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Abstract: Few constraints on the timing, amount and distribution of lithospheric extension associated with 
flood-basalt magmatism were available from the southern Main Ethiopian rift system, where the base of 
the Cenozoic volcanic succession is exposed by faulting. New structural observations, together with K-Ar 
and 4°Ar/39Ar geochronology data from a transect of the Chamo basin-Amaro horst-Galana basin, show 
that basins are bounded by faults with steep dips at the surface, and the stratal dips of Eocene-Recent 
volcanic and sedimentary units are generally less than 20 ° . Little or no extension accompanied the 
extrusion of a 0.5 to 1 km thick sequence of transitional tholeiitic flood basalts between 45 and 35 Ma. 
Stratigraphical correlations with basins to the north and southwest suggest that felsic eruption(s) at c. 37 
Ma blanketed much of the southern Ethiopian plateau region with a felsic tuff unit. A second, less 
widespread, episode of alkali basalt and trachyte volcanism occurred between 18 and 11 Ma, and Recent 
alkali basalt volcanism occurs within the Chamo basin. The attitude, distribution, and diversity of Neo- 
gene-Recent volcanic and sedimentary strata within the Chamo and Galana basins indicate that crustal 
extension, basin subsidence, and rift flank uplift began during or after the second flood-basalt phase. Based 
on cross-sectional reconstruction to the top of the Oligocene tuff, we estimate a minimum of 12 km crustal 
extension ([3 ~ 1.12), and infer that maximum extension across the southern Ethiopian rift is less than 25 
km. Extension is primarily accommodated by slip along the border faults bounding the asymmetric basins, 
with small amounts of extension occurring within the hanging walls. Crude estimates of original basalt 
layer thickness prior to erosion in the Amaro region suggest that roughly comparable volumes of basaltic 
material erupted during the two episodes of flood-basalt magmatism (45-35 Ma and 18-11 Ma). The small 
amounts of lithospheric extension and the large volumes of magma estimated in this study of the southern 
Main Ethiopian rift suggest a very hot plume and/or efficient thinning of the mantle lithosphere from 
below by mantle plume processes during the two discrete episodes of flood-basalt volcanism. 

Cenozoic flood-basalt volcanism, plateau uplift, and the de- 
velopment of the Main Ethiopian and Afar rift systems have 
been attributed to a mantle hot-spot beneath the 1100 km wide 
Ethiopian plateau (e.g., Burke and Wilson 1972; Mohr 1983; 
Hart et al. 1989). Several authors have suggested that the main 
episode of flood basaltic volcanism in the Afar region at c. 30 
Ma coincided with initial lithospheric extension (e.g., Jones 
1976; Mohr 1983; Berhe et al. 1987). However, the timing of 
extensional basin development relative to the flood-basaltic 
volcanism throughout much of the Afar and Main Ethiopian 
rift systems is poorly constrained, in part because the oldest 
flows are rarely exposed beneath thick younger flows, and the 
individual flows are only of local extent (Barberi et al. 1972; 
Zanettin et al. 1978; Berhe et al. 1987; WoldeGabriel et al. 
1990). Likewise, the amount  and distribution of Cenozoic ex- 
tension across the southern Ethiopian plateau region was 
poorly constrained due to a lack of structural field measure- 
ments and geophysical data. 

In the Amaro province of the southern Main Ethiopian rift 
system (Fig. 1), uplift and faulting expose a sequence of bas- 
alts, rhyolites, trachytes, and volcaniclastic sedimentary rocks 
overlying metamorphic basement (Levine et al. 1974; Yemane 
& Yohunie 1987; Seyid & HabteGiorgis 1987; Yemane 1990; 
WoldeGabriel et al. 1991). Prior to this study, three K-Ar ages 
ranging from 35-14 Ma (Levitte et al. 1974; Merla et al. 1979) 
were the only age constraints from the Amaro province avail- 
able to tie this stratigraphy with the established volcanic strati- 
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graphy in the central and northern Main Ethiopian rift (e.g. 
Zanettin et al. 1978; WoldeGabriel et al. 1990). 

The objectives of field studies and radiometric (K-Ar and 
4°Ar/39Ar) age determinations of 17 flow and pyroclastic 
samples collected along a transect of the southern Main Eth- 
iopian rift were: (1) to establish a chronology of rifting and 
volcanism in the Amaro region; (2) to use dated volcanic hori- 
zons to place rough bounds on the spatial and temporal dis- 
tribution of extension in the southern Main Ethiopian rift from 
a reconstruction of surface fault geometries; and (3) to obtain 
crude estimates of the volume of basaltic material that was 
erupted within the Amaro region during Cenozoic time. These 
geometric and kinematic observations provide new constraints 
on crustal/lithospheric extension and magmatism within this 
active continental rift system. 

