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High-grade ignimbrites occur in a Neoproterozoic sequence in Southernmost
Brazil.

They are associated to a high-silica Na-alkaline magmatism.

Rheomorphic deposits occur in the upper portion of the pyroclastic sequence.
The pre-eruptive temperature obtained shows values between 850-978°C .

The high grade of the welding and the rheomorphism are sin-depositional
process.
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Abstract - Neoproterozoic magmatism in southern Brazil is associated with translithospheric
shear belts and strike-slip basins in a post-collisional setting related to the last stages of the
Brasilian-Pan African Orogenic Cycle. It evolved from an association of high-K calc-alkaline,
leucocratic-peraluminous and continental tholeiitic magmas, to an association with
shoshonitic magmas and, eventually, to an association with magmas of the sodic mildly
alkaline series. This magmatism varies from metaluminous to peralkaline and exhibits
alkaline sodic affinity. A large volcanism is related to this alkaline sodic magmatism and is
named the Acampamento Velho Formation. This unit was coeval with subaerial siliciclastic
sedimentation in post-collisional basins preserved in the region. The Acampamento Velho
Formation consists of pyroclastic and effusive volcanic deposits, which are mainly silicic,
emplaced under subaerial conditions. The best exposures of this volcanism occur on the
Ramada and Taquarembo plateaus, located southwest of Rio Grande do Sul in southernmost
Brazil. The pyroclastic flow deposits are composed mainly of juvenile fragments such as
pumices, shards and crystal fragments. Welding is very effective in these units. High-grade
ignimbrites occur at the base and intermediate portions of the deposits and rheoignimbrites are
observed at the top. The pre-eruptive temperature calculations, which were obtained at the
saturation of zircon, revealed values between°®7978C for Taquarembd Plateau and
850°C-946C for Ramada Plateau. The calculated viscosity values vary from 6.946 to 8.453
logn (Pas) for the rheoignimbrites and 7.818 to 10.588 Idtas) for the ignimbrites. Zr
contents increase toward the top of the pyroclastic sequence, which indicates an increase in
peralkalinity and determines the reduction in viscosity for clasts at the upper portions of the
flows. The patterns of the structures of the ignimbrites and rheoignimbrites in the
Taquarembd and Ramada plateaus accords well with successive pyroclastic flows that halts en
masse. In this model the entire pyroclastic flow halts en masse, so complex vertical changes in

grain size and composition are interpreted as recording deposition from successive discrete
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pyroclastic flows. The stratification observed in intermediate units in Taquarembo6 Plateau
might reflect in this case variation in eruptive dynamics and short pauses.

Keywords: welding; rheomorphism; ignimbrites; high-silica; Neoproterozoic.

1. Introduction

Welding in eruptive volcanic products is an efficient deformation mechanism that
involves the simultaneous sintering of vesicular and partially melted fragments in high-
temperature flow deposits (Smith, 1960b; Guest and Rogers, 1967; Riehle et al., 1995).
Welding results in definite textural and physical features (occurrence of fiamme, eutaxitic or
parataxitic fabric, low porosity, deformation or pyroclastic particles) which are sometimes
observed in ignimbrites (Smith, 1960a, 1960b, 1979; Ross and Smith, 1961; Ragan and
Sheridan, 1972; Peterson, 1979; Streck and Grunder, 1995; Quane and Russell, 2005). Several
authors involving theoretical and experimental aspects have considered that welding may be
influenced by interactions between the eruption, flow dynamics and cooling of volcanic
deposits. The welding process can be extreme for high-grade pyroclastic flow deposits
(Walker 1983), where certain portions, called lava-like ignimbrites, are texturally
indistinguishable from lava flows (Ekren et,dl984; Henry et al 1988). During and/or after
deposition, the structures are formed by deformation caused by non-particulate flows, which
is a continuous process known as rheomorphism (Schmincke and Swanson, 1967; Chapin and

Lowell, 1979; Wolff and Wright, 1981; Branney et, dl992).

High-grade ignimbrites occur in many volcanic settings and are sustained by alkali-
rich magmas and encompass a wide compositional spectrum, which varies from basalts to
rhyolites (Chapin and Lowell, 1979; Branney et al., 1992; Freundt, 1998). However, the most
documented examples, which are from systems with high magmatic temperatures and

elevated amounts of viscosity-reducing elements, have a peralkaline rhyolitic composition and
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4
also low lithic content (Schmincke and Swanson, 1967; Schmincke, 1974; Wolff and Wright,

1981; Mahood, 1984; Kobberger and Schmincke, 1999).

In Brazil, welded deposits were spotted in several ancient volcanic sequences, from
Paleoproterozoic to Neoproterozoic volcanic settings. They are normally associated with
silicic volcanism, where high-grade and rheomorphic ignimbrites are common (Sommer et al.,
1999, 2003, 2005, 2006; Barros et al., 2001; Pierosan et al., 2011; Barreto et al., 2013).

In this work, we discuss the welding significance of the rhyolitic ignimbrites of the
Neoproterozoic Acampamento Velho Formation in southernmost Brazil. We also combine
and integrate detailed fieldwork descriptions of this unit with petrography and lithochemistry.
The terminology adopted to the characterization of the ignimbrite lithofacies is similar to
Branney and Kokelaar (2002), combining grain size, depositional structures and fabric. The
facies association was defined on the basis of volcanic units as pyroclastic flow (Table 1).

