




















The Pliocene Hadar Formation 2 3 ! 

Shale facies 

This comprises grey-green, beige, brown or pur- 
ple shale beds, 0.6-1.0 m thick. Fish and gastro- 
pod remains are uncommon.  Apati te nodules are 
frequent. 

FIG. 12. Thin section of a sponge spicule-rich silt. 
E 493, Ounda Hadar Wadi, Denen Dora Member. 
Scale bar = 0.1 mm. 

Facies organization in the Denen Dora Member 

To the W the 20 m thick Denen Dora Member,  
above the Triple Tuff (beds TT4-5) and ostracod 
shale marker beds, consists of laminated or 
massive beige to brown clays. Further up the 
succession, the sandy and conglomerat ic DD3 
unit is 9.6 m thick and is capped by clays, silts and 
fine sands. In the Denen Dora Wadi and to the E, 
20 m of thick grey, green or brown clays overlie 

Ow 

Ow 

3 
30.11 

1 o.i 

bk l2  ~, ~ i  

A:I 
b k l l J  

I I I I I I  
24.10 

_gl 
IIIIII 

27.10 

t... • • 

= I I 

. . . . . .  .- 
bM 1 t,*--ml 

b k ~  

bk t , ~  " . . .  

:::::'" f: CC ~ l  _ C C  --  - C C ~  - g  _CC _ , _ _  

I I I I I  IIIIIII III IIIIII 
5.12 12.1 8.12 10.12 26.11 

FIG. 13. Kada Hadar Member of the Hadar Formation. Outcrops and simplified lithology. For key see Fig. 6. 
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the TT1-5 and ostracod shale marker beds. The 
sandy DD3 unit is 5-6 m thick. The upper part of 
the member consists of clayey silts and brown 
massive clays of 5-8 m thickness (Fig. 11). 

Kada Hadar Member--facies description 

The base of the Kada Hadar Member is defined 
by the lenticular Kada Hadar  Tuff 'Confetti  Clay' 
(CC)-green shale association. Its maximum 
thickness is 80 m in the Kada Gona Wadi, and it 
decreases to 30--40 m in the Sidi Hakoma and 
Ounda Hadar  Wadis (Fig. 13). 

Kada Hadar Tuff facies 

This white-grey sandy tuff occurs as a channel fill, 
2 m thick, in the upper Kada Hadar. Elsewhere 
the Kada Hadar Tuff (KHT) consists of a white 
chalky tuff 0.8-1.0 m thick (at Afofili and Sidi 
Hakoma Wadi), or a laminated beige tuff with a 
grey sandy layer 0.75 m thick (E of Kada Hadar). 

Bouroukie Tufts facies 

The three Bouroukie Tufts have been defined in 
the Bouroukie Wadi, a tributary of the Kada 
Hadar (Taieb & Tiercelin 1980; Walter 1980). 
BKT-1 occurs as two beige and yellow clayey tuff 
layers, 3-10cm thick, about 17m above the 
'Confetti Clay', and is seen in Ounda Hadar 
Wadi. In the Kada Hadar  Wadi, BKT-2 consists 
of three successive and distinct layers: (1) a 
pistachio-green and brown laminated clay or fine 
sand, with disturbed bedding. Leaf impressions 
have been found in this subfacies in the Kada 
Gona Wadi; (2) a chalky white tuff, 6 cm thick; 
and (3) a yellow tuff, 3 cm thick. 

In the Kada Gona Wadi, the lenticular white, 
beige or pink 'Artefact Site Tufts' (AST-1 and 
AST-2), with a maximum thickness of 2 m, are 
equivalent to the two upper BKT-2 tufts. BKT-3 
tuff occurs in the upper Kada Hadar  Wadi as a 
beige, horizontally-bedded, sandy tuff 15-60 cm 
thick. Root casts are sometimes abundant. In the 
Kada Gona Wadi, BKT-3 consists of two blue- 
grey tuff layers 15 and 20 cm thick, 10 m above 
AST-1 and AST-2. 