Geological  setting 

The volcanically and seismically active Main Ethiopian rift 
system transects the uplifted Ethiopian plateau for a distance 
of c. 1000 km (Fig. 1, inset), extending from the Afar Depres- 
sion southwards to a broad zone of basins and ranges near the 
Ethiopian border with Kenya (Davidson 1983). The Main Eth- 
iopian rift begins to broaden south of Lake Abbaya (Ganjuli 
basin) where the topographic expression of the rift valley 
broadens into two basins separated by the 20 km wide Amaro 
horst: the c. 40 km wide Chamo basin and the c. 30 km wide 
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Fig. 1. Summary geological map of the 
southern Main Ethiopian Rift with 
respect to the Ethiopian flood basalt 
province (inset) (after Merla et al. 1979; 
Davidson 1983; Yemane & Yohunie 
1987). Lower hemisphere projections of 
earthquake focal mechanism solutions 
are shown above epicentral locations • 
(Kebede & Kulhanek 1991; Asfaw 
1992). Approximate line of the cross 
section (Fig. 3) and box encompassing 
the study region (Figs 2 & 6) are 
indicated by bold lines. 
Fluvio-lacustrine strata containing 
Miocene fauna indicated by 9r 
(WoldeGabriel et al. 1991). Inset: 
Elevations above 1000 m enclosed by 
dotted line: faulted rift valleys (MER, 
Afar) shown by stipple pattern; 
volcanics indicated by random pattern; 
lakes indicated by solid ornament. 
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Fig. 2. Summary geological map of the Amaro region showing the locations of samples 1-17 dated in this study and listed in Tables 1 and 2 
(after Yemane & Yohunie 1987; Yemane 1990). A-A'/B-C-D across the Gamo-Gidole horst, Chamo basin, Amaro horst, and Galana basin 
indicate the location of the rift cross section shown in Fig. 3. 
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Fig. 3. Geological cross section of the Gamo-Gidole horst, Chamo basin, Amaro horst, Galana basin along line shown in Fig. 2, using 
bedding and fault orientations measured in the field (Fig. 6). Note that the thickness of the Amaro tuff, exaggerated to emphasize this unit, 
and other thin units (i.e. red sandstones) are not shown. Legend same as in Figs 2, 4 and 5. Minimum extension across A-D from bed-length 
measurement of the Amaro tuff is c. 12 km, assuming that WNW-ESE extension, and that mapped surface faults represent all 
basement-involved extension. Example of detailed data used to make interpretations shown in Fig. 4. 
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Fig. 4. Detailed sections a-a '  and b-b 
along the line of the profiles A-A '  and 
B-C shown in Fig. 3 illustrating the 
parallelism of contacts between red 
sandstone, Gamo-Amaro basalt, and 
Amaro tuff units. Legend same as in 
Figs 2, 3 and 5. Lines within 
metamorphic basement indicate the 
apparent dips of gneissic foliations and 
mylonites along the line of the 
cross-section (Fig. 6). Locations of rock 
samples dated in this study indicated by 
numbers above the profile (Tables 1 and 
2). Note the erosion of Palaeogene and 
Miocene basalts along the uplifted 
footwalls of the two basins. 
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Galana basin (Figs 1 and 2). The extension direction is loosely 
constrained to W N W - E S E  by normal and strike-slip focal 
mechanism solutions of several recent teleseismic events in 
southern Ethiopia (Kebede & Kulhanek 1991; Asfaw 1992; 
Fig. 1). Fault-slip data, borehole breakouts, and volcanic 
alignments in the Kenya rift system to the south also indicate 
W N W - E S E  extension during mid-Pleistocene to Recent time 
(e.g. Strecker & Bosworth 1991). 

A series of step faults rises to the 3000 m high Gamo-Gidole  
horst on the western side of the Chamo basin, and to the 3200 m 
high Amaro horst on the eastern side of the Chamo basin and 
the western side of the Galana basin (Figs 2 and 3). Westward- 
dipping normal faults with small throws and WNW-dipping 
monoclines bound the eastern side of the Galana basin (Fig. 2). 
Numerous trachytic and syenitic plugs mark the surface trace 
of these high-angle border faults (e.g. Fig. 3). The c. 100 km 
long Chamo basin is separated from the Abbaya (Ganjuli) 
basin to the north by the Tosa Sucha (Bridge of God), which is a 
chain of eruptive volcanic centres that crosses the rift valley 
(Figs I and 2). 

During reconnaissance field studies of the Amaro horsL 
Levitte et al. (1974) delineated four Cenozoic stratigraphic 
units above Precambrian metamorphic basement: (1) the 
Amaro flood basalts; (2) the overlying Amaro rhyolitic tuff; (3) 
basaits from centres along Tosa Sucha; and (4) fluvio-lacus- 
trine sedimentary rocks and alluvium. Yemane & Yohunie 
(1987) divided the Amaro basalts into two units and mapped 
these sequences throughout the region shown in Fig. 2 at a 
scale of 1:50 000. Levitte et al. (1974) dated a basaltic dyke, 
which they believed to be a feeder for the basal Amaro basalts, 
at 22 Ma using the whole rock K-At method. They obtained 
an 'older'  whole rock K-Ar date of c. 35 Ma for what they 
initially regarded as a correlative of the Amaro tuft exposed 
along the eastern margin of the Galana basin. This date con- 
flicted with the 22 Ma date for the dyke which they believed had 
fed the underlying basalts, and they did not correlate the Gal- 
ana tufts with the Amaro tufts. With this ranking in the re- 
liability of the two whole rock dates, Levitte et al. (1974) infer- 
red that volcanism and faulting began at 22 Ma, with the 
present rift morphology produced by progressive subsidence/ 
fault block tilting within basins concomitant with denudation 
and isostatic uplift of the intervening Amaro horst. Zanettin et 

al. (1978) accepted the 22 Ma age for the Amaro basalts, and, 
because they did not find basalts of this age along the flanks of 
the Ganjuli basin, they proposed that the rift valley formed by 
22 Ma, followed by uplift of the Amaro horst. 

