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ABSTRACT

Upper Miocene strata in the Acre sub-basin, Brazil, consist dominantly of

various types of inclined heterolithic stratification and pedogenic horizons.

These strata were sedimentologically and ichnologically described to: (i) study

different temporal controls responsible for inclined heterolithic stratification

generation and their variation in a distal–proximal trend; and (ii) delineate the

depositional setting. For this purpose, nine representative outcrops were

sedimentologically and ichnologically studied, and their facies associations

described. Thickness variations of the heterolithic strata of various orders

(lamina, lamina bundles and beds) were analysed by statistical methods

(Fourier transform). The deposits were interpreted as tidally and seasonally

influenced estuarine or delta-related and continental strata. The inclined

heterolithic stratification deposits represented vastly different settings ranging

from tidally dominated, brackish-water ichnofossils-bearing channels to

seasonally controlled, articulated Purussaurus (a freshwater alligator) fossil-

bearing channels. Several time cycles were distinguished in the strata,

including semi-diurnal, fortnightly and seasonal. Tidal imprint was best

observed in low-energy brackish-water settings, whereas seasonal rhythmicity

was distinguishable throughout the depositional system. However, the latter

was most apparent in riverine channels proximal to the inferred fluvio-tidal

transition. The different temporal controls commonly had distinguishable

impact on sedimentological and ichnological properties in the studied

sediments. The differing properties included: (i) the degree and nature of

lateral variability with respect to lithology and bedforms in inclined

heterolithic stratification; (ii) the lateral continuity of inclined heterolithic

stratification; (iii) the nature of sedimentary contacts between the inclined

heterolithic stratification members; (iv) thickness variation of inclined

heterolithic stratification members within a set; (v) the cyclicities observed

in inclined heterolithic stratification series; (vi) the degree of bioturbation; (vii)

the types of trace fossils observed; and (viii) the distribution of bioturbation in

adjacent inclined heterolithic stratification members.

Keywords Ichnology, inclined heterolithic stratification, Miocene, sedimen-
tology, tidal deposits, tidal rhythmites, western Amazonia.
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INTRODUCTION

This paper describes facies associations of upper
Miocene strata in the Acre sub-basin, western
Amazonian foreland basin, Brazil (Fig. 1). The
facies associations mainly consist of various types
of inclined heterolithic stratification (IHS of
Thomas et al., 1987) and pedogenic horizons that
locally dominate the sedimentary record. IHS
successions have received increasing attention
recently because of their value as hydrocarbon
source rocks (e.g. Athabasca Oil Sands, Canada).
Most commonly, these successions have not only
been interpreted as lateral accretion deposits of
meandering fluvial or tidal channels and creeks
(e.g. Thomas et al., 1987; Page et al., 2003), but
also as braided rivers, Gilbert-type deltas and
elongate bars (Dalrymple et al., 2003). Although
no detailed comparisons between different IHS
types have been made, it has been tentatively
proposed that purely fluvial IHS may differ from
their tidally influenced counterparts in that they
possess more irregular bedding and dip angles
(Thomas et al., 1987). Moreover, IHS in Gilbert-
type deltas differs from other IHS types by
showing an upward-coarsening pattern.

The role of different temporal controls in IHS
formation is also relatively poorly understood,
and only few detailed studies on the subject exist.
Notable exceptions include Gingras et al. (2002)

and Lettley (2004). IHS formation is generally
attributed to seasonal or random changes in the
fluvial flow power in the continental settings, and
seasonal and fortnightly migration of turbidity
maxima in tidally influenced environments (e.g.
Smith, 1988; Ainsworth & Walker, 1994; Bechtel
et al., 1994; Choi et al., 2004).

This paper has two objectives. The first was to
provide new knowledge of IHS development,
particularly with regard to temporal controls
and their variation in a distal (seaward) to
proximal (continental) gradient. For this purpose,
nine representative outcrops were sedimentolog-
ically and ichnologically studied, and their facies
associations described (Fig. 1). The studied
deposits provide exceptional insight into this
issue because: (i) IHS deposits are diverse, reflect-
ing both freshwater and brackish-water settings in
the area; and (ii) typically, the deposits have good
temporal resolution, allowing distinction of
annual and tidal cycles. Sedimentological and
ichnological responses to different temporal con-
trols are compared, and some criteria are set out to
distinguish them. This information is potentially
useful in interpreting related deposits elsewhere.

The second purpose of the paper was to provide
new palaeoenvironmental data for the Acre sub-
basin Late Miocene, the depositional history of
which is currently under debate. This paper is the
first regional study based on these methods in the

Fig. 1. Study locations: (a)
Tarauacá, 16Æ5 km west of Tarauacá
along BR 364; (b) Community
Katukina (7�46¢17¢¢ S, 72�13¢14¢¢ W);
(c) Cocha Cashu (11�54¢11¢¢ S,
71�23¢39¢¢ W); (d) Seringal Amapa
(10�00¢45¢¢ S, 67�50¢23¢¢ W); (e)
Talisma (approximately 8�47¢27¢¢ S,
68�49¢43¢¢ W); (f) Pavuna (approxi-
mately 9�55¢40¢¢ S, 67�52¢55¢¢ W);
(g) Seringal Triunfo (8�47¢1¢¢ S,
72�49¢59¢¢ W); (h) Feijó; (i) Rio
Liberdade (7�47¢33¢¢ S, 72�2¢17¢¢ W);
Star, tuff implying Late Miocene age
(Campbell et al., 2001; Hermoza,
2004); dashed line, road BR 364;
thick solid line, country border.
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area, which was previously studied by various
palaeontological field parties (see below). Some
previous local case studies proposed tidal influ-
ence in these strata (Acre sub-basin: Räsänen
et al., 1995; Gingras et al., 2002; Madre de Dios
sub-basin: Hovikoski et al., 2005). However, the
idea of marginal marine influence has not gener-
ally been accepted for the Acre sub-basin. The
arguments used against tidal affinity involve
fossil data rich in terrestrial vertebrates, including
ancient freshwater turtles, and fish that are typ-
ical of modern Amazonian flood plains (Frailey,
1986; Paxton & Crampton, 1996; Latrubesse et al.,
1997; Carvalho et al., 2002; Brito & Deynat, 2004).
Less typical finds for Amazonian taxa include
euryhaline fossils such as bullshark teeth (e.g.
Räsänen et al., 1995). The area had also devel-
oped a seasonal climate by the Miocene (Kaan-
dorp et al., 2005). It was hypothesized that
seasonally induced variations in fluvial flow
power could have produced the observable het-
erolithic patterns (Hoorn, 1996; Paxton & Cramp-
ton, 1996; Westaway, 2006). Recently, Gingras
et al. (2002) reported annual cyclicity in brackish-
water ichnofossils bearing an IHS channel from
the southern part of the Acre sub-basin. Finally,
no diagnostic properties for tidal deposits, such
as high certainty cyclic rhythmites clearly attrib-
utable to neap–spring cycles, were previously
reported for Acre. Distinguishing between tidal
and seasonal rhythms would contribute to the
understanding of Amazonian palaeogeographical
development and consequently provide informa-
tion, for example, for phylogenetical studies of
Amazonian aquatic taxa.

