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ABSTRACT

Fossil and living sromatolites are abundant
around the margins of L ake Tanganyika, Af-
rica, and provide a wealth of paleolimnologic
and paleoclimaticinfor mation for thelateHolo-
cene. Six lines of evidence show that stromato-
litesand cementsareprecipitatingin thelaketo-
day: (1) carbonatesaturation statecalculations,
(2) documentation of living stromatolites and
their depth distribution, (3) new stableisotope
data showing the lak€'s present mixing state
and ancient evapor ation and inflow balance,
(4) new radiocar bon data and a reevaluation of
apparent 1C ages derived from Lake Tangan-
yika carbonates, (5) the presence of modern
M g-calcite cementsderived from lake waters,
and (6) the presenceof modern, biologically me-
diated M g-calcite precipitatesin thelake.

Lake Tanganyika'slake levels have been re-
mar kably stableover the past 2800 yr, fluctuat-
ing around the marginally open to marginally
closed level through most of thistime period.
L ake lowstands and high 80 valuesfrom the
ninth century B.c. totheearly fifth century A.p.
indicate that the lake basin was compar atively
dry duringthistime. However, theperiod prior
to the most recent opening of LakeKivu into
the Lake Tanganyika basin (ca. A.n. 550) was
not marked by major lake lowstands, nor was
this opening accompanied by a dramatic lake-
level rise. The Kivu opening was roughly coin-
cident with a significant shift toward isotopi-
cally lighter (580 and 3'C) lake water, which
persiststoday. Thelakeremained closeto its
outlet level between the sixth and thirteenth
centuries A.D. Lake levels rose between the
fourteenth and sixteenth centuries. At some
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time between the late sixteenth and early nine-
teenth centuries, lake level fell to perhapsits
lowest level in the past 2800 yr. By the early
nineteenth century, lakelevel had beguntorise
tothe overflow levd, apparently theresult of a
regional increasein precipitation/evapor ation
ratios.

Weak 8'80/813C covariance for late Holo-
cenecarbonatessuggeststhat thesurfaceeeva-
tion of the lake hasremained near the outlet
level, with only occasional periods of closure.
However, there is no simple relationship be-
tween soluteinput from LakeKivu, isotopein-
put from Lake Kivu, and lake levelsin Lake
Tanganyika. LakeKivu watersaretheprimary
source of major ionsin Lake Tanganyika, but
aremuch lessimportant in controlling the 380
and thelakelevd of L ake Tanganyika. Because
the Ruzizi River’'s discharge into Lake Tan-
ganyikaislargely derived from sources other
than LakeKivu, the overflow eventsin thetwo
lakes have been uncoupled during the late
Holocene.

INTRODUCTION

Numerous studies have demonstrated that
laminated stromatolites and massive thrombo-
lites can be used in paleolimnological recon-
structions (Abell et al., 1982; Casanova, 1986;
Hillaire-Marcel and Casanova, 1987; Casanova
and Thouin, 1990; Straccia et ., 1990; Talbot,
1990). Stromatolites can provide information on
lake-level fluctuations (based on their elevation),
palechydrology (through 13C and 180 analyses of
stromatolitic carbonates), paleoenvironments
(fromtheir growth morphology), and chronology
(through direct *C dating). Here we discuss new
observations on the stromatolites of Lake Tan-
ganyika, Africa, that shed light on the most recent
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history of that 1ake, and on the late Holocene cli-
mate history of Centrd Africa

Lake Tanganyika is located in the western
branch of the African Rift system (Fig. 1). Itisthe
largest of the African rift lakes and the second
deepest lakein the world. Thelake occupiesase-
ries of interconnected haf-graben basins, the old-
est of which is probably between 9 and 12 Ma
(Cohen et d., 1993). The basina bedrock lithol-
ogy consists of Proterozoic metasedimentary
rocks, Karroo (late Paleozoic—early Mesozoic)
nonmarine sedimentary rocks, and late Tertiary
volcanic rocksin the Ruzizi River watershed, oc-
cupying the north end of thelake basin.

The lake is currently an open basin, discharg-
ing into the Zaire basin via the Lukuga River.
However, most water loss is from evaporation,
and the outlet serves primarily to maintain arela-
tively constant lake level (Hecky and Degens,
1973). The lake has been closed as recently as
1878 (Camus, 1965).

Climatein thelake basinissemihumid tropical.
The lake receives continuous, but seasondly vari-
able, inflow from four mgjor rivers (Maagarasi,
Ruzizi, Lugufu, and Lufubu), aswell asnumerous
smadl rivers. Mogt of theinfluent streamsoriginate
onrift escarpments, closetothelake, and therefore
carry very low dissolved solid loads. In contrast,
the Ruzizi River drains akaline Lake Kivu to the
north, and is the dominant source for most solutes
in Lake Tanganyika, excluding Ca?* (Craig et dl.,
1974). Lake Kivu surface waters are enriched in
Mg? relativeto Ca2*, accounting for the unusually
high Mg/Camolar ratio (=9) of the Ruzizi River
whereit entersLake Tanganyika. Ruzizi watersare
subsequently diluted by waters from the other in-
fluent streams to produce alow sdlinity, low aka
linity lake water (conductivity = 670 pumho/cm,
A = 6.6 meg/l). Ground-water input from small
hydrothermal springs has been documented in
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some parts of Lake Tanganyika (TANGHYDRO
Group, 1992), but the volume of fluid flow isrele
tively small (=100-300 I/s each, for the two fields
discovered to date). Stable isotope (180 and 13C)
and major ion chemistry measurements suggest
that the surface waters are well mixed (Casanova
and Hillaire-Marcd, 1992), dthough these epilim-
netic waters mix much moredowly with the volu-
minous and anoxic monimolimnion of the lake
(Coulter and Spigd, 1991). Surface water compo-
stion and major ion concentrations have been very
constant, both seasonally and over several dec-
ades, because of the lake's size and the long resi-
dencetime of itswater (Hecky and Degens, 1973;
Cohen and Thouin, 1987; Batungwanayo, 1987;
Casanovaand Hillaire-Marcdl, 1992).

Calcareous sediments were first reported from
the lake by Dubois (1959). Cores taken in the
1970s showed that aragonitic and calcitic muds
have been deposited periodically during the Holo-
cene (Stoffers and Hecky, 1978). Cohen and
Thouin (1987) described numerous carbonate
lithofaciesinthelake, indludinglimemuds, coated-
grain and skeletd-fragment sands and gravels, and
microbially cemented boundstones (stromatolites
and thrombolites). Most of these sediments were
either high-Mg calcite or aragonite, an observation
that is consistent with the carbonate mineralogy
predicted by Muller et d. (1972) based on the mo-
ld proportions of Mg/Cain the lake water. Cohen
and Thouin (1987) proposed that carbonates are
currently being deposited in thelake, and thet stro-
matolites and thrombolites have formed under es-
sentially modern conditions.

Subsequent work has shown that many of the
surficia carbonate deposits observed on the lake
floor are quite old. Cohen (1989) showed that shell
lagsof upto 2000 yr in age are exposed onthelake
floor at littoral-sublittoral depths, apparently the
result of winnowing events during lowstands of
lake level. On the basis of radiocarbon dating and
180 evidence from stromatolites, Casanova and
Thouin (1990) and Casanovaand Hillaire-Marcel
(1992) argued that all stromatolites found on the
lakefloor (and implicitly al littoral carbonate de-
positsother than mollusk and ostracode shells) are
fossil. In their chronology, stromatolites formed
between ca. 2000 B.c. and A.D. 750, during a pe-
riod of late Holocene aridity and Lake Kivu clo-
sure. They proposed that an increase in the re-
gional precipitation/evaporation balance and
subsequent dilution of Lake Tanganyika waters
during ca. A.D. 650-750 put an end to carbonate
accumul ation and stromatolite formation.

Herewe present new dataon the late Holocene
history of Lake Tanganyika. Our findings are pri-
marily based on the occurrence of both modern
and Hol ocene stromatolitesfrom parts of thelake
which werenot visited by earlier workers. Wear-
gue that microbially mediated and inorganicaly
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Figure 1. Location map of L ake Tanganyika showing known stromatolite localities. Much of

the shordine of Lake Tanganyikais unexplored.

Thus, thismap should not be construed to in-

dicatethat stromatolitesarenot present elsswhere. Number s correspond to locality numbersin
Table2. Principal research sitesdiscussed in text areno. 10 (Km 115 site, southern Burundi) and

no. 14 (Kigomasite, Tanzania).

precipitated carbonate deposition did not ceasein
Lake Tanganyika at ca. A.p. 750, but has contin-
ued to the present.

METHODS

Saturation state, water balance, and isotopic
equilibrium cal culationswere based on previoudy
published water chemistry data (Table 1; Hecky
and Degens, 1973; Craiget ., 1974; Tietze, 1981,
1982; Cohen and Thouin, 1987; Batungwanayo,
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1987; Casanova and Hillaire-Marcel, 1992). Ac-
tivity coefficients were calculated using the
Debye-Hiickel equation. lon pairing in solution
was estimated using the thermodynamic associa
tion constants preferred by Millero and Schreiber
(1982, their Table 3). Weignored dl Na", K*, and
504—2 pairsin order to smplify calculations, be-
cause they had a negligible effect (<1%) on the
ions of interest (Ca'?, Mg*?, HCO,~and CO,™).
By thethird iteration of these cal culations, changes
infreeion activitieswerelessthan 0.04%.



TABLE 1. SEASONAL VARIATION IN
LAKE TANGANYIKA NORTH BASIN

COHEN ETAL.

