
in a hydrotherlnally actlve oceanlc crust. 
The  constancy of the S L I B  value of un- 

contaminated OIBs (-9.9 + 1.3 per mil) 
and its striking sl~nilarity with that of the 
bulk continental crust (21) suggests, in 
agreement wlth some current geochemical 
models, that crustal extractlon took place 
from a n  initially homogeneous mantle 
source. It would imply that the pr~mitive 
mantle had a rather constant S L L B  value of 
=- 10 + 2 per mil. This should pose strong 
constraints on  the tvne of chondrites from , 
which Earth was formed and o n  the process- 
es able to nroduce thls homogenization dur- - 
111g I ~ S  accretion and differentiat~on, be- 
cause of the varlable S1'B values (29) found 
for cholldritic materials. 
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bate Miocene Tidal Deposits in the 
Amazonian Foreland Basin 

Matti E. Rasanen," Ari M. Linna, Jose C. R. Santos, 
Francisco R. Negri 

Late Miocene tidal sediments of Acre, Brazilian Amazonia, were deposited in an embay- 
ment or interior seaway located in the sub-Andean zone. This late Tertiary embayment 
system may once have connected the Caribbean with the South Atlantic. The tidal coasts 
of the embayment-seaway have provided an avenue for the earliest waif (over water) 
dispersal phases of the great American biotic interchange in the late Miocene. The 
subsequent change from semimarine to terrestrial environments is of value in assessing 
the importance of earlier hypotheses on the evolution of the western Amazonian land- 
scape and gives insight into the formation of several observed biogeographic patterns, 
especially of aquatic biota. 

T h e  southwestern Amazonian lowland is 
currently 100 to 200 m above sea level. T h e  
late Tertiary history of the area has been 
uncertain; a key area is the state of Acre, 
Brazil (Fig. 1). Several origins have been 
suggested for the fine-gramed sedimentary 
deposits cropping out at  Acre. O n e  hypoth- 
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esis is that these deposits f$rmed in a cata- 
strophic Pleistocene flood resulting from 
sudden draining of glaci~! Lake Titicaca 
( I ) .  Another 1s that they represent deltaic 
deposition in a n  enormous Pleisto-Holo- 
cene lake (Lago Amazonas) (2) .  A third is 
that they represent Mio-Pliocene fluvial 
deposition in a n  alluvlal fan draining the 
Andes (3). Generally, they have been con- 
sidered as fluvial in origin (4, 5) and part of 
the Plio-Pleistocene Sol1m6es Formation 
(6). It has not been clear how these deposits 
relate to late Tertiary deposits farther south. 
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In 1927, von Ihering (7) proposed, on the 
basis of North Atlantic related foraminifers 
in the marine upper Miocene rocks of Rio 
de la Plata, Argentina, that a Cretaceous to 
Eocene seaway connected the Caribbean to 
the South Atlantic through the sub-An- - 
dean zone. Later, a younger late Tertiary 
connection was suggested in biogeographic 
studies (8, 9). Here we demonstrate that 
the fine-grained deposits in Acre were de- 
posited by mesotidal rhythmic sedimenta- 
tion in a sub-Andean estuarine environ- 
ment in the late Miocene [Huayquerian, 
South American land mammal age 
(SALMA) (10, 1 1 )] about 10 million to 8 
million years ago (Ma) (12). Middle Mio- 
cene to Pliocene semimarine to marine em- 
bayments have now been geologically doc- 
umented to extend into Andean foreland 
basins in Argentina, Paraguay (13), Bolivia 
(14), northern Peru, Colombia (15), and 
Venezuela (1 6). Recently, Hoorn (1 5) has 
documented indications of middle to late 
Miocene tidal sedimentarv de~osits also in , L 

the intracratonic Amazonas basin (Fig. 1). 
We studied the deposits of the Solimdes 

Formation along the Acre and Purus rivers 
and the Rio Branco-Cruzeiro do Sul high- 
way in a 250-km-long transect trending 

10 Media-Amazonas 

Fig. 1. Map showing the estimated limits of the 
northern middle to upper Miocene Pebasian and 
southern upper Miocene to Pliocene Paranense 
marine to semimarine ingressions (ruling) [after 
(9)]. The approximate location of Tertiary depo- 
centers in the foreland (basins 1 through 7) and 
intracratonic (basins 8 through 12) sedimentary 
basins are depicted by shading. Light areas show 
the margins of the basins and the arches. Modi- 
fied after (15, 32); V, area where the Yecua For- 
mation has been documented; 0, area where we 
have documented subtidal channel sediments 
with sand-mud couplets and inclined heterolithic 
stratification in the late Miocene Cobija Formation. 

southeast to northwest across the non- 
flooded, generally flat, but dissected low- 
land terrain (terra firme) (Fig. 1). The sur- 
veyed area lies between the Acre, Solim~es, 
and Madre de Dios-Beni basins on the con- 
tinuation of the Fitzcarrald arch. 