STUDY AREA

The Acre sub-basin is located in western Brazil,
in the Acre state (Fig. 1). Together with the Madre
de Dios-Beni sub-basin, it forms the southern end
of the western Amazonian foreland basin cover-
ing roughly 5 · 105 km2. This paper reports on
eight river and road outcrops within the Acre sub-
basin (Fig. 1). The data are complemented by
observations from an outcrop of the adjacent
Madre de Dios (Peru) sub-basin. The deposits
belong to the upper part of the Solimões Forma-
tion in Brazil (e.g. Schobbenhaus et al., 1984),
whereas the Peruvian deposits are informally
known as the Ipururo Formation and the Madre
de Dios Formation (Kummel, 1948 and Oppen-
heim, 1946, respectively). In this study, all
the reported sediments are included into the

Solimões Formation because they are lithologi-
cally similar, part of the same depositional sys-
tem, and represent roughly the same stratigraphic
level (see below). The thickness of the Miocene
sedimentary succession is about 350 m near Acre
(Hoorn, 1994).

No exact correlation is possible between the
outcrops. However, all the sediments studied are
estimated to be Late Miocene in age based on their:
(i) stratigraphic position; (ii) fossil content; and
(iii) isotope ages. These strata overlie the Pebas
Formation, which is estimated to be late Early to
early Late Miocene in age based on the pollen
zonation of Hoorn (1994). So far, no published
pollen results are available from the Acre or Madre
de Dios deposits. The occasionally discovered
mollusc fossils represent a post-Pebas fauna in
both basins and thus confirm the stratigraphic
location of the deposits (Wesselingh, 2003). More-
over, the rich vertebrate fossils point generally to
the Late Miocene (Huayaquerian land mammal
age) (e.g. Frailey, 1986). Finally, 40Ar/39Ar dates
from several tuff layers in Madre de Dios imply an
age of 9 to 3 Myr for the time of deposition
(Campbell et al., 2001; Hermoza, 2004; Fig. 1).

METHODS

The basic data set consists of sedimentological
and ichnological field descriptions. Grain-size,
sedimentary structures, palaeocurrent directions
(measured from ripple and dune foresets),
nature of bedding, bedding contacts and lateral
variability were described. The sedimentological
approach also includes an analysis of thickness
data for heterolithic deposits of various orders.
Thickness variations of sand-clay or silt-clay
couplets were calculated from lamina rhyth-
mites, lamina bundles and bed successions;
these were interpreted as semi-daily/daily,
neap–spring and seasonal deposits respectively.
Figures 10C and 13D illustrate how the lower
frequency couplets are constructed. These data
were analysed with the spectral procedure of
sas 8.2 (finite Fourier transform) to identify
possible cyclicities. The possible sources of
error are: (i) in places there are signs of erosion
in some mud drapes; (ii) the mud drapes are
not well-developed everywhere (thin, discontin-
uous); and (iii) sand laminae are locally absent
in the low-energy phases. Locally, poor preser-
vation and imperfect lamina development may
hinder recognition of individual sand-clay lam-
ina couplets. Finally, delineation of a couplet in
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the lower frequency examples was subjective
where the IHS members were truncated. The
number of couplets in Fig. 10F may be slightly
higher or lower in reality.

The ichnological approach included documen-
tation of the recognized ichnogenera, interpreta-
tion of their ethology, dimensions of the traces
and estimation of bioturbation intensity.

INCLINED HETEROLITHIC
STRATIFICATION FACIES

Below is a brief synthesis of common facies types
of the Upper Miocene strata in the Acre sub-
basin. This discussion is followed by a more
detailed account of sedimentological and ichno-
logical characteristics of IHS deposits.

Overview of facies

The described deposits formed sharp-based,
upward-fining IHS successions. These strata were
typically interbedded with root-bearing mud or
pedogenically altered mud. In places, unionid
bivalves were present in the root-bearing mud (cf.
Wesselingh, 2003). In some outcrops, this facies
formed much of the stratigraphic record. Other
observed facies that occurred adjacent to the IHS
strata included horizontally bedded, current rip-
ple-bearing sand and laminated mud. These strata
were continuous laterally, formed some tens of
centimetres thick couplets, and contained local
occurrences of Planolites and synaeresis cracks.
Also present are Thalassinoides-bearing well-
sorted, sand facies. Finally, sharp-based, homo-
lithic, upward-fining successions are present
locally.

The studied IHS successions were sedimen-
tologically and ichnologically diverse. The dif-
ferences included lateral continuity of IHS,
couplet thickness, frequency of lithological het-
erogeneities, type of bioturbation and its distri-
bution and fossil content. Particularly based on
the above-mentioned sedimentological criteria,
the studied IHS successions can be divided into
four broad IHS facies associations (FA1 to FA4).
Each facies association type bears ichnological,
sedimentological and palaeontological variabil-
ity and, therefore, the facies associations are
further divided into sub-facies associations.
These sub-facies associations are described in
Tables 1 to 4. In the text below, the generalized,
four facies associations are described and inter-
preted.

Facies Association 1 (localities A and B-Fig. 1)

Facies Association 1 forms sharp-based, 8 to 12 m
high, generally upward-fining successions. It is
gradationally capped by a pedogenic horizon or
FA2, and sharply overlies FA4. The sharp lower
contact of FA1 is gently inclined, irregular and
bears mud-clasts. Characteristic features of FA1
are shown in Fig. 2 and include: (i) the deposits
form composite sets (inclined stratification
[IS]-IHS); (ii) relatively thick IHS successions
and individual couplets; (iii) low number (approx-
imately five) of couplets in a set; (iv) laterally
extensive IHS members; (v) presence of higher
frequency lithological heterogeneities that dis-
play poorly cyclic rhythmites; and (vi) Skolithos-
bearing mud drapes. FA1 was divided into two
sub-facies associations, FA1a (Figs 3 to 5) and
FA1b (Figs 6 to 8), mainly based on ichnological
criteria (Table 1).

FA1: Cross-stratified silty sand, inclined
stratified mud and sand

Sedimentological characteristics. The IS-set
consists of trough-cross-stratified or low-angle,
planar-stratified silty sand. The dunes are most
commonly 10 to 30 cm high (highest 70 cm),
and as cosets they form 1 to 3Æ5 m high
compound units. The dune bottomsets form
massive mud beds a few centimetres thick at
various inclinations, which can be followed
laterally up to several metres (Fig. 5A and B).
Where observed, the width of the larger troughs
was typically more than 5 m (FA1b). The cross-
strata are commonly mud draped, or bear
minute, mud-draped ripples (Figs 5C and 8A).
Double mud drapes are present regularly in
FA1b (Fig. 8F). Laterally, the IS-set is continu-
ous and can be followed for over 50 m. Upward,
the deposits grade into ripple-cross-stratified or
massive, very fine-grained sand which com-
prises coarse members in IHS.

The IHS set consists of coarse-to-fine couplets.
The members are cross-stratified or massive silty
sand (Figs 5E and 8E), and inclined, laminated
or bioturbated mud (Fig. 8B and E). The thick-
ness of the members varies between the sub-
facies associations: in FA1a, the thickness of the
coarse member is 10 to 30 cm, whereas the fine
member is 2 to 30 cm thick. In FA1b, the coarse
member can be 0Æ5 to 2 m thick and the fine
member 20 to 60 cm thick. In both cases, the
contact from coarse to fine is sharp, although
the grain-size change is slightly gradational
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(normally graded) (Fig. 8E). The contact from
fine to coarse is sharp and commonly trun-
cated. The fine members form intraformational
breccia, and grade into IS in the down-dip
direction. The lateral continuity of the IHS is
uncertain due to post-depositional pedogenic
overprints, but the discontinuous beds can be
followed up to at least from a few tens of
metres to 70 m. The apparent dip of the beds
is 5� to 20�. Both the IS and IHS sets may bear
poorly cyclic rhythmites (a cycle comprising
15 to 21 couplets, n ¼ 5). Palaeocurrent mea-
surements are illustrated by rose diagrams in
Figs 3, 4 and 7.