Conglomerate jacies 

This facies is widely represented in the Kada 
Hadar Member. Four subfacies have been identi- 
fied: 
1 Massive or graded, matrix-supported micro- 
conglomerate. This is between 5 and 50 cm thick, 
occasionally horizontally or obliquely bedded, 
and lies on an erosional base. This sediment 

contains small pebbles, granules, rounded clay- 
stone clasts, and root casts in an abundant sandy 
matrix. An ostracod fauna has been found in one 
bed in the Ounda Hadar Wadi. 
2 Cross-bedded conglomerate. This is polymict, 
often cross-bedded, and pebble-rich. Lenses 1- 
3 m thick of beige clayey silt, black laminated fine 
sands, gravels, and purple brown clays with 
calcareous concretions are frequent, as are clay 
boulders. The maximum thickness of this conglo- 
merate is 40 m. 
3 Artefact site intermediate conglomerate. This 
is pebble-rich and lenticular, and lies on an 
erosional base. It is overlain by layers of smaller 
size pebbles with large lenses of yellow sands. The 
maximum thickness is 4.0 m. Oldowan artefacts 
have been found in this subfacies. 
4 Artefact site upper conglomerate. This is sand 
matrix-supported and 4.0 m thick. It consists of 
medium to small pebbles and lies on an erosional 
base. It is overlain by a coarse pebble-rich 
conglomerate, 3-4 m thick. Oldowan artefacts 
have also been found in this facies. 

Coarse sand facies 

This facies comprises massive, cross-bedded 
coarse sand beds 0.4-3.0 m thick, which are 
sometimes lenticular, and have scattered lenses of 
pebbles and granules. 

Very fine to fine sand facies 

Ochre, grey to beige, fine to very fine, sands or 
sandstones, massive or cross-bedded, form beds 
0.1-4.0 m thick. Bivalve and gastropod shells, 
fish remains, fossil wood, and clay clasts are 
frequent and sometimes abundant. 

Silt), clay facies 

Massive or horizontally-bedded brown to beige 
silty clays, 0.4-1.0 m thick, are generally rich in 
plant debris and roots or burrow casts. Gastro- 
pods and fish scales are sometimes present. 

Massive laminated clay facies 

Beige, white-grey, brown or green clay beds are 
0.4-5.0 m thick. Numerous hydroplastic faults 
affect these beds. Micro-fauna is uncommon. 
Carbonate nodules, probably of pedogenetic ori- 
gin, are abundant. 

'Confetti Clay' shale facies 

The 'Confetti Clay' marker bed consists of a 
green or grey shale, 0.8-2.0 m thick, which in 
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weathered exposures appears in the form of fine 
flakes or confetti. Brown nodules (probably apa- 
tite) are frequent. The mineral fraction of the 
shale is smectite, with significant amounts ofillite 
(5%) which is unusual for the series. 

Facies organization in the Kada Hadar member 

In the Kada Hadar and Kada Gona Wadis, the 
Kada Hadar Member is 80 m thick. It lies above 
the Kada Hadar Tuff; the basal units comprise 
silty clays, massive clays with calcareous concre- 
tions, and 0.1-1.0 m thick layers of fine sand. 
Further up, the series consists of massive clays, 
silty clays and interbedded conglomerates 5-40 m 
thick. Six volcanic tufts (the Bouroukie Tufts) are 
interstratified in this series. In the Ounda Hadar, 
only the lower 40 m of the Kada Hadar Member 
are exposed and comprise massive or laminated 
clays and shales with interstratified silty clays, 
fine to coarse sands, which are often cross- 
bedded, and micro-conglomerates (Fig. 13). 

Interpretation of the sedimentary 
environments of the Hadar 
Formation 
Fluvio-lacustrine environments became domi- 
nant in the northern Afar Rift after the Oligo- 
Miocene and once the spreading and rotation of 
the Danakil Block (Sichler 1980) had produced 
the Danakil depression (Fig. 1). These environ- 
ments, represented by sediments of the Red 
Series, persisted in the Danakil depression until 
c. 5 Ma. 

In the southern Afar Rift, fluviatile and lacus- 
trine sediments accumulated up to 10 Ma (Ch'or- 
ora Formation), following the spreading of the 
western and southeastern Ethiopian escarpments 
and the volcanism associated with these crustal 
movements. After 9 Ma, the locus of sedimen- 
tation seems to have migrated towards the N, 
along the western escarpment, until 2.5 Ma (Tier- 
celin 1981; Kalb et al. 1982b). This migration 
coincided with the appearance of N-NNW trend- 
ing volcano-tectonic ridges, formed by fissure- 
eruption of tholeiitic basalts. These lavas belong 
to the Afar Stratoid Series (Tiercelin et al. 1980; 
Walter 1980) and poured out along an axis of 
expansion which was probably connected either 
with the sinistral rotation of the Danakil crank- 
arm or with an approximate W-E drift of the 
North Tadjoura continental block away from the 
western escarpment (Jacout 1984). 