The Acampamento Velho Formation is characterised by a non-deformed and non-
metamorphosed silicic volcanic succession situated in the western portion of the Sul-Rio-
Grandense Shield. The un-altered preservation of the volcanics and previous detailed
characterisation of the deposits and their regional context (e.g. Ribeirol&as; Wildner et
al., 1999, 2002; Sommer et,al999, 2003, 2005, 2006; Almeida et a002), has facilitated
this further detailed investigation of the emplacement and welding characteristics of the

ignimbrites in the Acampamento Velho Formation.

TABLE 1

2. Analytical procedures
The lithochemical studies are based on chemical analyses of ignimbrites that represent
different lithotypes. The major and trace elements were analysed at Activation Laboratories

Ltd., in Ontario, Canada, by using the ICP technique (Inducti@elypled Plasma) for major
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elements and ICP-MS (Inductively Coupled Plasma Microspectrometry) for trace and rare

earth elements.

Temperature data were calculated using Watson (1979) and Watson and Harrison
(1983) methodologies that involve whole-rock chemical composition (major elements and
Zr), which were applied to compositions of H20 > 2% and M parameter values between 0.9
and 2.1 [M = (Na+K+2xCa)/(AlxSi) (Hanchar and Watson, 2003). Other temperature data
were obtained by the Sisson and Grove (1993) methodology, which involves only
compositions of the major elements.

Viscosity data were calculated using the model of the Giordano et al. (2008). This
model predicts the non-Arrhenian Newtonian viscosity of silicate melts as a function of T and
melt composition, including the volatile constituents (H20 and F). This model was based on
experimental measurements of viscosity at T(K) on melts of known composition at
atmospheric pressure €lBa). It is continuous in composition- and temperature-space and
predicts the viscosity of natural volatile-bearing silicate melts ASKD,O3, TiO,, FeQ,

CaO, MgO, MnO, NzO, K,0, POs, H,0, RO ™) over fifteen log units of viscosity (18-

10" Pa s). This model is capable of accommodating strong and fragile behavior of silicate
melts (respectively, near- and non-Arrhenian T-dependences) and it reproduces observed
relationships between melt composition and transport properties (i.e. glass transition

temperature and fragility).

3. Geological setting

The Neoproterozoic lithologic section in southernmost Brazil is characterised mainly
by plutonism along major translithopheric shear belts and by plutonism, volcanism and
sedimentation in strike-slip basins such as the Camaqua. This volcano-sedimentary section is
situated in relatively non-deformed areas and positioned on a basement of older igneous and

metamorphic terrains (Fig. 1). The basin was formed during the post-collisional stages
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(Liégeois, 1998) of the Brasiliano-Pan-African orogeny and is considered a strike-slip basin,
although controversies exist regarding its classification and mechanism of generation
(Almeida et al., 1981; Brito Neves and Cordani, 1991; Fernandes et al., 1992; Chemale, Jr.,
2000; Paim et al., 2000). In this work, the post-collisional stage was considered as tectonically
complex period, subsequent to the main collision stage that includes great movements along
the shear zones, oblique collision, lithospheric delamination, rifting, subduction of small
oceanic plates and volcanism associated with the basin sedimentation (Liégeois, 1998; Bonin,
2004).

Regarding the geological evolution, the basin can be interpreted as a depositional
locus characterised by alternating depositional events and erosive intervals. The depositional
episodes were dominated by the accumulation of sedimentary and volcano-sedimentary
sequences with kilometric thickness. In the filling phases, the volcanic units are predominant
at the base of the units followed by the predominant deposition of siliciclastic sediments. This
dynamic context, which involved igneous, sedimentary and deformational events, generated a
complex filling pattern represented by a series of stratigraphic units (Paimn2&04).

The Neoproterozoic-Ordovician magmatism of the Camaqué& Basin evolved from
tholeiitic and high K calc-alkaline magmas to shoshonitic and sodic alkaline magmas. The
crustal contribution is represented by peraluminous granitoids (Wildner 20@2; Sommer

et al, 2006; Lima et a) 2007) (Fig. 1).

The older volcanic rocks have compositions that are predominantly intermediate with
shoshonitic affinity, with minor basic and acid compositions (Hilario Formation—Ribeiro and
Fantinel, 1978 or Hilario Alloformation—Paim et al., 2000). U-Pb and Ar-Ar data obtained
from volcanic rocks of the Hilario Formation suggest ages from 585 Ma to 590 Ma (Janikian

et al, 2008).

The sodic-alkaline volcanism, named the Acampamento Velho Formation (Ribeiro

and Fantinel, 1978) or Acampamento Velho Alloformation (Paim.e2@00), succeeded the
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shoshonitic magmatism and was formed of predominantly silicic explosive/effusive deposits.
U-Pb SHRIMP analyses of zircon crystals extracted from rhyolites of the Passo do Salsinho
area identified their agesa.574 Ma (Chemale Jr., 2000; Janikian et al., 2008) an&50

Ma for rhyolites from the Ramada Plateau area (Sommer, 2085).

The last volcanic manifestations of the Camaqua Basin (RodeioVelho Member,
Ribeiro and Fantinel, 1978 or RodeioVelho Andesite, Paim.e2@D0) are represented by
basalts with moderately alkaline-tholeiitic affinity and andesites with age$35 Ma

(Almeida et al, 2010).