TABLE 2. KNOWN STROMATOLITE OCCURRENCES IN LAKE TANGANYIKA

Locality number Long Lat Depth Substrate Growth
SURFACE WATER CHEMISTRY ® ©) range morphologies
Parameter Wet season Dry season (m) present
Na* 53.5 mg/l 55.2+ 2.3 mgl/l 1 29°10 4°34' 4 Rocks SC
K* 29 mg/l 28.5+ 1.1 mg/l 2 29°13' 4°05' 23* Cemented rubble and rocks SC, LI
Ca*? 12.2 mg/l 12.4 + 2.3 mg/l 3 29°08’ 3°36 20* Boulders in sand SC
Mg*2 45.7 mg/l 45.4 + 1.9 mg/l 4 29°08' 3°30' 9-25 Rock walls and ledges SC
Total cations 7.44 meq/l 7.49 meq/l 5 29°20' 3°38' 9-30 Boulders in sand SC
Alkalinity 6.5 meg/l 6.6 +.01 meq/l 6 29°20' 3°39' 16* Boulders in sand and rocks SC
CI- 31.7+13mg/l 32.26+ 0.9 mg/l 7 29°20 3°40' 18* Rocks SC, LI
SO, 2+1mgll 1.4+1.2mgll 8 29°20' 3°41' 12-18 Loose boulders in sand SC
Total anions 7.44 meg/l 7.54 meg/l 9 29°19 3°43' 8* Loose boulders and rocks SC
pH 8.8-9.1 8.9-9.2 10 (Km115 site) 29°34' 4°17' 11-40 Cemented sand and cobbles, rocks LI, LL, MB
Temperature 27.2°C 25.8+0.7°C 11 29°37 4°41' 30-46 Rocks N.D.T
Note- Data source: Wet season: Casanova and 12 29036’ 4045, 6-12 Cemented rubble and rocks SC, LI
Hillaire-Marcel (1992), 0-40 m. Dry season: Cohen 13 ) 29°36 4°52 20-30 Rocks LI, LL, MB
; — _2. 14 (Kigoma site) 29°36' 4°54' 6-12 Sand, cemented sand, rocks SC, LI, LL
and Thouin (1987). ClI-, SO,~%; pH values for both wet 15 29°46' 5094 414 Rocks paoes
f;r?ggrsyasreeaffg_s are from Batungwanayo (1987); 16 29°49' 531 15-18 Rocks, sand sc, LI
17 29°51 5°58' 6-10 Shell lag SC, LI
18 29°48' 6°00' 15-24 Rocks SC, LI
19 30°31 7°10 24-30 Rocky ledges LI
20 30°35 7°27 21* Rocks LI
Between 1985 and 1992, weidentified troma- 21 30°47 7°50' 24~ Rocks L
22 30°52' 7°59' 24-34 Rocks LI, LL

tolite localities around Lake Tanganyika using
SCUBA, echosounder profiling, and aremotely
operated vehicle. At each locality water depth and
gross stromatolite morphology were recorded by
divers. Stromatolites were subdivided in the field
into those that appeared to be growing and those
that wereeither dead or ambiguous. Weidentified
actively accreting stromatolites by the presence of
HCl-reactive CaCO, crustswithinasurficial mass
of soft algae.

We studied two localities in detail. Oneisan
area of fossil stromatalites in southern Burundi
(also vidited by Casanova and Thouin, 1990) and
the other isan areaof both fossil and modern stro-
matolites in northern Tanzania. The former local-
ity lies 200 to 500 m offshore of the Burundi coast,
in the southern portion of the Nyanza Lac struc-
turd platform (marked Km115[10] in Fig. 1 be-
cause of its proximity to kilometer point 115 on
Burundi National Route 3). The second site is
south of the town of Kigoma, =3 km south of the
Kigoma Railway Hotel and between 100 and
400 m offshore, directly west of Bangwe Hill (la
beled Kigoma[14] in Fig. 1). Supplementary ob-
servationsand i sotopic datawere collected a other
stesligedin Table 2.

Representative stromatoliteswere collected by
SCUBA divers, and returned to the United States
for analysis. We sectioned individual heads and
examined surfaces and thin sections using light
microscopy and scanning el ectron microscopy
(SEM) to determine the microbial assemblages,
structure, and composition of the stromatolites.

We obtained conventional “C age dates from
stromatolites and other carbonate samples. We
cleaned our samples of organic and surficial ma-
terial, and submitted the outermost portions of
the stromatalites for analysisto the University of
Arizona's Environmental Radioisotope Facility
or the Norwegian National Radiocarbon Labora-
tory at Trondheim. Subsequent treatment at the
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Note: Locations in this table are keyed by number to Figure 1. Sites 10 (southern Burundi) and 14 (Kigoma,
Tanzania) are the principal study sites from which most of our observations are derived. Morphology codes:
SC—small columns and stratiform encrustations, LI—large isolated columns and domes, LL—large linked

columns and domes, MB—major biohermal buildups.

*Indicates that a sample was collected from the given depth, but no range information was collected.

TN.D.—not determined.

University of Arizonainvolved pumping off the
first 10% of the CO, evolved from acid digestion,
thereby removing the remaining carbonate rinds
and interspace area fill, and analyzing the re-
mainder of the evolved gas. At Trondheim, we
treated our samples by leaching the outer surface
with dilute HCI to remove possible surface cont-
amination. Between 60% and 90% of the original
sample was then used for dating.

Prior to selecting samples for stable isotopic
analysiswe dabbed, polished, and thin sectioned
the stromatolites to identify possible contami-
nants and diagenetic overgrowths. We examined
both the polished slabs and thin sections using
polarized transmitted light and (for thin sections)
cathodoluminescence and blue/violet (400440
nm wavel ength) incident light microscopy.

Following inspection, we drilled samples (av-
erage 0.5 mg) from polished slabs using a jew-
eler’s microdrill fitted with a 0.4 mm stainless
sted hit. We heated our samples at 400 °C under
vacuum, and then dissolved them in 100% phos-
phoric acid at 25 °C. The resultant CO, gas was
analyzed for stable carbon and oxygen isotopera-
tios using a Finnigan MAT 251 mass spectrome-
ter at the GM S Laboratory, University of Bergen,
using standard corrections. Our analytical preci-
sionisbetter than +0.1%o for both 8'3C and &'%0.
We analyzed 27 carbonate samples taken from
nine stromatolites and assorted oncolite, ooid
beachrock, and fossil mollusk specimens.

The use of isotopic datafrom stromatolitesfor
palecenvironmental interpretations requires a
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modern baseline for comparison. We analyzed
living littoral-sublittoral gastropods from Lake
Tanganyikafor this purpose, becausetheisotopic
composition of modern gastropods reflects both
modern average conditions and seasonal varia-
tion in the factors affecting the 380 of lacustrine
carbonates. Most African gastropods have life
spans of ayear or more (Levéque, 1973), and
sampling successive increments of shell growth
provides apicture of the oxygen isotope variation
encountered in the water column during the or-
ganism'’s lifetime. Temperature variation, which
also affectsthe 8180 of shell, isvery small (=4°C
seasonally). Therefore, the isotopic composition
of surficial and degp water, aswell asevaporation
of surface waters, dominates the isotopic history
of theindividua gastropod’s shell.

We analyzed 34 living gastropods (Lavigeria
nassa, L. spp., Paramelania damoni, and P. iri-
descens) for 313C and &80 at the University of
Rhode Island’s Stable Isotope Laboratory. The
shell of each snail wasdliced longitudinaly using
anarrow kerf diamond saw, and samples were
taken along the growth spiral to provide a se-
guence of isotope ratio measurements corre-
sponding to roughly equal intervalsin the accre-
tionary process of shell growth. On the basis of
mark-recapture experimentswith Lavigeria spp.,
all of thesetaxaarethought to livefor at least sev-
eral years (E. Michel, 1993, persona commun.).

Shell fragments were heated in a vacuum for
1-2 hr &t 400 °C to destroy organic matter. | sotope
measurements were made in aV.G. Micromass
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602D instrument, with NBS-20 standards run at
frequent intervals. Theanalyseswerereproducible
t0=0.2%.. Data are corrected for isobaric interfer-
ences (Craig, 1957), and both stromatolite and
snail data are reported in conventiona & notation
relaive to the PDB (Peedee belemnite) standard.

MODERN LAKE TANGANYIKA WATER
CHEMISTRY

Whereasmollusks, ostracodes, and benthic mi-
crobial communities can thrivein water undersat-
urated with calcite, inorganic cements and the

nonenzymatically precipitated carbonates pro-
ducing stromatoliteswill not normally forminun-
dersaturated waters (Reddy et al., 1981; Casa-
nova, 1986). Casanova and Hillaire-Marcel
(1992) stated that shallow watersin Lake Tan-
ganyika are “close to saturation with respect to
calcite” and they speculated that seasonal calcium
carbonate undersaturation precluded the growth
of stromatolitesin the modern lake. However, Co-
hen and Thouin (1987) argued, on the basis of the
presence of apparently living stromatolites, ma-
chine-fabricated cloth fragments as “clasts’ in
surficial 1ake carbonates, and micriterindsaround

TABLE 3. 14C AGE DETERMINATIONS

living Chara stems, that carbonatesareformingin
Lake Tanganyikatoday. Using the water analyses
of Batungwanayo (1987) and Casanova and
Hillaire-Marcel (1992) (Table 1), our calculations
show that the lake is supersaturated with calcite
(saturation state Q = 6.54 times saturation), mag-
nesian calcite (Q = 5.9 at 10% Mg, and 3.0 at
20% Mg), and aragonite (Q = 4.4). Furthermore,
undersaturation does not occur seasonaly.
Monthly measurements of water chemistry at Sta-
tion Km29 (northern Burundi, close to several
stromatolite collection localities of both Casanova
and Hillaire-Marcel, 1992, and ours) show similar

Sample Lab Location and material* Depth Modern 313C 313C Calibrated age Final calibrated age
1.D. (m) carbon® (% PDB) normalized cal.yr cal.yr
no. (%) age (yr B.P) A.D. (B.C.)8 A.D. (B.C.)*

University of Arizona analyses
86-DG-20 A-4782 KM115, Burundi, Stromatolite 30 87.2+0.9 1.9 1100 + 80 1500 + 100 1440 + 100
86-AC-6 (Surface) A-5085 Kigoma, Tanzania, Stromatolite 12 95.4+0.8 4.6 390+ 70 Post-1950, ultramodern Post-1950, ultramodern
86-DG-5 A-4772 Malagarasi Delta region, Tanzania, 20 855+08 0.2 1260 = 70 1340+ 90 1340 £ 90**

Neothauma tanganyicense fossil

gastropod
86-AC-1 #13 A-4773 KM26, Burundi, Paramelania 13 75.7+£1.0 -0.9 2240 + 110 360 + 125 460 + 125

damoni fossil gastropod
86-AC-1#24 A-4775 KM26, Burundi, Paramelania 13 741+20 -0.3 2410 + 220 190 + 230 290 + 230"

damoni fossil gastropod
86-AC-1A #90 A-4774 KM26, Burundi, Paramelania 18 98.2+1.4 -0.4 150 + 30 Post-1950, ultramodern Post-1950, ultramodern

imperialis live gastropod
86-DG-18 A-4771 KM115, Burundi, Ooids 4 96.1+0.9 33 320+ 75 Post-1950, ultramodern  Post-1950, ultramodern
Trondheim analyses$®
87-AC-2 T-9323 KM115, Burundi, Stromatolite 17 83.7+0.5 2.2 1430 + 50 1170+ 80 1290 + 80
87-AC-4 T-9324 KM115, Burundi, Stromatolite 15 83.4+0.6 2.9 1460 + 60 1140 + 80 1290 + 80
87-AC-5 T-9325 KM115, Burundi, Stromatolite 19 83.6+0.8 2.4 1440 + 80 1160 + 100 1270 + 100
87-AC-6 (core) T-9326 Kigoma, Tanzania, Stromatolite 12 85.8+0.8 3.6 1230 + 80 1370 + 100 1400 + 100
87-AC-7 T-9327 Kigoma, Tanzania, Stromatolite 11 84.7+10 3.8 1340 + 100 1260 + 120 1300 + 100
87-AC-8 T-9328 Northern Zaire, Stromatolite 15 88.3+0.7 4.2 1000+ 70 1600 + 90 1580 + 90%#
89-MS-211B T-9331 Nyanza Lac, Burundi, Beachrock 0 75.4+0.8 1.2 2270+ 90 330+ 110 430 £ 110
89-MS-142 TUa-253 Ruzizi Delta, Burundi, Ooids 10 78.2+0.7 2.5 1980 + 70 620 + 90 680 + 90
LT-M1 T-9332 Katibili Bay, Zaire, Neothauma

