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Abstract

We reconstruct a Plio-Pleistocene microscopic tephrostratigraphy for DSDP Site 231 in the Gulf of Aden. Systematic microtephro-
stratigraphy increases the potential for identifying tephra horizons for regional stratigraphic correlation and age control, as well as pro-
viding information about eruptive histories. Microtephra reveal three main pulses of volcanism c. 4.0-3.2 Ma, 2.4 Ma and 1.7-1.3 Ma,
corresponding to peaks in volcanic activity recorded in the East African Rift System. Previous studies of DSDP Site 231 have reported
six visible tephra horizons (up to 25 cm thick) with geochemical compositions matching East African tuffs. We find 68 additional mic-
rotephra horizons through microscopic examination of 1050 samples (each integrating c. 3 ka) in over 200 m of marine sediments. We
report the major and minor element geochemical compositions of individual glass shards in six of these microtephra horizons and estab-
lish a robust correlation at 168.73 m to the Lokochot Tuff (3.58 Ma), which together with previously identified tephra, provides a tightly

constrained chronostratigraphy for the mid Pliocene.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Volcanic activity associated with late Neogene rifting
and uplift has provided a tephrostratigraphic framework
with which to date and correlate sedimentary sequences
in and around East Africa, including the fossil record of
hominin evolution (e.g., Brown and Feibel, 1986; Walter
and Aronson, 1993; Clark et al., 1994; WoldeGabriel
et al., 2005; Brown et al., 2006). Where tephra glass shards
can be correlated geochemically between depositional
archives, they provide a time-equivalent stratigraphic hori-
zon, independent of dating uncertainties. Tephra ejected
from explosive volcanic eruptions in the Afro-Arabian rift
have been found in marine sediments at up to 2700 km
from source volcanoes (Sarna-Wojcicki et al., 1985; Brown
et al., 1992; deMenocal and Brown, 1999; Peate et al.,
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2003), providing age control for marine paleoclimate
records and linkages to contemporary terrestrial archives.

Deep Sea Drilling Program (DSDP) Site 231 (11.89°N,
48.25°E, 2152 m water depth, DSDP Leg 24) is the closest
Plio-Pleistocene marine sedimentary record to the East
African Rift System. The core site is located in the central
Gulf of Aden, south of the central spreading rift axis ridge,
at 500-2000 km from East African volcanoes and within
range of many explosive events (Fig. 1) (Pyle, 1999). Six
visible tephra layers have been identified within the nanno-
fossil ooze in DSDP Site 231 (Bunce and Fisher, 1974) and
geochemically correlated to tuffs in the Turkana Basin,
Kenya and Ethiopia (Sarna-Wojcicki et al., 1985; Brown
et al., 1992) (Table 1) providing the basis for an interpo-
lated age model for the core (Fig. 2). These tephra provide
initial age control for the sedimentary archive of terrestrial
dust and plant leaf waxes in the core, documenting variable
environmental aridity and vegetation type in East Africa
during the last 4 Ma (deMenocal and Bloemendal, 1995;
Feakins et al.,, 2005). Hundreds of additional silicic
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Fig. 1. Location of DSDP Site 231 in the central Gulf of Aden. Areas of
known volcanic activity during the Pliocene and Pleistocene are identified
with asterisks (Siebert and Simkin, 2002).

eruptions are recorded in East Africa throughout the last
4 Ma (e.g., de Heinzelin, 1983; Brown and Feibel, 1986;
Harris et al., 1988; Brown et al., 1992; Feibel, 1999; Katoh
et al., 2000). Since many of these Plio-Pleistocene tuffs orig-
inate from volcanoes in the Main Ethiopian Rift (Hart
et al., 1992), we suspect that tephra from many additional
eruptions may have reached DSDP Site 231.

Elsewhere, microscopic examination of sediments has
extended regional stratigraphic correlations by detecting
tephra in horizons not visible to the naked eye, notably
in peat deposits in northern Britain (e.g., Turney et al.,
1997) and Scandinavia (e.g., Wastegard et al., 1998). These
tephra deposits have interchangeably been termed microte-
phra (e.g., Turney et al., 1997; Wastegard et al., 2000;
Davies et al., 2001; King et al., 2001; Mackie et al., 2002;
Davies et al., 2003) and cryptotephra (Chambers et al.,
2004; Turney et al., 2004; Ranner et al., 2005; Gehrels
et al., 2000); we use the more prevalent term, microtephra,
here.

Microscopic analysis of sediments from ODP Site 721 in
the northeast Indian Ocean revealed 25 discrete microte-
phra horizons within the Plio-Pleistocene interval (deMen-
ocal and Brown, 1999). Geochemical correlations were
established for five of the most abundant tephra horizons
corresponding to the B-Tulu Bor, Lomogol, Lokochot,
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Fig. 2. Tephrostratigraphic age model for DSDP Site 231 based on linear
interpolation between dated horizons (solid triangles) detailed in Table 1.

Wargolo and Moiti Tuffs in East Africa (deMenocal and
Brown, 1999). These tephra (except for the Lokochot)
appear as macroscopic horizons in DSDP Site 231 (Table
1). There is excellent potential for the identification of addi-
tional microtephra horizons in DSDP Site 231 given its
proximity to the volcanoes of the East African Rift System
and its flanks.

We examine DSDP Site 231 for microtephra occur-
rences during the last 4 Ma and seek correlations to known
tuffs from the East African Rift System, based on major
and minor element geochemical compositions. The result-
ing systematic microtephrostratigraphy offers insights into
eruptive histories as well as the potential for new chrono-
stratigraphic tie points with which to link the marine and
terrestrial sedimentary records.