FIGURE 1

4. Acampamento Velho Formation—volcanic evolution and stratigraphic framework

This unit is characterised by rocks with basic-silicic composition and represented by
the erupted portion of a voluminous sodic, silica-saturated, alkaline magmatism, which is
mostly metaluminous with minor peralkaline components (Nardi and Bonin 1991; Sommer et
al., 2005, 2006). The volcanic activity occurred under subaerial conditions and is exposed
mainly in volcanic plateaus and ridges that are composed mostly of silicic lavas and
pyroclastic deposits with minor intermediate and basic components (Wildner et al., 2002;
Almeida et al., 2002; Sommer et al., 2005). Eruptive periods generally initiated with
explosive episodes and closed with effusive events, which suggests a decrease in volatile
activity throughout the progress of volcanic eruption and represents a complete volcanic
eruptive cycle.

An important characteristic of the Acampamento Velho Formation is the

predominance of sub-horizontal ignimbrites (about 80% of the total volcanic sequence) that
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formed plateaus with areas around 300-40%)knith an average thickness of 100m. These
deposits still preserve typical features from primary pyroclastic processes. Their features are
indicative of high-temperature flows with gases exsolved in the liquid during the
fragmentation. These attributes may suggest a subaerial volcanism most likely related to
caldera formation. The main units are pyroclastic flow deposits that are comprised primarily
of ignimbrites generally covered by rhyolitic lavas.

The stratigraphic organisation of the Acampamento Velho Formation was suggested
by Wildner et al (1999), Almeida et al(2002) and Sommer et.af1999, 2005), who
considered that the best exposures of this unit are localised in Vila Nova do Sul (Ramada

Plateau) and Dom Pedrito (Taquarembé Plateau) (Fig. 2).

FIGURE 2

The silicic rocks from the Acampamento Velho volcanism generally reveal SiO
contents above 70 wt% and FeOt/(FeOt+MgO) ratios greater than 0.9, which is typical of
alkaline rhyolites (Ewart, 1979) (Fig. 3). They present a predominant metaluminous character
to comenditic peralkaline character (MacDonald, 1974; Le Maitre, 2002), although
subalkaline rocks are also observed (Wildner.el8089; Sommer et al2005; Sommer et al
2006; Lima et aJ 2007). The predominant peralkaline character in silicic rocks is suggested
by the high Zr content (Leat et al., 1986). The trace elements from rhyolites exhibit patterns
similar to the granitic rocks of an intra-plate environment. The high Ce/Nb ratio is similar to
the post-orogenic magmatic associations (Leat et18i86). REE patterns are typical of
alkaline series with LREE enrichment relative to HREE. (Fig. 3)

Several authors have suggested a mantle source for the Acampamento Velho
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magmatism. The Rb, Sr, Sm and Nd isotopic data combined with the trace elements in
geochemistry suggest an EMI source for the rock type in the Taquarembo Plateau (Gastal and

Lafon, 1998; Wildner et 311999; Chemale et.alLl999).

FIGURE 3

4.1. Geology of the Taquarembé Plateau

The Taquarembd plateau has an average thickness of 150m, and is composed of two
stratigraphic units (Sommer et,al999). The older one is a succession of shoshonitic basic-
intermediate lava-flows and volcanogenic sedimentary deposits from Hilario Formation. The
younger unit is constituted of silicic lava flows separated by pyroclastic deposits
(Acampamento Velho Formation) (Figs. 2 and 4). The basement units are composed of

Paleoproterozoic granulite terranes and Neoproterozoic sedimentary sequences.

The silicic volcanism can be divided into 3 subaerial main eruptive cycles that reflect
variations in the volcanic activity of this sequence (Fig. 2 and 4). The first cycle is
characterised by trachytic-rhyolitic lava flows. The second cycle is characterised by explosive
volcanic activity, which was responsible for the formation of ignimbritic deposits. The last
cycle was formed of lava flows with compositions similar to the first cycle. After the release
of volatiles and subsequent pyroclastic activity, the explosive activity prompted new effusive

events that produced effusive rocks with compositions similar to effusive cycle one.

4.1.1. Ignimbrites facies

The ignimbrites were deposited in areas with horizontal topography without effective
gravity control of rheomorphic movements. Three cooling units with thicknesses lower than

30 m were identified in ignimbritic deposits from the Taquarembo Plateau and most likely
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correspond to three pyroclastic flow events, named flow 1, flow 2 and flow 3.

The first cooling unit is poorly sorted, massive, relatively homogeneous and has a
higher concentration of lithic fragments at the lower portion (mL(nl)), which are
predominantly lapilli-sized and from andesite (accidental) and rhyolites lavas (cognate).The
top (eLT) is rich in pumices and strongly flattened shards (eutaxitic and parataxitic textures)

and exhibits a high degree of welding with features indicative of rheomorphism (Fig 4 and 5).