Analytical methods for K-Ar and 4°ArPgAr geochronology 
From thin section analyses, basalt samples dated using the conven- 
tional K-Ar technique generally retained fresh olivine or olivine with 
slight alteration along grain margins (Table 1). Mesh fractions of 
14 40 were used for whole rock analyses. Argon was analysed with an 
MS 10 mass spectrometer equipped with an on-line extraction system 
and a bulb-pipetted ~SAr tracer calibrated with the LP-6 interlabora- 
tory standard. The K20 analyses were made on duplicate samples with 
a flame photometer, with the mean of the two analyses shown in Table 
1 (cf. Hart 1982: WoldeGabriel et al. 1990). 

Analytical procedures for the Single-Crystal Laser Fusion (SCLF) 
dating in this study are similar to those reported in Walter et al. (1991) 
(Table 2). Large, euhedral, and vitreous sanidine crystals were separ- 
ated from four samples of the widespread Amaro tuff marker unit and 
six individual grains were analysed from each sample at the Institute of 
Human Origins in Berkeley. The crystals were irradiated for 21 hours 
at the 8 MW Omega West reactor of the Los Alamos National 

Laboratory (fast neutron fluence of 5.7 x 10 -13 ncm -~ s-I). Cadmium 
shielding was used to reduce the thermal neutron production of 4°Ar. 
After irradiation, the samples were transferred to a copper holder and 
loaded onto the ultra-high vacuum extraction line for overnight 
bakeout at 200 °C. Single grains of sanidine (sample mass < 2.5 mg) 
were fused with an 8 W argon-ion laser. Six single-grain dates were 
measured to check for homogeneity and age concordance (cf. Walter et 
al. 1991). Abundances of the Ar isotopes were measured using a MAP 
215 noble gas mass spectrometer fitted with a Balzers electron multi- 
plier operating at a gain of about 30 000. Typical system blank 
volumes of 4°Ar, 39Ar, 38Ar, 37Ar, and 36Ar, which were automatically 
measured after every fifth sample, are 4, 2, 0.08, 0.3, and 0.3 x 10 -7  

moles, respectively. The weighted mean age and uncertainty reported 
in Table 2 are the preferred age and error estimates for single-crystal 
experiments (cf. Deino et al. 1990). 

Stratigraphy of the Amaro province 

Lithological correlations and structural interpretations 
throughout the Amaro province are based on traverses at 2.5 
km intervals and augmented with interpretations of aerial 
photos, 1:50000 topography maps, enhanced Landsat 
Thematic Mapper imagery, and analyses of over 180 standard 
thin sections of volcanic and metamorphic rock samples 
(Yemane & Yohunie 1987; Yemane 1990). The stratigraphical 
section described below and illustrated in the cross sections 
shown in Figs 3 and 4 is a composite of volcano-sedimentary 
sequences exposed in the study area (Fig. 5). 

P r e c a m h r i a n -  P a l a e o g e n e  

Biotite-hornblende gneisses and schists have dominant foli- 
ations that strike N-S throughout this region. This metamor- 
phic basement is believed to have been deformed during the 
late Pan-African orogeny (Levitte et al. 1974; Yemane & 
Yohunie 1987; Fig. 6). 

Well-indurated, iron-stained conglomeratic sandstones, 
lacking volcanic clasts, unconformably overlie metamorphic 
basement along the length of the Amaro horst (Figs 4 and 5). 
Strata generally strike NE and commonly dip 25-30°W along 
the Amaro horst (Figs 3, 4 and 6). The erosional contact 
between basement and sandstones, as well as the composition 
and the approximately uniform thickness of the sandstones 
(1 8 m) throughout a roughly 300 x 300 km region to the west 
and south of the Amaro region suggest that they are an 
erosional product of basement rocks deposited in Tertiary time 
(e.g. Davidson 1983). 