2. Method

We sampled 5 cm® of sediment by laterally scrape-sam-
pling along 10-15 cm contiguous intervals in order to col-
lect material continuously throughout more than 200 m
sediment depth, collecting over 1050 samples. Unfortu-
nately we were unable to sample a complete sedimentary
record of the past 4 Ma given the incomplete sediment core
recovery at DSDP Site 231. Core recovery during rotary

Table 1
Tephrostratigraphic age model for DSDP Site 231
Depth (m) Age (Ma) Tuff Reference Dating Reference
35.25 0.75 +0.02 Silbo B YOAr/2Ar McDougall and Brown (2006)
118.60 243 +£0.05 Kokiselei B Interpolation Brown et al. (1992)
160.80 3.40 £ 0.03 B-Tulu Bor SW; B OAr/PAr Walter and Aronson (1993)
170.75 3.60 Lomogol B Interpolation Brown et al. (1992)
179.70 3.80 Wargolo SW; B Interpolation Haileab and Brown (1994) and Brown (1994)
188.35 3.92 4+ 0.04 Moiti SW: B “OAr/2Ar McDougall (1985)

B = Brown et al. (1992); SW = Sarna-Wojcicki et al. (1985).
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drilling of DSDP Site 231 averaged 59% in the upper 4 Ma,
with 66% core recovery between 1 and 4 Ma and only 39%
in the upper 1 Ma (Fig. 3). Drilling disturbance of sedi-
ments was carefully noted where this would interfere with
the stratigraphic record. Samples are labeled using the
DSDP system, Site-Core-Section (top depth-bottom depth)
e.g. 231-8-6 (30-45cm). Each scrape sample integrates
c. 2.5-3 ka as estimated by the initial tephrostratigraphic
age model for the core based on published correlations
for six tephra horizons (Sarna-Wojcicki et al., 1985; Brown
et al., 1992) (Table 1). Discontinuous core recovery sug-
gests considerable uncertainty in the interpolated age
model between 3.4 Ma and the present.

Samples were prepared for tephra shard counts and geo-
chemical analysis using density separation method of mic-
rotephra recovery first developed for peat cores (Pilcher
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Fig. 3. Semi-quantitative shard count (number of shards/lcm? of
prepared slides) of volcanic glass shards in DSDP Site 231. Core recovery
is shown adjacent for information. Continuous scrape-sampling provides a
complete downcore sedimentary record throughout the last 4 Ma where
sediments were available (solid); gaps in the sediment recovery indicate
areas where no data on tephrostratigraphy are available. Previously
identified macroscopic tephra layers include 10-5 (135-150 cm), the
Kokiselei, B-Tulu Bor, Lomogol, Wargolo and Moiti (Sarna-Wojcicki
et al., 1985; Brown et al., 1992). Newly identified microtephra horizons
(highlighted in bold) include 8-6 (45-60 cm), 9-4 (45-60 cm), 9-6 (90—
105 cm), 10-4 (0-15 cm), 20-1 (23-30 cm), correlated to the Lokochot Tuff
in this study, and 20-6 (135-150 cm).

and Hall, 1996; Hall and Pilcher, 2002) and later modified
for mineral rich sediments (Turney, 1998; deMenocal and
Brown, 1999), avoiding combustion and harsh chemical
digestions that have been shown to dissolve and alter the
geochemical composition of tephra shards (Blockley
et al., 2005). Approximately 5 g of wet bulk sediment were
treated with acetic acid to remove carbonates and with
hydrogen peroxide to remove organic matter. Samples
were sieved with a water jet to separate the >32 um coarse
fraction. An aliquot of the coarse fraction was mounted
onto slides with coverslips and Norland optical adhesive.
Care was taken to mount grains with a consistent density
on the slides to make tephra concentration statistics mean-
ingful. Tephra shards were identified by visual examination
under magnification (10-40x) on a polarizing microscope.
Shards were counted on a 1 cm? area of the slide providing
a semi-quantitative measure of tephra concentration. Opti-
cally isotropic properties and shard morphology are
together diagnostic of volcanic glass shards. For those sam-
ples where microtephra abundances were detected, tephra
shards were concentrated from the >32 um coarse fraction
using sodium polytungstate (SPT) heavy liquid separation
to remove biogenic silica (<2.2 g cm ) and heavy mineral
fractions (>2.4 g cm ). Experimental extractions indicate
that >80% of tephra shards are recovered from the
2.2-2.4 gcm ™ density fraction.

Tephra shards from horizons selected for geochemical
analyses were mounted in epoxy, ground and polished to
expose shard interiors. Individual grains were analyzed
by electron microprobe for major and minor element com-
position using methods described in detail by Nash (1992).
We limited our analysis to major and minor elements since
by far the most extensive database of geochemical compo-
sitions exists for major and minor element analysis (e.g., de
Heinzelin, 1983; Brown and Feibel, 1986; Harris et al.,
1988; Asfaw et al., 1991; Brown et al., 1992; Haileab and
Brown, 1994; Katoh et al., 2000; Nagaoka et al., 2005;
WoldeGabriel et al., 2005; Brown et al., 2006). Fewer East
African tephra have been characterized for trace element
composition (e.g., Harris et al., 1988; Hart et al., 1992; Hai-
leab and Brown, 1994; WoldeGabriel et al., 2005; Brown
et al., 2006). All analyses were made on a Cameca SX-50
electron microprobe equipped with four wavelength-dis-
persive spectrometers at the University of Utah, with con-
ditions and standards as reported in Brown et al. (2006).
Elemental concentrations were converted to oxide concen-
trations, computing all Fe as Fe,O3, and then converting
excess O to H»0, following adjustment of the oxygen con-
centration for F and Cl by the procedure described by
Nash (1992). Na,O and K,O are reported but are not con-
sidered in geochemical correlations given the potential for
alkali exchange, especially in the terrestrial samples where
depositional environments may differ strongly from site
to site (Cerling et al., 1985). Measured oxides from volcanic
glasses nearly always total <100% due to hydration (Steen-
Mclntyre, 1972). Data were not normalized to 100% given
the errors that this may introduce given unknowns of
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original alkali content, alkali exhange and relative Fe,O3
and FeO composition (Brown et al., 1992).