Ichnological characteristics. The two sub-
facies associations bear ichnological differ-
ences. In both cases, the degree of bioturbation
and ichnogenera diversities are generally low
in IS. Rare, vertically oriented, robust equilib-
rium structures occur in FA1a (Fig. 5B). How-
ever, the muddy dune bottomsets are, in places,
moderately to fully reworked by horizontally
oriented Laminites (Fig. 5C and D) and Plano-
lites. Planolites cross-cut Laminites. Also lo-
cally present are mud-lined, I-shaped, 1 to
2 cm wide, vertical burrows (possibly Psilo-
nichnus, Fig. 5C; cf. Nesbitt & Campbell, 2006)
and actively mud-filled, vertical, unlined prob-
ing traces (1Æ5 cm in diameter) of unknown
ichnotaxonomic affinity. In addition, low-den-
sity suites of Skolithos and Planolites dip down
from the mud drapes or follow them infaunally
in both the sub-facies associations (Figs 5C and
8C,D). Also present in FA1b are Palaeophycus
and Taenidium. No cross-cutting of trace fossils
was observed.

Bioturbation is concentrated in one of the
members in IHS. In FA1a, bioturbation intensity
varies from 10% to 80% in the fine member. The
coarse member hosts a lower degree of biotur-
bation (<20%). As with the IS-set, the ichnofa-
bric is Laminites dominated (Fig. 5E).

In FA1b, the fine member bears very low
bioturbation intensity and diversity. Sporadic,
small-scale burrow mottling is observed in
clayey lamina (Fig. 8B and E). The coarse mem-
ber is ichnologically similar to the IS-set.
Finally, an assemblage of irregular burrows with
thinner branches, thin vertical shafts with bul-
bous enlargements and meniscae-bearing traces
burrow the rippled mud in the top of the FA in
places (Fig. 5F and G). The infill of these
burrows is derived from the overlying, pedogen-
ically altered material.T
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Interpretation of FA1
The upward-fining succession with a truncated,
sharp base is best explained by a channel envi-
ronment. In addition to the general upward-fining
character of the succession, the palaeocurrent
directions change slightly upward within the set

(Fig. 7), pointing to a meandering, low-sinuosity
channel. The IS-set directly overlies the
mud-clast-bearing lower contact and, therefore,
is interpreted as a mid-channel, lower point bar
deposit; the IHS set is most readily explained as
channel-margin deposits.

Fig. 2. Generalized schematic view
of FA1. Main sedimentological and
ichnological characteristics are
shown [Fu ¼ Fugichnia; eq ¼
equilibrichnia; Sk ¼ Skolithos].

Fig. 3. Schematic view of FA1a. Numbers and letters indicate locations of respective figures. Black-lined white bar
shows the locality of the log profile (Fig. 4).
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Fig. 4. Log profile of FA1a. Ichnological abbreviations are explained in Fig. 7.
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FA1 is interpreted as being tidally influenced
for several reasons. Initially, the bedforms reflect
rapid changes in flow velocities. Undulating or
rippled clay drapes are superimposed on Upper
Flow Regime (UFR) plane-parallel lamination and
upper Lower Flow Regime (LFR) trough cross-
stratification (cf. Allen, 1968). Furthermore, the
deposits generally lack bioturbation, but low-
density suites of morphologically simple, shallow
tier traces biogenically modify the mud drapes
(Figs 5C and 8B to D). This concentration of
deposit-feeding activities probably indicates
nutrient concentration resulting from organic
debris fallout during quiescent periods; it also
implies a brief slack-water period for clay drape
formation (colonization window of Pollard et al.,
1993). Finally, adjacent sand-clay couplets of
FA1a show, in places, thick–thin alternations
probably indicating the influence of semi-diurnal
processes (Fig. 8F; de Boer et al., 1989). In con-
cert, the above-mentioned factors point to an
environment that was subject to regular, high-
frequency changes in hydrodynamic flow power.

The primary control in the IHS formation in
FA1 is inferred to be annual. This interpretation
is based on the great number of couplets in both
members (FA1a); they probably consist of several,
amalgamated neap–spring cycles (Fig. 8B). The
annual inference is further supported by the
thickness of the members. Couplet thickness
reaches up to 60 cm in FA1a, and over 2 m in
FA1b; that would be an anomalously high depo-
sitional rate for fortnightly deposits (up to 20 cm
in a day) and almost certainly would hinder the
existence of an endobenthic community. How-
ever, the depositional parameters allowed perma-
nent colonization of a low-density and diversity,
simple tier infaunal community in the channel.
The fine member is interpreted as representing
dry seasonal conditions, because its vertical
equivalent in FA2a bears roots (see FA2 for
discussion). The low bioturbation intensities in
the FA1b fine member probably point to
increased turbidity stress during the dry season.
Fine-grained members correlate lithologically to
the trough-cross-stratified part of the IS-set in

Fig. 5. FA1a. (A) Overview to IS-set. Yellow arrows, muddy dune bottomsets. (B) A close-up to IS. Note the change
in orientation in trace fossils in transition from bottomset to foreset. [B.S. ¼ bottomset; F.S. ¼ foreset; La ¼ Lami-
nites; eq ¼ equilibrichnia; fu ¼ fugichnia.] (C) Close-up to mud-draped dune foresets–bottomsets and associated
bioturbation. Black arrow, Skolithos descending from mud-draped strata; Red arrow, Laminites; white arrow in insert
indicates mud-lined ?Psilonichnus descending from bottomset. (D) Close-up to Laminites at sand–mud interface.
(E) Interbedded, inclined massive sand and mud (IHS). Fine member is fully bioturbated in places. Black arrow
indicates dense Laminites fabric. Compass as a scale (12 cm long). (F) An assemblage of irregular burrows and
meniscae-bearing trace fossils from the top of FA1a. Black arrows, Meniscae-bearing burrows; yellow arrows,
chambers and galleries in vertical shafts. Ruler as a scale (15 mm wide). (G) Schematic interpretation of Fig. 5F.

Fig. 6. A photograph and schematic
view of locality A. Numbers and
letters point to locations of
respective figures. Grey bars
indicate composite log locations.
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Fig. 7. Composite log profile from location A. Facies Associations 1b, 2a and 4a are shown.
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Fig. 8. FA1b. (A) Trough-cross-stratified sand-forming IS. Black arrow, superimposed, mud-draped current ripple.
(B) Vertically stacked, non-cyclic silty rhythmites forming IHS fine member. Black arrow, small-scale burrow
mottling. Compass as a scale (12 cm long). (C) Mud-draped strata. Black arrows, Planolites burrowing mud
drapes. Ruler as a scale (15 mm wide). (D) Plane-parallel stratification. The strata are, in places, mud draped.
Black arrow, Skolithos descending from a mud drape. Grey arrow, mud-draped current ripple. Ruler as a scale
(15 mm wide). (E) Silty rhythmites (fine member). Note the gradational lower contact and sharp upper contact of
the bed. (F) Close-up of large-scale trough-cross-stratification forming coarse member. The mud-draped strata
form double mud drapes.
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FA1b; this further suggests that, during the dry
season, the flow velocities drop and consequently
that the mid-channel was ebb dominated.

In FA1a, there is no conclusive evidence of a
time cycle responsible for the generation of the
prominent bottomset–foresets alternation in IS.
The foresets are, in places, too faint to enable
calculation of the exact number of events in each
cycle. Patchy high bioturbation intensity and
compound ichnofabrics in tens of centimetre-
thick sets, and sporadic roots associated with the
bottomsets, probably require more than seven
days to develop.

