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ABSTRACT — The ichnofauna from the Early Miocene Lower Barreiras Formation (Unit 1) exposed in the
Alcantara area (Sao Luis Basin, north of Maranhdo State, Brazil) typically represents the general traits of
brackish-water recurrent assemblages, developed in a wave-dominated incised valley estuarine setting, involving
a variety of tidally influenced subenvironments. Nine distinct ichnofabrics were recognized, recording salinity
fluctuations throughout the lower shoaling shoreline (SH) and the upper tidal channel (CH) facies associations
formed in the estuary mouth complex. From base to@miomorpha-Diplocraterionchnofabric occurs at

the base of fining upward subtidal cycles developed along shoaling coastline environments (SH), representative
of a depauperated Skolithos ichnocoenosis. Overlying fine-grained deposits b€hsalgsinoides-
Ophiomorphaichnofabric, representing an impoverished Cruziana assemblage, typical of brackish water
conditions. Coarsening-upward cycles are present in the SH deposits, and show a composite ichnofabric
dominated byTeichichnus with associateddphiomorpha, Cylindrichnus, Arenicolites, Thalassinoides,
Palaeophycus, Planolites, Rhizocorallium, Taenidium, ChondatesPhycosiphon superimposed by
monospecific ichnofabrics @yrolithesandTaenidium While theTeichichinusdominated ichnofabric reflects
brackish-water conditions in a stable and predictable substrate, as the mixed Skolithos-Cruziana ichnocoenosis,
the presence dbyrolithesand Taenidiumichnofabrics reinforces periods with extreme salinity fluctuation
through the prograding cycles of the SH depositsGlassifungitessuite occurs locally, demarcating the
beginning of rhythmic cycles alternating theichichnusdominated and bot&yrolithesand Taenidium The
Taenidiumichnofabric dominates in the upper part of the SH deposits, representing the Scoyenia ichnocoenosis,
which records phases with the lowest salt wedge. DisCygtedrichnus-Skolithoghnofabric can be observed

at the top of the SH succession. Reddish sandstones of the CH deposits present monoppéamificrpha
nodosachnofabric, suggesting reactivation of estuarine/tidal channels in back barrier environments. Upward,
it is replaced byThalassinoides-Teichichnushnofabric, developed in fine-grained sediments of lagoon
settings. The monospecifi@enidiumichnofabric occurs again in muddy deposits probably in the attributed

to inner mangrove areas.

Key words: Salinity fluctuation, ichnofabrics, Lower Miocene, Lower Barreiras Formation.

RESUMO - A icnofauna da Formag&o Barreiras Inferior (Unidade 1, Mioceno Inferior, Bacia de Sao Luis,
norte do Brasil) exposta no litoral de Alcantara (MA) representa uma tipica sucessdo de assembléias
recorrentes mixohalinas, geradas em um sistema estuarino dominado por ondas e envolvendo uma série de
subambientes influenciados por marés. Nove icnofédbricas distintas foram reconhecidas, demarcando
flutuacOes de salinidade ao longo da deposicdo de associacdes de facies litoraneas progradantes (SH) e de
canais de maré (CH) formadas proximas a regido de desembocadura do estuario. A icnoféabrica de
Ophiomorpha-Diplocrateriorocorre em arenitos dos ciclos granodecrescentes, produzidos em ambiente de
inframaré e caracterizados por uma icnocenose de Skolithos empobrecida. Na porcao superior mais pelitica
destes ciclos, ocorre a icnofabricaldelassinoides-Ophiomorphearacterizando a associacdo de Cruziana
empobrecida, tipica de condi¢Bes de adgua salobra. Ciclos granocrescentes mostram icnofabrica composta
dominantementéeichichnusnas porc¢des peliticas, co®phiomorpha, Cylindrichnus, Arenicolites
Palaeophycus, Thalassinoides, Rhizocorallium, Planolites, Taenidium, Choreitgsosiphonsuperposta

por icnofabricas monoespecificas @grolithese de Taenidium.Enquanto a icnofabrica dominada por
Teichichnuscaracteriza substratos de ambientes mixohalinos mais estaveis, tipicos da icnocenose mista
Skolithos-Cruziana, a presenca@grolithese Taenidiumreforca a ocorréncia de periodos com flutuacdes
extremas de salinidade, ao longo dos ciclos progradacionais dos depoésitos SH. Uma3o#sifuegites
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ocorre localmente, demarcando o inicio de ciclos com alternancia entre as icnofabricas dominadas por
Teichichnus as deésyrollithese TaenidiumA icnofabrica defaenidiumé dominante na porcao superior da
sucessado granocrescente, representando a icnocenose de Scoyenia e refletindo a menor cunha salina durante
essa fase deposicional. No topo dos depdsitos SH, observa-se uma discreta icnoféyiicalidehnus-

Skolithos.A icnofabrica monoespecifica d@phiomorpha nodosacorre nos arenitos avermelhados dos
depositos CH, sugerindo reativagdo de canais estuarinos/marés em ambientes atras de barreira. Em diregéo
ao topo, a icnofabrica dehalassinoides-Teichichnsibstitui a anterior, desenvolvendo-se em sedimentos

finos de zonas lagunares. No topo, a icnofabrica monoespecifit@edaiumocorre mais uma vez, em

pelitos atribuidos a zonas marginais de mangues.