3. Results

Microscopic examination revealed rare tephra occur-
rences in the marine sediments of DSDP Site 231
(Fig. 3). Tephra were typically clear bubble wall shards
and occasional bubble wall junctures. One tephra layer
was characterized by vesicular bubble wall fragments.
Microtephra layers were sharply defined, with abundance
peaks typically restricted to one or two adjacent samples
(i.e., less than 30 cm). Background shard counts of zero
indicate that the marine record preserves tephra deposits
with minimal reworking. Downcore shard abundance
counts reveal peaks associated with individual eruptions
and indicate 68 discrete tephra occurrences in addition
to six macroscopically visible tephra horizons in the
core.

Geochemical analyses of major element oxide concen-
trations were made on individual shards from microtephra
horizons in DSDP Site 231. Of the 68 microtephra occur-
rences identified in this study we obtained sufficient shards
for electron microprobe analysis for six tephra horizons.
Averaged geochemical data are presented for a given tuff
where the shard population is unimodal, polymodal distri-
butions were first divided into modes principally on the
basis of iron and aluminum content before averaging
(Table 2). Several samples yielded polymodal shard popu-
lations which most likely indicate incorporation of tephra
erupted from several sources, and mixed within the time
interval of sedimentary sampling resolution (Feibel, 1999;
Shane, 2000). Alternatively polymodal shard geochemistry
may result from compositional gradients within the magma
of an individual eruption (e.g., Hildreth, 1981). The poly-
modal composition of tephra highlights the need for anal-
ysis of individual grain geochemistry.

Geochemical composition and stratigraphical position
were used to identify possible correlative tuffs in East
Africa for tephra horizons in DSDP Site 231. All tephra
with similar geochemical composition and with an esti-
mated age of within +0.5 Ma were included in compari-
sons. The closest matches are presented in this discussion
and in the online supplemental data.

3.1. Tephra layer 231-8-6 (45-60 cm) (c. 1.30 Ma)

Electron microprobe analysis of glass shards extracted
from 231-8-6 (45-60 cm) at a depth of 62.45 m in DSDP Site
231 reveals a broad range of geochemical compositions with
a polymodal distribution (Table 2) that does not correspond
to a single East African tuff. Four modal groups were
assigned principally on the basis of Fe and Al composition.
Fe-rich shards (M1) have a similar composition to tuff
ETH90-387 (B. Haileab, pers comm. 2/23/05) from the
middle Palaeolithic archaeological site at Melka Kontoure,
Ethiopia (~8.7056N, 38.6064E), dating to between 1.5 and

1.0 Ma (Chavaillon et al., 1979; Clark and Kurashina, 1979;
WoldeGabriel et al., 2000). 231-8-6 (45-60 cm) is estimated
to date from c. 1.30 Ma based on the interpolated age model
for the core; although the age model is poorly constrained in
this interval (Fig. 2). Geochemical compositions for M2 and
M3 do not overlap with any known African tuffs. M4
(1 shard) displays geochemical affinity to samples of the
Bench Tuff, from Konso, Ethiopia (1.39 Ma) (Katoh
et al., 2000), however one shard is insufficient for a reliable
assessment.

The polymodal geochemical composition presumably
indicates mixing of tephra from multiple eruptions. Shard
counts indicate a well-defined tephra horizon within the
15cm (~3ka) interval integrated by scrape-sampling
between 62.45 and 62.60 m, with rare shards in adjacent
samples between 62.30 and 63.05 m equivalent to 15ka
(Fig. 3). Bioturbation through this 75 cm depth range could
produce the polymodal shard distribution in 231-8-6 (45—
60 cm) if tephra from several eruptions were mixed during
this 15 ka interval. A single eruptive source of polymodal
geochemical composition is less likely, since no such coeval
example is known from East Africa. We are therefore
unable to provide a unique correlation for this tephra layer
but propose that the evidence is consistent with an age of
between 1.3 and 1.4 Ma.

3.2. Tephra layer 231-9-4 (45-60 cm) (c. 1.43 Ma)

Tephra layer 231-9-4 (45-60 cm), at 68.95m depth
(c. 1.43 Ma) in DSDP Site 231, displays a unimodal clus-
tered distribution (Table 2) with one low iron outlier
excluded. Stratigraphical position suggests a potential
match with the Black Pumice Tuff, identified in the Koobi
Fora, Shungura and Nachukui formations in the Turkana
Basin, Kenya and Ethiopia (Brown and Feibel, 1986; Hai-
leab and Brown, 1994; Brown et al., 2006). Correlation
appears unlikely based on non-overlapping distributions
in MnO and MgO, however these elements are relatively
mobile and so a match to the Black Pumice Tuff is not nec-
essarily excluded.