FA1a is interpreted as a brackish, tidally influ-
enced, middle estuarine or outer deltaic channel.
This interpretation is based mainly on Laminites,
localized lined Skolithos and lined Psilonichnus
(cf. Nesbitt & Campbell, 2006). Similar Laminites-
dominated assemblages were reported from man-
grove pollen-bearing tidal channels from the Late
Miocene Nauta Formation, northern Peru (Rebata
et al., 2006). FA1b is burrowed by a low-diversity
suite of trophic generalists; this may indicate a
very low salinity or freshwater setting. FA1b is
interpreted as a tidally influenced deltaic channel
environment.

The ichnofabric consisting of irregular burrows,
shafts with bulbous enlargements and meniscate
burrows, burrowing the top of FA1 (Fig. 5E and
F), is interpreted as an insect-generated fabric (cf.
Hasiotis, 2003). The infill of the burrows is
derived from an overlying palaeosol, and there-
fore they most probably represent a subsequent,
interchannel facies.

Facies Association 2 (localities A and C-Fig. 1)

Facies Association 2 forms sharp or gradationally
based, upward-fining successions 3 m thick; it
gradationally overlies FA1, or erosionally overlies
similar IHS (FA2) deposits. The erosional contact
is laterally limited where observable. The shape
of the erosional contact can be concave-up, and it
divides the deposits into imbricate cosets in
places (FA2b). Upward, FA2 grades into a pedo-
genically altered horizon or is sharply overlain by
another IHS succession. Characteristic features of
FA2 are shown in Fig. 9 and include: (i)
dominance of high-frequency lithological hetero-
geneity; (ii) cyclic rhythmites; (iii) commonness
of climbing ripples; (iv) limited lateral continuity
of IHS; (v) rapid changes in bedforms laterally;
(vi) bigradational contacts between IHS members;
(vii) limited thickness of IHS set; and (viii) lack of
burrowing, or presence of fugichnia-dominated

and equilibria-dominated ichnofabrics. FA2 is
divided into two sub-facies associations, FA2a
(Figs 7 and 10) and FA2b (Fig. 11), based on
ichnological criteria (Table 2). A lithological col-
umn including FA2b is presented in Hovikoski
et al. (2005) (location CC).

FA2: Inclined, current ripple-cross-stratified
sandy silt, laminated mud and rooted mud

Sedimentological characteristics. FA2 consists
of a main coarse-to-fine couplet, and of a lower
frequency member. The main members are from
coarse to fine: inclined, mud-draped current
ripple-bearing sand and silt; and interlaminated
mud and sand (Figs 10A and 11A). The thickness
of the coarse member ranges from 0Æ5 to 8 cm. The
thicker layers form flaser-bedding as cosets. The
thickness of the fine member is generally 1 to
5 cm. Contacts between the members are most
commonly bigradational, typically marked by
mud-draped climbing ripples; as couplets, they
form cyclic rhythmites. Specifically, the white
noise test indicated a non-random origin for
silt-clay lamina couplets (n ¼ 166 couplets,
P ¼ 0Æ0001 at FA2a; n ¼ 199, P < 0Æ0001 at
FA2b). Moderately developed peaks occur at 2Æ4,
12, 18 and 24 couplets in the spectral density
graph of FA2a (Fig. 10G). In FA2b, the peaks
occur at 3Æ9 and 49 couplets. (Fig. 11D). The
white noise test also indicates a non-random
origin for the coarse-to-fine couplet cycles
(n ¼ 31, P < 0Æ0001). Moderately developed
peaks occur at 2 and 3Æ3 couplets (Fig. 10H).

Asymmetric lamina couplets are especially
common in the coarse member. In addition,
minor counter-current ripples, and scour-and-fill
structures were observed locally. FA2b also bears
synaeresis cracks and pyrite. Generally, lithology
and bedforms of the members are laterally vari-
able: the members can be followed up to a
maximum of a few tens of metres. Inclination of
the strata is ca 10� to 15�.

The lower frequency member, rooted mud, is
only present in FA2a. Its thickness varies from ca
25 cm at the lower part of the FA (Fig. 10A),
whereas at the top of the succession it is marked
by a root-bearing zone of massive mud only a few
centimetres thick (Fig. 10E). The vertical distance
between the two rooted mud facies is 1Æ3 m and
there are approximately 23 to 27 higher fre-
quency, coarse-to-fine couplets between them.
The lower contact of the root-bearing mud is
sharp or gradational, and the upper contact is
sharp and rooted; its shape is slightly concave-up
and it can be followed through the whole outcrop
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(at least 70 m). Palaeocurrent measurements are
illustrated by rose diagrams in Fig. 7.

Ichnological characteristics. The two sub-facies
associations are ichnologically discrete. In FA2a,
the deposits are burrowed with a low-density
assemblage of vertical-to-horizontal, robust Lam-
inites, vertical Thalassinoides/Planolites, Palaeo-
phycus, and Lockeia that alternates with
fugichnia (Fig. 10B to E). Also, Taenidium is
present at the top of the succession. Rooted mud
hosts low-diversity assemblages comprising
diminutive Planolites and roots.

FA2b is mainly unburrowed. The only ichno-
fossil discovered is Undichna in the pinstripe
mud (Fig. 11B). In addition, Diplichnites and
Phycodes-like, radiating bedding plane trace fos-
sils were observed in adjacent rhythmite facies
(Fig. 11C).

Interpretation of FA2
The upward-fining grain-size and polymodal
palaeocurrent directions in the IHS may suggest
lateral accretion of the channel. The rhythmic
sand–mud lamina couplets, their cyclic thickness
variation and bipolar palaeocurrents are best
explained by a tidally dominated setting. The
prominent asymmetry of adjacent couplets (peak
of 2Æ4 couplets in the spectral density diagram)
and the number of couplets (up to 24) in one
coarse-to-fine cycle are best explained by semi-
diurnal tides (cf. de Boer et al., 1989). In FA2b,
the high number of couplets in a well-developed
cycle (49) probably points to occasional deposi-
tion of three or four element rhythmites (Archer,
1998; cf. Hovikoski et al., 2005, 2007). The infer-
ence of deposition during both flood tides and
ebb tides is supported by the bipolar palaeo-
currents and the cyclicity of 3Æ9 couplets in the

Fig. 9. Generalized schematic view of FA2. Main sedimentological and ichnological characteristics are shown.
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spectral density graph (Fig. 11D). The tidal inter-
pretation is further supported by the commonly
occurring thickness asymmetry of adjacent
coarse-to-fine couplets probably indicating apo-
gean–perigean variation (Fig. 10F).

The rooted mud facies, which is the vertically
gradational equivalent of the fine member of
FA1a, is interpreted as representing the lowest
water levels during the year. This interpretation is
supported by the number of neap–spring couplets

(A) (B)

(C) (D)

(E)

(F) (G) (H)

Fig. 10. (A) Overview of FA2a. White arrow indicates a root-bearing mud bed. (B) Close-up of IHS. Coarse member
consists of mud-draped ripples, fine member of laminated mud. White arrow, escape/equilibrium trace; black arrows,
Laminites. (C) IHS displaying amalgamated cyclic rhythmites. The graph shows the thickness variation of sand-clay-
lamina couplets. S, interpreted occurrence of spring tides; Red bars, coarse-to-fine couplets. Fourier analysis results
are shown in Fig. 10G. (D) Close-up of mud-draped ripples. White arrows, possible bipolarity; black arrow, escape
trace. (E) Close-up from interval 11 to 11Æ5 m from the log profile. Note the increasing bed thickness above the rooted
deposits. Black arrows, roots; Lo-fu, Lockeia-fugichnia; Pl, Planolites. Ruler as a scale (15 mm wide). (F) Thickness
variation of coarse-to-fine couplets. Couplet 1 overlies root-bearing mud. Couplets 5 to 15 are partly truncated. D.S.
and R.S., interpreted occurrence of dry and rainy seasons, respectively; A and P, interpreted occurrences of apogean
and perigean spring tides, respectively. (G) Fourier analysis of lamina couplet series. Peaks occur at 2Æ4, 12Æ9, 18Æ6 and
24 couplets. (H) Fourier analysis of coarse-to-fine couplet (lamina bundle) series. Peaks occur at 2 and 3Æ3 couplets.
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(ca 23 to 27) between the occurrences of this
facies, indicating ca 10 months of deposition.
Moreover, the rooted mud facies is associated

with decreasing bed thickness pointing to lower-
ing accommodation space and deposition rate.