From c. 4.2 Ma onwards a lacustrine environ- 
ment stretched along the western escarpment, 

probably from Bodo to the Hadar (Fig. 1). 
Tholeiitic volcanism preceded these conditions. 
Afar Series basalts dated at 4.5 Ma appear at the 
base of the Hadar Formation (the Meschelle 
basalt, Kalb et al. 1982b) and along the western 
escarpment (Aronson et al. 1980; Tiercelin 1981). 

4 .2 -4 .0  M a  B P  

At this time (Basal Member) Lake Hadar was 
apparently shallow, of small extent and probably 
distinct from neighbouring Lake Bodo (Fig. 15; 
see Fig. 14 for key to Figs. 15-22). Laminated or 
shaley smectitic clays represent low energy depo- 
sition. Temporary regression is suggested by the 
impingement of swamp environments (plant 
remains and gastropod shell-bearing clays and 
silts) and by low to moderate energy shoreline or 
fluvial deposits (coarse to fine sands, which are 
massive, bedded or rippled). The monospecific 
ostracod fauna (Cyprideis sp. SH1; E 1173, 
Fig. 6) indicates a lake environment character- 
ized by variable salinity (ranging as high as 
mesohaline) with probable seasonal variations 
(Peypouquet et al. 1983). This is confirmed by 
618OeDB values corresponding to highly variable 
palaeohydrological conditions that included 
phases of very high evaporation (Hillaire-Marcel 
et al. 1982). 

The influence of a fluvial system is evident at 
the top of the Basal Member in the form of 
(commonly) cross-bedded coarse to fine sands 
with abundant plant debris and clay clasts 
(Fig. 16). A diversified ostracod fauna associated 

HALITE APATITE 

NATROJAROSITE BARYTE 

Cyprideis SH1 ~ ONCOLITE 
~ Cyprideis KH1 
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FIG. 14. Key to Figs. 15-22. 

 by guest on February 23, 2019http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


234 J .J .  T ierce l in  

Ida Ale volcano(?) 

Koma volcano(?) 

Adaytu.Galalu and 
Skm "'+ . . . . . . . . . . . . . .  Meschelle basalts(4.5 Ma) 

W E 

FIG. 15. Schematic representation of the Hadar region at 4.2 Ma. l: Afar Basement; 2: Oligo-Miocene 
volcanics; 3: Miocene volcanics (after Zanettin & Justin-Visentin 1975). For key see Fig. 14. 

with gastropods confirms the proximity of 
oligohaline waters (E 433, Fig. 6). However, the 
abundance of Cyprideis sp. SH 1 (E 536, Fig. 6) 
suggests that there was no appreciable physico- 
chemical change in the lake environment. Iso- 
topic studies indicate that the lake was mainly fed 
by large floods coming from the western escarp- 
ment and plateau, carrying clay minerals such as 
illite and kaolinite. The fluviatile facies of the Sidi 
Hakoma Tuff support this suggestion, and also 
partially support Brown's hypothesis (1982) of a 

distant volcanic eruption and long-distance water 
transport by an ancestral Awash. The input of 
such waters may explain the impressive develop- 
ment in the lake of the diatom Melosira granulata 
(an indicator of turbid but fresh waters) and the 
presence of the algae Pediastrum and Botryococ- 
cus (Bonnefille et al. 1983). Palynological infer- 
ences based on analyses of modern pollen rain 
(Bonnefille et al. 1983; Bonnefille & Vincens 1985) 
imply the proximity of mountain forest and a 
relief of 1300-1500m within 10-20km of the 

Ida Ale volcano 
4 Ma: eruption of 
Cindery and(?)SHT tufts 

') 

t~ . . . . . . . . . . . .  , +  . . . . . . . . . . . . . . . . . . .  L"------~ M e s che I;e basalts 
W 5kin 

E 

FIG. 16. Schematic representation of the Hadar region at 4.0 Ma. For key see Fig. 14. 
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Ida Ale volcano 
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FIG. 17. Schematic representation of the Hadar region at c. 3.9 Ma. For key see Fig. 14. 

lake. This is also indicated by the presence of the 
transported remains of the rodents Praomys and 
Tachyoryctes (Sabatier 1978, 1979a, b). 