The intermediate cooling unit corresponds to flow 2 where the ignimbrites are
organised in successive sub-horizontal layers. The basal level of this unit is approximately 1
m thick and reveals a micro-cross lamination, which is mainly composed of shards and
pumices with fine (< 1 mm) grainsize labeled xsT and can represent a ground surge level
(Sommer et al.,, 1999). The origin of the stratification can be related to the different
depositional unit successions, which were deposited almost simultaneously, working as one
cooling unit (Fig. 4). The stratification is marked by the intercalation of layers that contain
different proportions of the lithics-pumice composition. In general, they are laterally
continuous (hundreds of meters) and 1 m thick and display smooth normal grading with lithic
lapilli fragments and reverse grading in pumices sL(nlip), as evidenced by the greater amount
of fiamme toward the top of the layers. The deposits consist predominantly of lapilli- and ash-
sized pyroclasts, are represented by lithic fragments (ignimbrites and rare andesitic rocks),
crystal fragments (alkali feldspar and quartz, pumices and other glass shards). An eutaxitic
texture is the main structural feature and occurs in portions of the deposit where the welding
is more intense. Axiolitic and spherulitic textures are common devitrification features.
Adhesion and deformation of pumice and shards with a cusped habit occur at the matrix (Fig.
5). Some pumices maintain their original morphology, which may be related to the high
concentration of lithic, rigid fragments which had limited plastic deformation. In the middle
portion of the unit 2 occur a level rich in ignimbrites and obsidian fragments with size since

6.5 to 20 cm (sLB).
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The rheomorphic ignimbrites, which occur at the upper portion of the pyroclastic flow
sequence (unit 3), exhibit approximate thicknesses of 14 m and their contact is marked by
erosive discordance. These ignimbrites are different from the ignimbrites on the underlying
level, because they are homogeneous, porphyritic and exhibit an aphanitic vitriclastic matrix
(Figs. 4 and 5). The deposits are massive, poorly sorted and show a slight enrichment in lapilli
ignimbrites fragments on the bottom (2-4 mm), whereas an enrichment of crystals is observed
toward the top (rheomLT). A strong flattening of glass shards and pumices is often observed,
as well as parataxitic texture that involves quartz and K-feldspar crystals. Rotational
structures in crystal fragments are common and associated with features of higher stretching.

Spherulitic and axiolitic textures are also observed (Fig. 5).

FIGURE 4

FIGURES

4.2. Geology of the Ramada Plateau

The Ramada Plateau (Fig. 1) covers an area of 24 km (E-W) by 12 km (N-S) and is
about 120 m high. It is comprised mainly of subaerial volcanic succession characterized by
silicic pyroclastic flow deposits, mafic to acidic lava flows, besides of shallow intrusions (Fig.
2). The basement units are composed of gneisses and tonalite associations with juvenile
isotopic signature and Neoproterozoic sedimentary sequences. The lower portion of the
Ramada Plateau is comprised of andesitic lava flow deposits, followed by volcanogenic
conglomerates observed mainly in the eastern part of the plateau (Hilario Formation). This
unit is overlain by basic-silicic volcanism (Acampamento Velho Formation) and characterised

by the following (Fig. 2): (1) silicic ignimbritic deposits in near-horizontal layers (60-80 m
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thick); (2) basic dykes (1-3 m thick) that cut the pyroclastic sequence; (3) rhyolitic lava flows

(20-30 m thick) that overlie the pyroclastic deposits with complex flow foliation and most
likely erupted along fractures; and (4) mafic lava flows intercalated with the upper silicic lava
flow sequence and restricted to a small portion northwest of the plateau. Subvolcanic silicic
intrusions cut the andesitic basal unit and country rocks around the Ramada Plateau. Dykes
and sills (1-5 m thick) are the dominant intrusions, although domes with NW-SE and NE—
SW orientations are observed. These subvolcanic intrusions represent probably feeder dykes

and lie below a complex system of ancient vents for volcanism of the Ramada Plateau.

4.2.1. Ignimbrites facies

All ignimbritic exposures, which were deposited on areas with horizontal topography,
indicate a higher degree of welding and an approximate thickness of 60 m. The ignimbritic
facies association, which suggests a formation from 3 distinct cooling units, produced
deposits that display similar characteristics. The ignimbrites from unit 1 are roughly 20 m
thick and exhibit a tabular geometry. They are massive, poorly sorted and abundant in lapilli-
sized subangular lithic fragments (mLT). Rhyolitic cognate fragments are prevalent, but
accidental lithic fragments are observed too (granitoids, andesites and sandstones fragments).
The matrix is ash-sized and composed mainly of glass shards and pumices lapilli. Crystal
fragments of quartz and K-feldspar also compose the matrix (Fig. 6).

The deposits of the unit 2 are 25 m thick on average and occur disposed in tabular
geometry. This unit is poorly sorted and shows lateral gradational changes in ignimbrites with
abundant lithic fragments and pumice lapillis. K-feldspar and quartz phenocrystal fragments
are also present. Ignimbrites are separated into two main facies: lenticulites and crystal-rich
deposits. The lenticulite facies consist of a welded rhyolitic ignimbrite with vitriclastic matrix
and alkaline feldspar, quartz, pumice fragments and rare lithic lappili (//bpL). In general

pumices are flattened and aligned, defining a planar foliation subparallel to bedding. The
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lenticular aspect and eutaxitic texture are a result of high-grade welding of the deposit. The
matrix generally involves the quartz and K-feldspar crystals fragments with corrosion gulfs
(Fig. 7). Axiolites and spherulites, which are common features of high-temperature
devitrification processes, are observed mainly in the pumice fragments. Thin layers (0.4-0.6
m) of crystal-rich ignimbrite (crLT) overlie the lenticulites (Sommer et al., 2001). They have
high crystal contents (50-60%) and are composed of K-feldspar (0.5-2.5 mm) and quartz (1-
2 mm) phenocrystal. Rare pumice, accidental and cognate lithic fragments occur in an ash-
sized matrix composed mainly of shards. Welding of the deposit generates an incipient
eutaxitic texture. The high concentration of crystals in ignimbrites may be related to eruptions
of highly crystallised magmas or physical fractionation during the flow (Cas and Wright,
1987).