E o c e n e - O l i g o c e n e  

The Amaro basalts, which are transitional tholeiite flows con- 
formably overlying the red sandstones, yielded a K-Ar age of 
44.9 _+ 0.7 Ma (17, Table 1; Fig. 4). Petrographically similar 
transitional tholeiites, overlying basement along the southern 
Amaro horst and dated at 42.5 _+ 0.7 Ma (Yemane & Yohunie 
1987; WoldeGabriel et al. 1991), are grouped with the Amaro 
basalts (Fig. 5). The stratigraphically lowest volcanic unit 
exposed along the western Chamo border fault is the cataclas- 
tically deformed Arba Minch felsic tuff (Fig. 4). However, 
older flows may underlie this tuff. The Arba Minch tuff, where 
seen, is overlain by the Gamo porphyritic olivine basalts dated 
at 39.8 _+ 0.6 Ma (15, Table 1). More commonly, the Gamo 
olivine basalts dated at 37.9-35.1 Ma are stratigraphically the 
lowest part of the sequence observed (10, 13, 14, Table 1). 
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Table 1. Conventional whole rock K-Ar dates 

Field Stratigraphical unit K20 4°Ar* 4°Ar* Age~ _+ 2a 
(wt %) 10 -11 mole/g (%) (Ma) (Ma) 

1 E10C Bobem trachybasalt 4.18 0.0409 27 0.68 _+0.03 
2 E 10E Nech Sar olivine basalt 2.17 0.0239 15 0.77 _+ 0.03 
3 E10D Nech Sar olivine basalt 1.92 0.0276 3 0.99 _+ 0.10 
4 EIOJ Nech Sar olivine basalt 1.47 0.2838 21 1.34 _+ 0.03 
5 E13F Getra-Kele olivine basalt 1.53 2.8389 87 12.9 _+ 0.2 
6 E10G Mimo trachytes/syenite 5.69 11.2577 53 13.7t _+ 0.2 
7 E9H Getra-Kele trachybasalt 3.50 9.2669 89 18.3 _+ 0.3 
8 E9E Amaro rhyolitic tuff 4.68 22.6073 97 33.2? _+ 0.5 
9 E10F Amaro rhyolitic tuff 5.00 24.6307 67 33.9 _+ 0.5 

10 TY716 Gamo olivine basalt 0.95 4.8189 85 35.1t _+ 0.6 
11 TY2077 Amaro rhyolitic tuff 4.61 2.3803 76 35.5 _+ 0.6 
12 TY2234 Amaro rhyolitic tuff 3.74 2.0124 39 37.0 _+ 0.6 
13 E9D Gamo olivine basalt 1.30 0.7112 75 37.6 + 0.6 
14 TY515 Gamo olivine basalt 1.12 6.1886 60 37.9 -+ 0.6 
15 E11BI Gamo porphyritic basalt 1.73 1.0037 81 39.8 -+ 0.6 
16 TY2017 Amaro tholeiitic basalt§ 1.14 6.2028 26 42.5 +_ 0.7 
17 E13B2 Amaro tholeiitic basalt 1.03 6.7635 36 44.9 -+ 0.7 

*4°Ar* refers to the radiogenic component. 
fAltered samples, hence, represent mimimum ages. 
:~Decay constants: )~8 + ks' = 0.581 x 10 -I° a-i; )~ = 4.962 x 10 -l° a-l; )~ = 5.543 x 10 -1° a-l; 4°K/K = 0.01167% [from Steiger & J/iger 1977]. 
§ Also in WoldeGabriel et al. 1991. 

The widespread Amaro tuff unit is composed of welded 
rhyolitic ignimbrites commonly overlain by, or interbedded 
with, ash-fall tephra, pyroclastic breccias, and lapilli-fall 
deposits (Yemane & Yohunie 1987). The contact between the 
Amaro tuff and the underlying Gamo basalt is conformable, 
although in some places erosional (e.g. Fig. 4). The conven- 
tional whole rock K-Ar dates of the four samples from this 
commonly altered unit (8, 9, 11, 12) are discordant within the 
standard errors of the measurements (37-33 Ma; Table 1). The 
SCLF 4°Ar/39Ar dates obtained on 6 individual sanidine 
crystals from each of the four samples, all with high radiogenic 
Ar yields, provide an extremely tight and concordant group of 
weighted mean ages ranging from 36.72 _+ 0.05 to 37.21 +_ 0.07 
Ma for the four weighted means of dates (Table 2). We accept 
the weighted mean of 36.90 _+ 0.05 Ma for the pooled data as 
the date of this widespread marker bed. The younger whole 
rock conventional dates are attributed to alteration of the fine- 
grained groundmass, particularly observable in samples 8 and 
9. We correlate the Amaro tuff with early Oligocene rhyolites 
and silicic tufts overlying basalts in the Ganjuli basin to the 
north (Levitte et al. 1974; Zanettin et al. 1978). 

N e o g e n e  

Basalt flows dated at 18.3 + 0.2 Ma at the base of the c. 500m 
thick Getra-Kele unit are separated from the Amaro tuff by an 
angular unconformity. Getra-Kele basalts are interbedded 
with fluvio-lacustrine strata containing pumice clasts along the 
Gamo-Gidole  horst. Fluvio-lacustrine sediments containing 
fauna biostratigraphically dated at 17-15 Ma are found c. 50 
km south in the southern Chamo basin (WoldeGabriel et al. 
1991; Fig. 1). Trachytic-syenitic volcanic plugs dated at 13.7 
_+ 0.2 intrude basement and overlying Palaeogene basalts, and 
lie along border fault systems bounding the Chamo and Gal- 
ana basins (Figs 3, 4 and 6). At the top of the Getra-Kele unit, 
alkali basalts dated at 12.9 _+ 0.2 Ma are grouped with petro- 

graphically similar basalt flows from the southern end of the 
Amaro horst and dated at 11.9 and 11.1 Ma (WoldeGabriel et 
al. 1991; Fig. 5). 