Palavras-chavesFlutuacOes de salinidade, icnofabricas, Mioceno Inferior, Formagédo Barreiras Inferior.

INTRODUCTION REGIONAL AND

Incised valleys represent probably some of the most STRATIGRAPHICAL SETTING

significant concepts of sequence stratigraphy (Van Wagner  The Sao Luis Basin is a small (18,0002kmorthwest/
al., 1990; Zaitliret al, 1994). The distinction between fully marine southeast-elongated half-graben formed by reactivations of
and brackish water environments is useful for recognizing thesgormal and strike-slip faults during the last stages of the
features (Pembertoet al. 1992a, 2002; MacEachern & Gondwana break up in the Early Cretaceous (Figure 1). A thick
Pemberton, 1994). Several studies have demonstrated that tragrarly 4,000 m) Cretaceous succession filled the bulk of the
fossils are useful to identify brackish water deposits (PembertoBasin. These strata are unconformably overlain by a thin (i.e.,
& Wightman, 1992; Pembertet al.,2002), and to reconstruct maximum of 60 m thick) Miocene unit, represented by the
ancient estuarine environments, which are a main component firabas and Barreiras formations (Figure 1). Detailed
incised valley systems. Ichnofaunal distribution is an excellensedimentological studies of deposits exposed along several
means of assessing the response of infaunal organisms ¢@astal cliffs between the towns of Alcantara and Guimarées
salinity flux (Howard & Frey, 1973, 1975, 1985; Ekdeteal., indicate deposition in a wave-dominated tidally-influenced
1984; Frey & Pemberton, 1985; Pemberton & Whigtman, 1992gstuarine paleovalley including tidal channels/inlets, fluvial-
Beynon & Pemberton, 1992; Pembergdral., 1992a, 1992b,  influenced channels, tidal flats, tidal deltas/washovers, lagoons
2002; Pattison, 1992; Buat@isal.,1998b; Gingrastal.,1999,  and bays subenvironments (Rossetti, 2000). The estuary fill is
2002). In brackish water environments deep infaunal organismgéomplex, as revealed by the recognition of three stratigraphic
are more abundant than epifaunal ones (Knox, 1986; Horward &nits bounded by regional discontinuity surfaces, named Unit
Frey, 1975; Howaret al, 1975; Dorjes & Howard, 1975; 1 2 and 3 by Rossetti (2000) and representative of lower, middle/
Pemberton & Wightman, 1992), recording frequent andypper and post-Barreiras successions, respectively (Figure 2).
distinctive biogenic reworking of the substrate. The lowermost unit bears a variety of trace fossils that can
The Miocene Barreiras Formation exposed in the Alcantargarticularly useful to interpret salinity fluctuations. These
region (Sao Luis Basin, Maranhdo State, north Brazil), recordgeposits unconformably overlie Cretaceous deposits of the
deposition in a wave-dominated incised valley estuarine settingujupe Formation (Rossetti, 1998), and are composed by two
involving a variety of tidally influenced subenvironments. Thesefacies associations attributed to shoaling shoreline (SH) and
deposits were interpreted as estuarine by Rossetti (2000), basgghl channel (CH) depositional settings (Figure 3). The SH
on: (i) the presence of a depauperate ichnofauna and tHacies association averages 6-8 m in thickness and is mostly
occurrence oGyrolithes,both indicative of stressed brackish- composed by intergrading fining and coarsening upward cycles
water conditions; (ii) the dominance of sedimentary structure®.5 to 2.0 m thick. These deposits are attributed to shoreline
diagnostic of tidal processes; and (iii) the presence of widespregatogradation near a wave-dominated estuary mouth with tidal
channel deposits. The aim of this paper is to recognize distindnfluence. The fining- and coarsening-upward cycles recording
recurring brackish water trace fossil associations in Lower Barseveral shoaling upward episodes, the former attributed to
reiras Formation (Lower Miocene) and to evaluate salinityPrograding tidal flats, and the latter reflecting shoaling of
fluctuations towards the seaward-side of the estuarine systef@ndier areas at the estuary mouth (Rossetti, 2000). The
by ichnofabric analysis. Nine distinct ichnofabrics were shoaling shoreline facies association is cut by facies association
recognized in the lowermost sedimentary succession (Unit 1fzH, which provides a complete record of a large tidal channel
which records deposition behind barriers, in the in the estuar?t least 10 m deep and with an accretionary bank formed by
mouth complexgenstDalrympleetal, 1992). These ichnofabrics ~ lateral migration.
reflect the salinity content of the water, recording colonization
by fully saline marine water communities, brackish water ICHNOFABRIC ANALYSIS
communities, and freshwater communities that inhabited the Rossetti (2000) recognized 13 ichnogenera in deposits of

