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ABSTRACT

Age estimates for ancient lakes are important for determining their histories and their
rates of biotic and tectonic evolution. In the absence of dated core material from the lake’s
sedimentary basement, several techniques have been used to generate such age estimates. The
most common of these, herein called the reflection seismic-radiocarbon method (RSRM), com-
bines estimates of short-term sediment-accumulation rates derived from radiocarbon-dated
cores and depth-to-basement estimates derived from reflection-seismic data at or near the same
locality to estimate an age to basement. Age estimates from the RSRM suggest that the struc-
tural basins of central Lake Tanganyika began to form between 9 and 12 Ma. Estimates for the
northern and southern basins are younger (7 to 8 Ma and 2 to 4 Ma, respectively). The
diachroneity of estimates for different segments of the lake.is equivocal, and may be due to
erosional loss of record in the northern and southern structural basins or to progressive opening
of the rift. The RSRM age estimates for Lake Tanganyika are considerably younger than most
prior estimates and clarify the extensional history of the western branch of the East African Rift

system.

INTRODUCTION

Speculations about the ages of ancient
lake basins have figured prominently in de-
bates over many issues, from rates of evo-
lution in endemic species flocks (Brooks,
1950; Coulter, 1991) to the history of rift tec-
tonism (Ebinger, 1989). Much of this discus-
sion has been stymied by the absence of ad-
equate outcrops or cores that penetrate
basement (Rosendahl and Livingstone,
1983). As a result, indirect methods have
been used to estimate ages for specific lakes.
Four methods have figured prominently in
these efforts. (1) Assessment of the regional
tectonic setting of the lake basin can estab-
lish a maximum age of lake formation (Ebin-
ger, 1989). (2) Comparison of a lake’s extant
species with related taxa found outside
the lake through various methods can estab-
lish a minimum age of faunal divergence
(Brooks, 1950; Coulter, 1991). (3) A deter-
ministic model of basin evolution can be
compared with a particular rift’s stage of tec-
tonic evolution. The geohistory of basins
with good biostratigraphic age control is
used as a standard for estimating the age of
amodern lake at a particular stage of infilling
(J. LeFournier et al., unpublished). (4) The
combination of radiocarbon-derived accu-
mulation-rate data from Holocene sediment
and estimates of sediment thickness derived
from reflection-seismic studies can produce
an age estimate for a basin’s fill (e.g., Tier-
celin and Mondeguer, 1991).

Here we apply the reflection seismic-ra-
diocarbon method (RSRM) to estimate the
basal age of Lake Tanganyika, the largest of
the African rift lakes (Fig. 1). We also ex-
amine the assumptions required for this
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method, given the known relation between
structure and sedimentation in the African
Rift (Rosendahl et al., 1986; Rosendahl,
1987; Johnson and Ng’ang’a, 1990; Scholz
and Rosendahl, 1990).

The age of Lake Tanganyika has been de-
bated since the turn of the century (Coulter,
1991, and references therein). Attempts to
apply RSRM are dependent upon '*C-based
estimates of sediment-accumulation rate,
which first became available for the lake in
the 1960s and 1970s (e.g., Livingstone, 1965;
Degens et al., 1971; Hecky and Degens,
1973). Recent seismic-reflection surveys and
regional tectonic investigations have shown
that the lake is segmented into several dis-
crete half-grabens containing up to 4 km of
sediment (Degens et al., 1971; Rosendahl et
al., 1986; Ebinger, 1989; Scholz and Rosen-
dahl, 1990; Tiercelin and Mondeguer, 1991).
On the basis of these data, Patterson (1983)
estimated a minimum age of 18.6 Ma for the
Kigoma basin of the lake. Subsequent at-
tempts to estimate the lake’s age using sim-
ilar data bases have produced similar ages
ranging from 15 to 25 Ma (Rosendahl and
Livingstone, 1983; Morley, 1988; Tiercelin
and Mondeguer, 1991), with one notable ex-
ception (5-6 Ma; J. LeFournier et al.,
unpublished).