The sedimentary deposits along the 
transect form three distinct intercalated 
lithologic units. The channel lithosome 
(thickness, 2 to 10 m) is composed of rhyth- 
mically bedded, sand-mud couplets, and the 
mean thickness is 23.2 cm (range, 6 to 210 
cm; n = 243). The sand in the couplets is 5 
to 200 cm thick and is composed of fine 
(mean diameter, 70 to 150 pm) lithic aren- 
ites, rich in plagioclase. The sand changes 
abruptly into mud. The mud layer is 1 to 15 
cm thick and is regularly deformed and bio- 
turbated. Thicker mud includes irregular 

sand layers. Depending on the orientation of 
the section, the couplets either show in- 
clined heterolithic stratification (IHS) (1 7, 
18) tens or hundreds of meters in lateral 
extent or are trough-shaped (width, 10 to 
100 m) with the couplets extending entirely 
along the basal unconformity (18). Higher 
in the section. the sand-mud cou~lets are 
thin and predominantly fine-grained. Chan- 
nel lithosomes are often multilavered. 

The internal structures of the sand- 
mud couplets (Fig. 2) and their architec- 
ture (Fig. 3A) show vertical subaquatic 
aggradation and successive lateral migra- 
tion of the depositional surface of a point 
bar of a meandering channel (18). The 
frequent presence of IHS suggests that lat- 
eral channel migration was extensive. The 
trough-shaped channel lithosomes show 

Fig. 2. Lithostratigraphy of a verti- 
cal section across four inclined 
sand-mud couplets in a channel 
lithosome 10 m thick with IHS (Fig. 
3A). The lower parts of the two 
lowermost couplets (0 to 27 cm) 
exhibit ripple drift-cross lamina- 
tion changing into a massive de- 
formed graded layer of clay and 
silt. The upper surfaces of the 
muds in the couplets have furrows 
and represent a disconformity. The 
thick couplet (starting at 15 to 27 
cm and extending to 240 cm), the 
most extensive one encountered in 
the area, is separated from the un- 
derlying couplet by an erosional dis- 
conformity in which the furrows are 
approximately parallel (about 50") 
to the paleocurrents of the above 
ripples. The lowermost part (up to 
60 cm) is composed of successive 
inclined plane beds, mud pebbles 
eroded from the mud layer of the 
underlying couplet, deposits of 
dunes (paleocurrent 1 30°), and 
slightly inclined plane beds, which 
turn into partly massive sand with 
intercalated inclined parallel lamina- 
tion. A distinct wavy depositional 
surface succeeds the massive 
sand. The wavy form of the surface 
is due to scour pits of the first asym- 
metric ripples formed. The finest 
grains are concentrated in the ripple 
troughs and foresets. The following 
coset of asymmetric ripples (mainly 
northeastern paleocurrents, range 
0" to 230') grade into smaller asym- 
metric ripples with increasing stoss 
side erosion. Concurrently, the 
modal grain size of the sand be- 
comes coarser starting at 70 to 100 km and extending to 100 to 150 pm, and the content of fine grains 
(<50 pm) diminishes from 43 to 31 %. The upper part (190 to 240 cm) of the ripple coset is therefore 
composed of coarser material than is the lower part (60 to 120 cm). Code for descriptive lithofacies: grain 
size: clay (C), silt (S), fine sand (fS), and mud pebbles (P); set form: tabular (t), lensoidal (I), trough (tr), 
wedge-shaped (w), and irregular (i); internal texture and structures: massive (m), massive matrix support- 
ed (mm), parallel laminae (pl), inclined parallel laminae (ipl), sigmoidal cross laminae (scl), concave cross 
laminae (ccl), trough laminae (trl), deformation (d), and bioturbation (b). The direction and dip angles for the 
ripple foresets and inclined bedding are given. 
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upfilling of nonmigrating channels (18). 
In the sand-mud couplets in Fig. 2, ero- 

sion of the furrows on the mud surface 
preceded deposition of sand. Bed load sed- 
imentation was followed by the initiation of 
sedimentation from suspension (wavy dep- 
ositional surface). In rippled sand, grain size 
coarsens upward and ripple migration in- 
creases, implying a change from deep-water 
sedimentation to sedimentation in decreas- 
ing water depth and a concurrent increase 
in the flow rate in shallower water. These 
trends are typical for the couplets in the 
study area. 