substrate in different times. Unit 1. The recorded ichnofauna is composedignicolites,
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Cylindrichnus, Gyrolithes, Macaronichnus?, “Macaronichnus Ophiomorpha-Diplocraterionichnofabric
anchonichnus”, Ophiomorpha, Palaeophycus, Planolites, This ichnofabric occurs in the lowermost 30 cm of the
Rusophycus, Skolithos linearis, Taenidium, Teichichand, exposed sedimentary succession in the study area (Figure
Thalassinoidespccurring chiefly as ichnofabrics. The 3C) and represents the activity of the first burrowing
references tRusophycuand‘Macaronichnus anchorichnus”  community established in the coarser-grained deposits of
are clerical errors, the former correspondinBiizocorallium  the fining-upward cycles of facies association SH (Figure 4).
and the latter té\nchorichnus anchorichnuhe occurrence  Ophiomorphaare the dominant biogenic structure, but
of Macaronichnus® not confirmed herein. Subsequently, Netto Diplocraterion also occurs (Figure 5A and C). Escape
& Rossetti (2000, 2001, 2003a, 2003b) developed preliminargtructures are common (Figure 5B). The degree of bioturbation
models based on ichnofabrics and utilized them to evaluatéé moderate, disrupting between 30 and 60% of the primary
salinity fluctuations. fabric (BI3, Taylor & Goldring, 1993). The dominance of well-
Ichnofabric analysis of Unit 1 at Peru Beach (Figure 1) letdevelopedOphiomorphanodosa,and the presence of
led to the recognition of nine distinct ichnofabrics, eachDiplocraterionand escape structures reveal a high-rate of

reflecting distinct salinity conditions consistent with the deposition, and possibly high energy.
estuarine interpretation proposed (Figure 3). The trace fossil assemblage has characteristic components

Sdo Luis Basin
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Figure 1. Location map of study area
and stratigraphic chart of the Sao Luis
Basin, Maranh&o State, northern Brazil
(modified from Rossetti, 2000).
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Figure 2. A. General view of Barreiras succession in the study area. B. Schematic diagram proposed by Rossetti (2000) to illustrate a
summary of facies relationship and stratigraphic framework of the Miocene incised valley fill. C. Detailed stratigraphic chart of the Tertiary
in northern Brazil.

of the Skolithos ichnocoenosis, suggesting deposition irof the primary fabric (Bl4-5, Taylor & Goldring, 1993).

subtidal environments (Frey & Pemberton, 1985; Buabis This assemblage is an example of the depauperate
al., 1998b). Otherwise, truly marine trace fossils commonlyCruziana ichnocoenosis (Frey & Pemberton, 1985), typical of
reported in high-energy shallow marine sandy deposits, sucstressed environments from restricted basins such as lagoons
asRosselia(Nara, 2002) anlacaronichnugPembertoret  and bays that occur behind barriers associated with outer
al., 2002), are absent. Ichnodiversity is very low, reflecting aestuarine areas (Pembertenal., 1992b; Pattison, 1992).
depauperate Skolithos ichnocoenosis, probably due to discrefdthough salinity is low, a marine influence persists in those
salinity fluctuations. settings.

Thalassinoides-Ophiomorphahnofabric Teichichnusdominated composite ichnofabric

This ichnofabric occurs from 0.30 to 0.53 m in the exposed  This ichnofabric is complex and preserved in lower silty
sedimentary succession (Figure 3C), being typical of finerto muddy deposits of coarsening-upward cycles present in
grained sediments from the upper part of the finning-upwardhe SH facies association, occurring from 0.53 to 4.97 m of the
cycles in the facies association SH (Figure 4). Abundanstudied profiles (Figures 3C and 4). It corresponds to the
ThalassinoidescommonOphiomorpha nodosagalleries,  Rhizocoralium-Teichichnughnofabric reported by Netto
small Palaeophycusand rareTeichichnusand Planolites & Rossetti (2000, 2001, 2003a, b) and contains abundant
are part of this assemblage (Figure 5C, D). Feeding antieichichnuscommonPalaeophycugs?lanolites, Chondrites,
dwelling structures of trophic generalists are dominant.Phycosiphonand flattened, diminutivEhalassinoidesare
Ichnodiversity is very lowThalassinoideshows normally  Rhizocorallium, Arenicolites, Cylindrichnusand
flattened, and medium to small size galleriBlse deposits Ophiomorphaand rare smalBkolithos linearigFigure 6).
are strongly bioturbated, showing disruption of almost 90%The degree of bioturbation is extremely high (almost 100%
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Figure 3. Strip log of the Barreiras succession at Peru Beach (A), detaching the Lower Miocene Unit 1 sedimentary sequence (B) and