The unit 3 of the ignimbrite sequence is characterised by rheomorphic ignimbrites
(rheomT) with thicknesses of approximately 15 m that occur with tabular geometry. They are
massive, aphanitic to porphyritic, with a vitriclastic matrix and ash-sized pyroclasts. A strong
foliation is marked by the stretching of pumices and glass shards. The petrographic
descriptions illustrate that contact among the constituents was obliterated and the external
limit of the fragments disappeared. The foliation of the parataxitic texture involves alkaline
feldspar and quartz that show rotational structures. Fiamme with a higher degree of stretching,

transformed into spherulites and axiolites is common (Fig. 7).

FIGURE 6

FIGURE 7

5. Composition, temperature and viscosity data

Crystallisation and viscosity temperatures were estimated from the chemical
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compositions of the rocks. They are necessary to discuss the welding mechanisms. For the
Acampamento Velho Formation, the determination of these parameters was based on the
chemical compositions of the ignimbrites and rheoignimbrites from the Taquarembd and

Ramada plateaus (Table 2).

The ignimbrites of both sequences may be considered high-silica rocks because they
generally have SipQvalues that vary from 72 to 77 wt% (Table 2). They most likely
crystallised from peralkaline liquids and due to a loss of alkali elements, exhibit maximum
agpaitic index values near 1. The loss of these elements usually occurs during crystallisation,
or is due to post-magmatic alteration processes (Leat et al., 1986). The original peralkaline
affinity of this association is supported by high Zr contents, generally over 300 ppm (Leat et
al., 1986). Zr contents are similar for the ignimbrites of the Taguarembé and Ramada plateaus
and the highest values are found in the rheomorphic ignimbrites that were disposed in the

upper sequence.

5.1. Temperature

The temperature data were estimated from the major elements and Zr contents,
according to the method suggested by Watson (1979) and Watson and Harrison (1983).
Furthermore, thdiquidus temperature was calculated by following the Sisson and Grove
(1993) systematics.

The zircon saturation data of the ignimbrites from the Taquarembd and Ramada
plateaus indicate a temperature interval betweef(8@0ad 978C (Tab. 2). It is similar to the
interval obtained for thequidus temperature (908—-953C). These values are slightly higher
than values registered by Streck and Grunder (1997) for the Rattlesnake Tuff Rhyolite, which
displayed metaluminous affinity to slightly peralkaline affinity. Values of 850+50°C for the
crystallisation temperature of zircon were obtained by Pierosan(204ll) for metaluminous

acid ignimbrites from the Iricoumé Group. These results are similar to the results obtained for
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357 representative rhyolites and granites of A-type magmatism (Clemens et al., 1986; King et al.,
358 1997; Dall’Agnol et al.,, 1999; Hergt et al., 2007). Experimental data acquired by Patifio

359 Douce (1997) indicate approximate temperatures of 950°C for the generation of A-type
360 magmas.

361 The comparison of the calculated temperatures (Table 2 and Fig. 8) indicates higher
362 magmatic values for the ignimbrites of the Taquarembé Plateau (87G)T@&n the values

363 estimated for the Ramada Plateau (850°G@46 At the upper ignimbritic units of both

364 plateaus, high magmatic temperatures were obtained for rheoignimbrites (averadg€)y 945

365 that are consistent with the higher Zr contents in these lithotypes.

366 The higher degree of welding in these deposits combined with partial rheomorphism in
367 some sections indicates little loss of heat during the origin and emplacement of these flows,
368 which is common in low-eruptive columns. These deposits are dominated by juvenile
369 fragments such as pumices, shards and massive vitreous fragments. The degree of welding, as
370 observed in the ignimbrites of the Acampamento Velho Formation, is indicative of variable
371 temperatures. The vertical variations in clast size and fragment type are observed at the
372 intermediate and base portions. These variations are associated with pronounced eutaxitic
373 texture, which partially maintains the clastic aspect of the deposit. The rheoignimbrites with
374 parataxitic and micropoikilitic textures are concentrated at the upper deposit portions. They
375 are generated by intense deformation of pumice and vitreous fragments and are associated

376  with devitrification in high temperatures.
377
378 5.2. Viscosity

379 The viscosity obtained for the rocks from the Acampamento Velho Formation was
380 calculated from data of the major elements using Giordano et al. (2008) model and values are

381 shown in the table 2. As an initial parameter, we assumed an anhydrous condition, whereas
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the temperature data were estimated by the Zr saturation method (Watson, 1979; Watson and

Harrison, 1983; Hanchar and Watson, 2003).

The calculated viscosity values vary from 6.946 to 8.453) I(Rp s) for the
rheoignimbrites and 7.818 to 10.588#ofPa s) for the ignimbrites (Fig. 8). The highest
values were obtained from rheoignimbrites in the upper stratigraphic units (Table 1). These
results are similar to the results obtained for the Rattlesnake Tuff and Campanian Ignimbrite
(Giordano et a)] 2006; 2008), and the Paleoproterozoic rhyolites from the Iricoumé Group

(Pierosan et 812011).