Two fundamental problems exist with the
longer estimates. The first relates to the as-
sumptions used in the calculations of dura-
tion of sedimentation, the second relates to
alternative evidence for the tectonic history
of the basin. The first problem arises be-
cause the two data required to make an age
estimate (a rate and a thickness) have nor-
mally been derived from different localities.
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Figure 1. Location map of core sites included in
this study. Lower numbers below core-site des-
ignations (described in more detaitl in Table 1)
are RSRM age estimates from silt compaction
model. RSRM age estimates from shale com-
paction model are from 10% to 20% higher (see
Table 1). For sites SD3 and SD14, two age esti-
mates given are based on varying sedi-
ment-accumulation rates discussed in text and
Table 1. Note cluster of older values in central
regions of lake and consistently younger age
estimates at north and south ends. Cross sec-
tion A-A’ is location of seismic line shown in
Figure 3.

Previously, authors who have used RSRM
have applied sediment-accumulation rates
estimated from various basinal piston-coring
localities to the maximum stratal thick-
nesses, which are usually found near faulted
basin margins (Rosendahl et al., 1986). The
assumption is that deep-water sediment-ac-
cumulation rates throughout Lake Tangan-
yika are invariant or at least do not vary in a
systematic fashion. Yet both Degens et al.’s
(1971) variable sediment-accumulation-rate
data (sediment-focusing related to depth)
and the pattern of thickening of seismic se-
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quences toward faulted basin margins have
provided unequivocal evidence that this
cannot be true. Half-graben basins, as a con-
sequence of their mode of formation and de-
velopment of accommodation space, in the
long run must accumulate sediments at a
higher rate within their zones of maximal
subsidence.

METHODS

We estimated sediment-accumulation
rates from published '“C data (summarized
in Tiercelin and Mondeguer, 1991). All C
dates except HD15 were derived from bulk
organic matter. For each *C-dated core, we
based accumulation-rate estimates on the
oldest date obtained from the core to reduce
errors caused by the inverse correlation be-
tween estimated sediment-accumulation
rate and duration (Sadler, 1981). In cores
with more than one *C-dated horizon, the
sediment-accumulation rates calculated for
intermediate core intervals between 4C-
dated horizons were consistently greater
than the sediment-accumulation rates calcu-
lated from the oldest '“C-dated horizon.
Therefore, our calculated sediment-accu-
mulation rates provide a conservative (i..,
maximum) RSRM age estimate. In the cases
of cores HD12 and HD3, our rate estimates
came directly from Hecky and Degens
(1973). For the two cores (SD3 and SD14) in
which there is an inversion in *C age cal-
culations (i.e., an older age was obtained
from a stratigraphically higher horizon), we
used both inverted ages to make two RSRM
estimates. Radiocarbon dates from cores
SD5 and SD19 represent minimum ages;
therefore, RSRM estimates from these sites
are minimum estimates.

We calculated total stratal thicknesses at
each core locality from interval velocities
along 24-fold seismic reflection profiles. We
obtained interval velocities from rms veloc-

ities using the Dix equation (Dix, 1955) for
the upper 2 s of sedimentary section. Addi-
tional assumptions included horizontal lay-
ering and no lateral velocity variations with-
in the field of the velocity scans. Interval
velocities within the sedimentary section
ranged from 1480 to 3000 m/s. We assumed
interval velocities of 3000 m/s for the deeper
parts of the section on the basis of refraction
studies in analogous basins in Lakes Malawi
and Baikal (Ding, 1991). We calculated
thickness estimates to the Nyanja event, a
high-amplitude and well-defined two- to
three-couplet reflector that is widespread in
Lake Tanganyika and is interpreted to be
prerift basement (Tack and DePaepe, 1983;
Rosendahl, 1988). We estimated the uncom-
pacted thickness of each sedimentary col-
umn following the methods of Sclater and
Christie (1980). The degree of mechanical
compaction is highly dependent upon lithol-
ogy, which in this case is unknown below
maximum core penetration, although seis-
mic facies analysis suggests that all core
sites are dominated by fine-grained deposits
such as muds and diatom oozes. Therefore,
we have made two calculations for uncom-
pacted thickness; the first was based on an
assumption of a sediment pile with 100%
shale, the second with 100% siltstone. These
two lithologies compose the majority of each
core; therefore, the calculated values give
reasonable maximum and minimum sedi-
ment thicknesses for each locality. These
values were subsequently used to calculate a
maximum and minimum RSRM age for each
site.