The thick–thin alternation in successive neap–
spring couplets is best developed in couplets 19
to 24 (Fig. 10F), which may point to equinoctial
tides. This interpretation is based on the modern
seasonality in the region (discussed below): the
dry season begins on average in May (couplets 23
to 28); whereas, the equinoctial maxima in tides
occur in late March (couplets 19 to 24). Autumnal
equinoctial maxima occur in late September that
would operate concurrently with the next rainy
season (couplets 1 to 5). In the latter case, the
possibly occurring asymmetry is more subjective
due to truncated couplets.

In FA2b, the lack of bioturbation is probably
mainly due to physical stress such as high
aggradation rates (fortnightly up to 13 cm), fluc-
tuating salinities (see below) and turbidity stress,
as indicated by the common presence of mud-
draped climbing ripples. The channel succes-
sions observed in outcrop are not capped by
pedogenic horizons, which suggest permanently
sub-aqueous deposition, probably in a sub-tidal
deltaic bay setting.

The Laminites-dominated ichnofabric of the
FA2a implies saline bottom waters. There are no
clear salinity indicators in FA2b, but the presence
of synaeresis cracks may indicate fluctuating
salinity. Also pyrite may point to some saltwater
influence in the facies. FA2b is interpreted as sub-
tidal creek in a deltaic bay. In summary, the FA1a
to FA2a gradation represents a change from a
high-energy, low-salinity/freshwater, tidally
influenced and seasonally controlled setting to a
tidally dominated, saline, low-energy, combined
suspension and traction-driven environment.
This result probably implies an abandoned del-
taic channel infilled with lower energy estuarine
deposits (cf. Dalrymple et al., 2003).

Facies Association 3 (localities D, E and F-Fig. 1)

FA3 forms sharp-based, upward-fining succes-
sions up to 8 m high; they are capped by the same
FA, a pedogenic horizon, or a muddy, sharp-
based, desiccation crack-bearing upward-fining
succession. Characteristic features of FA3 are
shown in Fig. 12 and include: (i) dominance of
low-energy bedforms (current ripples); (ii) mod-
erately thick, IHS successions and couplets; (iii)
laterally extensive IHS members; (iv) rhythmic
occurrence of low-frequency IHS; (v) imbricate
cosets; and (vi) localized presence of freshwater
fossils. An articulated, side-necked turtle fossil

(A)

(B) (C)

(D)

Fig. 11. (A) IHS consisting of cyclic rhythmites. The
graph shows thickness variation of sand-clay-lamina
couplets. Note the bipolar palaeocurrents (arrows).
S(A), S(P), interpreted occurrences of apogean and
perigean spring tides. The results of Fourier analysis
are displayed in Fig. 11D. (B) Undichna in pinstripe-
mud. (C) Phycodes-like trace fossils from adjacent
rhythmite facies. White arrow, central burrow; black
arrow, radiating traces. (D) Fourier analysis of lamina
couplet series. Peaks occur at 3Æ9 and 49Æ5 couplets.
Graph modified from Hovikoski et al. (2007).
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has been discovered from the facies association at
locality D (Carvalho et al., 2002). FA3 is divided
into two sub-facies associations, FA3a (Fig. 13A
and B) and FA3b (Fig. 13C and D), based on
lithological and ichnological criteria (Table 3).
Localities D and E were described earlier in
Räsänen et al. (1995).

FA3: Inclined, ripple-cross-stratified
fine-grained sand (A) and massive or
laminated mud (B)

Sedimentological characteristics. Facies Asso-
ciation 3 consists of a coarse-to-fine couplet. The
members are: (A) inclined, ripple cross-stratified
fine-grained sand; and (B) inclined, massive or
laminated clayey mud (Fig. 13A and B). In the
lower part of the successions, the coarse member
bears small-scale trough cross-stratification in
places, and forms a minor IS-set. The coarse
member can be mud draped (FA3a) or homolithic
(FA3b) (Fig. 13B and C); its thickness ranges from
a few centimetres to 2 m. The contact from fine to
coarse is sharp, but commonly bears deformation
structures (convolution, loading). Deformation
increases in the down-dip direction where the
beds can be fully contorted. The contact from

coarse to fine ranges from gradational to abrupt.
The thickness of the fine member ranges from a
few centimetres to 30 cm. The couplets are
generally from 10 to 230 cm thick. Commonly,
adjacent couplets are strongly asymmetric
(Fig. 13D). Lateral continuity of the couplets is
limited by inclined erosional contacts that divide
the beds into imbricate cosets, but the beds can be
followed up to at least 60 m. True dip of the beds
is about 15� to 20�. The angle tends to flatten out
in an up-dip direction.

The IHS couplets may form either random or
cyclic series. In particular, the white noise test
indicates a non-random origin for one FA3a IHS
succession (lateral series, n ¼ 111, P < 0Æ0001).
Peaks occur at 4Æ4, 5, 10 and 22 couplets in the
spectral density plot (Fig. 13E). One brief FA3b
IHS succession turned out to be random (n ¼ 21).
Palaeocurrent measurements are illustrated by
rose diagrams in Fig. 11A.

Ichnological characteristics. Low-density asse-
mblage consisting of rare, small-to-moderate Plan-
olites, Skolithos, Arenicolites and meniscate
burrows lace the facies association. In addition,
sporadically distributed Cylindrichnus occur in
mud-draped cross-strata of FA3a (Fig. 13B).

Fig. 12. Generalized schematic
view of FA3. Main sedimentological
and ichnological characteristics are
shown.
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(A)

(B)

(E)

(C) (D)

Fig. 13. (A) A photograph of location D. Black arrow, inclined erosional contact. Person as a scale (ca 1Æ8 m tall). (B)
IHS consisting of mud-draped, ripple-cross-stratified sand and massive mud at location E (FA3a). The close-up photo
shows Cylindrichnus (white arrows). Ruler as a scale (15 mm wide). (C) IHS consisting of ripple-cross-stratified sand
and massive or laminated mud at location D (FA3b). Black arrows, convolute bedding. Ruler as a scale (15 mm wide).
(D) IHS consisting of ripple cross-stratified sand and massive or laminated mud at location F (FA3b). White arrows,
asymmetric couplets; black bars, composite couplets used in spectra analysis. (E) Fourier analysis of FA3a IHS. Peaks
occur at 4Æ4, 5, 10 and 22 couplets.
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Interpretation of FA3
The upward-fining succession with a truncated,
sharp base is best explained by a channel envi-
ronment. In addition to the general upward fining
character of the succession, the palaeocurrent
directions change upward within the set
(Fig. 11A) pointing to the meandering nature of
the channel. The couplet thickness (up to
230 cm) and lack of evidence of tidal dominance
in FA3 point to annual cyclicity. The great
number of mud-draped strata in couplets of
FA3b support this interpretation and imply a
superimposed tidal influence. The low-frequency
cycles of 4Æ4, 5, 10 and 22 couplets (years) may be
related to El Niño periodicity but more data are
needed to allow a more reliable interpretation.
The repeatedly occurring, prominent thick–thin
alternation in successive couplets up to 2 m thick
(Fig. 11D) is probably due to equinoctial (i.e.
zenithal) rains that may cause two distinct annual

rainy seasons of different magnitudes close to the
equator (e.g. McGregor & Nieuwolt, 1998). The
asymmetry of successive rainy seasons increases
with increasing distance from the equator, reach-
ing a maxima around latitude 10� in an ideal case.
Further away from the equator (around latitude
15�), the two rainy seasons merge into one. The
phenomenon of a double rainy season occurs in
Amazonia presently, but it is not developed in
Acre today.