4.0-3.65 Ma BP 

The influences of rivers persisted on the western 
shore of the lake during the period 4.0-3.65 Ma, 
with deposition of the Sidi Hakoma conglomera- 
tic and sandy units (SH2, SH3). To the E of the 
lake the sediments reveal the development of a 
delta characterized by fine sands, silty clays and 
clays that have a mollusc fauna (Fig. 17). Sub- 
sequent deposition of silty clays, grey clays, shales 
with an abundant gastropod fauna, root marks, 
and coals suggest an abandoned lobe or a distal 

part of an interdistributary bay (Elliott 1974a,b). 
The ostracod fauna (Cyprideis SH 1-KH 1 associ- 
ation, E 1084-1088) suggests an oligohaline en- 
vironment (salinity < 5%0) with a high input of 
river water and widely distributed humic-humo- 
limnic acids (Peypouquet et al. 1983). This is 
confirmed by the abundance of aquatic plants 
such as Typha and Cyperaceae (Bonnefille et al. 
1984). Fluctuations between fresh and highly 
saline waters allowed oncolites to develop (Hil- 
laire-Marcel et al. 1982). 

The presence of natrojarosite in a coal bed 
(E 1086) is consistent with an anoxic, reducing, 
acidic environment without clastic influx (P6rinet 
et al. 1980), and with strong activity o f N a  + ions 
in interstitial waters, probably due to the proxi- 

Ida Ale volcano 
/ 

~ J ~ J ~ S . ~ - ~  ~ ~. o~ ~ ~ - - ? ~ K a d a  

--'ii? Adaytu Galalu 

/ Meschelle basalts 
5km 

w E 

FIG. 18. Schematic representation of the Hadar region at 3.65 Ma. For key see Fig. 14. 

- -  Malam Koma volcano 

Stratoid Series 
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Ma) 
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FIG. 19. Schematic representation of the Hadar region 

J.J. Tiercelin 
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at c. 3.5-3.15 Ma. For key see Fig. 14. 

mity of NaCl-rich lake waters (Gruas Cavagnetto 
e t  al. 1980). The ostracod fauna (E 1093) suggests 
that the environment is gradually becoming more 
lacustrine, with salinity possibly reaching the 
mesohaline level. The humid tropical climate 
postulated as necessary for natrojarosite forma- 
tion is also indicated by the contemporary rodent 
fauna (Sabatier 1978, 1979b). 

Swamps subsequently expanded mainly along 
the eastern shore, with fluvial influence and 
emergence being suggested by the pulmonate 
gastropod fauna. Towards 3.65 Ma, the Kada 
Damoum basalt erupted in this wet environment, 
baking sediments to a depth of 2-3 m (Walter & 
Aronson 1982) (Fig. 18). Contact metamorphism 

of the underlying coal layer (E 1086) suggests a 
proximity of the eruption fissure. 

3.65-2.9 Ma BP 

At this time, shorelines and marshes became 
submerged by the lake which expanded to occupy 
the whole Hadar region (Fig. 19). Volcanic acti- 
vity continued along the margins of the basin, 
with tholeiitic fissure eruptions at Adaytu-Galalu 
c. 3.50 and 2.89 Ma, and at Mile c. 2.99 Ma, and 
rhyolitic activity of the volcanoes Ida Ale and As 
Ale occurring at c. 3.15 Ma (Aronson e t  al. 1980; 
Taieb & Tiercelin 1980; Walter 1980). Multiple 
pyroclastic eruptions occurred around 3.6 Ma in 

Ida Ale volcano 

I I  0 

Korea volcano 

DD3 braided 
s t ream sys tem 

Adaytu _ Galalu basalts 

1 . . . . . . . . . . . . . .  _ _  Meschelle, Kada Damoum 
skm E basa[ts 

FIG. 20. Schematic representation of the Hadar region at c. 3.0 Ma. For key see Fig. 14. 
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FIG. 21. Schematic representation of the Hadar region at 2.9 Ma. For key see Fig. 14. 