RSRM AGE ESTIMATES

Core number, locality, depth, uncom-
pacted thickness, sediment-accumulation
rate, and RSRM age estimates are compiled
in Table 1. The wide range of estimates, be-
tween 0.40 Ma and either 20.50 Ma (from the

TABLE 1. LOCATIONS AND WATER DEPTHS USED IN THIS STUDY PLUS DATA USED IN RSRM CALCULATIONS

Core di D d
Water depth accumulation  column thickness RSRMage
depth  of 14C age G age rate thickness {m) {Ma)
Core Location? (m) {m) {yr B.P.J§ (mm/yr} (m) silt shale silt shale
BAB84-1I B basin (BFS11) 70 5.1 2700 1.84 630 730 790 0.40 0.43
MPU9 M basin (BFS18) 450 9.5 22,950 0.41 350 390 410 0.95 1.01
SD14° B basin (BFS11) 230 5.2 11,640 0.45 830 990 1090 2.20 2.43
MPU12 M basin (BFS18) 422 10.0 25,650 0.39 1190 1500 1680 2.30 2.58
T2 M basin (BFS18) 440 10.3 15,900 0.85 1200 1500 1680 2.31 2.59
BUR-17 B basin (BFS9) ~200 5.7 6850 0.83 1560 2050 2330 2.47 2.81
sD14” B basin (BFS11) 230 4.8 13,200 0.36 830 990 1090 2.76 3.03
SD2 B basin (BFS10) 325 5.2 5980 0.86 1750 2350 2690 2.74 3.13
MPUT1 M basin (BFS18) 418 9.1 23,210 0.39 1180 1500 1680 3.85 4.31
sDp3® B basin (BFS10) 320 4.3 13,280 0.32 1030 1270 1410 3.96 4.41
sSD3” B basin (BFS10) 320 3.1 17,577 0.18 1030 1270 1410 7.20 8.02
8Ds B basin (BFS11) 223 5.5 >30,000 <0.18 1050 1300 1450 >7.22 >B8.05
SD10 B basin (BFS10) 275 4.8 34,795 0.14 870 1050 1160 7.51 8.28
SD36 C basin (BFS13) 1245 4.9 12,740 0.38 2390 3420 3870 8.99 10.44
HD3* C basin (BFS17) 1300 NP NP 0.40% 2540 3680 4270 9.19 10.69
HD2 C basin (BFS$17) 1380 2.5 6350 0.39 2630 3850 4480 9.86 11.48
HD15 C basin (BFS13) 1180 1.9 3750 0.51 3280 5020 5880 9.83 11.52
HD19 C basin (BFS14) 660 2.0 >28,200 <0.07 740 870 950 >12.40 >13.58
HD12# C basin (BFS13) 1190 NP NP 0.50% 3690 5790 6800 11.58 13.60
181 B basin_(BFS11)_ 520 8.2 28,270 0.29 3310 5070 5950 17.49 20.50

‘Estimates from cores with stratigraphic-age inversions.

tBasins refer to bathymetric basins labelled on Fig. 1.; B=Bujumbura; C=central; M=Mpulungu.

BFS and number=the border-fault segment of Ebinger {1989).
§14C ages are ioal radiocarbon age esti
#No supporting depth or aga information was provided in the original

{Hecky and Degens,1973). NP=not provided.

only rates were given
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compaction model assuming 100% shale) or
17.49 Ma (assuming 100% siltstone), sug-
gests that the initiation of sedimentation
within the structural basins of Lake Tan-
ganyika was highly diachronous, although
only one estimate fell within the range of 15
to 20 Ma proposed by earlier authors.

The oldest estimates are from the central
structural basins of the lake (Fig. 1). In this
area we obtained estimates of between 10.44
and >13.50 Ma (100% shale model) and 8.99
and 12.40 Ma (100% siltstone model). A sin-
gle, anomalously old estimate (20.50 Ma
from 100% shale or 17.49 Ma from 100% silt-
stone models) for locality TB1 probably re-
sulted from fault repetition, as inferred from
the seismic data. Estimates for the Bujum-
bura (northern) basin are consistently
younger than those of the central basins and
show considerable wvariation, although a
maximum “‘plateau” value of 7 to 8 Ma is
evident. The single estimate we made from
Burton’s Bay (locality BA84-11) is consid-
erably younger than any other estimate in
the lake. Our estimates for the southern end
of the lake (Mpulungu basin) are also con-
siderably younger (maximum age estimates
~4 Ma) than those from the central parts of
the lake.