Q u a t e r n a r y  

Quaternary volcanic strata are restricted to the Chamo basin 
(Figs 2, 4 and 6). The Pleistocene Nech Sar olivine basalts 
overlie basement or the Amaro tufts at the foot of the western 
Amaro horst (Table 1, Fig. 3). The Bobem trachybasalts dated 
at 0.66 _+ 0.02 Ma emanated from the subsequently faulted 
Bobem volcano, covering southeastward-dipping alluvial fan 
and lacustrine deposits (Fig. 4). Unvegetated olivine basalts 
derived from N10°E-striking fissures and cinder cones located 
along the eastern Chamo basin and Tosa Sucha may have 
erupted in historic times (Figs 2 and 6). 

Chronology of volcanism and extension 

The new data combined with structural observations through- 
out the Amaro region present a new picture of volcanism and 
rifting in the southern Main Ethiopian rift. Considering the 
number of flows dated in this study, and inherent problems of 
Ar retention/loss related to alteration or incorporation of mag- 
matic argon in thin basaltic dykes, the 22 Ma K-Ar age ob- 
tained by Levitte et al. (1974) for the Amaro basalts may be 
erroneous. The dyke rock may have been a feeder for the late 
Eocene-early Oligocene Amaro basalts (4°Ar lost through 
alteration), or the dykes may have been feeders for the Miocene 
Getra-Kele basalts (excess 4°Ar). The reasonably good agree- 
ment between the whole rock K-Ar and SCLF dates for the 
altered Amaro tuff unit lends credence to the reliability of 
K-Ar dates for the largely unaltered basalts. These data are 
consistent with the results of other studies: Composit ionally 
similar rhyolitic tufts dated at c. 31 Ma and c. 33 Ma overlie 
late Eocene basalts in regions to the west and north, respec- 
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Table 2. San±dine single crystal laser fusion 4°Ar/XgAr dates 

Field no Lab no. Ca/K %4°Ar* Age _+ lo 
(Ma) 

8 E9E 

9 EIOF 

11 TY2077 

12TY2234 

01 0.0067 
02 0.0064 
03 0.0017 
04 0.0009 
05 0.0021 
06 0.0067 

0.0041 

01 0.0022 
02 0.0035 
03 0.0049 
O4 0.0046 
05 0.0055 
06 0.0028 

0.0039 

01 0.0140 
02 0.0140 
03 0.0234 
04 0.0126 
05 0.0028 
06 0.0265 

0.0155 

01 0.0051 
02 0.0054 
03 0.0094 
04 0.0049 
05 0.0054 
06 0.0050 

0.0058 

± 0.0028 

± 0.0013 

± 0.0085 

± 0.0017 

Pooled Results 0.0074 + 0.0065 

99.3 36.731 0.071 
99.0 36.855 0.072 
98.4 36.814 0.072 
98.2 36.725 0.076 
98.6 36.807 0.075 
99.0 37.060 0.077 

37.832 (Mean) 0.123 
36.829(Wtd mean) 0.050 

99.0 36.648 0.085 
98.8 36.905 0.107 
99.0 36.721 0.073 
98.5 36.692 0.075 
98.9 36.862 0.076 
98.3 36.563 0.080 

36.732 (Mean) 0.130 
36.721(Wtd mean) 0.051 

99.3 36.764 0.072 
99.5 36.849 0.074 
99.4 36.704 0.073 
99.3 36.984 0.074 
99.0 37.016 0.072 
99.4 36.784 0.072 

36.850 (Mean) 0.125 
36.849(Wtd mean) 0.053 

99.4 37.245 0.072 
96.8 37.323 0.093 
99.4 37.409 0.073 
99.2 36.970 0.072 
99.0 37.120 0.072 
94.9 37.235 0.098 

37.217 (Mean) 0.155 
37.207(Wtd mean) 0.068 

36.908(Mean) 0.226 
36.900(Wtd mean) 0.045 

Ca/K = 1.96(37Ar/39Ar). 
4°Ar* refers to the radiogenic component. 
13 = 4.962 x 10-1°a -1Xc + ~,~;' = 0.581 × 10-1°a -I. J = 0.016797. The neutron flux monitor for calculating J is the Fish Canyon tuffsanidine, which 

has a reference age of 27.84 Ma (Deino et al. 1990). Dates represent weighted means of the individual analyses calculated using the inverse 
variance as the weighting factor (Deino et al. 1990). Errors reported for weighted mean ages were determined using the weighted uncertainty 
formula of Samson & Alexander (1987) and take into account errors in J and Ar isotopic ratios (e.g. Deino et al. 1990). 

tively, of the study area (Zanettin et al. 1978; Davidson & Rex 
1980; WoldeGabriel et al. 1990). 