The freshwater turtle fossil discovered from
FA3b was articulated and, considering the low-
energy bedforms, was probably deposited in situ.
The ichnofabrics, especially the patchy monospe-
cific suites of Cylindrichnus, suggest sporadic
brackish-water influence at least in the most
tidally influenced facies (FA3a). In concert, the
above-mentioned sedimentological, ichnological
and palaeontological data most probably point to
a seasonally controlled, fluvio-tidal point bar.

Fig. 14. Generalized schematic view of FA4. Main sedimentological and ichnological characteristics are shown.
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Facies Association 4 (localities A, B, G
and H-Fig. 1)

FA4 forms 2 to 4 m thick, upward-fining succes-
sions (Figs 6 and 7); its lower contact is sharp
where observable. The geometry of the contact is
variable, ranging from a laterally limited, strongly
concave-up to a laterally extensive, flat surface.
Typically, FA4 grades upward into a pedogeni-
cally altered horizon, or is erosionally truncated
by another IHS succession at its top. Character-
istic features of FA4 are shown in Fig. 14 and
include: (i) relatively thin IHS successions; (ii)
lack of an IS-set; (iii) lack of higher frequency
lithological heterogeneities; (iv) laterally limited,
irregularly occurring IHS; (v) massive appearance
of members; (vi) roots, desiccation cracks or
firm-ground burrows bearing fine members;
(vii) organic-rich or marly matrix; and (viii)
localized presence of freshwater fossils. FA4 is
divided into four sub-facies associations, FA4a
(Fig. 15A to C) and FA4b to FA4d (Fig. 15D to G),
based on lithological and ichnological properties
(Table 4). An articulated Purussaurus-fossil (a
freshwater alligator) was discovered from FA4c.

FA4: Inclined, massive or stratified sandy mud
(A) and inclined, root-bearing mud (B)

Sedimentological characteristics. FA4 consists
of a coarse-to-fine couplet. The members are
inclined, 20 to 60 cm thick, massive or stratified,
sandy mud or muddy sand, and irregular, root-
bearing mud (Fig. 15A). Rarely, laminations
(FA4d) and trough cross-stratification is observed
in the coarse member (FA4b). Otherwise, the
coarse member has a massive appearance. The
matrix commonly displays a dark, brownish
colour. The fine member also has a massive
appearance, commonly bears roots and/or desic-
cation cracks, and is 5 to 15 cm thick; typically, it
consists of marly mud (Fig. 15D). The contact
from coarse to fine is usually irregular and sharp,
even though the change in grain-size is somewhat
gradational. The contact from fine-to-coarse cou-
plets is sharp.

Typically, FA4 IHS beds are laterally limited and
can be followed from a few metres to a few tens of
metres. IHS interbedding is irregular. The dip is
variable, but was typically 15� to 20�. Furthermore,
FA4 contains minor faults up to 20 cm deep.

Ichnological characteristics. Most commonly,
the coarse member is unbioturbated, or yields
burrows that descended from the fine member. In
places, however, suites consisting of Palaeophy-

cus and Gyrolithes (FA4a; Fig. 15B) or Planolites
are observed. The bioturbation degree is generally
low (<10%), but may reach up to 50% in some
beds. Locally, roots, Taenidium (Fig. 15C), large
and deeply penetrating branching burrows
(Figs 14F and 15E), and simple, I-shaped Psilo-
nichnus descend from the fine member. The two
latter mentioned biogenic structures are unlined
and passively filled by marly matrix. In places,
the roots are completely reburrowed by small
Planolites. The top of the FA is typically bur-
rowed by Taenidium. The bioturbation intensity
of this suite also remains low (less than 10%).

Interpretation of FA4
The truncated lower contact and upward-fining
grain-size point to a channel environment. The
deep desiccation cracks (Fig. 15G) and roots
suggest regularly occurring sub-aerial exposure.
The passive infill of unlined burrows descend-
ing from the fine member in places indicates a
consolidated substrate. Considering abundant
roots and pedogenic features, and no signs of
erosion, the compaction is most probably due to
sub-aerial dewatering. The rooted deposits and
the associated complex, permanent dwelling
burrows point to longer time cycles than seven
days for the fine member development. Conse-
quently, the fine member is interpreted as
having formed during dry seasonal sub-aerial
exposure of a channel, rather than during its
active lateral accretion. The seasonal cyclicity is
also supported by the thickness of the IHS
couplet (up to 50 cm), and the lack of tidal
indicators.

The presence of an articulated freshwater alli-
gator fossil find, and ichnofabrics consisting of
Taenidium with common root bioturbation,
point to a continental affinity. However, the
observed Gyrolithes–Palaeophycus intervals
probably indicate a fluctuating, very low salinity
(possibly oligohaline) setting for FA4a. A very
similar assemblage is documented from modern
and Pleistocene tidal creek point bar deposits in
the Willapa Bay estuary, USA (Gingras et al.,
1999).

DISCUSSION

The deposits taken together represent tidally and
seasonally influenced, laterally accreting channel
complexes that are intercalated with pedogenic
horizons, fluvial channels and sub-tidal shoal
deposits.
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Depositional environments

The pedogenic horizons may be well-developed
(palaeosoils) or comprise immature horizons with
unionid bivalves (freshwater flood plains). The
deposits represent mainly low-saline to freshwa-
ter conditions, but also periodically mesohaline
settings (as reflected by Laminites-lined Skoli-
thos-lined Psilonichnus ichnofabrics). Above, the
deposits were divided into four, broad channel-
fill types primarily based on sedimentological
criteria. Although a great deal of the sedimento-
logical variability was not strictly salinity depen-
dent, Facies Associations 1 and 2 generally
represent more distal parts of the depositional
system, whereas Facies Associations 3 and 4
represent more proximal positions. This division
is generally supported by channel sizes that are
the largest in the examples interpreted as most
distal, excluding minor tidal creeks and aban-
doned tidal channels not attached to the fluvial
system. In addition, the flow velocities were
usually the highest in the distal examples. In
the following text, the variability of temporal
controls in relation to the position of the saltwater
wedge is considered more closely. For this pur-
pose, the sub-facies associations are divided into
three facies belts: distal, middle and proximal
(Fig. 16).

Distal setting: brackish, tidally dominated
or influenced channels (FA1a and FA2a)
These deposits contain evidence of superimposed
annual and tidal influence. Time-series analysis
indicated the presence of cyclic tidal rhythmites
in low-energy settings in this facies belt. The
recognizable neap–spring–neap cycles reach
8 cm thickness at a maximum (Fig. 5C), whereas
the annual depositional rate produced up to 1Æ3 m
thick deposits in an upper point bar setting
(FA1a). Both FA1a and FA2a stratigraphically
overlie more restricted channels, which indicate
either transgression or autocyclic changes. If the
sediments were transgressive, they would be best
explained by mesotidal (see below), middle estu-
arine point bars (in the sense of Dalrymple et al.,

Fig. 15. (A) Interbedded, massive sandy mud and rooted mud (FA4a). Black arrow, roots; white arrow, crack. Knife
as a scale (ca 40 cm long). (B) Close-up of Gyrolithes, Palaeophycus ichnofabric. Black arrow, Gyrolithes. (C)
Taenidium from the top of the succession. (D) Interbedded inclined bioturbated sandy mud and marly mud beds at
location G (FA4b). The outcrop is ca 30 m wide. (E) and (F) Close-up of a large, passively filled burrow descending
from fine member. (G) A close-up of FA4d. The normally graded couplet consists of massive muddy sand and
desiccation crack bearing mud. White arrow, desiccation crack; black arrow, burrow mottling. Knife as a scale
(ca 20 cm long).