3.3. Tephra layer 231-9-6 (90-105 cm) (c. 1.50 Ma)

The tephra layer 231-9-6 (90-105 cm) at 72.4 m depth
(c. 1.50 Ma) in DSDP Site 231 has a unimodal geochem-
ical composition defined by analyses of 70 individual
shards (Table 2) with one outlier excluded. Comparison
of shard geochemistry to known tuffs in the East African
Rift System reveals that 231-9-6 (90-105cm) has a
unique Fe>O;, Al,O3 and MgO composition relative to
East African tuffs that have been geochemically
characterized.

3.4. Tephra layer 231-10-4 (0-15 cm) (c. 1.62 Ma)

Major element geochemistry for tephra layer 231-10-4
(0—15 cm) at 78.3 m depth (c. 1.62 Ma) in DSDP Site 231



Table 2

Concentration of major oxides in glass shards from trace tephra horizons in DSDP Site 231

Average analyses of glass shards by electron microprobe (wt%) Total Age
7 Si0, TiO, ZrO, ALO; Fe,0; MnO MgO CaO BaO Na,O K,O0 F Cl  Sum lessO Total H,0 (Ma)
231-8-6 (45-60 cm)
Ml 5 7237 0.27 0.21 10.40 4.09 0.15 0.01 0.28 0.05 2.48 3.79 028 0.10 9448 0.14 94.34 8.31 102.65 1.30
lo 5 0.66  0.04 0.05 0.10 0.12 0.01 0.01 0.02 0.02 0.43 0.20 0.02  0.01 1.42  0.00 1.42 1.30 0.27
M2 2 7449  0.21 0.09 12.40 1.88 0.08 0.09 0.38 0.01 1.96 3.95 0.21 0.13 95.88 0.12 95.76 6.62 102.38
lo 2 0.55  0.07 0.01 0.07 0.06 0.01 0.01 0.00 0.01 2.16 0.90 0.06  0.00 230  0.03 2.32 1.77 0.55
M3 2 65.54  0.24 0.25 9.64 3.06 0.12 0.02 0.23 0.04 2.05 3.16 023 0.08 84.67 0.12 84.56 1586  100.41
lo 2 0.33  0.02 0.02 0.02 0.05 0.01 0.01 0.02 0.00 0.11 0.13 0.02 0.0l 0.17  0.01 0.17 0.11 0.05
M4 1 72.41 0.20 0.14 11.39 2.55 0.09 0.00 0.32 0.01 2.55 3.99 0.27  0.10  94.03 0.14 93.89 8.39 102.28
231-9-4 (45-60 cm)
Ml 27 70.84  0.24 0.11 13.41 2.09 0.06 0.16 0.83 0.02 2.80 4.58 0.16 0.15 9545 0.10 95.34 6.10 10145 1.43
lo 27 0.52  0.04 0.05 0.13 0.06 0.02 0.01 0.03 0.02 0.30 0.09 0.04 0.01 0.79  0.02 0.78 0.34 0.68
231-9-6 (90-105 cm)
Ml 70 72770  0.22 0.12 12.21 1.70 0.10 0.10 0.39 0.03 3.22 4.23 0.19 0.13 9535 0.11 95.24 698 102.22 1.50
lo 70 1.95 0.05 0.06 0.42 0.26 0.03 0.03 0.09 0.03 0.63 0.36 0.06  0.02 2.78 0.02 2.78 2.02 0.87
231-10-4 (0-15 cm)
Ml 15 69.14  0.17 0.27 11.05 2.78 0.07 0.01 0.22 0.00 2.84 3.85 049 025 91.15 0.26 90.89 1043 101.31 1.62
lo 15 2.09 0.03 0.06 0.26 0.20 0.03 0.01 0.02 0.01 0.71 0.40 0.08 0.03 319  0.04 3.19 2.46 0.98
231-20-1 (20-30 cm)
Ml 14 71.78  0.18 0.24 10.46 2.83 0.08 0.03 0.18 0.00 2.30 4.27 028 0.13 9276 0.15 92.61 8.87 10148 3.56
lo 14 0.46  0.04 0.07 0.11 0.06 0.02 0.01 0.01 0.00 0.18 0.13 0.06  0.01 0.59  0.02 0.59 0.65 0.61
M2 10 7336 0.18 0.25 10.52 2.95 0.09 0.03 0.17 0.00 2.23 4.36 026 0.14 9456 0.14 94.42 5.72  100.13
lo 10 0.74  0.02 0.08 0.09 0.06 0.02 0.04 0.01 0.00 0.30 0.33 0.07  0.01 1.28  0.03 1.26 2.68 3.88
M3 4 7226  0.22 0.28 9.74 4.18 0.13 0.01 0.21 0.00 1.88 4.01 0.39 0.17 9348 0.20 93.27 7.16  100.44
lo 4 0.61  0.00 0.02 0.07 0.04 0.01 0.01 0.01 0.00 0.40 0.37 0.02  0.01 1.38  0.01 1.38 0.40 0.99
M4 1 72.55 022 0.24 10.04 3.85 0.14 0.02 0.19 0.00 2.02 4.22 035 0.15 9398 0.18 93.80 7.79  101.59
231-20-6 (135-150 cm)
Ml 1 60.50  0.13 0.24 9.57 2.34 0.10 0.00 0.12 0.00 1.64 2.71 033 0.12 7782 0.17 77.65  16.48 94.14 375

Geochemical data for individual shards are available in the online supplemental data.
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Table 3

Concentration of major oxides in glass shards from tephra horizons 231-20-1 (23-30 cm) at 168.73 m depth in DSDP Site 231 and from outcrops of the

Lokochot Tuff, c. 3.58 Ma, from the Turkana Basin, Kenya and Ethiopia

Tuff Location Average analyses of glass shards by electron microprobe (wt%o) Reference