Although the age of the red sandstones in the Amaro region 
is not known, the general conformity of the basalts and the 
sandstones, and the occurrence of the sandstones on top of the 
Amaro horst, argue against significant topographic relief prior 
to the first period of flood basalt eruption. The uniform 
thickness and parallelism of Palaeogene flood basalts across 
the basins and their uplifted flanks suggests that little or no 
faulting or uplift occurred in the region of the present-day 
Amaro horst until after the explosive felsic volcanism at c. 37 
Ma (e.g. Fig. 4). If the Amaro horst had been elevated during 
the long period of non-deposition/erosion in early Oligocene 
to mid-Miocene time, it is likely that the Amaro tuff would 
have been more eroded and thinner on top of the horsts and 
along the faulted margins of the basins. Also, if the tuff had 
draped pre-existing topography, bedding contacts with the 

Gamo basalts would be unconformable. Instead, the Amaro 
tuff is conformable with the Gamo basalts, and it is slightly 
thicker on the Amaro horst and eastern margin of the Galana 
basin (proximal regions) than along exposures within the 
Chamo basin and the west Chamo escarpment (e.g. Fig. 4; 
Yemane & Yohunie 1987; Yemane 1990). Finally, no basaltic 
dykes intruding basement were observed along the transect, 
and thin dykes were observed at only a few localities within the 
Amaro region (Levitte et al. 1974; Yemane 1990). The limited 
areal extent of narrow dykes argues against significant exten- 
sion by dyke intrusion. 

The following observations indicate that faulting, basin 
subsidence/initial deposition, and footwall uplift began 
between 18 and 14 Ma, during the second period of flood bas- 
altic volcanism. Mid-Miocene eruptive centres for the Mimo 
trachytes are aligned along the traces of border faults, suggest- 
ing that the faults existed by c. 14 Ma and that these faults 
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Fig. 5. Stratigraphic relations within the Amaro horst region based 
on 17 K-Ar and 4 4°Ar/39Ar (underlined) age determinations, 
shown to the right and left of column (see Tables l, 2). 
K-Ar age of a sample from the southern Amaro horst 
described in WoldeGabriel et al. (1991) is shown in italics. 
Bold undulose line indicates erosional unconformity. 
Crosses indicate Precambrian (?) granitic intrusion into 
metamorphic basement. 

controlled the location of eruptive volcanic centres. Coarse- 
grained granular textures in syenitic plugs of the Mimo tra- 
chytes, together with the absence of accompanying trachytic 
flows suggests that footwall uplift and erosion occurred after 
the emplacement of these plutons along faults. These plutonic 
rocks have subsequently been cut by faults (e.g. Fig. 4). The 
Getra-Kele basalts have been erosionally thinned or removed 
along the faulted margins of the basins and on top of the 
Amaro horst, again indicating that both faulting and isostatic 
uplift in response to the faulting and erosion occurred after 
mid-Miocene time. A basin had formed by mid-Miocene time 
when fluvio-lacustrine deposition began in the southern 
Chamo basin (WoldeGabriel et  al. 1991), but the timing of 
initial sedimentation within the Galana basin is unconstrained. 
Of note, extensional basins to the north, and perhaps to the 
southwest, also developed in mid-Miocene time and followed 
a similar pattern of development (Zanettin et  al. 1978; David- 
son & Rex 1980; WoldeGabriel et  al. 1990). 

Uplift and faulting produced terraces of fluvio-lacustrine 
strata at 2000m and 1400 m along the Gamo-Gidole horst as 

the zone of maximum subsidence narrowed in Neogene-Recent 
times. The locus of late Pliocene-Recent extension and vol- 
canism lies at the foot of the Chamo border fault, where vol- 
canoes and fissural flows are cut by N10°E-striking faults 
(Fig. 6). More marginal step faults along the Amaro and 
Gamo-Gidole horsts appear inactive. 

Extension est imates  

Prior to this study, few constraints on the timing, amount, and 
distribution of lithospheric extension associated with Cenozoic 
magmatism were available from the southern Ethiopian 
plateau region. In the absence of subsurface data, surface fault 
geometries provide bounds on crustal extension within rift 
basins (e.g. Gibbs 1983), although, as discussed below, in- 
herent assumptions and errors may lead to underestimates of 
the true crustal extension. We use fault geometries observed 
along the line A-A/B-C-D (Fig. 2) to investigate the rela- 
tionship between lithospheric extension and magmatism in 
southern Main Ethiopia. Too little subsurface information is 
available to apply geologically more realistic, but more com- 
plicated, methods to assess the geometry of border faults at 
depth (e.g. White et  al. 1986). 

As discussed above, the regionally-occurring Amaro tuff 
serves as an originally horizontal datum to reference crustal 
movements within the Amaro region. The Amaro tuff lies at 
approximately 2000m elevation on both the western and 
eastern sides of the rift, at 1100 m within the Chamo and Gal- 
ana basins, and at 3000 m on top of the Amaro horst (Fig. 3). 
Thus, the Amaro horst has been uplifted c. 1000m above the 
rift flanks, which have been uplifted relative to the surrounding 
plateau topography. This uplift above the original datum sur- 
face is not taken into account in kinematic and area balancing 
techniques (e.g. Gibbs 1983), leading to considerable errors in 
extension estimates. We estimate the extension factor 13 by 
dividing the line length of the section by the line length of the 
Amaro tuff bed (e.g. Hossack 1979), and include extension by 
the intrusive Mimo trachytes. 