tanganyicense collected alive

in 1947 5 90.4+0.7 -0.9 820 + 60 Modern Modern
Casanova and Hillaire-Marcel (1992) data (modified from their Table 2)***
TA87-97 UQ1659 KM33, N. Burundi, Stromatolite 7 89.7+1 4.5 1350 + 200 1250 + 210 1290 + 210
TA87-89a UQ1508 KM33, N. Burundi, Stromatolite 16 8731 3.8 1550 + 200 1050 + 210 1170 £ 210
TA87-104 UQ1660 KM33, N. Burundi, Stromatolite 30 84.6+0.9 3.6 1800 800 + 210 890 + 210
TA87-105 UQ1661 KM33, N. Burundi, Stromatolite 35 84.0+09 3.1 1850 750 + 210 870+ 210
TA87-55a UQ1507 KM33, N. Burundi, Stromatolite 20 83.1+0.6 3.6 1950 650 + 120 680 + 120
TA87-117b uUQ1714 KM33, N. Burundi, Stromatolite 10 83.0+15 34 1950 650 + 160 680 + 160
TA87-121a UQ1589 KM115, S. Burundi, Stromatolite 26 82.6+0.6 2.3 2000 600 + 120 660 + 120
TA87-107 UQ1662 KM33, N. Burundi, Stromatolite 10 81.3+1 3.6 2150 450 + 210 600 + 210
TA87-55¢ UQ1715 KM33, N. Burundi, Stromatolite 20 80.7+1.3 4.8 2200 400 + 160 540 + 210
TA87-113 UQ1664 KM33, N. Burundi, Stromatolite 35 79.4+0.8 3.0 2300 300 + 210 420 £ 210
TA87-110 UQ1663 KM33, N. Burundi, Stromatolite 30 79.3+£0.9 3.0 2350 250+ 210 370+ 210
TA87-117c UQ1716 KM33, N. Burundi, Stromatolite 10 79.2+1.3 3.1 2350 250 + 160 370 + 160
TA87-40 UQ1504 KM35, N. Burundi, Stromatolite 25 784+0.7 3.6 2450 150 + 120 240+ 120
TA87-109 uUQ1616 KM33, N. Burundi, Stromatolite 25 78.0+0.5 4.0 2500 100 + 120 140+ 120
TA87-55d UQ1506 KM33, N. Burundi, Stromatolite 20 76.4+0.6 5.8 2650 (150 + 120) (100 + 120)
TA87-117d UQ1588 KM33, N. Burundi, Stromatolite 10 71.8+05 55 3150 (550 + 120) (580 £ 120)
TA87-117e uUQ1713 KM33, N. Burundi, Stromatolite 10 69.3+1.3 35 3400 (800 + 160) (880 + 160)*

*See Figure 1 for more precise locality information.
"Normalized to 5'3C = —25%o.

SCalendrical calibration corrected for old carbon and Suess effect discussed in text (i.e., 1950— [A - 650 yr]) incorporating square root of sum of squares summation of stan-

dard errors.

#Final calibrated age using dendrochronologic correction factors of Stuiver and Pearson (1993).
**Multiple calendrical age solutions exist for this radiocarbon age. This date could also be 1300 or 1360. The middle value (1340 A.p.) is shown.

fTMultiple solutions exist. 260 or 320 A.D. are also possible.

88Sample 89-MS-142 (lab ref. no. Tua253) was analyzed by the Uppsala AMS facility on behalf of the Trondheim laboratory.

#Multiple solutions exist. 1520 or 1620 A.D. are also possible.

**+Percent modern carbon values given for Casanova and Hillaire-Marcel (1992) data are presented as in their original table, without 13C correction. All other percent mod-

ern carbon values are given with 13C correction.
TTMultiple solutions exist. 830 or 920 B.c. are also possible.
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Figure 2. (Caption on facing page).
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Figure 2. Photomicrographs of stromatolites from Lake Tanganyika. (A) Scanning electron
microscope (SEM) image of encrusting sponges on the surface of stromatolite 87-5, from
Km115. Bar scale=10 um. (B) SEM image of diatom community on surface of stromatolite
87-6¢ from Kigoma. Note abundant carbonate silt trapped on filaments. Bar scale=10 um. (C)
Micritetrapped and bound between algal filaments on upper surface of stromatolite surface
crust. Stromatolite 87-6a from Kigoma, Tanzania. Bar scale=20 pm. (D) Ar agonite needle mass
on undersurface of surficial, unconsolidated crust of stromatolite 87-6b from Kigoma, Tanza-
nia. Bar scale=1pum. (E) Radial arrangement of filament molds of approximately the same di-
ameter (about 3um in diameter) in thin section of stromatolite from Km2115 (sample 87-4). Bar
scale=25 pm. (F) Largemoldsof filamentswith someremains preserved from a stromatolite at
Kigoma. Thesefilament moldsarevariablein diameter and often found in radial clusters; how-
ever, they are usually poorly preserved. They differ from theradial cluster in 2E in sizeand di-
ameter variability. Bar scale =25 um. (G) Probable endaliths from stromatolite at Km115 lo-
cality. These filaments are somewhat tuberous and sinuous. Bar scale = 25 um. (H) Microbial
filament masstrapping car bonate particles and sponge spicules on upper surface of stromato-
litecrust. Stromatolite 87-6a, from Kigoma. Bar scale=20 um.
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saturation states throughout the year (Batung-
wanayo, 1987). Because L ake Tanganyikawaters
are supersaturated with the relevant calcium car-
bonate phases, water chemistry does not limit
modern stromatolite formation. Thisis consistent
with the finding of ooids with ultramodern 4C
ages (sample 86-DG-18, Table 3).

MICROBIAL ASSEMBLAGESOF LAKE
TANGANYIKA STROMATOLITES

Documentation of living stromatolite micro-
bid assemblages and stromatolite morphology is
critical for the paleoecological interpretation of
fossil stromatolites. Tanganyikan stromatolites
are covered by acomplex community of benthic
organisms, including filamentous and coccoid
cyanobacteria, diatoms, green algae, fungi, and
sponges (Fig. 2, A and B). The surficia filamen-
tous cyanobacteria present are dominated by Scy-
tonema, Phormidium, and Microcoleus. A di-
verse assemblage of diatoms (104 species) has
been documented from the surfaces of fossil stro-
matolites in southern Burundi (Cocquyt, 1991),
but these have not yet been compared with the di-
verse diatom floras of growing stromatolites.
Chrysophyte cysts and nonmotile green algal
zygotes are also incorporated into the surficial
carbonate of living Kigoma stromatolites. En-
crusting sponges are dominated by two common
species, Jpongilla moorei and S. uvirae.

At the Kigoma site, algal and cyanobacterial
filaments bind |oose particles of micrite, larger
carbonate alochems, and clastic grains on stro-
matolite surfaces (Fig. 2C), Smilar to the stromat-
olitesof Cuatro Cienegas, CoahuilaState, Mexico
(Winsborough and Seeler, 1984). Although we
cannot conclusively demonstrate the presence of
crystalline calcite within the algal sheaths, ara-
gonite needle masses can be clearly seen within
the unconsolidated outer crusts of the stromatolite

heads (Fig. 2D). At present we do not know which
speciesof cyanobacteria, algae, or spongesarein-
volved in trapping and binding the bulk of the al-
lochems. The cyanobacteria and diatoms have
mucilaginous sheaths. Within the carbonate lami-
nae and columns, at |east two basic categories of
microbial fossils are present: (1) small, sinuous,
locally branched filaments (probably endoliths) at
Km115 and Kigoma, and (2) straight, unbranched
filaments (preserved microbial remains of con-
structing microbes) found only at Kigoma. The
straight filaments fall into three size categories
(they are dl of similar shape and other morpho-
logical attributes). Thesmallest sizeclassconssts
of straight to dightly curved filaments, about 1.5
to 3 um in diameter, that have thin wals and are
filled with microspar. These filaments often are
found singly and not in clusters. In places, they
arefound in radial masses (Fig. 2E), which isnot
uncommon in other lacustrine stromatolites (e.g.,
Monty and Mas, 1981). Although not well pre-
served, they resemble filamentous cyanobacteria.
The next two classes of filaments are found both
in clusters or masses, oriented normal to laminae
and resemble radial sparry fabric composed of
microbial remains as described by Monty and
Mas (1981, p. 105-116). The smaller class con-
sists of small, straight, thin-walled, unbranched
filaments, 3-4.5 pm in diameter, composed of
spar. The larger class consists of straight, thin-
walled, unbranched filaments, 922 pmin diame-
ter, composed of spar (Fig. 2F). The larger class
filaments are not common in any of the stromato-
lites examined.

Compelling evidence for microbia precipita-
tion of calcium carbonate as a mechanism for
stromatolite formation is lacking. Nowhere have
we observed calcium carbonate encrusting mi-
crobesor in their sheaths and/or mucilage. Phor-
midiumand Scytonema are known to calcify their
sheaths (Pentecost and Riding, 1986) and are
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present in our material; however, no carbonatein
or on sheaths was observed in the microbesin our
samples. Microbes collected from the surfaces of
stromatolites were preserved in unbuffered for-
malin, which may have resulted in formic acid
dissolving any sheath-associated carbonate. The
absence of calcium carbonate encrusting mi-
crobes or in their sheaths and/or mucilage does
not rule out the contemporaneous preci pitation of
calcium carbonate external to the microbes and
their sheaths, as evidenced by Figure 2C, where
micrite is enmeshed with filaments, and Fig-
ure 2D, where aragonite needles arefound on the
stromatolite’s surface.

Probable endoliths are common in Kigoma
stromatolites but are rare at Km115 (Fig. 2G).
They are represented by small, sinuous filaments
that are 1.4-4.8 umin diameter. They appear to be
spira with no well-defined wall, and are com-
posed of spar. The filament diameter is highly
variable over short distances. Branching israre
and normd to the main filament. These filaments
arerandomly oriented. Filamentscommonly have
avery bright appearancein transmitted light. Be-
cause of their brightness, sinuous habit, nonuni-
form diameter, and branching, these filamentsre-
semble endoliths; however, convincing examples
have not been found in ooids or skeletal grains
trapped in the stromatolites. Only the stromato-
lites have these filaments. No cellular remainsare
preserved. No terminal swellings or other struc-
tures resembling reproductive structures have
been observed. The sinuous filaments exhibit an
abrupt, short bend or kink at the region of curva-
ture, similar to patterns produced by endoliths
boring into calcite crystals (see Golubic, 1969,
Figs. 3-5). Similar filamentsfrom stromatolites of
the Aldabra | dands were assigned to the cyano-
bacterium Hyella (Casanova, 1986).