showing detailed ichnofabric distribution (C)
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primary fabric disruption; BI5-6, Taylor & Goldring, 1993). subordinate. The majority of traces represent structures
Cylindrichnus(Figure 6A) Arenicolitesand Skolithos  generated by trophic generalists (ifalaeophycus,
linearisoccupy the first, shallowest tier (Figure 7). They arePlanolites, Rhizocorallium, Teichichnus and
crosscut byPalaeophycusind ThalassinoidegFigure 6B,  Thalassinoides
E), which occupy the second, deeper tier (Figure/figreas Presence of both vertical and horizontal burrows, the
Teichichnusand Planolites occupy the third one, dominance of feeding and dwelling structures of trophic
crosscutting the previous suites (Figures 6B, C, F, and 7generalists and the high degree of bioturbation are the main
The deepest tiers are occupied respectively by largeharacteristics of the assemblage, allowing to interpret it as a
Chondrites(mostly reworkingThalassinoidedurrows) and  mixed Skolithos-Cruziana ichnocoenosis (Pembesgtaal.,
PhycosiphorfFigure 6D, E, and 7), which crosscut the whole 1992a, 2002). The abundance of biogenic structures (Bl 5-6,
complex ichnofabricErequency of bioturbated beds is high Taylor & Goldring, 1993), the increasing in ichnodiversity
(almost 100% of beds bioturbated) and diversity increaseand the tiering structure suggest stable mesohaline
with respect to theédphiomorpha-Diplocrateriorand  depositional setting&hizocoralliumandCylindrichnusare
Thalassinoides-Ophiomorphizhnofabrics. Feeding truly marine components (Pembergdral.,1992b), common
structures are dominant, and dwelling structures aréoth in fully marine and brackish-water settings (Pemberton
et al.,2002).ArenicolitesandSkolithos

are common in marine settings, but have
m % also been recorded in brackish and
= 2w E w freshwater environments (Bromley &
E1&6 o 28 Asgaard, 1979; Pembertenal.,1992a;
SHOALING SHORELINE FACIES ASSOCIATION E % <>.-> :’t, N Buatois et al., 1998a; Gibert &
(%] Martinell, 1998). In fact, most of the trace
- fossils observed are facies-crossing,
§ ranging from shelfal to marginal-marine
§ environments and several may reach
" freshwater settings. The abundance of
gs g w vertipal strl_Jctures suggestg period_s of
@ 83 @ z relatively high energy, consistent with @
®8 % || = deposition in a wave-dominated, tidally
‘HE H ﬁ influenced estuarine setting (Rossetti,
E g gl 3 = 2000). The characteristics of trace fossil
30 2| £ E assemblage suggest deposition at the
£8 g 8 3 seaward lower estuary environments
X %S s (Ranger & Pemberton, 1992). Sparse
s ® 8 galleries ofOphiopmorphaalso occur
i and, together withlRhizocorallium,are
: attributed to construction during a
c following stage of colonization (Figure
” 6F).
£ z
e |
§ 8 o g Glossifungites ichnofabric
£128)| ¢ ® This ichnofabric occurs locally, des-
Q o | B = . .
3 g z E cending from the interface between an
-'§ ; £ z upper 50 cm-thick bed of muddy
g Z|E g deposits bearing th&eichichnus-
g g dominated ichnofabric and a lower 5
o cm-thick bed of bright yellow fine- to
— medium sandstone located at 2.18 miin
2 g the study sections (Figure 3C). It is
g Z w dominantly composed by sharp-walled,
3/ 82| 2 long and narrow, U-burrows of
2 1 3| a 0 9 )
E 3|3 ; Diplocraterion and tear drop-shaped
3 § £ 3 burrows which penetrate deeply into
é Z,’ * & the substrate, cross-cutting the
g | i previous Teichichnusdominated

compositeichnofabric (Figure 8). The

Figure 4 . Lower to middle deposits of SH facies succession showing the upward distribution deposits are weakly bioturbated, with

of the ichnofabrics, which reveals changes in the water salinity. Scale bar = 10 cm.
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atleast 70% of the previous fabric intact (BI2, Tayloff®
& Goldring, 1993). The Glossifungitéshnofabric |
represents colonization of firmgrounds (resulting|
from exhumation of compacted mud). It is mosi
common in marginal marine settings by maring -~
organisms, and usually demarcates omissio| =~
surfaces (Pembert@bal.,1992a, 1992b, 1997, 2002; | = -
Bromley, 1996; Buatois & Mangano, 2000; Netto,f’

2001, Buatoigt al.,2002). A millimeter-scale laminae |
of black, oxidized material characterizes the omissio|
surface in the study area (Figure 8). This surface
characterized by erosional exhumation of a mui
surface, subsequent colonization by marind. « "
organisms during an interval of non-deposition, an’ >
finally burial of the surface by sand-dominated
sediment.