Two alternative depositional environ- 
ments for the channel lithosomes could be 
considered: fluvial or tidal. The sandy ripple 
cosets of the couplets are interpreted to 
have been deposited during a shallowing 
ebb tide because the sand coarsens u~ward 
and the sand-mud contact is abrupt. After a 
flood in a fluvial regime, the sand grain size 
would decrease during waning flow and the 
sand-mud contact would become gradual. 
The well-defined mud includes reeular soft - 
sediment deformation and occasional desic- 
cation cracks. which im~lies that the sedi- 
mentation was cyclic, continuous, and rap- 
id. The mud is interpreted to be deposited 
during flood tide, flood-slack in particular. 
The ripple-drift sands in the couplets gen- 
erally exhibit consistent paleocurrent direc- 
tions deviating about 90' from the dip di- 
rection of IHS (Fig. 5). This indicates that 
ebb flow was dominating in the tidal chan- 
nels (19). Couplets with opposite-directed 
paleocurrents can be found locally in the 
basal parts of individual channels. 

The upper half of the section in Fig. 3A 
shows a runoff channel. The channel is 
conformablv covered bv the next flood-mud 
layer and is interpreted as an ebb-runoff 
channel. It suggests intertidal origin and a 
mesotidal range (2 to 4 m) for this locality. 
Figure 3B shows the thickness variation of 
the sand-mud couplets along a laterally ag- 
graded sedimentary unit. The periodicity 
indicates semidiumal tidal de~osition. 

The Acrean channel lithosomes docu- 
mented above are nearlv identical in dimen- 
sions and structures to the ancient point-bar 
deposits of the late Cretaceous Middle Mc- 
Murray Formation (20) and Horseshoe Can- 
yon Formation (19) in North America. 
These are interpreted as having been formed 
in mesotidally influenced estuaries. 

There is also a second type of sand-mud 
couplet in the channel lithosomes (Fig. 4). 
The ripple drift sands are similar to those in 
Fig. 2, but in the upper part of the couplet 
there is a mud doublet in which the muds 
are separated by structureless sand or de- 
formed sand stringers. This couplet type, 
together with indications of paleocurrent in 
the sand in the doublet opposite the ebb 
ripples, indicates that the sand in the dou- 

blet and the upper mud layer were deposited 
in a subtidal zone during flood tide. The 
upper flood-slack mud is thicker than the 
lower, less regularly preserved ebb-slack 
mud, showing a longer time for sedimenta- 
tion of mud during flood tide and slack. 

The channel lithosomes grade both lat- 
erally and vertically into interchannel litho- 
somes 2 to 3 m thick, as the ripple-drift 
sands in the couplets make room for mud in 
the thinning couplets. At the top of the 
section, thin sand laminations alternate 
with horizontal, thicker mud layers. Flame 
structures in the upper surface of the mud 

horizons are regular. Bioturbation is fre- 
quent. The lithosome can also be structure- 
less. Diagenetic gypsum crystals several cen- 
timeters long are abundant. This lithosome 
is interpreted as mud-flat deposit and is con- 
sidered typical of mesotidal conditions (19). 

The third lithosome type, bioturbated 
sand, is rarely exposed and seems to exceed 
5 m in thickness. Rich in quartz and with 
poorly preserved, inclined parallel bedding, 
it may represent a severely bioturbated 
subaquatic sand. It was encountered at 93 
and 11 1 km along the Trans-Amazonian 
Highway (Fig. 5). 

Fig. 3. (A) Cross-sectional profile (direction, 120' to 300') of the IHS in a riverbank at Seringal Amapa 
close to Rio Branco (location given in Fig. 5). The sequence shows the sand-mud couplets (dip 15" in 
direction 90") of a point bar, migrating laterally to the east. The section is perpendicular to the flow (20°), 
which has deposited the sand in the couplets. There is only one major erosive surface in the sequence. The 
1.5-m-deep runoff channel in the sequence cuts sharply into the thickest sand-mud couplet. It is filled with 
a basal mud pebble conglomerate and massive sand, which pass upward into concave parallel lamination. 
It has knife-sharp noncollapsed erosional channel banks and is conformably covered by the next mud 
layer. Vertical columns show the detailed studied sections in the field. (B) Systematic thickness variation 
(bars) and their moving average (curve) of 11 7 sand-mud couplets along a laterally aggraded sedimentary 
unit comparable to (A) at Talisma (location given in Fig. 5). The moving average was calculated according 
to the thickness of four adjacent couplets. A semidiumal 28-day periodicity was adapted; S, point of times 
for spring tides; N, point of times for neap tides. 