Fault planes were exposed at many localities along the line 
of cross section A-D,  and all fault dips measured were greater 
than 50 ° in the study region (Figs 4 and 6). We assume that the 
dip of faceted spurs also represents the fault dip where fault 
surfaces were covered. In the absence of subsurface information 
within the two basins, we show the minimum depths to pre-rift 
basement and stratal dips required to balance the cross section, 
and assume that the Amaro tuff has not been penetratively 
deformed between mapped faults (Figs 3 and 6). The pre- 
erosion extent of the Amaro tuff across the upthrown side of a 
few tilted fault blocks was estimated by assuming a planar 
fault geometry and 'squaring off' tilted fault blocks. Where 
the fault plane had been eroded, minimum dips of faults were 
estimated from the dip of hanging wall bedding units (e.g. 
White et  al. 1986). 

The cross section is approximately parallel to the regional 
WNW-ESE extension direction interpreted from fault-slip in- 
dicators in Pleistocene-Recent basalts, earthquake focal 
mechanism solutions, and the orientation of Quaternary 
fissures and volcanic alignments (Figs 1 and 6). Although there 
is a parallelism between N-S-striking Precambrian structures 
and some Neogene faults, the Neogene faults have steeper dips 
than Precambrian structures, and commonly cross-cut 
mylonites (e.g. Figs 4 and 6). We find little evidence for re- 
activation of pre-existing structures in Neogene time. 

A number of assumptions have been made in this simple 
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line-length balance. First, we assumed that the extension direc- 
tion was in the plane of the section (WNW-ESE)  and was con- 
stant during Miocene-Recent time, in the absence of other in- 
[ormation. However, small errors in extensional direction 
produce little change in extension estimates (e.g. Gibbs 1983). 
For example, if the 40-50 ° clockwise rotation in extension 
direction during mid-Pleistocene time reported in the Kenya rift 
(e.g. Strecker & Bosworth 1991) was of broad regional extent, 
we will have underestimated extension by less than 1 km. The 
lack of subsurface information within the Galana,  and less so, 
the Chamo basins, contributes to errors in these estimates. For 
example, the c. 8 km wide tilted fault block within the central 
Galana basin may be penetratively deformed by buried faults• 
If we assume that fault block widths within the two basins are 
comparable (c. 1.5 km), then we will have underestimated the 
amount of extension by approximately 0.5-1.0 km within the 
Galana basin• The rare intrusive rocks (e.g. Mimo trachytes, 
dykes) are discontinuous along the length of the rift, hence we 
assume that intrusive processes account for less than 2 km of 
extension across the southern Main Ethiopian rift. Errors in 
subsurface fault dip are difficult to quantify• Fault dips con- 
siderably shallower than those shown in Fig. 3 will lead to 
larger extension estimates, but will also lead to serious space 
problems in the reconstructed section. 

We estimate 7.0 km of extension (1] = 1.14) across the 
Chamo basin and 4.8 km (13 = 1.10) across the Galana basin 
since the deposition of the Amaro tufts at c. 37 Ma, or a 
cumulative extension of approximately 12 km (13 = 1.12). Con- 
sidering the above assumptions and lack of subsurface in- 
formation on fault geometries, this estimate could be 5-10 km 
less than the true extension (Marrett & Allmendinger 1992). 
However, it would be quite difficult to explain the steep faults 

and small bedding dips with a cumulative extension greater 
than 25 km (1~ > 1.25) across the 95 km wide southern Main 
Ethiopian rift, considering the lack of evidence for widespread 
dyke injection. Thus structural observations reveal (1) little or 
no extension during the Eocene-Oligocene eruptive phase, and 
(2) a small amount  of extension during the second stage of 
flood-basaltic volcanism. It is important to note that two nar- 
row extensional basins of uncertain age lie to the west of the 
study area, and total crustal extension across the southern 
Main Ethiopian rift may be greater• Mohr (1987) assumed near 
vertical faults and estimated roughly 6 km extension across the 
Chamo and Galana basins, with an additional 6 km within the 
extensional provinces to the west (Fig. 1), or less than half the 
minimum extension estimated in this study. 

The distribution of Quaternary eruptive products indicates 
that the zone of extension within the Chamo basin has nar- 
rowed to a 10 km wide zone at the base of the west Chamo 
border fault during late Quaternary time (Fig. 3). A similar 
estimate of Quaternary extension across this narrower zone 
using the Bobem basalts suggests c. 1.3 km extension, or a late 
Pleistocene time-averaged strain rate of 0.2 cm per year. 

Discussion 

The Amaro region is virtually the only area within the uplifted 
Ethiopian plateau region where the base of the volcano-sedi- 
mentary succession is seen, and where a volcanic stratigraphy 
has been established. Thus, new observations from this region 
can be used to estimate the volume of magmatic material 
erupted since Eocene time, and compared with earlier estimates 
throughout the plateau region. 