Gyrolithesichnofabric
This ichnofabric is preserved in upper silty to
muddy deposits of the coarsening-upward cycle
from facies association SH, locating between 2.18 t
4.97 m in the study sections up to the surface beari
the Glossifungitehnofabric (Figures 3C and 4). It
consists solely ofGyrolithes,and is always
superimposed over th&eichichnusdominated
compositeichnofabric (Figure 9). The corkscrew
galleriesof Gyrolithesare common in these deposits,
@ but the degree of bioturbation is moderate to weal
disrupting approximately 30% of the previous fabric
(BI2-3, Taylor & Goldring, 1993). Netto & Rossetti
(2000, 2001, 2003a, 2003b) had been preliminarilj
interpreted a close relationship betwé&yrolithes
and Taenidium,proposing aGyrolithes-Taenidium
ichnofabric. However, more accurate analysig¥s
revealed that both ichnogeneraccur in
monospecific assemblages, representing distin
colonizations.
Gyrolithesis interpreted as a typical representativel,

of brackish water conditions (Gernant, 1972; Powell
1977 Beynon & Pemberton, 1992; Dworschak &Figure 5. Fining-upward cycles of SH facies association of Lower Barreiras
Rodrigues, 1997; Pembertet al., 1992b, 2002)! succession (Unit 1) bearing the Ophiomorpha-Diplocraterion (A, B, lower
chiefly in Cretaceous and Tertiary rocks. Thenalf of C) and Thalassinoides-Ophiomorpha ichnofabrics (upper half of C,
corkscrew morphology oGyrolithesis usually D). Deposits having dominance of Ophiomorpha show local occurrence of

; ; [plocraterion (A) and frequent escape structures (B). Palaeophycus is a
considered an escape strategy to avoid eXtrerrc%mmon trace fossil in the Thalassinoides-Ophiomorpha ichnofabric (D).

salinity fluc_:t_uations (Ranger & P_embertonv 1992)-Dp = Diplocraterion; Pl = Planolites; Op = Ophiomorpha; Th =
Monospecific assemblages Girolitheshave been  Thalassinoides. Scale bar = 10 cm.
interpreted as substrate reworking at the most

landward reaches of the salt wedge inside the estuarypo1). Alternatively, it may well be a salinity-related behavior

(Pembertoret al.,2002). since mangrove swamps occur in supratidal settings.
Spiral burrows were observed attached to galleries made by

modern axianassid shrimps in mangrove settings by Dworscharfgenidiumichnofabric

& Rodrigues (1997). They usually are related to organic-rich  Thjs ichnofabric is monospecific and well preserved in
layers in the substrate and are interpreted as a strategy to obtgjfo 5 cm-thick bright yellow fine- to medium-grained
maximum available food. Therefore, its presence in poorlysandstone beds located between 1.63 to 1.68 m and from 2.18
oxygenated mud of mangrove areas more likely representstg 2. 23 m, and in silty deposits occurring from 7.35 to the end
feeding strategy to efficiently exploit the organic-rich layers of of the study sections (Figures 3C and 4). These beds appear
the substrate rather than an escape strategy itself @ietto  pelow and above the 50 cm-thick silty to muddy bed with the

~ ot " A 3 s . ) y
v o - e »}‘
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Glossifungites ichnofabricTaenidiumis the unique  50% of the primary fabric (BI3, Taylor & Goldring, 1993). This
component and large specimens occur (Figure 9). Thé&chnofabric represents a common association in brackish
Taenidiumichnofabric is also commonly observed descen-water ichnofacies (Pembertehal.2002), usually related to
ding from sandstone beds that intercalate with silty to muddynoderate to high energy settings, such as estuarine point
deposits along the entire succession of facies associatidmars under polyhaline to mesohaline conditions.

SH, always superimposed to the previdimlassinoides-

Ophiomorphaand Teichichnusdominated ichnofabrics. Ophiomorphaichnofabric

However, it is more common from 2.23 m to the top of the  This is a monospecific ichnofabric @phiomorpha
section. Density offaenidiumis considerable in some nodosathat occurs in the coarser-grained deposits that
intervals, reworking between 30 and 60% of the previousharacterize the lower half of facies association CH from 5.32
fabric (BI3, Taylor & Goldring, 1993). As sucfaenidium  to 6.18 m of the exposed sedimentary succession (Figures 3C
dominant- to monospecific assemblages tend to become moesd 9). Huge, well-developed galleries, with diameters
frequent towards freshwater to continental substratebetween 4 and 7 cm occur, disrupting at least 60% of the
(Scoyenia Ichnofacies, Pemberton & Frey, 1985; Buatois primary fabric (Bl4, Taylor & Goldring, 1993). It represents an
al., 1998b, 2002), salinity conditions in this part of study opportunistic behavior of marine organisms, commonly
interval are interpreted to be equivalent to landward portionsecorded in sand bars and which penetrate into the estuary

of estuarine deposits (oligohaline zones). during flood tides. The huge size of t@phiomorpha
tunnels, the well-sorted fine-grained quartz sand pellets in
Cylindrichnus-Skolithosichnofabric the burrow walls, and the well-developed system gallery