(A)

(B)

Fig. 16. (A) Map of western Amazonia displaying
potential directions for marine influence (white arrows;
Hovikoski et al., 2007) and sediment sources (black
arrows; Roddaz et al., 2006). The numbers indicate
other reported Late Miocene epeiric deposits: (1) Nauta
Fm. (Rebata et al., 2006), (2) Apaporis sand unit
(Hoorn, 2006), (3) Beni sub-basin (Roddaz et al., 2006),
(4) Yecua Fm. (Hernández et al., 2005). (B) Generalized
schematic interpretation of the depositional system.
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1992). Alternatively, the FA1b to FA2a gradation
may represent a deltaic setting that became more
tidally dominated after abandonment of the flu-
vial system (cf. Dalrymple et al., 2003; see also
Van den Berg, 1981; Rebata et al., 2006).

Middle setting: low and/or fluctuating salinity,
with tidal or annual control (FA1b, FA2b, FA3a
and FA4a)
These deposits show evidence of low and/or
fluctuating salinities such as Gyrolithes or low-
diversity assemblages of trophic generalist-dom-
inated ichnofabrics (FA1b, FA4a), monospecific
suites of Cylindrichnus (FA3a), or sedimentolo-
gical properties perhaps related to a saltwater
influence (synaeresis cracks, pyrite) (FA2b). Sed-
imentologically, the deposits typically contain
cyclic tidal rhythmites or clear, superimposed
tidal and seasonal cycles. In addition, time-series
analysis indicated non-random origin for a sea-
sonal IHS succession in this facies belt (FA3a).
The yearly depositional rates reached over 2 m in
large, sub-tidally influenced channels (FA1b);
whereas, in smaller tidal channels, annual
vertical accretion was up to 30 to 50 cm (FA4a).
Cyclic tidal rhythmites in FA2b suggest that tidal
amplification reached the limit of the saltwater
wedge.

Proximal setting: freshwatered IHS channels
with annual control (FA3b and FA4b,c,d)
Continental ichnofabrics and articulated fresh-
water fossils support the interpretation of a
predominantly freshwater origin. Characteristi-
cally, the channelized fine members consist of
muddy or marly beds that commonly contain
evidence of sub-aerial exposure (desiccation
cracks, roots). The deposits typically are dark
brownish in colour, probably indicating that
originally the strata bore organic matter concen-
trations. Strong asymmetry in adjacent couplets
formed in continuously sub-aqueous riverine
channels (FA3b). The yearly depositional rate
was 10 to 230 cm in the reported examples.
Moreover, these deposits do not generally yield
evidence of a clear tidal influence such as
rhythmic, higher frequency lithological hetero-
geneity in IHS. Also, time-series analysis for a
brief, seasonal IHS succession indicated a
random origin (FA3b) in this facies belt. How-
ever, none of the reported IHS channels are
associated with crevasse-splay deposits, possi-
bly indicating that the channel dynamics were
not entirely fluvially driven, even in the most
proximal IHS setting (Barwish, 1978). The for-

mation of sub-aerially exposed fine members
probably corresponds to a passive phase rather
than active lateral accretion of a channel. The
facies belt probably represents an inner estua-
rine or proximal delta-plain setting, close to the
limit of tidal influence.

The depositional system

The number of couplets in one neap–spring cycle
and the pronounced diurnal inequality most
probably indicate a mixed or semi-diurnal regime
for Acre. The centimetre-scale, cyclic tidal rhyth-
mites (FA2), tidal creek facies associations, and
the tidally influenced UFR deposits (FA1b) point
to a somewhat elevated tidal range (Archer, 1998;
Kvale & Mastalerz, 1998). The biogenic properties
of the tidal facies, the dominance of tidal channel
facies in the regional sedimentary record, and the
restriction of tidal rhythmites to channels are
more consistent with mesotidal than macrotidal
conditions. Also generally in upper Amazonian
basin deposits, the rhythmites described are
reported from channels or large burrow infills
(tubular tidalites), where the topographic setting
provided the accommodation space (Räsänen
et al., 1998; Gingras et al., 2002; Hovikoski et al.,
2005). Finally, the preservation of almost com-
plete tidal rhythmite successions may suggest
relatively weak tidal currents in a shallow water
setting (Wells et al., 2005).

The annual cyclicity observed in every part of
the depositional system is most probably due to
migration of the Inter Tropical Convergence
Zone (ITCZ) that causes strong seasonal changes
in precipitation. Today, from June to August,
precipitation is low, while in December to April
rainfall can rise to close to 300 mm in a month.
An average yearly rainfall is about 2000 mm. A
similar migration of the ITCZ and rainfall
intensity was already present in upper Amazo-
nia during the Miocene, based on oxygen
isotope variations in incremental growth bands
of fossil bivalves (Kaandorp et al., 2005). At
present, the strong seasonality considerably
affects water levels, and the river water table
may drop by as much as 8 m in Acre during the
dry season (Archer, 2005).

Another important controlling factor was the
slope of the depositional system. The slope in the
area is low today. The altitude of Iquitos (Peru) is
around 114 m above sea-level; it is situated
2975 km inland from the Amazon River mouth
(i.e. a change in altitude of 3Æ8 cm per kilometre)
(Archer, 2005). It is reasonable to assume that,
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during the time of deposition, the slope was even
lower, because accelerated tectonic subsidence
took place in the western Amazonian foreland
basin in the Middle to Late Miocene (Hermoza,
2004). In addition, global sea-level was probably
higher then than it is today, presuming that
deposition was not coincident with the Late
Miocene sea-level drops. Finally, the present-
day altitude of the Iquitos area is affected by post-
Miocene deformation and by the rise of structural
arches due to an eastward migrating forebulge
(Roddaz et al., 2005a,b).

The inferred extremely low relief allowed rapid
progradation and retrogradation of the shoreline,
and probably controlled the lateral accretion of
the channels. Consequently, this situation
explains the close spatial and temporal occur-
rence of terrestrial and marginal marine strata in
the sedimentary record. Even though correlation
between individual outcrops is not possible, the
wide distribution of IHS channels in every part of
the Acre sub-basin probably indicates persis-
tent, or repeated, marginal marine influence in
the area. In addition, marginal marine/tidally
influenced deposits are reported from presum-
ably contemporaneous strata in other western
Amazonian foreland sub-basins (Pastaza-Mara-
ñon: Rebata et al., 2006; Madre de Dios: Hoviko-
ski et al., 2005; Chaco: Hernández et al., 2005;
Beni: Roddaz et al., 2006) indicating that the Late
Miocene ingression covered much of the interior
of the continent. The dominance of terrestrial
fossils in the Acre sub-basin (e.g. Latrubesse
et al., 1997) probably indicates that the marginal
marine episodes represent briefer time cycles
and/or had spatially narrower occurrences than
the intercalated continental strata.

The applicable analogies to the depositional
system are estuarine and delta-related systems
such as the modern Amazon and Fly River deltas
(Archer et al., 2005; Dalrymple et al., 2003
respectively). Both examples have strong tidal
and seasonal controls in deposition within a low
relief setting.