N SiO, TiO, AL O3 Fe,04 MnO MgO CaO
231-20-1 (23-30 cm)
Ml Gulf of Aden 14 71.78 0.18 10.46 2.83 0.08 0.03 0.18
lo 14 0.46 0.04 0.11 0.06 0.02 0.01 0.01
M2 10 73.36 0.18 10.52 2.95 0.09 0.03 0.17
lo 10 0.74 0.02 0.09 0.06 0.02 0.04 0.01
M3 4 72.26 0.22 9.74 4.18 0.13 0.01 0.21
lo 4 0.61 0.00 0.07 0.04 0.01 0.01 0.01
M4 1 72.55 0.22 10.04 3.85 0.14 0.02 0.19
Lokochot Tuff
K99-3949LoFe Turkana Basin 10 73.85 0.15 10.58 2.94 0.08 na 0.16
K99-3949HiFe Turkana Basin 7 73.87 0.20 9.73 4.22 0.12 na 0.17
K&80-295LoFe Turkana Basin 16 70.84 0.16 10.17 291 0.10 na 0.03 Brown et al. (1992)
K80-293LoFe Turkana Basin 16 71.99 0.15 10.33 2.94 0.09 na 0.03 Brown et al. (1992)
K81-532LoFe Turkana Basin 14 72.00 0.16 10.43 2.95 0.09 na 0.02 Brown et al. (1992)
K80-295HiFe Turkana Basin 10 69.94 0.19 9.37 4.12 0.14 na 0.18 Brown et al. (1992)
K80-293HiFe Turkana Basin 14 71.04 0.20 9.48 4.19 0.14 na 0.19 Brown et al. (1992)
K81-532HiFe Turkana Basin 4 70.88 0.21 9.57 4.20 0.13 na 0.17 Brown et al. (1992)
K82-846 Turkana Basin 19 72.60 0.21 9.55 433 0.13 na 0.19
K98-3705HiFe Turkana Basin 5 74.15 0.23 10.05 4.38 0.15 na 0.19
K00-6101 Turkana Basin 12 74.37 0.22 9.81 4.36 0.14 na 0.19
K98-3724 Turkana Basin 2 73.27 0.21 9.92 4.40 0.14 na 0.19
1L02-194 Turkana Basin 4 74.01 0.26 9.82 4.46 0.15 na 0.19 Gathogo and Brown (2006)
KIB02-171 Turkana Basin 4 73.53 0.24 9.52 4.00 0.12 na 0.20 Fuller pers. comm.
E04-005 M1 Turkana Basin 13 73.47 0.23 9.56 433 0.13 na 0.18
UGI1-1 W. Rift, Uganda 9 73.70 0.22 9.88 4.34 0.14 na 0.19 Pickford et al. (1991)
ETHS86-111 Turkana Basin 9 72.68 0.21 9.60 4.30 0.12 na 0.20 Haileab (1995)
ETHS86-111 M2 Turkana Basin 19 73.22 0.24 9.73 4.37 0.12 na 0.20 Haileab (1995)

are presented in Table 2. Data fall into a unimodal distri-
bution, with two outliers excluded. Comparison to East
African tuffs of comparable age and geochemical composi-
tion fails to yield a single, strong correlation. The Akait
Tuff (c. 1.44 Ma) (Feibel and Brown, 1993; Brown et al.,
2006) marginally overlaps in Fe,O;, Al,O3, TiO,, CaO,
MgO and MnO composition. Several other tuffs have
major element geochemical compositions that overlap with
the Akait Tuff including the Chari Tuff and the Nabelete
Tuff (Brown et al., 2006). These tuffs all date to between

1.38 and 1.44 Ma, and indicate a common geochemical
composition for eruptive events during this interval. A sim-
ilar problem of geochemical correlation was identified with
a macroscopic tephra horizon at 231-10-5 (45-60 cm)
(Brown et al., 1992). All these tuffs, with the exception of
the Akait and Nabelete Tuffs, can be distinguished based
on trace element geochemistry, suggesting that additional
analyses are need to adequately characterize tephra from
1.7 to 1.3 Ma in DSDP Site 231. Although we are unable
to identify a single correlative tuff, geochemical similarities
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Fig. 4. Bivariate plots of Fe,O3 vs. Al,03, TiO; vs. CaO, SiO, vs. MnO (wt%) for individual grains of tephra layer 231-20-1 (23-30 cm) (open circles).
Solid circles denote average geochemical composition of tephra identified as the Lokochot tuff.
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to several tuffs suggest that this tephra layer may date to c.
1.4 Ma, significantly younger than the interpolated age
model estimate of 1.62 Ma.

3.5. Tephra 231-20-1 (23-30 cm) (c. 3.56 Ma) = Lokochot
Tuff (3.58 Ma)

A microtephra horizon, 231-20-1 (23-30cm), at
168.73 m depth (c. 3.56 Ma) in DSDP Site 231 indicates
a bimodal composition with a strong correlation to the
Lokochot Tuff (Table 3; Fig. 4). The Lokochot Tuff, so-
named where it outcrops in the Koobi Fora Formation,
east of Lake Turkana, has previously been correlated to
tuffs at a range of sites elsewhere in the Turkana Basin,
including to Tuff A in the Shungura and Usno forma-
tions, and to the Nachukui Formation by geochemical
fingerprinting of glass shards (Table 3) (Brown et al.,
1992; Brown, 1994). Sarna-Wojcicki et al. (1985) previ-
ously correlated a tephra horizon at 170.3m depth
(231-20-2) to the Lokochot, however this was subse-
quently revised and a new assignment to the Logomol
was made (Brown et al., 1992). The Lokochot Tuff has
also been identified in eastern Gulf of Aden at DSDP Site
232 (140.1 m depth, sample 232-16-4) (Brown et al., 1992)
and Arabian Sea Site 721 (deMenocal and Brown, 1999)
where it was assigned an orbitally tuned age of
3.58 £ 0.01 Ma. The Lokochot Tuff is located at the
Gauss/Gilbert palacomagnetic boundary in the Shungura
Formation (Brown et al., 1978) providing a consistent age
of 3.58 Ma (Hilgen et al., 1995).