This ichnofabric occurs from 4.97 to 5.15 m of the suggest deposition in marine-influenced environments and
exposed sedimentary succession (Figure 3C). It containgrobably polyhaline to mesohaline conditions.
dominantCylindrichnus and Skolithos,and common
Arenicolites Diversity is low and bioturbation disrupts 30 to Thalassinoides-Teichichnusomposite ichnofabric

This ichnofabric occurs in the
finer-grained deposits that
constitute the upper half of facies
association CH, from 6.18 to 7.35
m of the exposed sedimentary
succession (Figures 3C and 10). It
contains abundant
ThalassinoidesTeichichnusand
Palaeophycus,and isolated
Ophiomorpha, Planoliteand
Taenidium(Figure 10) Dwelling
and feeding structures are the
main behavioral patterns. The
tiering structure here is less
complex than those of the
Teichichnusdominated composite
ichnofabric. Ophiomorpha
burrows appear to represent initial
colonization, however the
shallowest tier is not preserved.
Thalassinoides, Palaeophycus,
Teichichnus, Planolitesand
Taenidiumoccupy the medial tier,
crosscutting theDphiomorpha
burrows.Diversity is low, but the
degree of bioturbation is high (BI5,
Taylor & Goldring, 1993),
suggesting again a depauperate
Cruziana ichnocoenosis. Such

— - — — characteristics support deposition
Figure 6. Coarsening-upward cycles of SH facies association of Lower Barreiras succession i restricted environments. such
(Unit 1) hosting the complex Teichichnus-dominated composite ichnofabric. Ch = Chondrites; Cy e
= Cylindrichnus; Pa = Palaeophycus; Pl = Planolites; Op = Ophiomorpha; Ph = Phycosiphon; as lagoons and bays associated
Rh = Rhizocorallium; Te = Teichichnus, Th = Thalassinoides. Scale bar = 10 cm. with estuarine settings.
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TIER

ICHNOGUILD

Teichichnus |Thalassinoides| Cylindrichnus

\'

Chondrites

Figure 7. Tiering diagram of the Teichichnus-dominated composite ichnofabric and the successive
stages of substrate occupation. Initial colonization by vertical burrows (1) occupies the shallowest tier,
increasing the substrate with organic-rich matter and opening the way to deeper colonization by
deposit feeders (2 and 3). The deepest tier usually is poor-oxygenated, limiting aerobic life but favoring
scavengers and chemosymbionts (4, 5). Out of scale.

----omission surface e

Figure 8. A. General aspect of the Glossifungites suite. Bar scale: 10 cm. B. Schematic draw showing longness of Diplocraterion (Dp)
and the tear drop-shape burrows (Gl) and its close relationship with the erosional surface on the top, characterizing an omission surface
(sensu MacEachern et al., 1992).
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GENERAL DISCUSSION of brackish-water environments. Brackish-water faunas are
. . ) . . characterized by: (i) low organic diversity; (ii) small size of

Marginal marine environments characteristically d'SpIayorganisms; (iii) high density of individuals; (iv) trophic
steep salinity gradients due to variability in amounts Ofgeneralists; (v) burrowing organisms that excavate deep
freshwater inputs, rainfall, evaporation, tidal range and salinity,side the sediments and make morphologically simple
content in adjacent coastal waters, as well as variations igryctures: (vi) burrowing activity chiefly for dwelling and
coastal morphology, wind direction and velocities (Pembertor}eeding purposes (Ekdalet al., 1984; Pemberton &

& Wightman, 1992). Salinity fluctuations generate wightman, 1992; Beynon & Pemberton, 1992; Pembeston
physiologically stressful conditions for a great number ofa|., 1992b, 2002; Buatoi al.,1998b; Gingrast al.,1999).
organisms, and together with changes in turbulence and As many of the benthic fauna that inhabits brackish-water
turbidity of water, oxygen content, temperature, and substratgettings is composed of infaunal organisms, most of the
exposure, influence the distribution of benthic fauna incharacteristics cited above are well reflected in the
estuarine environments (Pembergdal, 2002). Accordingly, ichnological record. Thus, ichnodiversity in brackish-water
benthic communities of substrates affected by salinityenvironments decreases, being critical in areas of salinity
fluctuations tend to consist of opportunistic elements, typicalower than to 5 ppm, in which only estuarine endemic
organisms (oligohalines) can
survive (Figure 11). The
density of bioturbation vari-

es from high in quiet,
protected settings, to low, in
high-energy settings and
poorly-oxygenated muds.
Bioturbation is commonly
more pervasive towards the
seaward-influenced side of
the estuary.