As a crude estimate, if we assume that basalts of Stage 1 
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(Eocene-Oligocene) uniformly covered the region shown in 
Fig. 1 with a 0.5 km thick sequence, the volume of Stage 1 flood 
basalts is 2000-2300 km 3. For Stage 2 (mid-Miocene), if we 
assume that the thickness relations found along the line of the 
cross section do not vary along the strike of the Chamo and 
Galana basins, that half the area of the Amaro and Galana 
basins is filled by eruptive volcanic products, and that the 
Getra-Kele basalts have been erosionally thinned by 100- 
800m along the Amaro horst and eastern rift margin, the 
volume of material erupted is c. 2300-2800 km 3. This second 
figure represents a minimum estimate in that Fig. 3 shows mini- 
mum basin depths. Thus, the volume of material erupted dur- 
ing the mid-Miocene period was as much or more than that 
erupted during the Eocene to early Oligocene period prior to 
extension in the Amaro province. 

The study region represents a small fraction of the Eth- 
iopian plateau area affected by Palaeogene-Recent volcanism, 
and one may assume that the thickness and age of units varies 
considerably throughout the region, particularly after the 
onset of rifting. Assuming a 700 000 km 2 initial area affected by 
volcanism corrected for 50% extension across the Afar Depres- 
sion (e.g. Berckhemer et al. 1975), the volume of material 
erupted during the Palaeogene episode is 350 000 km 3. This 
estimate does not take into account the possibility that a con- 
siderable volume of material has been accreted at the base of 
the crust. The 18-11 Ma period of volcanism is largely restric- 
ted to the present-day rift and uplifted flanks of the southern 
Main Ethiopian rift. The northern Main Ethiopian and Afar 
rifts have been affected by voluminous activity in Neogene- 
Recent time, but it is unclear whether these areas experienced a 
phase of volcanic activity between 18-11 Ma (e.g. Berhe 1987; 
WoldeGabriel et al. 1990). Thus, extrapolation of the Stage 2 
volume estimates for the Amaro region to other regions is 
highly speculative. 

Various studies have shown that lithospheric extension by 13 
factors of 2.0 or more, and the subsequent adiabatic upwelling 
of asthenospheric material can generate large volumes of 
magma, and explain the trace element compositions of erupted 
magmas (e.g. McKenzie & Bickle 1988; Latin & Waters 1991). 
Where lithospheric extension is minor, such as the southern 
Main Ethiopian rift, only small volumes of asthenospheric 
melting will occur unless extremely high temperatures are 
assumed within an ascending mantle plume (McKenzie & 
Bickle 1988; Latin & Waters 1991). Our observations that little 
or no extension accompanied the first phase of flood-basalt 
volcanism, and that only a small amount accompanied the 
second phase, therefore require anomalously high plume tem- 
peratures and suggest that the lowermost lithosphere (thermal 
boundary layer) was efficiently thinned from below by mantle 
plume processes with minor stretching. Nevertheless, undis- 
covered zones of extension and/or dyke intrusion may underlie 
thick basaltic piles within the Ethiopian plateau region, recon- 
ciling current theory and observations. 

No geochemical data are currently available from Eocene- 
Quaternary basalts dated in these studies, but basalts exposed 
100 km to the north lend support to mantle lithospheric 
thinning/melting by plume processes during Oligocene time. 
Elsewhere in the Main Ethiopian rift, Oligocene basalts have a 
composition transitional between tholeiitic and alkali basalts, 
and show trace element enrichment similar to oceanic plume 
basalts (Hart et al. 1989). Hart et al. (1989) interpret the trace 
element compositional trends as evidence for melting of con- 
tinental lithosphere during the first phase of flood-basalt vol- 
canism. They find that basalts younger than 17 Ma show much 

more compositional variability, perhaps due to the onset of 
lithospheric extension in Miocene time. Ongoing geochemical 
and geological studies in the Afar and southern Main 
Ethiopian rift should provide further insights into the 
modification of continental lithosphere by mantle plume pro- 
cesses. 

Conclusions 

New structural and stratigraphical relations within the Amaro 
province of southern Ethiopia indicate that little or no 
extension accompanied the extrusion of a c. 500m thick 
sequence of flood basalts within the region between 45 and 35 
Ma. Stratigraphical correlations with basins to the north and 
southwest suggest that felsic eruptions at c. 37 Ma were 
widespread, and that they terminated the first period of 
volcanism. Comparable volumes of magma were erupted 
during the second period of flood basaltic volcanism in mid- 
Miocene time. The attitude, distribution, and diversity of 
Neogene-Recent volcanic and sedimentary strata within the 
Chamo and Galana basins indicate that crustal extension, 
basin subsidence, and rift flank uplift within the Amaro region 
began between 18 and 14 Ma. 

Reconstructions of surface fault geometries suggest that 
minimum extension across the southern Ethiopian rift is 
approximately 12 km, and that most of this extension is 
accommodated by slip along the Gamo-Gidole and eastern 
Amaro border faults bounding the Chamo and Galana basins 
respectively. During Quaternary time, extension and eruptive 
volcanic centres within the Chamo basin migrated basinward 
to a 10 km wide zone along the footwall of the Chamo border 
fault, and faulting and subsidence continue to present day. 
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