3.6. Tephra layer 231-20-6 (135-150 cm) (3.75 Ma)

Major element geochemistry for tephra layer 231-20-6
(135-150 cm) at 177.35m (c. 3.75 Ma) in DSDP Site 231
is presented in Table 2. Unfortunately, despite attempts
to concentrate the rare glass shards from this sample
(49 shards/cm?), only one glass shard was successfully
recovered and analyzed with the electron microprobe.
The geochemical composition of this one shard, with low
Al and Ca concentrations, does not display a close affinity
to any known East African tuff older than 3.4 Ma.

4. Significance of the correlation to the Lokochot Tuff

Discovery of the Lokochot Tuff in DSDP Site 231 pro-
vides a tightly constrained 200 ka interval prior to the
B-Tulu Bor Tuff which can now be directly compared in
the marine and terrestrial sedimentary records. In the
Nachukui Formation, at Lomekwi, in the Turkana Basin,
Kenya the Lokochot Tuff (3.58 Ma) (Brown et al., 1978;
McDougall et al., 1992) and the (-Tulu Bor Tuff
(3.40 Ma) (Walter and Aronson, 1993) bracket the
KNM-WT 40000 cranium, that has been attributed to
Kenyanthropus platyops (Leakey et al., 2001). During the
later part of this time interval there was a shallow lake in
the Turkana Basin (Brown and Feibel, 1991; Feibel et al.,

1991). Immediately below the B-Tulu Bor Tuff at Wargolo,
in the Turkana Basin, we find cyclic variations in lake sed-
imentation. Tephrostratigraphic correlations suggest that
these cycles in the Turkana Basin may correspond to pre-
cessional cyclicity in terrigenous dust concentrations and
plant biomarkers in DSDP Site 231. In the marine sedi-
ments between the Lokochot and B-Tulu Bor Tuffs wind-
blown dust concentrations vary by over 30% (deMenocal
and Bloemendal, 1995) and plant wax biomarkers record
a 20-30% variability in the proportion of C, grassland
cover (Feakins et al., 2005). Thus tephrostratigraphy pro-
vides the means to link local changes in the Turkana Basin
with the wider context of regional environmental change
preserved in the marine record.

5. The frequency and magnitude of East African volcanism

The distribution of tephra within a distal stratigraphic
sequence provides a measure of the magnitude and fre-
quency of explosive volcanic events subject to biases in
tephra eruption mode, transport and deposition. We com-
pare the tephra flux to DSDP Site 231 as recorded by
semi-quantitative microtephra abundance counts to the
number of tuffs preserved in the Turkana Basin and
Omo Valley (Fig. 5). The Turkana Basin and Omo Valley
preserve the most complete record of eruptions in the
East African Rift System with over 150 tuffs (Feibel,
1999). However, variable fluvial transport and accommo-
dation space influences the preservation of tephra such
that thickness of a tephra deposit may be unrelated to
erupted volume (Feibel, 1999; Pyle, 1999). The record of
microtephra abundances in DSDP Site 231 offers another
perspective on tephra fluxes from the East African Rift
System (Fig. 5). We find a smaller number of eruptions
(68) as would be expected given the incomplete core
recovery (59%) and likely variations in tephra transport
trajectories and strengths.

5.1. Tephra transport considerations

Tephra from felsic, explosive eruptions are ejected high
into the atmosphere and may be transported thousands of
kilometers by the spreading plume. Widespread tephra
from felsic volcanism, associated with Afro-Arabian conti-
nental rifting, have been identified up to 2700 km from
source (deMenocal and Brown, 1999; Peate et al., 2003).
The flux of tephra to distal sites is determined by the
erupted volume, column height achieved and the prevailing
wind strength (e.g., Shane, 2000). Wind direction and
strengths throughout the troposphere and stratosphere
may affect tephra dispersal since explosive eruptions with
erupted volumes of greater than 2 km? could be sufficiently
large to be transported into the stratosphere (Simkin and
Siebert, 1994). For reference, the macroscopic Plio-Pleisto-
cene tephra deposits in DSDP Site 231 are estimated to rep-
resent eruptions of greater than 40 km® of magma, since
they have been correlated over 1500-2000km at
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Fig. 5. Comparison of the shard count in DSDP Site 231 and the number
of tuffs discovered in the Turkana Basin in 100 ka intervals between 4 and
1 Ma (after Feibel, 1999). The number of tuffs in the Turkana Basin
provides information on eruptive frequency. The shard count in DSDP
Site 231 provides a semi-quantitative measure of the magnitude of
volcanic activity. Neither tephrostratigraphic records is expected to
provide a complete record of East African explosive volcanism over the
past 4 Ma given the possibility that tephra from an eruption may not reach
a given location, from lack of suitable depositional environment (Turkana
Basin) or from gaps in sediment recovery (DSDP drilling). Core recovery
is shown for DSDP Site 231 (solid bars). Together the records indicate
three pulses of volcanism, particularly between 4.0 and 3.4 Ma, 2.7 and
2.5Ma and 2 and 1.3 Ma.

thicknesses of over 10 cm (Pyle, 1999). These large volume
Plio-Pleistocene eruptions would likely have supplied
tephra throughout the troposphere and stratosphere,
whereas smaller volume or less explosive eruptions may
have been confined to lower altitudes.