The oxygen-content of the
substrate plays an important
role in faunal distribution in @
brackish-water environments.
Poorly-oxygenated substrates
normally inhibit occupation
by organisms dependent
upon oxygen-content from
pore water for respiration. The
development of low-oxygen
substrates in brackish-water
settings creates an extra
constraint for infaunal
occupation. In extreme
circumstances, only biogenic
structures made by
chemosymbionts are preserved.

The ichnofabrics recorded
in the Lower Barreiras reflect
most of the above-mentioned
characteristics, including: (i)
low ichnodiversity; (ii)
dominant dwelling and feeding
behavior patterns; (i) simple
structures made by trophic
generalists; and (iv) both ver-
tical and horizontal burrows in

the same assemblage. These
Figure 9. Monospecific ichnofabrics recorded in the Unit 1: the Gyrolithes ichnofabric (A), features correspond to the
reworking the Teichichnus-dominated ichnofabric; the Taenidium ichnofabric, superimposed to ; ; _ ;
the Teichichnus-dominated (B, C) and to the Thalassinoides-Teichichnus (D) ichnofabrics; and _mlxed Sk0|!thOS C?ru2|an_a_1
the Ophiomorpha ichnofabric (E), showing the characteristic thick pelleted-wall of O. nodosa. ichnocoenosis _and' in sp_ecmc
Gy = Gyrolithes; Ta = Taenidium. Scale bar = 10 cm. cases, to an impoverished
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Cruziana assemblage, both commonly preserved in brackislinterval interpretation. The same prograding character is
water influenced settings (Pembertbal.,1992a1997; Buatois  observed in the SH coarse-grained cycles of the Lower Barrei-
& Méangano, 2000). The trace fossil assemblages recorded ias Formation. Finally, both units show cyclic sedimentation
the study area are equivalent to suites observed in the moresulting from alternating marine and freshwater influxes.
seaward-influenced side of many estuarine settings (Pemberton The freshwater influx in the Lower Barreiras succession
& Wightman, 1992; Pembertat al, 1992b, 2002; Ranger & can be evaluated by the presence of monospecific
Pemberton, 1992; MacEachern & Pemberton, 1994). Recentlgssociations ofsyrolithes and Taenidium,the former
Pembertoret al. (2002) proposed a schematic profile of the ge-commonly related to areas undergone to extreme salinity
neral traits common to brackish water ichnofacies. Some trend$uctuations (Gernant, 1972; Powell, 1977; Ranger &
presented in this profile match with the ones observed in thPemberton, 1988, 1992; Strobl, 1988; Beynon & Pemberton,
Lower Barreiras succession, such as: (i) the occurrence df992; Pembertoet al,, 1997, 2002), and the latter consistent
monospecific associations, particula@yrolithes (i) the pre-  with periods of freshwater to continental conditions (Taylor
sence of a general brackish suite, represented herein by tBeGawthorpe, 1993) (Figure 12). Otherwise, marine influx
Teichichnusdominated ichnofabric; and (jii) the occurrence of would have brought fully saline opportunistic fauna,
a mixed Skolithos-Cylindrichnus association, represented byepresented by th®phiomorpha-Diplocrateriorand
theCylindrichnus-Skolithoghnofabric. In addition, thin sandy Cylindrichnus-Skolithoschnofabrics, as well as the
layers with discrete cryptobioturbation are sporadicallyCylindrichnus-Skolithosuite of theTeichichnusdominated
observed in the study area. ichnofauna, which rapidly colonized the substrate and

A similar ichnofauna occurs in inclined heterolithic maintained itself while salinity values were higher than those
stratification (IHS) from the southern part of the Miocene of mesohaline conditions. Below that, only euryhaline
Solimbes Formation that crops out along the Acre River, neaspportunists and endemic estuarine fauna can survive, and
the city of Rio Branco (Acre State), northwestern Brazil diversity is at a minimum (Figure 11). However, the overall
(Gingraset al, 2002). A complex ichnofabric is recorded in bioturbation index may remain high. Both groups characterize
the upper part of that unit, composed@phiomorpha, the typical brackish water fauna, represented in the Lower
Thalassinoides, Arenicolites, Chondrites, Planolites,Barreiras by theThalassinoides-Ophiomorphahe
Scolicia, Teichichnus, Lockeia, Cylindrichnus, Thalassinoides-Teichichnusnd theTeichichnusdominated
Diplocraterion, Trichichnusand also?Gyrolithes.Only  ichnofabrics (Figure 12).

