentrations are reported in wt%.
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1977, Surdam 1977) have also been found among the
different members of the Cerro Barcino Formation
(Musachio & Chebli 1975, Ihiguez Rodriguez et al.
1987, Manassero et al. 2000, Cladera et al. 2004). The
hypothesis that the deposits studied here correspond to
the central part of saline—alkaline lakes, where salinity
and alkalinity of the connate waters are higher than in
the outer zones, is reasonable on the basis of the pres-
ence of diagenetic halite and trona.

According to the interpretation of mineral patterns
and textural relationships, we document a late diage-
netic stage of formation of dawsonite (Fig. 12). We
contend that several generations of silica cement were
released to the system, and that compaction may have
occurred after the formation of zeolite and some genera-
tions of silica, because they crystallized filling avail-
able pore-space and cavities and are not deformed, but
probably before hematite, halite and trona cementation.
The presence of two generations of calcite cement may
correspond to two different geological environments,
with the second one, affecting etched quartz, occurring
after dissolution of quartz and oligoclase.

The origin of CO,, Na and Al

We agree with Loughnan & Goldbery (1972) that
fluids with high partial pressures of CO, (and not
pH) must have promoted the formation of dawsonite,
because of the minor occurrence of associated anal-
cime. The CO;-rich fluids must have migrated through
fractures and faults related to the semigrabens. This
assumption is explained by the accompanying zeolitiza-
tion and partial silicification, which occurred prior to
the formation of dawsonite during burial diagenesis of
the sediments, reducing their permeability and porosity,
and turning these deposits into a confining unit capable
of retaining CO,-rich fluids.

Fluids rich in CO; are likely to derive from magmatic
sources, i.e., hypabyssal alkaline intrusive bodies (Los
Buitres — El Canquel Formation) emplaced along NW-
and NE-trending lineaments and fractures reactivated
during Eocene—Miocene time (Anselmi et al. 2004).
These bodies are found less than 10 km away in the
area and cross-cut the Cerro Barcino Formation. This
argument is consistent with the values of 8'3C (-1.7
to —2.4%0) obtained here from almost pure dawsonite
samples, which are in accordance with a magmatic
origin, being found in other parts of the world (Bous-
saroque et al. 1975, Baker et al. 1995, see Fig. 11).
Also, isotopic data presented by Golab et al. (2006) and
Worden (2006) for the source of magmatic carbon for
dawsonite from the Sydney and Shabwa basins, respec-
tively, are comparable to those from the Cerro Castano
dawsonite. Moreover, deep sources of CO,, common in
tectonically active areas of the world, have 8! C values
of about -6 + 2%0 PDB, and are related with igneous
activity or deep-seated faults, according to Ohmoto &
Rye (1979). In accordance with the arguments presented
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above, our isotopic data are inconsistent with a marine
origin or one involving organic matter for the source
of the CO,.

Values of 8'%0 are coherent with the data presented
by Baker et al. (1995). We can thus assume that
the oxygen is not of meteoric origin. In light of this
evidence, dawsonite could not be older than Eocene.

The formation of dawsonite from analcime implies
the release of SiO, during the reaction. Manassero et al.
(2000) proposed that the chemical composition of the
tuffs reflects the composition of the parental rhyolitic
magma, although the intense diagenetic silicification
makes it difficult to identify its precise source. Prob-
ably there have been several episodes of silicification,
at different stages of diagenesis, in view of the chemical
reactions involved during the transformation of glass
shards to smectite, clinoptilolite, analcime and, finally,
dawsonite, all of which release SiO; to the environment
as a byproduct.

As oligoclase has been totally or partly replaced by
dawsonite in the Cerro Castaino Member, the released
Al and Na must have, to some extent, contributed to
its formation which then, must have been contempo-
raneous. Coveney & Kelly (1971) have proposed two
chemical reactions of plagioclase to give dawsonite in
the presence of high partial pressure of CO, and H,O.

NaAlSi30g + H,0 + CO, « 3 SiO; + NaAICO3(OH),
Albite Quartz + Dawsonite
Na9CaAlSi29080 + 11 H,O + 11 CO, + 2 Na*
Oligoclase
< 29 SiO, + 11 NaAICO3(OH), + Ca**
Quartz + Dawsonite

Pyroclastic material (shards) did not contribute Na and
Al to the formation of dawsonite, because shards had
already been transformed to analcime by the time the
dawsonite formed. Apart from considering oligoclase
and analcime as internal sources of Na for dawsonite
development, the principal external source for Na and
Al probably derived from hydrothermal fluids provided
by alkaline hypabyssal bodies during Eocene time.
This is coherent with textural descriptions showing
that dawsonite is independent of sedimentary facies (it
appears in tuffs and litharenites as well). As was previ-
ously stated, analcime in Section L is found mostly
replacing vitric masses; consequently, the hypothesis
that also vitric masses were already transformed to anal-
cime, previous to the formation of dawsonite in Section
LA, is a realistic one. This supposition would clarify
the observation that “minor occurrence of analcime
associated with dawsonite is found in the Singleton Coal
Measures of the Sydney Basin” (Loughnan & Goldbery
1972), because dawsonite was formed at the expense of
analcime. The virtual absence of analcime in Section
LA with respect to Section L would also be consistent
with this inference.
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Processes

generations) to the system
[ ] Quartzcementation

] Calcite cementation

1 Compaction

[ 1 Hematite cementation
[] Halite cementation

O Trona cementation

Analcime formed by replacement of vitric mass;
clinoptilolite releases silica (several
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Environment

Closed hydrologic
basin
Saline - alkaline
lakes affected by
burial
diagenesis

[] Calcite cementation
(second generation)

|:| Dissolution of oligoclase +
quartz and cementation by
dawsonite and bipyramidal
quartz (simultaneously
produced)

FiG. 12. Paragenetic sequence.

CONCLUSIONS

1. Dawsonite has been identified in vitric tuffs and
litharenites of the Cerro Castano Member, Chubut
Group, in the Middle Valley of the Chubut River.

2. These rocks, deposited in saline—alkaline lake
paleoenvironments (closed hydrologic basin), experi-
enced burial diagenesis. By hydrolysis, the vitric glass
was transformed into clay minerals, then to analcime
via a more silicic zeolite (clinoptilolite), released silica
to the environment as a by-product in different episodes
of chemical reactions, followed by the precipitation
of calcite, hematite, halite and trona. Silicification
decreased the porosity and permeability of the unit.

3. Uplift and fracturing during Eocene time led to the
intrusion of basic alkaline hypabyssal dykes (El Buitre
— El Canquel Formation), which provided external high
partial pressures of CO, and Na-rich fluids (attack on
hydroaluminosilicates) for dawsonite formation. An
internal source of Na and Al for dawsonite formation
was provided by the transformation of analcime and
oligoclase, which occurred contemporaneously with the
generation of dawsonite.

4. The 8'3C PDB values (-1.7 to — 2.4%0) of
dawsonite are interpreted as being derived from a
magmatic source, whereas from the 80 SMOW values
(+13.9 to +15.2%o), it can be assumed that the oxygen is
not of meteoric but rather of diagenetic origin.

1 Sanidine cementation

Uplift - fracturing
Open hydrologic
basin
Igneous activity,
introduction of
hypabyssal dykes,
Na-rich solutions
and CO:at high
partial pressures

5. Dawsonite postdated all other cements generated
except the unaltered crystals of high sanidine.
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