Surface winds during the summer monsoon have been
observed to transport dust from East Africa to the Gulf
of Aden (Prospero et al., 2002). In the modern atmosphere,
maximum southwest monsoon wind speeds during June,
July and August average over Sms ! in the lower tropo-
sphere (Kalnay et al., 1996) (Fig. 6). These southwesterly
winds could transport tephra in low altitude eruption
plumes towards the Gulf of Aden (deMenocal and Brown,
1999). During the same season, in the upper troposphere
and stratosphere, strong easterly flow would inhibit tephra
fluxes to the Gulf of Aden, particularly for eruptive plumes
reaching elevations of >7 km. For eruptions during the
summer monsoon circulation, a measurable tephra flux
may still reach the Gulf of Aden even if only a small fraction
of the erupted material is transported in the lower atmo-
sphere, however the magnitude of the tephra flux reaching
the Gulf of Aden may be severely attenuated for high alti-
tude eruption plumes carried by the easterly upper air flow.

In the winter months the wind direction reverses to an
easterly direction in the lower troposphere (Fig. 6).
Although easterlies in the stratosphere weaken relative to
the summer months, flow remains in an easterly direction,
inhibiting tephra fluxes to the Gulf of Aden. Only for
tephra in the upper troposphere, c. 7-12 km elevation,
would westerly winds favor transport from East Africa to
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Fig. 6. Velocity profile vertically through the atmosphere for mean zonal
and meridional winds over the Horn of Africa during the contrasting
summer and winter monsoon months of (a) June, July and August and (b)
December, January and February. Wind velocities were obtained from the
NOAA NCEP CDAS-1 monthly pressure level climatology calculated
from a dataset spanning January 1949-November 1961 averaged over the
area 38.75-51.25°E, 1.25-16.25°N (Kalnay et al., 1996). The approximate
altitude and the height of the tropopause are given for reference with
respect to the vertical pressure. Positive (negative) values indicate westerly
(easterly) flow for the zonal component and northerly (southerly) flow for
the meridional component. Wind directions towards the Gulf of Aden are
highlighted (shaded regions, wind rose). Favorable wind trajectories for
tephra transport from eruptions in East Africa towards the Gulf of Aden
vary with the seasonal changes in atmospheric circulation.

the Gulf of Aden. Since many explosive eruptions reach
this altitude, this limited region of favorable transport to
the Gulf of Aden may be sufficient to transport a fraction
of the tephra plume from explosive eruptions.

Clearly the tephra flux to the Gulf of Aden must be sig-
nificantly influenced by the height of the eruptive column
and seasonal wind reversals (Fig. 6). In addition past vari-
ations in seasonal wind speeds and circulation patterns
may have influenced tephra transport, such as the south-
ward shift of the westerlies during glacial times (Clemens
and Prell, 1990). However without seasonal resolution of
the timing of eruptions, there is little scope to assess the
impact of seasonally reversing patterns of atmospheric cir-
culation on tephra dispersal.

Transport within the ocean may also influence the tep-
hrostratigraphic record. Density instabilities have been
shown to increase tephra settling velocities in the ocean,
reducing residence time and the potential for lateral advec-
tion, but introducing the possibility of sedimentary pat-
terns associated with density currents (Carey, 1997;
Manville and Wilson, 2003). However, observation of
tephra deposition following the 1991 Mount Pinatubo
eruption demonstrated that the sedimentary signature of
tephra in deep sea sediments largely preserved the atmo-
spheric transport direction and fallout pattern (Wiesner
et al., 2004). Considering atmospheric and oceanic trans-
port it is not surprising that a significant proportion of East
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African eruptions are recorded with microtephra abun-
dances in DSDP Site 231, however abundances may be
only weakly related to eruption magnitude.

6. The Plio-Pleistocene tephrostratigraphic record

The microscopic tephrostratigraphy of DSDP Site 231
confirms the evidence for three pulses of three pulses of
explosive volcanic activity from 4.0 to 3.2 Ma, c. 2.5 Ma
and 1.7 to 1.3 Ma described in the Turkana Basin (Haileab
and Brown, 1994; Feibel, 1999). The first peak in volcanic
activity is seen with widespread, large volume tephra
deposits between 4.0 to 3.2 Ma in both the Turkana Basin
and DSDP Site 231. Tuffs of this age are commonly very
voluminous where they outcrop in the Turkana Basin
(e.g., the B-Tulu Bor Tuff) is typically c. 5 m thick (Brown
and Feibel, 1986). Four of these widespread tephra have
previously been correlated to horizons in the Gulf of Aden,
(Sarna-Wojcicki et al., 1985; Brown et al., 1992) where the
B-Tulu Bor tuff forms a visible horizon 25 cm thick with
microscopic tephra concentrations throughout 60 cm of
sediment (Fig. 3). In this study we add an additional corre-
lation of a microtephra horizon at 168.73 m depth to the
Lokochot Tuff (c. 3.58 Ma). While this tuff is documented
with a thickness of 2 m in the Turkana Basin (Brown and
Feibel, 1986), it is only microscopically detected in DSDP
Site 231 within 20 cm of sediment, indicating less favorable
eruptive or atmospheric conditions for tephra dispersal rel-
ative to the other widespread Pliocene eruptions.