@ Scolicia, Lockeiaand Trichichnuswere not recognized in Freshwater influx reduces not only diversity, but also the @
the Lower Miocene Barreiras Formation, which otherwisedegree of bioturbation, as extreme salinity fluctuation
containsTaenidiumandPalaeophycusGingraset al.(2002)  normally constraints animal distribution. In freshwater and
interpreted the ichnofauna as generated in a marginal marirmntinental environments, monospecific assemblages and low
channel, under tidally-influenced and mesohaline wateidegree of bioturbation are common and may suggest
conditions, recording seasonal or annual cyclic sedimentargolonization during short periods of time. Otherwise, the
events, as reflected by the IHS beds. medium to high degree of bioturbation and the complex

Despite minimal difference in trace
fossil composition, the SH facies
association from the Barreiras Formatio
is highly comparable with the 5.1 to 7.(
m interval of the SolimBes Formation
(Gingraset al, 2002). Both exhibit: (i) an
erosional unconformity with the |

sands and highly bioturbated siltyf*

deposits (Bl 5-6, Taylor & Goldring, [
1993), primary mixed Skolithos-Cruziane
and impoverished Cruzianahws
assemblages; and (jii) a Glossifungite[#t i
assemblage demarcating a discontinuif= %
between the underlying and the
overlying sets of cyclic sedimentation E
The shoaled upper IHS sets of thjEts s
Solim&es Formation show a progradini -3
character, which can be observed in tHe= i

f!gured strip log (G|'ngraet al, 2002, Figure 10. The Thalassinoides-Teichichnus composite ichnofabric. Pa = Palaeophycus;
fig. 3, p. 594) and in the 5.1 to 7.0 Mpj = pjanolites; Ta = Taenidium; Te = Teichichnus;, Th = Thalassinoides. Scale bar = 10 cm.
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ichnofabric observed in brackish-water settings need a long- CONCLUSIONS

term period of time involved in substrate colonization. Intense _ _ _
reworking obscured the record of older biogenic structures. The ichnofauna observed in the Lower Barreiras

This suggests continuous, albeit slow, vertical accretion anfformation (Early Miocene) represents burrowing of
a certain stability of bottom conditions. This in turn requiressediment by infaunal invertebrate organisms adapted to
a period of time longer than the six-hours daily tidal cycles.brackish-water conditions. The vertical distribution of
Thus, cyclic alternation between muddy silt deposits highlyichnofabrics along the entire succession denotes frequent
bioturbated with the compleXeichichnusdominated salinity fluctuations, sometimes extreme, which varied from
ichnofabric and the crosscuttirigyrolithesand Taenidium  the lowest salt wedge to freshwater and continental
ichnofabrics may reflect seasonal sedimentation and salinitgonditions. The presence of fully marine organisms
fluctuations, probably recording spring and neap tidal cycleseomprising a mixed Skolithos-Cruziana ichnocoenosis and
of a complex, highly bioturbated ichnofabric typical of an
impoverished Cruziana assemblage indicate deposition in
the seaward portion of a wave-dominated estuary, proba-
bly in the inner estuary mouth. Rhythmic alternation
\ betweenTeichichnusdominated ichnofabrics and the
superimposedyrolithes/Taenidunichnofabrics reinforce
a tidal influence during deposition. The presence of
Gyrolithes superimposed over the complex, highly
bioturbated assemblage established in the silt muddy
deposits of the coarsening-upward cycles from facies
association SH and its close association Welkenidium,
suggest periods of extreme salinity fluctuations, when
salinity values were at a minimum and a lowest salt wedge
could be recorded in the inner zone of the estuary mouth
complex. In addition, the complex ichnofabrics resulting from
oligo- Boeline —_— str_ong bioturba_tion in silty to m_ud(_jy depqsi?s (i.e.,
Ihaline (Brachyhaline) | (Euhaline) | Teichichnusdominated andrhalassinoides-Teichichnus
05 5 18 30 40% ichnofabrics) requires a long-term development period. It
| allows characterize the rhythmic deposition of coarse-
Limnetic A grained deposits of SH coarsening-upward cycles as
resultant of seasonal cyclic events, which probably reflect
annual spring and neap tidal cycles.

In general, fully marine ichnofabrics are replaced upward
by brackish water assemblages, which are, in turn, mostly
reworked by freshwater to terrestrial assemblages. The upward
recurrence of trace fossil associations is consistent with the
prograding character of the SH facies association, as recorded
by the coarsening-upward cycles just overlying the surface
from where the Glossifungites ichnofabric descends. Despite
its well-known stratigraphic significance, the Glossifungites
ichnofabric in the Unit 1 of the Lower Barreiras Formation
showed a very local occurrence, suggesting that the erosional
surface is off limited significance in terms of regionally sea-
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