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BECAUSE the Nile carries a load derived from markedly different
geological terrains and climatic zones, it is expected that minera-
logical study of deposits in its delta could help define changes in
palaeoclimate affecting East Africa. Here we report measurements
on heavy minerals in the Nile delta which can be used as distinct
markers of climatic shifts over Africa during the late Pleistocene
to Recent. Variations of heavy minerals in radiocarbon-dated cores
collected in this delta', the Nile’s major depocentre’, correlate
closely with oscillations in African palaeoclimate determined by
other independent methods, such as studies of lake levels. These
variations are largely a function of the characteristics of the Nile.
It flows across nearly 35° of latitude, from south of the Equator
to the Mediterranean (Fig. 1a), and conditions in its drainage
basin, which includes central Africa, the Ethiopian plateau and
eastern Sahara, range from a tropical, humid to a warm, arid
climate. East African climatic belts migrated considerably during
the Quaternary®>~*, modifying Nile discharge and sediment load.
Climatic oscillations have been recorded by changes of sediment
yield and grain size along its course®” and by well defined deposi-
tional cycless, including sapropels”, in the eastern Mediterranean.

The Main Nile, north of 18° N latitude, comprises flow from
three major tributaries: the White Nile, Blue Nile and Atbara
river (Fig. 1b). At present, their hydrology and sediment load
are markedly different'” (Fig.2). The White Nile contributes
almost a third of the total discharge, but only a minor proportion
of sediment; pyroxene is almost absent, whereas amphibole,
eroded from metamorphic terrains, accounts for a high propor-
tion of the transparent heavy minerals suite''. The Blue Nile
contributes more than half of the Main Nile discharge and
almost three-quarters of the sediment load; the proportion of
pyroxene relative to amphibole is high''. The Atbara contributes
only a small part of the total discharge but one quarter of the
Main Nile sediment load; pyroxene is much more abundant
than amphibole''. Differences in discharge of these three
tributaries are a function of different surface areas of their
respective drainage basins and differences in rainfall (Fig. 1q, b).
Differences in sediment load record seasonal variations in
rainfall'™!? and vegetal cover'? in the various basins. Differences
in composition of sediments in the three tributaries are due to
markedly different geological formations eroded in the
Ethiopian highlands and central African plateau'®.

In contrast to the negligible amounts of pyroxene carried by
the White Nile is the high proportion of pyroxene in the Blue
Nile and even higher proportions in the Atbara, These high
proportions result from erosion of Ethiopian volcanic terrains.
Pyroxene and amphibole, with a roughly comparable specific
gravity and weathering stability index'’, generally constitute
more than 50% of the total heavy mineral suite in Main Nile
samples. It should thus be possible to evaluate changes in the
sediment load contributed by each of the three main tributaries
by studying the relative proportions of these heavy minerals
carried by the Main Nile. The relative proportion of amphibole
to pyroxene has been calculated using a standardized index
(ratio) applied to compare deposits in the various Nile river
tributaries. This index was defined by Hassan'®: IAmph=

44

(frequency of amphibole/frequency of amphibole + pyroxene) x
100. Sand fractions were selected for study from 73 core samples
of late Pleistocene and Holocene age in the Lake Manzala region
of the eastern Nile delta (Fig. 1¢), including cores S6, S7, S8
and 8227 Cores $7 and S22 are somewhat coarser and provide
larger numbers of samples (29 from S7, and 28 from S$22)
containing heavy minerals of sand size grains coarser than
63 wm. At least 300 heavy mineral grains (63-250 um in size)
were identified in each sample using standard petrographic
microscope techniques. We have prepared a tabulated list of
heavy mineral percentages and JAmph values for all studied
core samples {available from the authors).

Core S7 is stratigraphically more complete and comprises
four major stratigraphic units, from the base upwards (Fig. 3):
[V—Afluvial sands, 24.5-19.3 m from the core top; III—oxidized
silty muds of interchannel, sebkha and/or swamp origin, 19.3-
14.7 m; II—Afluvial and coastal sands, 14.7-10 m; and I—marine
delta-front muds, coastal sands (5-4 m) and subaerial deltaic
sequences at the core top. Unit [ represents the recent prograda-
tional delta. Radiocarbon dates indicate that units IV, III and
11 are upper Pleistocene (IV and III from about 40,000 to
20,000 yr BP; II from about 20,000 to 12,000-10,000 yr BP). Unit
I, mid- to upper-Holocene, ranges from about 8,000 yr BP to
the Present. A depositional hiatus occurs between 12,000-10,000
and 8,000 yr sp'’.

The relative proportions of amphibole and pyroxene, as
measured by the ] Amph index, vary considerably from the base
to the top of core S7 (Fig. 3). In units IV and III, IAmph values
average 63.4+ 5 (numbers after + refer to 1 standard deviation).
In unit II, the index is 35.7+7. In unit I, index values increase
initially (76.8+20 between 8.2 and 5.8 m; maximum value of
96), and then decrease markedly further up (38.0+ 11 between
5.5 m and the core top). Note that there is no correlation between
IAmph values and specific lithofacies or grain size, indicating
that the proportion of the two minerals in this core is controlled
by factors other than local hydrodynamic processes.