Fig. 4. Three complete sand-mud 
couplets with a mud doublet in their 
upper part. The sedimentation of 
every couplet initiated with the dep- 
osition of a heavy mineral layer 
(HML, mainly hematite and magne- 
tite) on a disconformity during the 
first phase of suspension sedimen- 
tation of the waning flow. The pa- 
leocurrents of the ripples in all cou- 
plets are parallel to 70". In the mud 
doublet, the lower, thinner, more 
deformed mud is followed by a 
massive sand with frequent mud 
pebbles. Location given in Fig. 5. 
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REFERENCES AND NOTES The three lithosomes described here 
indicate deposition in a coastal mesotidal 
environment. Paleocurrent measurements 
show northerly to southeasterly directions 
for the ebb flow (Fig. 5). The paleocurrent 
directions together with the mineralogy of 
the sediment indicate an Andean origin for 
the detritus. 

The absence of marine or semimarine 
mollusks shows that the water in this ebb-
flow-dominated system may have had low 
salinity (19). However, the abundance of 
fossil fishes, turtles, and crocodilians (10, 
11, 21) and some teeth of the euryhaline 
late-Miocene bullshark (Carcharhinns) in 
the sediments of Solimoes Formation at the 
Acre River (22) indicate ample aquatic life 
and a marine connection. Marine fauna of 
sharks (Carcharinidae), stingrays (Myli-
obatidae), chimaeras (Chimaeridae), and 
cobs (Sciaenidae) have recently also been 
reported from the late Miocene Solimoes 
Formation 500 km north of Acre (15). The 
fossil land-mammal fauna found at the lo
cations (mainly in interchannel litho
somes) visited during this study along the 
Acre (23, 24) and Purus (24, 25) rivers, 
and the Rio Acre local fauna from the 
Solimoes Formation (10, 26), are primar
ily correlated with the late Miocene Huay-
querian SALMA. In Bolivia, the Huay-
querian SALMA is dated around 10 to 8 
Ma (12). Some faunal elements suggesting 
adjacent SALMAs exist, but these corre
lations seem not well validated. 

Our results show that the late Miocene 
embayments or seaway reached the central 
part of South America (Fig. 1). This incur
sion concurs with the latest Serravallian 
high global sea stand —10 Ma (27). We 
have recently observed tidal sediments dat

ed as late Miocene (14) that crop out 200 
km southwest of the Acre River, in the 
Madre de Dios-Beni basin in Bolivia (Fig. 
1). We do not know if the above Acrean 
and northern Bolivian sedimentary deposits 
are part of the northern Pebasian inlet or if 
they derive from the southern Paranense 
marine ingress ion. The northernmost cur
rently known deposits of Paranense ingres-
sion comprise the ~10-Ma-old Yecua For
mation at depths of 3 km in the marginal 
zone of the Madre de Dios-Beni and Chaco 
basins (28) (Fig. 1). It is unclear whether the 
Pebasian and Paranense embayments were 
contemporary or were ever interconnected. 

The extensive embayment-seaway en
vironment surrounded by coastal tidal flats 
is analogous to the western interior seaway 
in North America that evolved during 
Cretaceous marine ingressions. The coast
al open habitats along the embayments 
served as a corridor between North and 
South America during the early waif dis
persal phase of the great American biotic 
interchange (GABI) in the late Miocene 
(29). After the retreat of the embayments 
during the Plio-Pleistocene, huge areas in 
South America turned into aggrading al
luvial plains. These seasonally flooded 
plains may have supported the migration 
of the North American savanna fauna 
through Amazonia during the later phases 
of GABI (30). The supposed savanna cor
ridor promoting the migration may thus be 
not just climatically guided, as has been 
proposed earlier (31). In addition, the 
long-term landscape turnover from semi-
marine to terrestrial conditions has great 
potential to explain several observed sub-
Andean biogeographic patterns, especially 
of aquatic biota (2, 8). 
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Female Responses to Ancestral Advertisement 
Calls in Tungara Frogs 

Michael J. Ryan and A. Stanley Rand 

Phylogenetic techniques were used to estimate and reconstruct advertisement calls at 
ancestral nodes. These calls were used to investigate the degree of preference of female 
tungara frogs (Physalaemus pustulosus) for both extant and ancestral calls. Females did 
not d~scriminate between calls of males of their own species and calls at their most recent 
ancestral node. They also recognized calls of three extant species and at four ancestral 
nodes as the signals of appropriate mates. Both shared ancestral history, and call con- 
vergence might different~ally influence call preferences. 