FIGURE 8

TABLE 2

6. Discussion

The ignimbrite deposits of the Taquarembd and Ramada plateaus exhibit a high degree
of welding, which may be indicative of high temperatures. Over most of their outcrop the
ignimbrites rests on a flat, horizontal paleosurface and forms a plateau with uniform thickness
and structural characteristics. The large amount of pumices and the low occurrence of lithics
are compatible with high-grade ignimbrites (Marti el al.,, 1991). Diagenitic features
(alteration, dissolution and mechanical compaction) were not observed and therefore cannot
be used to explain the presence of fiamme and eutaxitic texture. The high temperatures
obtained are close to the values discussed by Grinder(80@b) for the Rattlesnake Tuff
Ignimbrite that displays similar chemical affinity. Higher temperatures are observed for the
rheoignimbrites with Agpaitic Index around the unit and consequently, present lower

viscosity. It may explain the rheomorphism observed in this facies.
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Experimental data for rhyolitic systems under anhydrous conditions indicate minimum
welding temperatures between 900and 1008C (Grunder et al 2005), which are higher
than temperatures observed in natural systems. VariationgsOncBintent can reduce the
minimum welding temperature to 6@ for metaluminous siliceous systems (Quane and
Russell, 2005). According to Dingwell and Webb (1990), this temperature represents the
kinetic limit between a liquid (viscous system) and a solid (elastic behavior) in reaction to
applied mechanical stress. In this situation, the particles are viscous and deformed above the
glass transition allowing for welding. Below this temperature, welding is inhibited. The
difference in temperature between viscous and elastic limits in peralkaline systems may reach
100° C (Llambias, 2003). Therefore, compositional aspects are important for the
understanding of welding origin, considering transition temperature of the glass for each
chemical system. The influence of compaction ap@ Eontent in the welding of ignimbrites,
which is associated with temperature, was also evaluated in experimental form by Griinder et
al. (2005). The load pressure exerted over the accumulation of pyroclasts during flow has
been assumed as one of the main factors responsible for the compaction and expulsion of
interstitial gases (Smith, 1960).,@ is another important factor in decreasing viscosity of
magmas and its presence promotes viscous deformation (Shaw, 1972). According to Dingwell
et al (1996), low HO contents are typical in rhyolitic glasses an@Hontents ranging from
0.2% to 0.4% are sufficient for causing the super saturation and liberation of volatile in
rhyolitic magmas during rising, which substantially reduces magma viscosity and
consequently inhibits the rapid loss of this phase. Lithostatic load larger than 1 MP& (600
0.2% H0), which corresponds to a deposit thicker than 40 m, would be necessary to generate
a welded deposit (Dingwell et al., 1996). Significantly higher pressures (5 MPa) have
experimentally generated textures with high degrees of welding under equivalent
temperatures and,B contents.

The cooling unit thickness is smaller than 30 m at the Taquarembo Plateau and this is
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typical for peralkaline ignimbrites (Schmincke, 1974). The presence of crystallised quartz in

these cooling units is common according to Schmincke, 1974. The same characteristics are
observed in the Ramada Plateau cooling units. Rheoignimbrites with parataxitic texture are
concentrated in the upper portions of the Taquarembd and Ramada plateaus, which display

stretched vesicles filled with microcrystalline material.

The diversity of high-grade pyroclastic deposits leads to different model proposals for
the origin and emplacement of these high-temperature flows. According to Schmincke and
Swanson (1967), pyroclastic textures with strong deformation are generated from a viscous
laminar flow in movement, where the agglutination of hot pyroclastic particles is gradually
flattened and deformed when flow mass decelerates. Another model was proposed by Chapin
and Lowell (1979), which considered that the agglutination and deformation of pyroclastic
particles occur during the initial emplacement of a dense flow. These processes progressively
become more intense in the base and lateral boundary layers during the filling of a valley.

Wolff and Wright (1981) postulated that the welding and rheomorphism are
established after the transportation and deposition of pyroclastic flow. In this model, as well
as in the Schmincke and Swanson (1967) model, the halt of the pyroclastic flow is required.
The complex vertical changes in grain size and composition could be interpreted as deposition
of successive pyroclastic flows.

Branney and Kokelaar (1992, 1997, 2002) assumed that the deposition of thick high-
grade ignimbrites may be generally related to the rapid and continuous pyroclastic
aggradation. In this manner, the changes in composition and eruption constituents would be
registered in the ignimbrite vertical zoning. According to these authors, the massive lapilli tuff
deposits are generated by progressive aggradational processes in the basal layer, with high
concentrations of pyroclasts versus volatile, which are independent of the particle contents
and higher degree of fluid turbulence. The high degree of welding and rheomorphism

considered in this model is not restricted to very dense flows placed in valleys. The vertical
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changes in welding intensity indicate modifications in viscosity of the clasts (temperature,
composition and volatile content) from the base that is aggraded during the flow. The
deformation of the deposit may continue after the pyroclastic material is supplied. The model
of agglutination that occurs during the progressive aggradational process shows the advantage
of explaining some vertical changes in grain size, composition and welding intensity in the
same pyroclastic flow. An important effect resulting of this process is the increase of average
particle size within the flow and this enhances settling rates. Another main effect is the
formation of a non-particulate and rheomorphic lower part of the flow. It is fed by the main
particulate turbulent flow. This non-particulate part may move relatively independently of
main flow and has as peculiar characteristics the presence of the mass flow structures. The
progressive homogenization of the liquid particles, and partial to complete obliteration of the
primary clastic structure may generate lava-like facies.