There are some reasons for examining
more carefully the structure of these esti-
mates. RSRM age estimates showed great
variation in water depths of <600 m
(Fig. 2A). It is significant, however, that all
of the deep-basinal sites (>600 m depth)
yielded RSRM estimates within the modal
range. Sediment-accumulation rates are ex-
tremely variable and do not correlate with
water depth throughout the entire lake
(Fig. 2B). This is clearly the result of differ-
ential patterns of sedimentation and erosion
in different basins and does not invalidate
the conclusions of Degens et al. (1971), that
accumulation rates within a single basin are
dependent on depth focusing.

DISCUSSION

RSRM age estimates for Lake Tangan-
yika obtained from coring sites are signifi-
cantly younger than RSRM estimates made
earlier by authors who used maximal sedi-
ment accumulations along border faults.
Collectively, the Lake Tanganyika esti-
mates support a maximum age for the lake of
12 Ma, although both northern and southern
ends may be significantly younger. Taking
into consideration Sadler’s (1981) demon-
strated inverse relation between sediment-
accumulation rate and the duration of accu-
mulation, it could be argued that the age
estimates are too low, and that the earlier
suggestions of an age of 15-20 Ma are rea-
sonable. However, Sadler’s (1981) data for
small basinal seas (his Fig. 4, which best
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compares to Lake Tanganyika in terms of
size and sedimentation rates) show little if
any drop in sedimentation rates over the
time span between 1 and 1000 ka. Sadler
(1981) noted that the changes in rates of
sediment accumulation for long-lived lake
basins are comparable to those ““seen in bio-
genic and terrigenous sediments accumulat-
ing below wave base” (Sadler, 1981, p. 578;
i.e., comparable to his small basinal sea or
abyssal trends). No data exist on attenuation
of sediment-accumulation rates over the
time span 1-1000 yr for Lake Tanganyika.
However, Pilskaln and Johnson (1991) have
shown that in similar environments in Lake
Malawi there is a remarkably high completé-
ness of the stratigraphic record over equiv-
alent time intervals. Individual lamination
thicknesses were measured for deep-basinal
sediments from Lake Malawi; estimated du-
rations from 1-mm-thick laminae couplets
over intervals of up to 9 m of laminated sed-
iments correspond closely to **C age deter-
minations over the same interval (Pilskaln
and Johnson, 1991, Table 2).

The deep-basinal sediments of large mer-
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Figure 2. A: RSRM age estimates vs. water
depth for 100% siltstone and 100% shale com-
paction modeis. Note consistency of RSRM age
estimates for water depths greater than 600 m,
maximum likely depth of previously inferred
Pleistocene lake-level lowstands. Date of 17.5
(20.5) Ma is suspect because of fault repetition.
B: '“C-based sediment-accumulation-rate esti-
mates vs. water depth. Note clustering of deep-
water sediment accumulation rates, suggesting
relatively continuous accumulation below max-
imum mixing depths during periods of lake-
level lowstands.
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omictic rift lakes like Malawi or Tanganyika
display extremely high degrees of strati-
graphic completeness; it is difficult to dis-
place such sediments as a consequence of
both their topography and isolation from
wind-driven circulation. Erosion in shal-
lower parts of the lake must result in en-
hanced accumulation in deep water. This ac-
counts for the great variability in rates
observed in shallower water environments
simultaneous with their uniformity in deep
water. Thus, decreases in completeness in
the marginal parts of a deep rift lake must
result in increasing completeness (and
higher net-accumulation rates) in deeper en-
vironments. This hypothesis is supported by
seismic studies from both Lake Tanganyika
and Lake Malawi (Rosendahl, 1988; Scholz,
1989).

The depth cutoff between shallower water
variability and deeper water uniformity
(~660-1180 m) corresponds to a proposed
lake-level drop of 600 m during the Pleis-
tocene (Scholz and Rosendahl, 1988). If a
600 m drop did occur, regions shallower than
600 m would have inevitably undergone sig-
nificant sedimentation-rate shifts during
such lake-level fluctuations and, as Tiercelin
et al. (1989) showed, probable erosional ep-
isodes. Regions deeper than 900 m (i.e., at
least 300 m deep during a 600 m lake-level
fall) would have remained deep-water envi-
ronments and, given the smaller size of the
remaining lake basins, would have been be-
low the zone of wind-induced mixing
(Fig. 3). The greatest stratigraphic complete-
ness is likely to be found in these areas.
Given the uniformity of rate estimates from
the deeper parts of Lake Tanganyika, it is
likely that the most accurate age estimates
also come from these areas. Figure 2B indi-
cates that age estimates of 9 to 12 Ma (all
with rate estimates of ~0.5 mm/yr) for the

central basins have the highest likelihood of
accuracy of all measurements calculated in
this study.