Differences in  mate recognition systelns tral species. T h e  uniclue geological history 
behaviorally isolate species and are thought of the Hawaiian islands and the amazing 
to  he one of the  ~l los t  inlportant causes of diversity of its indlgenouc fruit flies have 
speciation; mate recognition, however, re- 
quires coordination of signal anii receiver 
(1). T h e  fact that such coordinatiotl char- 
acterizes many species is evidence that this 
functional association persists, hut it tells us 
little of the  historical patterns by which it 
arose. Species-specific mate recognition 
could evolve by the  coordinateii iiivergence 
of signal-receiver interactions of each incip- 
ient species, as has been suggested by some 
hybridization stuiiies (2) .  Alternatively, the  
evolution of signals anii receivers could oc- 
cur in a more haphazard manner, in which 
stimuli that make signals more or less pre- 
ferred are gaitleii or lost through evolution- 
ary history. In  this case, other aspects of the  
calls that are perhaps irrelevant to  the  re- 
ceiver preference could result from srochas- 
tic processes, constraints, or selection in 
other contexts, as has heen argued from 
studies showing asymmetric mating prefer- 
ences among species (3) .  

To truly ~lnderstand how species recog- 

allowed SLIC~I  an  approach to studies of mate 
recognitioll (3) .  In  most stuiiies, however, 
there are no  clear ancestor-descendent re- 
lations arnone extant snecies. W e  have nar- 
tially c i r c~~mven ted  this problem hy esti- 
mating anii reconstructing the  mate recog- 
nition signals at ancestral noiies; these 
nodes represent hypothesized ancestral spe- 
cies. W e  then conducted phonotaxis exper- 
iments to uuantifv female res~ollsiveness to 
these signhls. ~ l l e s e  experiments deter- 
mined if the  female's response was elicited 
only hy the  conspecific call, as woulii he 
suggested hy the  coordi~lated divergence of 
signal and receiver, or if ancestral calls con- 
tained key stimuli that effectively elicited a 
response, as is collcl~liieii from studies of 
mating asymmetries. If females xe re  respotl- 
sive t o  heterosnecific calls, inci~ldine: those 
of hot11 extant anii hypothesized ancestral 
saecies. we also determined the  degree to  u 

rvhich fetnale preferences were influenceii 
by phylogenetic divergence anii overall call 
similarity. 

W e  examined the  aiivertisernent calls 
and phylogenetic relations of five species of 
frogs in the Physalnemus j~ustulosus species 
group and three of their close relatives (Fig. 
1) .  T h e  tilllgara frog, P .  pustulosus, is sym- 
patric with P .  enesefae in Venezuela and 
a l lo~atr ic  with the other species. For 10 
illdivid~lals of each species, 12 call parame- 
ters were measured and average calls were 
digitally synthesized with these variables (4) 
(Fig. 1) .  Phylogenetic relations were deter- 
mined from an  analysis of several morpho- 

I Fi Td zl~~Jl 
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Root ms 
nition evolves, it is preferable to  investigate 

Fig. 1. The phylogenetic relations of frogs of the P, pustulosus specles group and three closely related directly the signals anii receivers of ances- snecies fP, enesefae. snecies a ,  and P. eohi~oifer) (5). S ~ e c i e s  a and s ~ e c i e s  b are undescribed. Shown , , ,  , , ,  

are sondgrams of the synthetic advertisement calls, which were determined from species' means for the 
M. J. Ryan' Department Of zOOOgy' University Of Texas' extant (t~p) specles (4) or from phylogenetic est~mates for calls at the ancestral nodes (7). Branch lengths 
Austn, lX 78712, USA, and Smthson~an Tropca Re- 
search Institute, Apdo. 2072, Balboa, Panama. are estmates of changes n mtochondr~a DNA base sequences (7). A d~scrlmnant funct~on analys~s 
A, S. Rand, Smlthsonlan Troplca ~~~~~~~h lnstltute, shows that 92% of the ~ndivduals of extant specles, 10 per specles, are assgned to the correct specles 
Apdo. 2072, Balboa, Panama. by call alone. Numbers indicate branch lengths (7). 
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