Stromatolite Distribution and
Morphological Features

Figure 1 and Table 2 illustrate the localities,
depth ranges, and substrateswhere we haveiden-
tified extensive stromatolite buildups. The distri-
bution is almost certainly incomplete because
much of the lake's littoral-sublittoral zoneis un-
explored. Many of these stromatolitesarefossils,
commonly encrusted by epiphytic and epilithic
microbial communities but not actually deposit-
ing laminated or massive carbonate (Casanova
and Thouin, 1990). Other stromatolites, however,
appear to be actively growing, as evidenced by
the presence of carbonate within the filament
mass, stable isotope data, 1C age dates, and in-
ternal morphological features discussed bel ow.

We have observed stromatolites at depths of 6
to 46 m below the lake level of the early 1980s
(775 m above sealevel [masl]). The maximum
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Figure 3. Stromatolitesfrom L ake Tanganyika. (A) L argestromatolite promontoriesforming
along rocky ledges at Km115, 20 m water depth. Deep, vertical fissures mentioned in text ap-
pear asdark, snuousareason thestromatolite' supper surface. Horizontal field of view is=2m.
(B) Domal stromatoalitesat Kigoma, 10 m water depth. Largedomein center of photois=0.7m
wide. (C) Stromatolite encrustationsand small columnsgrowing over rocky blocksat locality 7,
northern Burundi, 15 m water depth. Larger fish in center are=10 cm long. (D) Close-up of in-
dividual stromatolitic columnsat locality 9, northern Burundi, 8m water depth. Horizontal field
of view is=20 cm. (E) Columnsand columnar branching stromatalitesencrusting cobblein sam-
ple 87-7, Kigoma site, 11 m water depth. Small scale divisonsin millimeters. (F) Variable na-
ture of mesostructureand microstructureof stromatolitefrom Km2115. Small, poorly laminated
columns formed on laminated fabric that encrusted crystallinerock, that in turn grade verti-
cally into nonlaminated, peloidal carbonate. One millimeter horizontal scalein lower right of
photomicrograph. Additional millimeter ruler scale on left. (G) Predominantly laminated
mesostructureand microstructureof small stromatolite column from the Kigomalocality. Dark
laminae are composed of micriteand light laminae are composed of microspar. I ndividual lam-
inae are of variable thickness. Bar scaleto right =1 mm. (H) Coated grain and peloidal al-
lochemsinfilling theinter space between small stromatolite columns. Stromatolite 87-2, Km115,

17 m water depth. Bar scale=5mm.

)
-

depthsarein part artifacts of depth limitationson
SCUBA divers, athough on recent remotely op-
erated vehicle dives to a maximum of 100 m at
several sites, one of us (Cohen) did not see stro-
matolites at depths greater than 40 m. Echo
sounder profiles over stromatolite localitiesindi-
cate that stromatolites may be found as deep as
60 m. The upper limit of stromatolitesiswell es-
tablished, except for oncolites, which we have
found at the shoreline. We have rarely encoun-
tered stromatolites above 10 m below current
lake level. However, the presence of littoral
(0-3 m depth) snails commonly imbedded in
small columnar stromatolites and stromatolitic
encrustations (discussed later herein) may indi-
cate that stromatolites have formed in shallower
water in Lake Tanganyika's past.

In Lake Tanganyika stromatolites are ex-
tremely rare on delta fronts or adjacent to large
rivers and are normally restricted to growth on
hard substrates. Thisisin contrast to their com-
mon occurrence in the siliciclastic deposits of
some Cenozoic paleolakes (Link et al., 1978).
However, at severd localities (Table 2) we have
observed stromatolitesgrowing in clusterson un-
lithified shelly or pebbly sands, similar in some
aspects to those described by Straccia et al.
(1990) from Miocenerift lake deposits of Idaho.

At both the Km115 and Kigomasites stromato-
lites are mostly restricted to rocky substrates. On
continuous rocky ledges or boulders stromatolites
may grow over both horizonta or vertical faces,
with concordant growth morphologies (Fig. 3A).
At the Km115 site buildups have also formed on
previoudly lithified beachrock or oolite.

The Tanganyikan stromatolites are highly vari-
able in growth form (Fig. 3, A, B, and E). Shapes
include stratiform encrustations on boulders and
vertical walls, columnar-layered structures, col-

umns(Fig. 3E), branching columns, and oncalites.
Severd of these structures are found within bio-
herms that coalesce and are meters across
(Fig. 3A). Columnar, columnar branching, colum-
nar layered, and stratiform complexes, severd cen-
timetersin thickness, form on exposed bedrock or
on cobbles. The oncoalites (5-20 cm in diameter)
occur commonly at water depths between 0 and
30m. They typicaly develop aslaminated encrus-
tations around large mollusk shells or pebbles.

The stromatolites are described following
guidelines proposed in Grey (1989). Four obser-
vational levels, megastructure, macrostructure,
mesostructure, and microstructure, are used in
these descriptions. Characteristic depth informa-
tionisincorporated into this description.

M egastructure. Thelarge-scale configuration
of stromatolites forming a bed, or in a bed, is
termed megastructure (Grey, 1989). Lake Tan-
ganyikastromatolitesforminisolated patches, as
biohermd to biostromal aggregates of domesand
columns severa tens of meters across and <1 m
thick on rock ledges (Fig. 3B).

Macrostructure. Macrostructure is the shape
and size of sromatalitic bioherms and biostromes
inabed (Grey, 1989). Thebiohermsor biostromes
arevariablein size and consist of large codesced
and discrete domes and columns, with rounded,
gently convex to flat upper surfaces. Individual
domes and columns can exceed 1 m in diameter,
and most are <1 m tall. Below depths of 12 m,
large, individual stromatolites consiting of flat to
gently convex topped bulbous columns, both
linked and isolated, commonly occur (Fig. 3B).
This shape appearsto be afunction of depth. Shal-
lower water stromatalitestend to have ashapethat
conformsto the shape of the underlying rock (sug-
gesting they arethin veneers; Fig. 3C). Degper wer
ter Sructures assumetheir own shape regardl ess of
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their substrate shape. Where bulbous columns are
linked, the stromatolites form continuous ledges
(at Kigomasite) or anastomosing ridges (et Km115).

The largest stromatolites encountered to date
in Lake Tanganyika are found at depths >30 m.
At site Km115, stromatolite bioherms severa
meters across and >1 m in height are present.
These structures are extremely well indurated
and have avariety of shapes, including large, nar-
row spurs and irregular promontories. Smaller,
flat to gently convex-topped, bulbous columns
similar to those found in shallower water con-
tinue below 30 m; however, they are restricted to
horizontal |edges between thelarger biohermsor
on rock outcrop ledges.

Deep water stromatolites, in particular thosein
bioherms and biostromes, exhibit adifferent sur-
face topography than shallower formsat Km115.
Below =20 m, deep vertical fissures appear on
the surfaces of many stromatolites. From 20 to
26 m these fissures increase in width and pene-
tration with depth, and their edges become
sharper and better defined. Below 26 m, almost
all stromatolites have thisfissured topography. At
this depth, individual fissures average 5-10 cm
across, and may be >20 cm deep (most taper, so
their true depth into the stromataliteis difficult to
determine), and up to 1 mlong in plan view. The
fissures (1) are entirely contained within the sur-
face of the stromatolite, (2) are present at the
edge and terminate toward the center of the stro-
matolite's surface, or (3) completely bisect the
surface. The fissures have rounded edges and
their ends taper. The term “cereboid” has been
used for thismorphology (Casanovaand Thouin,
1990; Casanovaand Hillaire-Marcel, 1992).

In addition to the fissuring, deep water bio-
herms differ from shallow water biohermsin pos-
sessing much smoother, yet crenulated surfaces
(possibly as a result of greater growth ratesin
shallower water). Small columns continue into
deep water, but are uncommon, and are found
only on small flat-topped to gently convex-
topped bulbous columns confined to horizontal
ledges.

Domes and bulbous columns are commonly
composed of smaller domes and columns, some
of which branch. Columns are generally 3cm or
lessin diameter and vary irregularly in diameter
from base to top. Columns commonly originate
from basal, thin, stratiform laminae. Branchingis
complex and one sample can includefurcate, um-
bellate, digitate, dendroidal, and anastomosed
styles (see Hofmann, 1969, Fig. 13, for terminol-
ogy). In plan view the columns are circular to
elongate. Theinterspace area (the region between
columns) approximately equals column diame-
ter. Some columnar stromatolites have laminar,
calcareous, white crusts of unknown origin that
coat and cement boulders.
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M esostructure. Mesostructure refers to fea-
tures intermediate between macrostructure and
microstructure (Grey, 1989). In laminated struc-
tures, it describes the nature of the lamina, and in
nonlaminated structures, mesostructure refers to
the complex nature of the clotted, internal fabric.
Unlike many Holocene and older lacustrine stro-
matolites (e.g., HoloceneWalker Lake, Osborneet
al., 1982; Fliocene Ridge basin, Link et d., 1978;
Oligocene Marseilles rift, Casanova and Nury,
1989), most Tanganyikan stromatolites lack well-
defined dark and light laminae (e.g., Fig. 3H).

Two types of mesostructure are found: one,
moderately well laminated, is found at Kigoma,
and the other, poorly laminated, is present at
Km115. The poorly laminated stromatolites can-
not be classified as thrombolites because they do
not contain a microscopic clotted fabric, even
though some are unlaminated (Aitkin, 1967).
Stromatolites from Km115 are variable at the
mesostructural level and consist of small col-
umns, 3 cm or lessin diameter, with amesostruc-
ture consisting of nolaminae, poorly defined thick
laminae, and rare, moderately well-defined thin
laminae (Fig. 3F; described below in moredetail).
All mesostructures can coexist in the same col-
umn over adistance of <1 cmaong the axisof the
column. The moderately well-defined thin lami-
nae commonly are found at about the same level
intwo or more adjacent columns possibly indicat-
ing similar, synchronous processes and/or condi-
tions. When viewed in tangentia section, the bet-
ter defined laminae are commonly gently convex,
extending across the column. They aso have
moderately well-defined upper and lower bound-
aries, amoderate to high degree of inheritance
(i.e., the degree to which a lamina follows the
shape of underlying lamina; Hofmann, 1969), and
only first-order curvature (Fig. 3G).

Some parts of the stromatolites have a some-
what radial fabric formed by molds of small,
3-5-um-diameter filaments (Fig. 2E). Thefila-
ments are unbranched and have poorly defined,
gray micritic walls that commonly merge imper-
ceptibly with the gray mass of micrite that is
present between the filament molds; the molds
arefilled with light gray to clear microspar. This
fabric israre, poorly preserved, and has few en-
doliths associated with it. Because of the poor
preservation of mesostructure and microstructure
within the Tanganyikan stromatolites, it isuncer-
tainif thismicrobial fabric iscommon.