the Hadar  region (probably Ida Ale) and are 
represented in Lake Hadar  by the TT1-5 tuff. The 
transgressive lacustrine environment was first 
characterized by an important change in hydro- 
chemistry. High levels of salinity and dissolved 
nutrients, and silica and phosphatic-rich acidic 
waters are indicated by the ostracod fauna (large 
size C y p r i d e i s  sp. KH1), the diatom flora ( ? T h a -  
l a s s i o s i r a  sp., suggesting high salinity; Hecky & 
Kilham 1973) and by the presence of such 
minerals as apatite and baryte which could be 
taken to indicate local hydrothermal activity. 

A temporary lacustrine regression and increas- 

ing fluvial activity is marked by the massive clays 
and silty clays, but most especially by the Denen 
Dora conglomeratic sand (DD3, Fig. 20). This 
unit probably represents a climatically-induced 
and widespread braided river system, with bushy 
and wooded banks but grassy valley gravel train 
(Johanson et  al. 1982). Marsh and minor periods 
of fluvial activity then persisted, interrupted by a 
lake transgression which left the laterally exten- 
sive 'Confetti Clay' (Fig. 21). A tectonic origin 
may be suggested for this event, since there is an 
unusual quantity of illite that is possibly derived 
from the uplifted basement of the Afar. Rhyolitic 

Ida Ale volcano 
2.4 Ma: BKT3 e rup t i on  

/ 
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FIG. 22. Schematic representation of the Hadar region at c 2.9-2.4 Ma. For key see Fig. 14. 
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activity of the Ida Ale volcanic centre produced 
numerous tufts (KHT, BKT-I, BKT-2) which 
accumulated in the lacustrine, marshy and fluvial 
environments of the Hadar. 

2.9-2.4 Ma BP 

The appearance of thick conglomerate-sand-silt  
sequences in the upper part of the Kada Hadar 
Member may indicate widespread development 
of alluvial fan and fan-delta environments along 
the western escarpment (Bluck 1964) (Fig. 22). 
Lacustrine or swamp areas may have formed a 
significant landscape element, since local gastro- 
pod and ostracod faunas and an abundance of 
aquatic plants (Bonnefille & Vincens 1985) per- 
sisted until the complete infilling of the Hadar 
basin had occurred around 2.4 Ma. 

The lack of major isotopic changes in the 
coarse deposits, point to a rapidly drained system 
but no unduly strong influence of evaporation 
(Hillaire-Marcel et al. 1982). The sudden input of 
coarse clastic deposits and the development of 
wide alluvial fans suggests major tectonic move- 
ments along the western Ethiopian escarpment 
from 2.9 Ma. Basaltic activity on the northeas- 
tern margin about 2.6 Ma (Aronson et al. 1980) 
and pyroclastic eruptions c. 2.4 Ma from Ida Ale 
(represented by BKT-3) may indicate recurrent 
faulting. 

intricate succession of lacustrine, marshy and 
fluvial environments in a N S elongate depres- 
sion formed by the W - E  spreading of the Danakil 
and North Radjoura blocks. 

During this period, there were rapid lake level 
fluctuations and changes in the water balance, 
probably related indirectly or directly to volcanic 
activity and hydrothermal input along the mar- 
gins of the depression. However, the lake and 
associated marshes were mainly fed by large 
floods emanating from the western Ethiopian 
escarpment or from uplands located to the E and 
belonging to the Danakil and North Tadjoura 
blocks. 

During a period of 1.3 Ma, tectonic activity in 
the Hadar  basin appears to have been limited to 
quiet subsidence, particularly along the eastern 
margin, where the thickest sediments are encoun- 
tered. Only minor deformations in the sediments, 
such as 'hydroplastic faults', reflect this subsi- 
dence, which was probably encouraged by the 
continued spreading of the Danakil crank-arm. 

Major tectonic activity took place between 2.9 
and 2.4 Ma along the western escarpment, and is 
marked by a large input of detrital sediments. The 
present elevation of the Hadar  basin (500 m) may 
have been attained at the end of this tectonic 
phase, which signifies the completion of basin 
infilling. 

Conclusions 

From 4.2 to 2.4 Ma, the palaeogeography of the 
Hadar region appears to be characterized by an 
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