Interpreted annual and neap–spring
signatures in IHS

In the text below, the sedimentological and ichno-
logical responses to different temporal controls are
compared, these are summarized in Table 5.

Contacts and shape of IHS couplets
The contacts of neap–spring-generated couplets
are most commonly bigradational in the Acre sub-

basin; thus, their appearance is diffuse. In some
cases, erosion is involved in the lower contact of
the coarse member. However, even in these cases
a couplet typically consists of flaser-lenticular
bedding and the change from fine-to-coarse mem-
ber is partly gradational. The gradation from
coarse-to-fine members most commonly consti-
tutes mud-draped, climbing ripple structures in
the best developed cyclic rhythmites.

The contacts of seasonal couplets are grada-
tional or sharp from coarse to fine and abrupt
from fine to coarse in Acre. The comparable trend
is observed also in several other similarly inter-
preted couplets (e.g. Van den Berg, 1981; Smith,
1988; Bechtel et al., 1994). Despite the common
normal grading from coarse to fine, both members
are most often distinct. As a result, the couplets
are generally more tabular and bed-like than the
fortnightly ones. The dry seasonal members may
turn to more concave-up and reach considerable
dips, especially in the proximal part of the
system. The tidally dominated IHS tends to show
lower inclinations.

Lateral continuity and variability of IHS
couplets
The neap–spring couplets can be followed later-
ally only in part of the channel-body, a few tens of
metres at maximum. The lithology and bedforms
of these couplets may change rapidly: the flaser-
wavy-bedded neap–spring couplets in Fig. 11
change to massive/pinstripe mud over a few
metres distance in sub-tidal creek deposits. The
same trend is observed in other similarly inter-
preted sediments (e.g. Greb & Archer, 1998).

The seasonal couplets can be traceable through
most of the channel-body, typically up to 100 m,
depending on the preservation (cf. Van den Berg,
1981; Ainsworth & Walker, 1994). In small tidal
creeks the lateral continuity is more limited. The
difference in height between the down-dip end
and the up-dip end can reach at least 3 to 5 m
(FA1, FA3). In terms of lithology and bedforms,
the members are more uniform although they
become finer-grained up-dip (Siiro et al., 2005).
A comparable trend is reported in other similarly
interpreted deposits (Mossop, 1975). Seasonal
fine members commonly form intraformational
breccias in rapidly aggrading tidally influenced
settings.

Rhythmicity of IHS couplets
Neap–spring cycles of IHS appear rhythmical and
display cyclic rhythmites in the reported exam-
ples; in spectral analysis, they show cyclicities
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that can be realistically related to semi-diurnal
and neap–spring processes (Figs 10G and 11D),
even though the series analysed were not per-
fectly developed. Additionally, neap–spring cou-
plet series produced non-random successions
locally (Fig. 10F). The spectral density peaks
can be reasonably interpreted as being due to an
apogean–perigean variation (Fig. 10H). Further-
more, the thickness variation of fortnightly cou-
plets is only a few centimetres within a set. By
contrast, the seasonal IHS couplets may display
considerable thickness variation within a set (e.g.
minimum 15 cm, maximum 70 cm, FA3) and
reach more than 2 m in thickness. However, even
seasonal interbedding can produce non-random
heterolithic series in deposits that bear well-
defined superimposed tidal influence (Fig. 13E).
Whether the low-frequency cyclicities observed
were due to El Niño or other phenomena will be a
subject of further research. Finally, the thick–thin
alternation of successive couplets can occur
repeatedly in seasonal beds as well (Fig. 13D,
see FA3 for discussion). This phenomenon may
be restricted to tropical equatorial settings.

Ichnological variability in IHS
No distinct ichnogenera-level changes occur in
adjacent neap and spring members. Both
members consist generally of a non-composite,
low-density and low-diversity fabric in 2 to 8 cm-
thick couplets for the most distal setting. The
infaunal trace fossils (e.g. Laminites, Thalassino-
ides and Planolites) commonly display robust
fodinichnia, equilibrichnial or fugichnial behav-
iours in these brackish-water deposits (Fig. 10A
and D). Generally, bioturbation intensity is low in
coarse (0% to 10%) and fine (5% to 30%)
members. Bioturbation intensities can rise to
60% to 80% when the fortnightly depositional
rate drops to 1 to 2 cm. In this case, the ichnofa-
bric is dominated by mobile deposit feeders and
localized fugichnia of small-sized organisms
(Fig. 10E). In cases of fluctuating salinity and
high water turbidity, bioturbation is generally
absent except for the sporadic occurrence of
bedding plane-confined traces (FA2b).

All the bioturbated seasonal examples show
considerable ichnogenera-level changes between
members at Acre (cf. Lettley, 2004). In particular,
in the proximal examples where the fine members
are associated with sub-aerial exposure, the
change is apparent (Fig. 15E and F). Firm-ground
assemblages developed periodically in these
beds. Furthermore, fine members show perma-
nent dwelling and feeding burrows where theyT
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represent prolonged pause planes (e.g. Fig. 15E).
High-density composite fabrics can occur in
couplets as thick as 50 cm. In energetic, tidally
influenced, rapidly aggrading channels (1 to
2Æ5 m annually), the infaunal community dis-
plays a simple tiered structure where shallow tier
traces were concentrated on the mud-draped
strata. Bioturbation is typically concentrated in
one of the members. The coarse-grained member
is commonly more bioturbated than the fine
member in fluctuating/low-salinity and freshwa-
ter settings (FA1b, FA4a); this probably is due to
increased turbidity stress during the dry season in
these proximal locales (landward migration of
turbidity maxima). Fine-grained members yield
more intense bioturbation in distal positions
(FA1a).

CONCLUSIONS

A detailed ichnological, sedimentological and
statistical study of upper Miocene strata of the
Solimões Formation leads to the following conclu-
sions:

1 The deposits studied can be divided into four
broad channel-fill types and several sub-associa-
tions; they represent various types of inclined
heterolithic stratification deposits that are mainly
capped by pedogenic horizons. The strata are
interpreted as estuarine-related or delta-related,
laterally accreting channels that are intercalated
with continental deposits. IHS deposition oc-
curred in both the brackish and freshwater parts
of the depositional system.

2 IHS generation was controlled by tidal and
seasonal factors. Several superimposed time
cycles were recognized including semi-diurnal,
fortnightly, monthly, semi-annual and annual
cycles. The relative importance of these temporal
controls varied in a distal–proximal gradient.
Specifically, the tidal imprint was best observed
from mesohaline to low and/or fluctuating salin-
ity settings, whereas the seasonal control
occurred in every part of the depositional system.
The latter was most apparent in riverine channels
close to the fluvio-tidal transition. Tidally
dominated IHS formed cyclic rhythmites. In
addition, seasonal IHS produced statistically
verified non-random successions in a strongly
tidally influenced setting.

3 The ancient tidal regime was semi-diurnal at
Acre. Tidal ranges probably reached mesotidal
conditions.

4 The asymmetry of adjacent couplets is gen-
erally regarded as a typical feature of tidally
dominated environments. However, a strong
asymmetry can develop in adjacent seasonal
couplets in a near-equatorial setting; this is
interpreted as being due to a double rainy season
caused by equinoctial rains.

5 The different temporal controls commonly
have distinguishable impact on sedimentological
and ichnological properties. The differing prop-
erties include: lateral variability in lithology and
bedforms in IHS, lateral continuity of IHS, con-
tacts of the IHS members, thickness variation of
IHS members within a set, cyclicities in IHS ser-
ies, bioturbation degree and ichnofabric structure
vs. couplet thickness, distribution of bioturbation
in adjacent IHS members and change in genera
composition and trace fossil behaviour in adja-
cent IHS members.
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