A second peak of volcanic activity is recorded between
2.75 and 2.25 Ma in the Turkana Basin. A single macro-
scopic tuff, correlative to the Kokiselei Tuff in the Turkana
Basin, is visible in this interval (Brown et al., 1992) along
with several microtephra horizons reported here (Fig. 3).
Poor sediment core recovery hampers our interpretation
of explosive volcanism during this interval given the large
gaps of 6.5 m (between c. 2.74 and 2.59 Ma) and 3 m (from
c. 2.44 to 2.50 Ma).

The third interval of frequent volcanic activity from 1.7
to 1.3 Ma was characterized by smaller volume, or more
weakly transported tephra deposits, most of which were
only present in trace quantities in DSDP Site 231
(Fig. 5). In the Turkana Basin the highest Plio-Pleistocene
tephra frequency is recorded between 1.75 and 1.25 Ma
(equivalent to one eruption every 3 ka), with many addi-
tional tephra deposited throughout the interval 2.0—
1.25 Ma (Feibel, 1999; McDougall and Brown, 2006). A
similar pattern is documented near Konso, Ethiopia, where
rifting and volcanic activity intensified in the early Pleisto-
cene (between 1.9 and 1.4 Ma) in the southern Main Ethi-
opian Rift (Katoh et al., 2000; Nagaoka et al., 2005;
WoldeGabriel et al., 2005). The Konso tephrostratigraphy
reveals an increasing frequency of tephra between 1.91 and
1.33 Ma, recording a peak eruptive frequency of one erup-
tion every 10 ka between 1.41 and 1.33 Ma (WoldeGabriel
et al., 2005). In the marine record this early Pleistocene
pulse of volcanic activity yields 18 microtephra horizons

from widespread eruptions (Fig. 3). Additional widespread
tephra may have been deposited in several gaps in sediment
core recovery between 2.0 and 1.5 Ma. Only one eruption
during this interval was of sufficiently large volume or effec-
tively transported to deposit a macroscopically visible ash
layer in the central Gulf of Aden (Brown et al., 1992).

At this time we are unable to geochemically correlate the
microtephra deposits in DSDP Site 231 estimated to
between 1.7 and 1.3 Ma (Table 2) with tephra from the
East African Rift System. In the Turkana Basin too, many
more tephra have been identified than can be regionally
correlated or dated. Between 1.7 and 1.4 Ma, 65 tephra
have been identified in the Turkana Basin (McDougall
and Brown, 2000). Fewer than a third of these tephra have
been correlated (Brown et al., 2006). The high frequency
and small volume of eruptive events in this interval may
explain why individual events cannot easily be geochemi-
cally characterized and differentiated: small, frequent erup-
tions may sample geochemically similar magma sources
(Shane, 2000). Furthermore, we may not yet have a com-
plete database of geochemical characteristics of all the
eruptions in this interval. For example, remote sensing
has documented extensive felsic deposits in the Nabro Vol-
canic Range, in the northern Afar region of Ethiopia, that
have not yet been adequately sampled for geochemical
composition (Wiart and Oppenheimer, 2005). Given that
the adjacent Danakil Depression is an important source
of dust to the Gulf of Aden (Prospero et al., 2002) it seems
likely that tephra from this region would also be well rep-
resented in the marine sediments of the Gulf of Aden.
Although we are presently unable to locate correlative tuffs
for all of the microtephra layers identified (68) and geo-
chemically characterized (6), the many microtephra hori-
zons discovered in DSDP Site 231 may in the future yield
age control once correlations to deposits in the East Afri-
can Rift System can be established.

7. Conclusions

Tephra provide the primary means of dating and corre-
lating disparate sedimentary archives, representing time-
equivalent marker horizons independent of dating uncer-
tainties. Microscopic tephrostratigraphy offers the means
to identify many more tephra layers than are present in suf-
ficient abundance to be visible to the naked eye. In a micro-
scopic examination of DSDP Site 231 we identify 68
additional microtephra horizons during the last 4 Ma, an
order of magnitude more tephra layers than visible to the
naked eye alone.

Thickest tephra accumulations between 4.0 and 3.2 Ma
indicate a pulse of widespread, large volume volcanic erup-
tions. Five macroscopic tephra horizons have already been
correlated to East African tephra. We add an additional
correlation for a microtephra horizon to the Lokochot Tuff
(c. 3.58 Ma) tightly constraining mid Pliocene correlations
between the fossil record of the Turkana Basin (e.g., Lea-
key et al., 2001) and the record of paleoclimate variability
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in the marine core (deMenocal and Bloemendal, 1995; Fea-
kins et al., 2005).

Microtephra in DSDP Site 231 offer a new perspective
on the early Pleistocene pulse of volcanic activity also seen
in Ethiopia and Kenya (Feibel, 1999; Katoh et al., 2000;
WoldeGabriel et al., 2005). We know that high frequency
eruptions between 1.7 and 1.3 Ma were less widespread
than the eruptions of the early Pliocene based on their
abundance in DSDP Site 231. Geochemical correlations
of these early Pleistocene tephra has met with less success
than the mid Pliocene large volume eruptions due to vari-
ous issues including insufficient shard recovery, polymodal
shard populations (perhaps resulting from bioturbation of
closely spaced eruptions), absence of correlative tuffs
(perhaps originating from as yet unsampled regions of
Ethiopia) and non-unique major and minor element com-
position, which could potentially be solved with trace ele-
ment and isotopic analyses. To some extent these
difficulties may be inherent to geochemically differentiating
and correlating high frequency, small volume eruptions.
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