The patterns of the structures of the ignimbrites and rheoignimbrites in the
Taquarembd and Ramada plateaus accords well with successive pyroclastic flows that halts en
masse. In this model the entire pyroclastic flow halts en masse, so complex vertical changes in
grain size and composition are interpreted as recording deposition from successive discrete
pyroclastic flows (Schmincke and Swanson, 1967; Wolf and Wright, 1981). The stratification
observed in the intermediate units of the Taquarembd Plateau reflects in this case variation in
eruptive dynamics and short pauses of the volcanic activity.

The vertical variations in grain size, constituent type, degree of welding and increase

in Zr contents occurs towards the top of the plateaus, (rheoignimbrites - units 3).

7. Conclusions

Neoproterozoic volcanic deposits from the Acampamento Velho Formation were
formed under subaerial conditions in the Sul-Rio-Grandense Shield, which is located in

southernmost Brazil. Evidence of this volcanism can be found in the southwest region of the
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Rio Grande do Sul plateaus. They are composed of ignimbrites and silicic effusive rocks. The
geochemical affinity of the magmatism is compatible with metaluminous to peralkaline sodic
series and associated with post-collisional stages. The higher degree of welding in these
deposits combined with partial rheomorphism in some sections indicates little loss of heat
during the origin and emplacement of these flows, which is common in low-eruptive columns.
These deposits are dominated by juvenile fragments such as pumices, shards and massive
vitreous fragments. The pre-eruptive temperature data obtained reveal high values. The degree
of welding, as observed in the ignimbrites of the Acampamento Velho Formation, is
indicative of variable temperatures. The vertical variations in clast size and fragment type are
observed at the intermediate and base portions. These variations are associated with
pronounced eutaxitic texture, which partially maintains the clastic aspect of the deposit. The
rheoignimbrites with parataxitic and micropoikilitic textures are concentrated at the upper
deposit portions. They are generated by intense deformation of pumice and vitreous fragments
and are associated with devitrification in high temperatures. Stretched vesicles filled with
microcrystalline quartz may have been generated by lateral migration of volatiles between the
flow surfaces. The geochemical data indicate that the Zr contents increase towards the top of
the pyroclastic sequence. This variation in Zr content also suggests an increase in
peralkalinity. It may contribute to the reduction in viscosity of the clasts. T{@ H
contribution is not discarded as an additional factor in the reduction of the viscosity, as well as
the higher concentration of pumices in the rheoignimbrites and the liberation of the volatiles

during deformation (Legros et al., 2000).

The high degree of welding and rheomorphism in the ignimbritic deposits from the
Taquaremb6 and Ramada plateaus may be explained by the en masse model (Schmincke and

Swanson, 1967; Wolf and Wright, 1981) .
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FIGURE CAPTIONS

Figure 1 — Geological map of the western portion of the Sul-Rio-Grandense Shield, which

shows the location of the Ramada and Taguarembo plateaus.

Figure 2 - Schematic stratigraphic profiles of the (a) Taquaremb6 and (b) Ramada Plateaus.
The description of the facies codes (rheom LT, sLT(nl-ip), LT(nl), eLT, mLT, //bpL, crLT,

sLl) are displayed in the table 1.

Figure 3 —Representative lithochemistry data of silicic volcanic rocks of the Acampamento
Velho Formation: (a) Si@x Zr/TiO, classification diagram (Winchester and Floyd, 1977); (b)
R1-R2 classification diagram (De la Roche et al., 1980); (c) spidergram of trace elements
normalised by ORG (Pearce et al., 1984); (d) REE diagram normalised by chondrite
(Nakamura, 1974); (e) geotectonic diagram (Pearce et al. 1984); and (f) geotectonic diagram
(Whalen et al.,, 1987). Legend: field in gray colour; representative composition of silicic

volcanic rocks of the Acampamento Velho Formation.

Figure 4 -Schematic stratigraphic profile of the ignimbritic deposits of the Taquarembd

Plateau. The description of the facies codes (rheom LT, sLT(nl-ip), LT(nl), eLT, mLT, //bpL,
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crLT, sLl) are displayed in the table 1.
Figure 5 —Representative photomicrographies of ignimbrites in the Taquarembé Plateau that
illustrate the different degrees of welding: (a-c) = shards and pumice fragments in the welded
ignimbrite matrix related to stratified deposits; (d) fiamme in welded ignimbrite; (e) crystal
fragments, axiolites and eutaxitic texture in welded ignimbrite; (f) crystal and lithic fragments
in welded ignimbrite with eutaxitic texture; (g-h) parataxitic texture and rotated crystal

fragment related to rheomorphic ignimbrites.

Figure 6 —Schematic stratigraphic profile of ignimbrite deposits in the Ramada Plateau. The
description of the facies codes (rheom LT, sLT(nl-ip), LT(nl), eLT, mLT, //bpL, crLT, sLI)

are displayed in the table 1.