The cores from the Bujumbura (northern)
and Mpulungu (southern) basins are all from
water depths of less than 600 m, and these
regions may have undergone periods of non-
deposition or erosion. Therefore, RSRM age
estimates for the northern and southern ba-
sins may be too low, underestimating the age
of these basins. However, for the Bujum-
bura basin, our maximum age estimates of
7.51 Ma (siltstone compaction model) or
8.29 Ma (shale model) are in close concor-
dance with available independent tectonic
evidence. Ebinger (1989) showed that the
Ruzizi basin at the north end of Lake
Tanganyika became active prior to 6.5-5
Ma, on the basis of interbedded volcanic-
sedimentary sequences overlying metamor-
phic basement. Elsewhere in the region, no
demonstrably early or middle Miocene fos-
sils have been recovered from within the
Lake Tanganyika basin, although Neogene
sedimentary deposits are commonly ex-
posed (Tack and DePaepe, 1983; Pasteels et
al., 1989). K/Ar dates from the Tanganyika
region within the South Kivu basin and the
Rungwe volcanic field (north of Lake Tan-
ganyika; Tiercelin and Mondeguer, 1991) are
also mostly late Miocene-Holocene. Older
dates (cf. 20 Ma in South Kivu and 30-40
Ma in the Rungwe volcanic field) are clearly
anomalous with respect to the bulk of vol-
canic activity in the region. In addition, both
Burton’s Bay (core locality BA84-11) and
the extreme southern end of the lake are at
present seismically active rift segments
(Fairhead and Stuart, 1982). It is interesting
to note that the pattern of RSRM age pro-
gression correlates very closely with mag-
nitude of extension across Lake Tanganyika
calculated from Project PROBE seismic

Two way trave! time (s)

LA e e B e 1 B O

LI L e B e

LI e B 2 B e o

Figure 3. Multifold seismic line 8338 (position shown as section A-A’ in Fig. 1) with nearest pro-
jected position for core HD12. Horizontal lines are laminated diatom ooze; patterned area is silty-
sandy turbidites. Note continuous, rhythmic character of deep-water acoustic stratigraphy (par-
ticularly near HD12 core location), suggesting high stratigraphic completeness, compared with dis-
continuous, variable-amplitude character of shallow-niargin refiectors above 600 m unconformity.

513



Figure 4. Plot of exten-
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study and are referenced by numbers below circles to Rosendahl (1988). Note that older RSRM
ages occur consistently in regions of greater extension. Only ages calculated from seismic lines
in common with Morley’s (1988) data are shown, and age ranges indicate that two or more cores

existed along same seismic line.

data by Morley (1988). Although his results
are controversial (Scott et al., 1989), the sim-
ilarities between older RSRM ages and
greater extension are intriguing (Fig. 4). The
central basins exhibiting the oldest RSRM
ages have undergone between 3 and 4 km
of extension, whereas the Bujumbura basin
underwent only 1-3 km of extension, and
the Mpulungu basin underwent <1 km of
extension.

A late Miocene age for Lake Tanganyika
imposes significant restrictions on both rift-
ing and evolutionary processes. Discussions
on subjects as diverse as the rates of coev-
olution in Tanganyikan endemic species
flocks (West et al., 1991) and controversies
concerning extensional rates and rift-propa-
gation models (Morley, 1988; Scott et al.,
1989) depend on accurate age estimates.
Border-fault formation and volcanism on the
eastern side of northern Lake Kivu (Ebin-
ger, 1989), subsidence adjacent to border
faults of Lake Rukwa (Wescott et al., 1991;
Morley et al., 1992), and formation of the
central basins of Lake Tanganyika all began
in the late Miocene; intervening regions may
exhibit younger ages. Verification of this, or
any lake’s, age must ultimately await deep
drilling, an exciting prospect for all scientists
concerned with the history of rift basins.
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