Although the stromatolites at Kigoma are bet-
ter laminated (Fig. 3G), they have a complex
mesostructure. Laminae are thick and variablein
thickness within the column and along the same
lamina. Second-order convexities are present.
These second-order expressions of the laminae
are crinkled, and amixture of corrugate (small
noncontiguous domes) and cumulate (contiguous
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small domes) forms within the same first-order
lamina. Inheritance varies from low to high, but
most laminae have alow to moderate degree of
inheritance.

Stromatolites from both sites lack banding or
macrolamination. Macrolamination, a higher or-
der banding pattern produced by a grouping of
laminae, is acommon feature in lacustrine stro-
matolites (e.g., Johnson, 1937; Donsimoni and
Giot, 1977) and its absence may reflect relatively
uniform conditions in the lake at the site of stro-
matolite formation throughout the year.

Microstructure. Stromatolite microstructure
refers to “the fine scale structure of the lamina-
tion, in particular the distinctness, continuity,
thickness, and composition of the laminag’
(Preiss, 1972, p. 93). Stromatolites from the
Km115 site are composed primarily of peloids
and coated grains (Fig. 3H). Where laminated,
dark laminae are predominantly micrite (with
peloidsand other grains) and light laminae are mi-
crospar (with fewer peloidsand other grains). The
thin, well-defined, dark-light laminae discussed
above have individua laminae of approximately
equal thickness (dark lamina 18-60 um; X =
34 umthick, n = 17; light lamina 19-70 um, X =
33 umthick, n=17). The boundaries between the
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are the ranges for which we have
greater confidence, whereas the
narrow bars represent possible
greater extensonsof vertical range.

laminae are moderately well defined, but not as
sharp asin the Kigoma stromatolites. The thick-
ness of the thickest laminae is more difficult to
measure because boundaries are diffuse; however,
thicknesses are on the order of 100-150 um for
dark laminae and 80-100 pum for light laminae.
Grains in interspaces are of comparable size
(40-100 pm), consiting of peloids, coated grains,
invertebrate fragments, and mineral grains pre-
sumably from the underlying bedrock.
Thelaminae at Kigomaare better defined; how-
ever, they are il not aswell defined, smooth, and
sharply bounded asthose commonly found in other
lacugtrine stromatolites (e.g., Bertrand-Sarfati et d.,
1994). Dark laminae arethinner than thelight lam-
inae (59-965 um; X = 226 um, n = 42), and are
composed of micrite and microspar. Light laminae
are thicker (1111210 pum thick; X = 370 um,
n = 39) and are composed of microspar. Radid fi-
brous calciteisrarely observed in light laminae.
Lake Tanganyika stromatolites differ from
other fossil and recent lacustrine stromatolitesin
the following features: (1) they commonly lack
well-defined laminae; (2) light laminae rarely
haveradid fibroustextures; (3) macrolamination
islacking; and (4) second-order curvature (i.e.,
additional curvesin the laminations across the
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columns; Fig. 3G) is common. The reasons for
these differences are unclear. Thelack of macro-
lamination may result from the low degree of
chemical and thermal seasonality undergone by
the lake. This may result in only minimal sea-
sona changes in benthic microbial communities
and other organisms that might affect stromato-
lite growth.

Nonmarine stromatolite growth morphology is
apotentially useful tool for palecbathymetric in-
terpretation. However, as Hillaire-Marcel and
Casanova (1987) noted, our current knowledge of
the actua depth rangelimitsfor particular growth
formsis severely limited. Casanova and Thouin
(1990) contended that it was impossible to relate
growth morphologies to depth in Lake Tangan-
yika, and that the aspect of the substrate (horizon-
tal, doping, or vertica) was the primary determi-
nant of differencesin stromatolite form. Our data
from alarge number of localities show, however,
that some useful paleobathymetric inferences
may be extracted from fossil stromatolitesin Lake
Tanganyika. Figure 4 illustrates the present depth
ranges at which we have found different growth
morphol ogies of stromatolites. Becauselakelevel
has fluctuated during the late Holocene, we have
estimated the origina growth depths for individ-
ual stromatolites by one or more of the following
approaches: (1) measuring the depth ranges of
specimens that appear to be growing (see Meth-
ods section herein), (2) examining fossil gas-
tropods that are associated with the stromatolites
whose modern depth ranges are known, and
(3) correlating stromatalite belts with clearly as-
sociated ancient strand lines, beachrock ridges, or
sedimentary structures that are depth indicators.
Figure 4 shows our estimates of original growth
depthsfor stromatolites based on gpproaches 1-3.
Stromatolites have grown during the late Holo-
cene in Lake Tanganyika down to depths of at
least 26 m, which closely corresponds to the
lake's present photic zone (28 m as defined by the
1% light penetration method; Hecky, 1991).

14C GEOCHRONOL OGY

Our ™C results are presented in Table 3. We
have normalized the initial 14C activity based on
813C measurements of the carbonates. It was also
necessary to correct our age datafor both atomic
bomb radiocarbon effects and the effect of surfi-
cid mixing of old carbon derived from thelake's
hypolimnion (cf. Craig et a., 1974). Casanova
and Hillaire-Marcel (1992, p. 40) argued that 14C
age dates from stromatolitesin Lake Tanganyika
can be considered “true”’ ages (i.e., without hard
water effects) after normalizing theratiosfor iso-
topic fractionation (ca. 450 yr B.P)) because the
313C of dissolved inorganic carbon (DIC) in sur-
face water seems to be in isotopic equilibrium

with atmospheric CO,. They also pointed to 14C
measurements of surface water in 1987 (102% +
7% modern, n = 6) asdemonstrating atmospheric
equilibrium. We believe that these surface water
data show that alarge reservoir correction isnec-
essary, because of the absence of 14C enriched
bomb carbon. Surface water seemsto hold nearly
equal portions of deep water carbon (89% mod-
ern; Harmon Craig, 1993, persona commun.)
and atmospheric carbon (atmospheric CO, =
115% modern in 1987, interpolated from Nydal
and L6vseth, 1983; in solution, HCO,~ should be
=117% modern).

Thereservoir effect can be estimated from the
14C composition of asnail (Neothauma tanganyi-
cense) collected livein 1947 from 5 m depth in
the lake (Katibili Bay, Zaire). Its age (after 513C
correction) was 820 + 60 B.P. 14C yr (Table 3,
sample LT-M1). Carbonate of this age in atmos-
pheric equilibrium is expected to be depleted in
14C by 2.1% (Stuiver and Pearson, 1986), giving
an apparent age of 170 yr B.P. at the time of for-
mation. The measured age of this snail shell is
therefore 650 + 60 yr too old (=7.8% initial 4C).
Following the marine carbonate calibration pro-
tocol of Stuiver et al. (1986), we adjusted our age
dates for this 650 + 60 yr residual old carbon ef-
fect. Correcting for the reservoir effect inthe 14C
content of ashell collected livein 1986 (Table 3,
sample 86-AC-1A #90, 8'3C-corrected, apparent
age = 150 + 30 “C yr B.P) yields a 1*C content
of about 112% modern, consistent with the pres-
ence of bomb carbon in the shallow waters. The
expected 1C concentration of shell aragonitein
water exposed to 1986 air is 119% modern. This
vaueis calculated by applying afractionation of
1.021 (twice the 13C/12C fractionation between
CO, gas and aragonite of 10.5%o [26 °C], Ro-
manek et a., 1992) to the atmospheric CO, com-
position of 117% modern. This discrepancy may
result from the fact that we were only able to ob-
tain asingle prebomb live snail to date, coupled
with the variability in Casanova and Hillaire-
Marcel’s (1992) water 14C values. After applying
the reservoir effect correction, we converted ra-
diocarbon years to calendar years using the den-
drochronologic corrections of Stuiver and Pear-
son (1993). We summed all errors using the
square root of the sum of squares method. Al-
though studies by Vogel et al. (1993) have shown
that C age dates from the mid-latitudes of the
Southern Hemisphere are systematically =40 cal-
endar yr too old (because of more efficient at-
mospheric mixing with the much larger ocean
surface of the Southern Hemisphere), the impli-
cations of thiswork for the equatorial regionsre-
main unclear. Therefore we have not applied this
correction to our data.

We have recal cul ated ages for Casanova and
Hillaire-Marcel’s stromatolite data using the

Geological Society of AmericaBulletin, April 1997

same carbon reservoir corrections. This recalcu-
lation implies that the events described in Casa:
novaand Hillaire-Marcel’s (1992) lake level and
isotope chronology (asillustrated in their Figs. 5,
6, 8, and 9) are =600-700 yr younger than was
originally proposed. Our “C data (and renormal -
ized Casanovaand Hillaire-Marcel data) indicate
that stromatolite formation and carbonate forma-
tion has continued in Lake Tanganyika through-
out the late Holocene. The surficial carbonate on
stromatolite 87-AC-6 yielded an ultramodern
age, and was presumably growing at the time of
collection.

LAKE-LEVEL HISTORY

Integrating historical datawith pal eodepth esti-
mates from stromatolites, fossil gastropodsincor-
porated in stromatolites, and wave-cut terraces,
we have produced a preliminary lake-level curve
for Lake Tanganyikafor the past 3000 yr (Fig. 5).
This figure combines our data with our *4C-nor-
malized interpretations of Casanovaand Hillaire-
Marcel’'s data (derived from their Tables2 and 3
and Fig. 5).

The combined data indicate that the total am-
plitude of lake-level fluctuations has been small
throughout thistime period (=20 m). Lake levels
were 5-10 m below present during the earliest in-
terval studied (ca. 800 B.c. to A.D. 400). Thismi-
nor lowstand correlates with generally low lake
levelsin East Africa between 3000 and 2000 yr
ago (Hecky, 1971; Butzer et d., 1972). However,
we do not see evidencefor the considerably lower
(=75m) lakelevesthat Hecky and Degens (1973)
proposed (based on hydrologic considerations)
for Lake Tanganyika prior to the Lake Kivu over-
flow event. This shows that Ruzizi inflow may
have been less critical for maintaining Lake Tan-
ganyika's water level during the late Holocene
than the Hecky and Degens (1973) model would
suggest. Vincens (1989) demonstrated a decrease
in arboreal pollen and an increase in grass pollen
at ca 500 B.c. in cores from the northern part of
Lake Tanganyika, and noted that thismight repre-
sent ashift to more arid conditions, or the onset of
deforestation. Both the lake-level curve and iso-
topic data (discussed below) suggest that the lake
was closed at thistime, indicating ardatively dry
climate. Beachrock deposits dated at A.D. 430 +
110 that are found close to the current lake level
(775to 776 mad) indicate asignificant |ake-level
rise a thistime. Thisrise may have resulted in a
brief opening of Lake Tanganyika. Lakelevelsap-
pear to have returned to the 765-770 mad range
during the seventh century. We have no direct ev-
idence of lake-level fluctuations for the next
=500 yr. However, lake levels could not have
fallen below 750 madl, because there is no evi-
dence for exposure during thisinterval in cores
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carbonate mineralogy (see Fig. 7 caption).

collected in 25 m water depth. The stability of
oxygen isotope va ues during thistime (discussed
below) argues against any major lake-level fall.
Winnowed, deep water shell lagsthat postdate the
late fifth century A.D. (sample 86-AC-1, #13) in-
dicate that lake levels may have fallen to the 760
mad level, but the minimum age of thisevent can-
not be constrained.