Figure 7 —Representative photomicrographs of ignimbrites on the Ramada Plateau showing
different degrees of welding: (a) welded ignimbrite rich in rhyolite fragments; (b) crystal-rich
welded ignimbrite; (c) shards and pumice fragments in welded ignimbrite; (d) crystal
fragments and pumice in welded ignimbrite with eutaxitic texture; (e) crystal fragments,
pumice and flattened shards in welded ignimbrite; (f) crystal fragments with stretched pumice
in rheomorphic ignimbrite; (g-h) crystal fragments and pumices in rheomorphic ignimbrite

with parataxitic texture.

Figure 8 —Diagrams displaying the relation of calculated temperature values with Zr (ppm)
content: (a) Ramada Plateau; (b) Taquarembd Plateau. Viscosity values in relation to
temperature for rheoignimbrites and ignimbrites of the Taquaremb6 and Ramada plateaus (c).
Legend: Ram rheo upper = rheoignimbrites of the upper portion of the Ramada Plateau; Ram
weld int = welded ignimbrites of the intermediate portion of the Ramada Plateau; Ram weld
low = welded ignimbrites of the lower portion of the Ramada Plateau; Taq rheo upper =
rheoignimbrites of the upper portion of the Taquarembd Plateau; Tag weld int = welded
ignimbrites of the intermediate portion of the Taquarembo Plateau; Taq weld low = welded

ignimbrites of the lower portion of the Taquarembd Plateau.
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Table 1 -Terminology adopted to the characterization of the ignimbrite lithofacies of the

Acampamento Velho volcanism (modified from Branney and Kokelaar, 2002).

Table 2 —Lithochemistry data (major in % wt; trace in ppm), and temperature and viscosity
results of representative samples of the rheoignimbrites (rheom) and ignimbrites (ign) from
the Acampamento Velho Formation. Legend: samples CC = Taquarembé Plateau; samples

RM = Ramada Plateau.



Facies Cod. Lithofacies Description

rheom LT Massive, poorly sorted, vitriclastic matrix; strong flattening, rotational
structures and high stretching

sLT(nl-ip) Stratified | apilli-tuff, poorly sorted, normal grading of lithic fragments
and reverse grading of pumice fragments

LT(nl) Massive poorly sorted ignimbrite; normal graded lapilli-sized lithic
fragments in ash-sized matrix

eLT Lapilli-tuff with eutaxitic texture

mLT Massive lapil li-tuff

/IbpL Welded rhyalitic ignimbrite with vitroclastic matrix; pumices lapilli
flattened and aigned, defining a planar foliation subparallel to bedding

crLT Crydta rich | apilli-tuff

sLI Stratified lapilli-tuff, rich in lithic fragments




CC02 CCO08A CC12A CC25 CC188 CC74|RM23A RM22 RM 86A RM52 RM111 RM36

Rheom Rheom Rheom Ign Ign Ign| Rheom Rheom Rheom Ign Ign Ign
L ocalization/Plateau Taquarembo Ramada
Flow unit upper upper upper intermediate intermediate lower| upper upper intermediate intermediate intermediate lower
SO, 74.09 76.25 77.59 75.42 72.61 72.55 7254 72.89 73.27 75.55 73.46 71.50
TiO, 0.3 0.23 0.22 0.31 0.41 0.20 0.23 0.20 0.13 0.15 0.11 0.11
Al,O4 11.31 10.88 10.31 11.01 12.72 12.84 11.86 12.72 12.10 11.44 11.65 13.39
FeO, 3.47 3.72 3.66 3.60 391 3.18 283 235 1.95 1.13 1.84 1.40
MnO 0.03 0.02 0.01 0.10 0.04 0.07 0.05 0.02 0.02 0.02 0.04 0.02
MgO 0.44 0.49 0.46 0.10 0.10 0.07 024 0.10 0.08 0.07 0.07 0.14
CaO 0.11 0.09 0.13 0.15 0.27 0.51 0.76  0.06 0.02 0.05 0.29 0.58
Na,O 4.72 3.03 3.47 3.71 431 431 3.72 3.60 3.65 3.53 435 4.66
K,0 4.26 4.25 3.96 4.17 3.90 4.19 511 553 5.73 5.06 495 468
P,O5 0.1 0.02 0.01 0.01 0.00 0.01 0.04 0.04 0.01 0.04 0.02 0.03
LOI 0.21 0.75 0.37 0.87 04 114 190 1.30 1.00 1.00 1.00 1.10
Total 99.29 100.02 100.45 99.79 99.01 99.23 99.6 99.07 98.16 98.17 97.98 97.77
IAGP 1.09 0.88 0.97 0.96 0.89 0.91 0.98 0.93 1.01 0.98 1.07 0.95
Ba 73 119 157 122 548 477 272 288 133 181 162 143
Rb 160 118 146 136 86 124 99 113 141 138 151 250
S 30 34 40 30 23 48 25 20 10 22 10 20
Zr 719 801 781 684 544 360 682 634 511 570 637 385
T Sat Zr (M) (°C) 936 978 963 947 923 870 920 943 913 928 920 870
T liquid (°C) 935 931 939 929 920 931 952 922 886 884 879 904
Viscosity
logn (Pas) 8.107 7.768 8.29 8.453 8.661 8.648| 7.015 7.5 8.154 8.3 7.831 8.547
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