Core S22, longer than S7, comprises a thicker Holocene
section (unit I) but does not include unit IV (Fig. 3). Unit III
forms the base (from 38.8 to 37.7 m) and unit IT occurs from
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FIG. 1 a Map showing position of the Nile river and Lake Chad, and annual
rainfall on the African continent'. b, Map showing the Nile delta, Nile river
and its tributaries, the Atbara and Blue Nile draining the Ethiopian plateau
and White Nile draining the Central African plateau. Box indicates area in
¢. ¢, Map of the north-eastern Nile delta, showing the position of studied
cores.
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FIG. 2 Diagrams showing (left) the total Nile river discharge and relative
proportions supplied from its three main tributaries, and (right) total sedi-
ment load and relative load proportions in the tributaries (compare ref. 10).
Pie diagrams indicate the relative proportions of amphibole and pyroxene
in the present bed-load of the Main Nile and its tributaries™*

37.7 to 22 m; unit I constitutes more than half of the core length.
A sand layer between Sm and 3.2 m probably correlates with
the sand section at 5-4 m in core $7. In unit II, TAmph index
values average 29.6+6. In unit I, heavy minerals are absent in
fine-grained muds between 22 m and 15 m; above this, Amph
values are initially low (29.7 + 13 between 15 and 8 m) but then
increase (67.2+13; maximum value of 84.5) between 8 and
4.5 m. Deposits at the top of the core reveal an IAmph index
of 44.2+9. The overall pattern of the Amph values parallels
that in core S7; some differences may be due to local reworking
by coastal currents on the delta margin to cause removal of
less dense minerals and concentrate opaque heavy minerals'®
which occurred, for example, to an extent of >75% between
14.5 and 6 m.

There are fewer sandy samples with heavy minerals in cores
86 and S8'°, but IAmph index patterns in these two cores are
consistent with those of time-equivalent sections in S7 and S22.
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Also calculated are IAmph values in sandy samples from two
suites of cores further to the west in the Nile delta, in the
Damietta and Rosetta promontories’®. Values in these cores,
available only for the upper parts of units II and 1, are compar-
able to those of cores S7 and S22,

Patterns of JAmph values are not random but vary during
specific time periods (Fig.3). We attribute these distinct time-
related variations to changes in the relative sediment load contri-
butions from major Nile tributaries. Studies of time-related
changes of sediment yield and grain size during the late Quater-
nary’ show that the load of the Blue Nile and Atbara, both
primary sources of pyroxene in the Main Nile, varied consider-
ably during this period. The large load presently carried by these
two rivers results from the interplay of seasonal, and often
intense, rainfall (primarily during summer) affecting an arid
region with moderate to low vegetation cover over most of the
Ethiopian drainage basin area'®'>', It is probable that more
humid phases affecting this region would have given rise to a
longer rainy season and denser vegetation cover. An increased
vegetal cover reduces erosion and removal of sediments. Thus,
wetter conditions would have resulted in decreased sediment
loads carried by both Ethiopian tributaries, even if their dis-
charge were to have increased’. This decreased sediment load
would result in a decreased supply of pyroxene to the Main
Nile and, in consequence, an increased IAmph value. This
increase would have been particularly important at times of
extended vegetal cover over the Atbara drainage basin, the main
source of pyroxenes,

White Nile load fluctuations are also affected by changing
climatic/geographical factors, and so would also have induced
changes in proportions of heavy minerals, for example during
times of cut-off from Uganda headwaters before ~12,500 yr BP®.
Even if the discharge of the White Nile were to have increased
considerably, its load would have remained generally low
because of a more constant vegetation cover on its drainage
basin during most of the late Quaternary’"**. The White Nile
sediment contribution became relatively much more important
when loads of the Blue Nile and Atbara decreased during humid
phases. Simplified calculations using the Nile hydrological data
in Fig. 2 suggest, for example, that  Amph values of ~80 imply
equivalent sediment loads from the While Nile and Ethiopian
tributaries.

Thus, decreased proportions of pyroxene (that is, an increase
in ITAmph values) in sediments of the Main Nile and in the
delta would indicate an increased vegetation cover in the drain-
age basins of the Blue Nile and the Atbara, and consequently,

FIG. 3 /Amph index patterns plotted
along radiocarbon-dated lithostrati-
graphic sections of cores S22 and S7.
I to IV corresponds to stratigraphic
units discussed in text. Time correla-
tion indicated by dashed lines. /Amph
patterns are correlated with lake level
variations, including those of Lake
Abhe?®, lakes in the Ziway-Shala®*
Basin and Lake Chad®®.
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more humid conditions. At such times it is also probable that
tributaries (now dry), draining extensive areas and coming in
from the desert along the western flank of the Main Nile, yielded
more amphibole than pyroxene (D. A. Livingstone, personal
communication). On the other hand, increased proportions of
pyroxene transported to the Main Nile (that is, a decrease in
TAmph values) would probably indicate a reduction of vegeta-
tion cover, accentuated erosion of the Ethiopian plateau and
thus more arid conditions. Moreover, some fluctuations recorded
in cores probably reflect temperature and rainfall oscillations.
Lower temperatures may cause an increase in loads contributed
by the Atbara and Blue Nile as a result of solifluction, lowered
tree-lines and increased hillside-slope instability (M. A. J.
Williams, personal communication).