Lake levels began to rise in the mid-thirteenth
century. A second winnowing event occurred
some time after the late sixteenth century, but
prior to the early nineteenth century, and resulted
from asignificant lake-level drop. Thisfal isin-
dicated by a shell dated to the fourteenth century
(sample 86-DG-5) that was incorporated into a
lag 20 m below the current lakelevel at sometime
after the phase of stromatolite growth during the
fifteenth to sixteenth centuries, but before the be-
ginning of the nineteenth century historic record.
Evidencefor thisminor lake-level fall dso comes
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from shallow water sediment and ostracode indi-
catorsin several sublittora cores (Park and Co-
hen, 1994; Wells and Cohen, 1994). However, we
have no precisedatefor thislake-leve fall. Onthe
basis of the presence of dated shell lagsa =20 m
(which must have formed above =5 m wave base,
and may have been exposed) and an absence of
exposure surfaces in a core taken in 40 m water
depth, thislakelowstand can only be bracketed at
between 735 and 760 mad. At the onset of histor-
ical data (mid-nineteenth century), lake levels
were close to those we observed in our youngest
premodern radiocarbon dated materids (late six-
teenth century), about 775 madl. Lake levelsrose
during the mid-nineteenth century, culminatingin
the 1877 opening of the lake. Thiswas followed
by arapid downcutting of the Lukuga River out-
flow channdl through alluvium, and the relative
stabilization of lake level between 772 and 777
masl for most of this century (Evert, 1980). The

Geological Society of AmericaBulletin, April 1997

=775 mlevel hasevidently been revisited numer-
oustimes during the past 1300 yr.

The Lake Tanganyikarecord showssomesim-
ilarities to the flood records of the Nile, showing
that even these modest |ake-level changesmay be
aresponseto regiona climate change. Lowstands
in Lake Tanganyika between the seventh and
fourteenth centuries accord with the interpreta-
tions of low White Nile discharge during most of
this period (Hassan, 1981). The only major pe-
riod of high Nile floods during thistime (twelfth
century A.D.) isaninterval for which we have no
datain Lake Tanganyika. Decadal recordsof Nile
floods indicate a mgjor increase in discharge
starting in the fourteenth century and continuing
until the nineteenth century, which corresponds
to the timing of lake-level rise in Lake Tangan-
yika. Similarly, the highstand of Lake Tangan-
yika during the mid-ate nineteenth century isin
close agreement with both White Nile discharge
data and regional |ake-level data (Butzer, 1971,
Maley, 1973; Nicholson, 1976; Hassan, 1981).

These observations suggest that Central Africa
wasdry for much of the period between theninth
century B.c. and the fourteenth century A.D. A
significant wet interval may haveinterrupted this
dry period during the fifth to seventh centuries
A.D. (discussed later herein). Starting in the four-
teenth century A.D., agradual onset of wetter con-
ditions resulted in rising lake levels that acceler-
ated during the mid-nineteenth century.

STABLE ISOTOPE HYDROLOGY OF
LAKE TANGANYIKA AND THE
TANGANYIKA-RUZIZI-KIVU SYSTEM

Lack of comprehensive rainfall data for the
Tanganyika catchment precludes a detailed dis-
cussion of the isotope hydrology of the Tangan-
yikabasin, but sufficient information is available
to provide some guidelines for the interpretation
of our results. The lake is characterized by an
180-enriched hypolimnion (d = 200 m; 380 =
4.2%0 SMOW (standard mean ocean water);
Craig et d., 1974; Tietze, 1981, 1982) and well-
mixed, less 180-enriched surface waters (d <
75 m; 8180 = 3.7%o; Craig et al., 1974; Tietze,
1981, 1982). Between these two water masses
lies atransition zone about 150 m thick, where
the isotopic composition increases monotoni-
cally with depth as aresult of mixing between
surface and deep waters. |sotopic and other evi-
dence showsthat the hypolimnion may bearelict
water mass formed during drier, cooler climatic
conditions(Craig et a., 1974). Thelakewatersas
awhole form a well-defined 3D-880 mixing
linewith river-suppliedinflow (Craiget a., 1974,
Fig. 6). Thislineisgeometrically coincident with
and statistically identical to a regression line
computed from the lake dataalone (n =83, r =
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the deep watersof LakeKivu lieon or closetothe AMW. In thelatter case, this coincidence con-
firmsthe importance of hydrothermal water s of meteoric origin to the hydrological budget of

LakeKivu (Degenset al., 1973).

0.908), indicating that both the surface waters
and isotopically heavier deep waters evolved
from the same primary water sources. Given the
relative antiquity of the hypolimnion, we infer
that despite changesin hydrological budget, there
have been no major changesin bulk inflow com-
position during the history of the present water
body. In the following discussions we therefore
assume that there were no significant variations
in the isotopic composition of regional rainfall
during the period of stromatolite formation. The
only significantly variable sourceis probably the
Ruzizi River (seelater discussion herein).

Rain falling on the lake surface is the single
most important source of water to Lake Tangan-
yikaand currently contributes about 63% of theto-
tal annud input (Haberyan and Hecky, 1987). The
bulk composition of thisrainfall can be estimated
from isotopic analyses of local precipitation. In-
spection of the most recent compilation of these
data (RozansKi et ., 1993) indicates that stations
inthe interior of East and Centrd Africadefinea
regional compositional trend that is separate from
the globa meteoric water line (GMW, Craig,
1961). We have informally named this trend the

African meteoric water line (AMW;, Fig. 6) andits
validity for the Tanganyika basin is confirmed by
the fact that smaller streams and rivers (“other
rivers’ inFig. 6) dl plot onor dosetotheline. In-
tersection of the Tanganyika-river mixing linewith
the AMW (Fig. 6) indicates the mean 8180 of di-
rect precipitation on the lake surface to be =~—3.4%o
(rather than =—2%. as predicted by theintersection
with the GMW). In comparison with modern lake
waters (3180 +3.7 to +4.2; Fig. 6), the rlatively
low values for locd rainfall and river waters
(Fig. 6) confirm that significant isotopic evolution
has taken place in Lake Tanganyika, largely asa
result of evaporatively drivenfractionaioninawa
ter body that has along residence time and has
been occasionally closed.

In most prior palechydrologic studies, thein-
flow from LakeKivu viathe Ruzizi River hasbeen
assumed to be very important to the water balance
of Lake Tanganyika (Hecky and Degens, 1973;
Haberyan and Hecky, 1987; Casanova and
Hillaire-Marcel, 1992). Lake Kivu and the Ruzizi
asofall aong adD-8'80 compositional trend, but
onethat isseparate from that defined by Lake Tan-
ganyika and its sources (Fig. 6). In contrast to its
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impact upon the salt budget (Haberyan and Hecky,
1987), the Kivu-Ruzizi system does not dominate
the isotopic composition of Lake Tanganyika, al-
though, together with the Maagarag, it evidently
does make a significant wet-season contribution.
Theseasonal isotopic variation of the Ruzizi isun-
likely to reflect changes in the composition of
Lake Kivu, because the mixing time of the epil-
imnion is=20yr (based upon datafrom Haberyan
and Hecky, 1987) and thus does not respond fast
enough to record seasona variations. Changesin
the composition of the Ruzizi therefore reflect
variationsin therelative proportions of Lake Kivu
water and runoff received from tributariesalongits
course from Kivu to Tanganyika. Mass-balance
calculations, taking Kivu surface water 380 to be
+3.4%o (Tietze, 1981) and post-Kivu inflow 8180
tothe Ruzizi to be=—2.5%o (Fig. 6), show that dur-
ing the wet season the proportion of Kivu water at
the mouth of the Ruzizi is only about 10% of the
total flow, and =60% during low flow, dry season
conditions. Thus, during thewet season, the Ruzizi
may receive as much as 90% of itsinflow from
catchments downstream of Lake Kivu. It isthus
erroneous to assume that closure of Lake Kivu
would automatically lead to dramatic loss of in-
flow from the Ruzizi (cf. Haberyan and Hecky,
1987; Casanova and Hillaire-Marcel, 1992). The
Ruzizi would continue asariver system, obvioudy
somewhat reduced in scale, but still capable of
making significant seasonal contributionsto Lake
Tanganyika

Closure of Lake Kivu would aso have signifi-
cant consequences for the isotopic composition of
Lake Tanganyika, because the former is a source
of 180-enriched water that is otherwise absent
withinthebasin (Fig. 6). Thiswould bethecaseir-
respective of Kivu'shydrologica budget. Regiona
inflow to this lake has a mean 3'80 of about 0%o
(Fig. 6), so even aless 180-enriched water body
than today’ swould supply water to the Ruzizi with
asignificantly higher 80 value than any other
known source around L ake Tanganyika. Under
present conditions, of a total riverine input of
17.3km3lyr, LakeKivu (rather than the Kivu-Ruz-
izi system as a whole) currently contributes
=3.3km3/yr (Haberyan and Hecky, 1987). Assum-
ing amean 580 composition of —2.5%o (Fig. 6)
for al riverine inflow other than that contributed
by Lake Kivu, and aKivu outflow composition of
+3.4%o (see above), mass balance considerations
indicate that the total riverine inflow with Lake
Kivu open has amean composition of =—1.4%o.
With Kivu closed and the source of isotopically
heavy water cut off, the inflow composition is
—2.5%o, assuming that the isotopic composition of
rainfall supplying thesmaller Ruzizi tributariesre-
mains congtant (see above). Thus, rather than lead-
ing to isotope enrichment in Lake Tanganyika, clo-
sure of Lake Kivuwould, at least initialy, cause