These interpretations can be evaluated in the light of late
Quaternary palaeoclimatological studies that use other tech-
niques, such as the measurement of African lake levels (Fig. 3).
The temporal pattern of the I Amph index in core S7 correlates,
for example, with changes of level of Lake Abhe east of the
Ethiopian plateau®, and lakes in the Ziway-Shala Basin in the
Ethiopian Rift®* (Figs 15 and 3). High IAmph values in units
IV and III (~40,000-20,000 yr BP) correspond to periods of
high lake levels recorded before about 20,000-17,000 yr BP. Low
I Amph values in unit 11 (~20,000 to 12,000-10,000 yr BP) corre-
late with low lake levels from about 20,000-17,000 to 14,000-
10,000 yr BP. I Amph values which increase and then decrease
upward in unit [, between 10 and 5.5 m from the core top, span
a period of high lake levels between 7,000 and 4,000 yr BP. The
increased / Amph values at ~3.4 m may be related to the climatic
phases that induced high lake levels found for ~1,500 yr BP.

In summary, heavy minerals suites in dated Quaternary Nile
delta deposits serve not only as provenance markers''*'? but
also as valuable indicators of East African palaeoclimatic
oscillations. Pronounced time-related changes in proportions of
pyroxene are directly related to climatic oscillations over the
Ethiopian plateau, and to very large changes in sediment loads
of major Nile tributaries. These changes were probably associ-
ated with larger-scale north-south displacements of climatic
belts across extensive sectors of the African continent. This is
supported by correlations of Nile delta compositional data with
variations of lake levels in distant regions, such as Lake Chad**
(Fig. 3) located at about the same latitude and about 3,000 km
west of the Ethiopian plateau (Fig. 1a). Study of heavy minerals
in dated sedimentary sequences holds promise as an indepen-
dent criterion to be used in conjunction with other methods to
interpret regional palaeoclimatic oscillations. [l
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FLOWERING plants or angiosperms have dominated the Earth’s
flora since at least the late Cretaceous' and were already highly
diversified by Barremian times, about 120 million years (Myr)
ago. However, because of the paucity of fossilized angiosperm
reproductive structures from lower Cretaceous sediments® and
the absence of generally recognized angiosperm fossils from pre-
Cretaceous strata®®, their origins and early evolution remain
obscure. Similarly, attempts to understand pre-Cretaceous angios-
perm evolution*™'' have been impaired by difficulties in defining
and interpreting angiospermous characters in fossil specimens®?,
We report here molecular evidence suggesting that angiosperm
ancestors underwent diversification more than 300 Myr ago.

To obtain a molecular view of angiosperm origins we have
determined nucleotide sequences for full-size complementary
DNAs of a slowly evolving glycolytic enzyme, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), from six flowering plants.
The six nucleotide sequences from animals'*'*, one from yeast'*,
and nine from plants (this study and refs 16-18) yielded, upon
alignment, 332 codons for comparison in each of the 16 coding
regions. Divergence was measured with the weighted pathway
method'®. Pairwise comparisons between organisms for which
divergence times are roughly known reveal that the nonsynony-
mous substitution rate ( K,) of GAPDH has remained constant
along separate eukaryotic lineages (Table 1). Were the nonsyn-
onymous rate for GAPDH within angiosperms or their ante-
cedents markedly accelerated relative to that in animals, we
would expect values of K, for comparisons involving plants to
exceed those for animals versus yeast. Yet the yeast outgroup
reveals that the nonsynonymous rate for GAPDH in plants may
be slightly (7% ) lower than that in animals. Eukaryotic GAPDH
sequences are at compositional equilibrium? for first and second
codon positions (data not shown); values of K, in comparisons
between angiosperm GAPDH sequences should thus provide
reasonable estimates for the timescale of angiosperm evolution.

Numbers of nonsynonymous and synonymous substitutions
per site (K, and K, respectively) for comparisons between
angiosperm GAPDH sequences are shown in Table 2. Included
in the table are the corresponding values for comparisons of
full-size complementary DNA sequences for chalcone synthase
(CHS), the key enzyme of anthocyanin biosynthesis, from
seven®' of the nine angiosperms considered here. The parallel
analysis of enzymes from primary (GAPDH) and secondary
(CHS) metabolic pathways contributes significantly to the elimi-
nation of potential errors inherent in phylogenetic inferences
based upon a single gene. For these two nuclear genes and the
seven species from which both sequences have been determined,
average divergence at synonymous and nonsynonymous sites
between monocots and dicots consistently exceeds that within
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