455



TABLE 4. STABLE ISOTOPIC ANALYSES

Sample Site Depth Material Mineralogy* 31801 si3ct
(m) (%0 PDB) (%0 PDB)
Bergen, Norway analyses®
87AC1A KM26, northern Burundi 23 Stromtolite Aragonite 1.13 (0.53) 2.10 (0.40)
87AC2A KM115, southern Burundi 19 Stromatolite (core) N.D. 1.01 1.68
87AC2B KM115, southern Burundi 19 Stromatolite (outer rim) N.D. 1.54 2.27
87AC3A KM35.5, northern Burundi 15 Stromatolite (core) Aragonite 0 (-0.60) 3.77 (2.07)
87AC3B KM35.5, northern Burundi 15 Stromatolite (outer rim) Aragonite 0.71(0.11) 3.04 (1.34)
87AC4A KM115, southern Burundi 15 Stromatolite (core) 70% HMC, 30% aragonite 1.35(0.71) 2.19 (1.88)
87AC4B KM115, southern Burundi 15 Stromatolite 72% HMC, 28% aragonite 1.38 (0.74) 1.91(1.61)
87AC4C KM115, southern Burundi 15 Stromatolite (outer rim) 80% HMC, 20% aragonite 1.50 (0.85) 2.24(1.94)
87AC5A KM115, southern Burundi 19 Stromatolite (core) 88% HMC, 12% aragonite 1.50 (0.90) 1.85 (1.65)
87AC5B KM115, southern Burundi 19 Stromatolite (outer rim) 85% HMC, 15% aragonite 1.34 (0.74) 1.86 (1.66)
87AC6A Kigoma, Tanzania 12 Stromatolite (core) Aragonite, 12% HMC 1.70 (1.09) 3.95 (2.55)
87AC6B Kigoma, Tanzania 12 Strom (middle) Aragonite, 12% HMC 2.24 (1.63) 3.82(2.42)
87AC6C Kigoma, Tanzania 12 Stromatolite (outer rim) Aragonite, 12% HMC 2.29 (1.68) 3.85(2.45)
87AC7A Kigoma, Tanzania 11 Stromatolite (core) Aragonite 1.99 (1.38) 4.21(2.51)
87AC7B Kigoma, Tanzania 11 Stromatolite Aragonite 2.13 (1.53) 4.57 (2.87)
87AC7C Kigoma, Tanzania 11 Stromatolite Aragonite 2.17 (1.57) 3.37 (1.66)
87AC7D Kigoma, Tanzania 11 Stromatolite Aragonite 2.31(1.71) 4.02 (2.32)
87ACTE Kigoma, Tanzania 11 Stromatolite Aragonite 2.42 (1.82) 4.00 (2.30)
87ACTF Kigoma, Tanzania 11 Stromatolite (outer rim) Aragonite 2.64 (2.04) 3.91(2.21)
87AC8A Pemba, N. Zaire (Table 2, location 3) 15 Stromatolite (core) N.D. 2.04 3.73
87AC8B Pemba, N. Zaire ( Table 2, location 3) 15 Stromatolite (outer rim) Aragonite? (based on thin section) 2.06 (1.46) 4.73 (3.03)
89-MS-211A  South of Nyanza Lac, southern Burundi 0 Beachrock HMC (11% MgCO,) 2.13(1.47) 1.75
89-MS-211B  South of Nyanza Lac, southern Burundi 1 Beachrock HMC (10% MgCO,) 2.15(1.55) 1.73
89-MS-142 Ruzizi Delta, northern Burundi 10 Ooids HMC (11% MgCO,) 1.80 (1.14) 2.26
89-MS-49 KM118, southern Burundi 8 Ooids HMC (12% MgCO,) 1.74 (1.02) 2.06
T™-1 Bwana N'denge, Zaire 8-20* Paramelania damoni Aragonite 2.28 -1.19
(coll. Jan. 4, 1947) gastropod (live)
T™-2 Katibili, Zaire (coll. 1947) rud Neothauma tanganyicense Aragonite 2.22 -0.03
gastropod (live)
o o0 0,
g o8 08 0
6 § 8% /K & &
~l o el
Figure7. 8'80 and &'3C data for LakeTan- — 15| 1™!
ganyika stromatolites, beachrock, and ooids. O 5 al® :
Values are normalized to calcite based on E f
Tarutani et al. (1969) for 80 and Romanek M :
et al. (1992) for 313C (See Table 5 for original 4 2 ;

and normalized data). Theoretical 380 and
313C rangesfor calcite formed in equilibrium
with various lake water masses are shown by
bars. Etimates of &13C equilibrium valuesfor
atmospheric CO, are from Romanek et al.
(1992). The range of calcite in equilibrium
with measured lake dissolved inorganic car-
bond (DIC) isbased on measurements from
Degens and Kulbicki (1973), Craig et al.
(1974), Hillaire-Marcel et al. (1989), and
Hillaire-Marcel and Casanova (1987), and is
estimated from the calcite-bicar bonate en-
richment factor given by Romanek et al.
(1992). Equilibrium 380 fields were calcu-
lated using equations from Friedman and
O’Nell (1977). The data define a weak covari-
ance, probably indicative of the alternately
open and closed conditions of thelake.

calcite in equilib.
with lake DIC

O Stromatolites
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v¢ Molluscs
O Stromatolites

(Casanova & Hillaire-Marcel)
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TABLE 4. (Continued)

Sample Site Depth Material Mineralogy* 31801 si3ct
(m) (%0 PDB) (%0 PDB)
University of Rhode Island analyses

Kaginga, Tanzania 24 P. damoni gastropod (live—outer part Aragonite 1.47 -0.29
of aperture)

Same individual as above 24 P. damoni gastropod (live) Aragonite 1.03 -0.07

Same individual as above 24 P. damoni gastropod (live—apex) Aragonite 1.10 -0.76

Same individual as above 24 P. damoni gastropod (live—apex) Aragonite 0.67 0.10

Kasereka, Tanzania 36 Lavigeria small dark sp. gastropod Aragonite 1.09 -1.29
(live—apex)

Same individual as above 36 Lavigeria small dark sp. gastropod Aragonite 1.53 -0.84
(live—apex)

Same individual as above 36 Lavigeria small dark sp. gastropod Aragonite 1.31 -1.52
(live—aperture)

Same individual as above 36 Lavigeria small dark sp. gastropod Aragonite 1.09 -1.12
(live—aperture)

Kirando, Tanzania 1 Lavigeria sp. gastropod (live—apex) Aragonite 1.17 -0.26

Same individual as above 1 Lavigeria sp. gastropod (live—apex) Aragonite 1.03 0.10

Same individual as above 1 Lavigeria sp. gastropod (live—apex) Aragonite 1.07 -0.14

Same individual as above 1 Lavigeria sp. gastropod (live—apex) Aragonite 1.47 -0.17

Same locality as above, 2nd snail 3 Lavigeria nassa gastropod (live—apex)  Aragonite 1.01 -0.4

Same individual as above 3 Lavigeria sp. gastropod (live—aperture)  Aragonite 0.86 0.66

Same individual as above 3 Lavigeria sp. gastropod (live—aperture)  Aragonite 0.66 -0.48

Same locality as above, 3rd snail 3 Lavigeria sp. gastropod (live) Aragonite 0.96 -0.07

KM26, northern Burundi 12 Paramelania imperialis gastropod (live) Aragonite 1.17 0.00

Same individual as above 12 Paramelania imperialis gastropod (live)  Aragonite 0.96 -0.29

Same individual as above 12 Paramelania imperialis gastropod (live) Aragonite 1.08 -0.28
(aperture)

Same individual as above 12 Paramelania imperialis gastropod Aragonite 0.89 -0.33
(live—apex)

Nyanza Lac, southern Burundi 55 Paramelania iridescens gastropod Aragonite 2.12 -1.14
(live—apex)

Same individual as above 55 Paramelania iridescens gastropod Aragonite 1.88 -0.61
(live—aperture)

Same individual as above 55 Paramelania iridescens gastropod Aragonite 2.16 -1.25
(live—apex)

Same individual as above 55 Paramelania iridescens gastropod Aragonite 1.86 -0.18
(live—apex)

Same locality as above, new individual 73 Paramelania iridescens gastropod Aragonite 1.88 0.07
(live—apex)

Same individual as above 73 Paramelania iridescens gastropod Aragonite 2.02 -1.11
(live—apex)

Same individual as above 73 Paramelania iridescens gastropod Aragonite 1.93 -0.53
(live—apex) (aperture)

KM29, northern Burundi 0.5 Lavigeria sp. gastropod (live—apex) Aragonite 2.06 -0.18

Same individual as above 0.5 Lavigeria sp. gastropod (live) Aragonite 1.90 -0.40

Same individual as above 0.5 Lavigeria sp. gastropod (live— Aragonite 1.92 0.16
mid-snail)

Same individual as above 0.5 Lavigeria sp. gastropod (live—aperture)  Aragonite 2.04 0.23

Same locality as above, new individual 0.5 Lavigeria sp. gastropod (live—apex) Aragonite 2.04 -0.62

Same individual as above 0.5 Lavigeria sp. gastropod (live—apex) Aragonite 2.26 -0.12

*HMC—High magnesium calcite; N.D. = not determined.
TValues in parentheses are &80 and &'3C values normalized to calcite and used in Figures 7 and 8. Modern gastropod aragonite values are corrected in Figures 5

and 8, but not in Figure 2 or this table.

SLetters following sample numbers for the University of Bergen analyses indicate multiple samples taken from the same stromatolite head, ordered from A..n, where A is
nearest the core of the stromatolite and n is on the outer rim.
#Samples collected during 1946—1947 Belgian Hydrobiological Expedition. No further collection depth information given.

surfacewetersto becomeisotopicaly lighter. Con-
versely, reestablishment of open basin conditions
in Lake Kivu should lead to arise in 8180 of the
Tanganyikaepilimnion.

Equilibrium and Modern Carbonate
| sotope Composition

The isotopic composition of Lake Tanganyika
carbonatesvariesover arange of severa permil for

both 3'3C and 380 (Table 4, Fig. 7). We caniden-
tify the likely causes of these variations by calcu-
|ating the expected composition of carbonate min-
erdsprecipitated inisotopic equilibrium with lake
waters, and by analyzing the shdlls of living gas-
tropods in the lake. We assume that &l stromato-
lites grew within the top 30 m of the epilimnion
(Fig. 4).

The oxygen isotopic composition of carbonates
depends on temperature and water 180 composi-
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tion. Surface waters vary between 23.8 and
27.3°C, but generdly exceed 25 °C; the deep wa
ter has a very uniform temperature of =23.5 °C
(Coulter and Spigdl, 1991). The 8180 composition
of thelake water varieswith depth, and stromato-
lites formed somewhere along the compositional
trend between the deep waters, surface waters,
and inflow waters (Fig. 6). Equilibrium calcula-
tions using the calcite-water fractionation equa-
tion given by Friedman and O’ Neil (1977) indi-
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Figure 8. 580 trends with respect to depth
for modern gastropods (without ar agonite cor -
rection). Kasekera, Kazinga, and Kirandoo
Points are located along the northern Tanzan-
ian coast of thelake, closeto localities 11, 12,
and 15, respectively, in Figure 1. KM 26 islo-
cated in northern Burundi, 3km north of local-
ity 5in Figure 1. KM29islocated very closeto
locality 5in Figure 1, in northern Burundi.
Nyanza L acislocated 7 km south of locality 10
in southernmost Burundi. The mollusks sam-
pled areasfollows: Kazinga—Paramelania da-
moni; Kasekera—Lavigeria sp.; Kirandoo
Point (white circles)—Lavigeria p.; Kirandoo
Point (Xs)—Lavigeria nassa; KM 26—Parame-
laniadamoni; Nyanza L ac (black trianglesand
black stars)—Paramelania iridescens; and
KM29—L avigeria nassa.

cate a possible range of =0.45%. for cacite pre-
cipitated from modern surface waters (T =
25-27.25 °C) and potentialy as much as=0.80%o
for calcite precipitated from waters with a hypo-
limnic composition (23.5-27.25 °C; Fig. 7).

A widerange of &13C values are reported from
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surface water DIC of Lake Tanganyika, mostly
>+1%o (Degens and Kulbicki, 1973; Craig et &l .,
1974), and in some cases as high as +4.5%o
(Hillaire-Marcel et d., 1989). However, ina1987
survey of the northern basin, Hillaire-Marcel and
Casanova (1992) found a mean &'3Cp, of only
—0.6%o (n=19). Such valuesare much lower than
those previously recorded from either surface or
deep waters (cf. Degens and Kulbicki, 1973,
p. 224-227; Craiget ., 1974, Fig. 4), suggesting
their samples may have been affected by local or
seasonal effects. Given the variation in reported
DIC isotopic composition, the possible range of
S3C it iN €quilibrium with lake DIC is corre-
spondingly large (Fig. 7).

Modern 8180 trends vs. water depth in gastro-
pod shell carbonate are shown in Figure 8 and
Table 4. The range of values that we have ob-
tained mostly liewithin the predicted 5180 range
for carbonates formed in equilibrium with mod-
ern lake waters, athough several littoral and sub-
littoral (3-25 m) samples were anomalously
light. Between thelower littoral zone and the pro-
fundal zone, 5180 increases, aswewould predict
from the increase in lake water 8180 and the de-
crease in temperature with depth (Craig et d.,
1974; Tietze, 1982). However, the shallowest wa:
ter snails (Lavigeria spp.), collected from <1 m
water depth, reverse this trend with relatively
high 580 values. This may result from high
evaporation ratesin the surf zone.

ISOTOPE HISTORY AND
INTERPRETATION

The stableisotopic history of Lake Tanganyika
displays a complex relationship with the lake-
level history. Modernlakewater ismuch higher in
8180 than river waters entering the | ake, reflecting
the importance of evaporation in the lake's water
balance and the long residence time of deep lake
water. Most |ate Holocene carbonates appear to
have been precipitated from water with 5180 val-
ues comparableto or higher than modern lakewa-
ter (Table 4, Figs. 5 and 7). Between 900 and
100 B.c., '80 values increased, and then, after a
brief period of stability, declined rapidly between
the fourth and sixth centuries A.n. We do not have
any direct lake-level fluctuation constraintsfor the
period from 580 to 100 B.c. However, the high
8180 values from this time period may reflect a
prolongation of lake lowstands and closed basin
conditions. Beachrock deposited at the current
outlet level during thefifth century A.D. indicates
that the lake was hydrologically open when 8180
levels began to decline. | sotopic values of beach-
rock cements suggest they were precipitated from
waters similar to those of today’s lake (Table 4).

The marked decline in 380 values that oc-
curred starting in the fifth century A.p. probably
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representsaregiona shift toward higher precipita
tion to evaporation ratios and consequently greater
dischargefrom thetributary streamsthat feed Lake
Tanganyika, including the Ruzizi River. Haberyan
and Hecky (1987) proposed that Lake Kivu over-
flowed some time during the sixth century A.D.
However, as noted earlier, the addition of Lake
Kivu waters probably increased oxygen isotopic
valuesin Lake Tanganyika Therefore, theisotopic
signd recorded at thistime in Lake Tanganyika
probably resulted from increased runoff in the
Lake Tanganyikawatershed other than Lake Kivu,
such as streams that enter the Ruzizi River below
the Lake Kivu outlet. The correspondence of Lake
Kivu opening and isotopic lightening of Lake Tan-
ganyikan waters at this time may both be conse-
quences of aregional increasein precipitation, but
the former isunlikely to be the cause of the later.
Increased precipitation at this time is also sup-
ported by data from Jolly and Bonnefille (1992),
who showed an expansion of papyrus swampsand
rising water tables in upland areas northeast of
Lake Tanganyikastarting ca. A.D. 720.

Lakelevelsonly rosebriefly during thefifthto
sixth centuries and then declined to their previous
765-770 madl levels. If Lake Tanganyikaopened
during the fifth century, substantial discharge
through the Lukuga River spillway may have pre-
vented amajor lake-level risein responsetoin-
creased precipitation. However, this does not ex-
plain the apparent stabilization of lake levels
below the outlet level (=770 m) during the sev-
enth century. The precipitation/evaporation ratio
may have hovered near 1 during thistime, with
brief intervals of overflow (on the order of afew
decades), interspersed with closed basin condi-
tions. Fluctuations of only afew meters would
have allowed for the formation of stromatolites
10 m below modern lake level, and contempora-
neous stromatolites forming just 10 m higher
would have been eroded or prevented from form-
ing aslong-lived buildups.

Since the seventh century, oxygen isotope val-
ues of Lake Tanganyikan surface waters have
been relatively stable (between 0%o. and +2%o) for
al dated stromatolites, ooids, and beachrock. This
variability is comparable to that observed in the
modern gastropods collected between the surface
and 73 m water depth discussed earlier (Fig. 8).
The =10 m lake-level rise of the thirteenth and
fourteenth centuriesisnot reflected by any signif-
icant shift in the isotopic composition of lake
weter.

Values of 313C for L ake Tanganyika also vary
over a 5%o range (generally +1%o to +6%o)
throughout the late Holocene. The only excep-
tionsarethe 3'3C val ues obtained from fossil and
living gastropods. Snail shells were consistently
2%0—3%o lighter than stromatolitic carbonate, an
expected consequence of molluscan uptake of
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isotopically light carbon from food, which is not
inisotopic equilibriumwith lake water (Tanakaet
al., 1986; Dolan-Laughlin et al., 1992).

Figure 7 illustrates the relationship between
3180 and 813C for all stromatolites, ooids, and
beachrock analyzed by us and by Casanova and
Hillaire-Marced (1992). We a so plotted the equi-
librium &80 values for modern surface and deep
waters, and the equilibrium &'3C values calculated
from surfacewater DIC, assumingapH of 9.0-9.1,
andthat DICisoverwhelmingly HCO;~(Romanek
et d., 1992). A Pearson product moment correla-
tion test on these data shows a significant corrdla
tion (r = 0.71, p < 0.001) between 5180 and &1°C.
Tabot (1990) argued that covariant isotopic trends
(r>0.7) can be expected in hydrologicaly closed
lakes, whereas open basinsare typified by alack of
covariance. The covariance of isotopic trends dur-
ing the late Holocene history of Lake Tanganyika
may reflect adominance of lake basin closure dur-
ing thisinterval. Alternatively, it may reflect the
mixing between long-residence-time deep waters
and the shorter residence time of the epilimnion.
Most of the carbonatesthat haveformed inthelake
over the past 2500 yr have 8180 va ues intermedi-
ate between equilibrium with modern surface wa-
ters (3180, =+1.0%o to +1.5%q) and with deep
hypolimnetic waters (3180 =+1.7%o to 2.5%o, the
lower value only being achieved if deep waters
werewarmed to modern lake surface temperature)
(Cragetd., 1974; Tietze, 1982, Fig. 7). Smilarly,
mogt of the 813C valueswe found in these carbon-
ates are comparable to those predicted from equi-
librium with dissolved inorganic carbon vaues
fromthelake'ssurfacewaters (3°Cp,, . =—-0.6%o to
+4.5%o, Hillaire-Marcd et d., 1989; Casanovaand
Hillaire-Marcel, 1992; Craig et d., 1974; Degens
and Kulbicki, 1973).

CONCLUSIONS

Both modern and late Holocene stromatolites
in Lake Tanganyika have been formed by com-
plex microbial communitiesthat include filamen-
tous and coccoid cyanobacteria, diatoms, green
algae, fungi, and sponges. These stromatolites
have awide range of shapes and sizes, and many
morphological features are correlated with water
depth. This has alowed us to determine lake-
level fluctuations using dated fossil stromatolite
distribution patterns.

We have combined new radiocarbon age data
with the earlier data of Casanova and Hillaire-
Marcel (1992), correcting for lake mixing effects,
to produce alake level and synoptic record of
3180 and &13C changein thelake. Thesedataaso
have important implications for regiona climate
change during the Hol ocene.

Lake Tanganyika lake levels have been rela-
tively stable over the past 2800 yr, fluctuating

around the marginally open to marginally closed
(765775 mad) level through most of thistime pe-
riod. Only during times when the Lukuga River
outlet has become blocked by alluvium and debris
has it been possible for Lake Tanganyikato rise
significantly abovethislevel. Wefind no evidence
for thesharply lower lake stands (75 m) predicted
by someearlier hydrologic moddsfor thetime pe-
riods before ca. A.p. 550, when the Ruzizi was not
flowing into Lake Tanganyika from Lake Kivu.

Relatively low lake levels and 80 enrichment
of lake water between the ninth century B.c. and
the early fifth century A.D. suggest comparatively
dry conditions. A marked declinein 8180 during
thefifth century A.p. wasinitialy accompanied by
abrief but rapid risein lake levels. Thisevent cor-
responds to increased regiona precipitation and
the opening of Lake Kivu, which spilled over into
the Lake Tanganyika basin. Tributary discharges
probably account for this 5180 change, because
the overflow of Lake Kivu alone likely would
haveled toisotopically heavier water entering the
lake. Since the sixth century A.p. there has been
little change in 8180 of lake carbonates. Lake lev-
elswere at or just below the outlet level between
the sixth and thirteenth centuries A.n. Lake levels
started to rise during the fourteenth century, and
then were punctuated by afall of uncertain mag-
nitude (at least 15 m but no morethan 40 m below
modern levels) at sometime between the late six-
teenth and early nineteenth centuries. Rising lake
levels in the nineteenth century correlate with
changesin discharge of the Nile, suggesting anin-
creaseinregiona precipitation, and culminated in
the opening of Lake Tanganyikain the late nine-
teenth century.

Trends of 8180 and &13C for biologically medi-
ated carbonates (excluding mollusks) covary sig-
nificantly during the late Holocene, Thisrelation-
ship, coupled with our lake-level data, suggests
that Lake Tanganyika has hovered between open
and closed basin conditions. The relationship be-
tween Lake Kivu solute input, isotope input, and
the level of Lake Tanganyikais quite complex.
Whereas Lake Kivu waters are very important in
theregulation of major ion solute composition and
concentration in Lake Tanganyika, their impor-
tancein regulating both lake level and 8180 appear
to be much less than previoudy assumed. Most of
thewater discharged by the Ruzizi River into Lake
Tanganyikais probably derived from sources other
than Lake Kivu itsdf. Therefore, overflow events
in Lake Kivu and lake-level highstandsin Lake
Tanganyikamay have been uncoupled throughout
the region’s Holocene history.
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