Limnol. Oceanogr., 44(4), 1999, 1103-1113
© 1999, by the American Society of Limnology and Oceanography, Inc.

Influence of depth and mixing regime on sedimentation

in a small, fluctuating tropical soda lake
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Abstract

The historical sediment record of Lake Sonachi (Kenya) was used to study the influence of lake depth and mixing
regime on patterns of sedimentation in a small, fluctuating tropical soda lake. Lake Sonachi last desiccated com-
pletely in the early nineteenth century and has fluctuated between 3- and 18-m lake depth over the past 115 yr. A
freeze-core of offshore sediments describes recent lake history as a succession of meromictic episodes, represented
by varved or subannually laminated muds, and holomictic episodes, represented by more coarsely layered muds.
Two interbedded horizons of colloidal amorphous silica dated to a period of rising lake level after a prolonged
lowstand were deposited by abiogenic, pH-driven precipitation from the water column and represent the instanta-
neous sequestering of an estimated 63 mg liter—* or possibly >50% of the lake's dissolved-silica reservoir. Changes
in offshore sedimentation and inferred bottom dynamics over time indicate that sediment resuspension and focusing
in Lake Sonachi occur mostly during infrequent events of deep circulation between the average mud deposition
boundary depth at ~2 m and the chemocline depth at 4-5 m; wind-driven sediment redistribution across the lake
floor is important only at lake depths of =3 m. Dry sediment accumulation has varied between 86 and 620 g m—2
yr—* over the past 175 yr, with no relationship to lake depth but, on average, lower rates during meromixis (199 =
90 g m=2 yr~1) than during holomixis (349 = 152 g m=2 yr—*). Net organic carbon accumulation offshore varied
between 0 and 92 g m~2 yr~*, with no significant relationship to either lake depth or mixing regime at the time of
deposition. Sedimentary organic carbon content (5.7—26.9%) is negatively correlated with bulk sediment accumu-
lation; 73% of this variation is accounted for by the clastic dilution of sedimented planktonic algal production with

low-organic littoral sediments redeposited offshore.

Density stratification affects lake metabolism through its
effects on oxygen distribution, hydrochemistry, nutrient cy-
cling, benthic and planktonic production, and organic carbon
mineralization (Hammer 1986; Kelts 1988; Talbot and Liv-
ingstone 1989; Miller et a. 1993). Consequently, the devel-
opment and breakdown of density stratification accompa-
nying lake-level fluctuation may be important drivers of
long-term ecosystem dynamics in closed-basin lakes (Talling
1992; Jellison and Melack 1993). The interplay between
mixing and stratification in saline lakes regulates carbon and
nutrient cycling through its influence on deep-water oxygen
renewal and on the areal distribution of sediment erosion,
transport, and accumulation. Particularly in tropical saline
lakes, combination of density stratification with high agal
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productivity and intense microbia activity can quickly de-
plete hypolimnetic oxygen reserves (Wood et al. 1984).
Wind-driven resuspension of shallow-water sediments regen-
erates nutrients to the water column (Golterman et al. 1969)
and promotes microbial degradation of previously buried or-
ganic matter (OM; Ritzrau and Graf 1992). Insight into the
temporal and spatia relationships between lake level, mixing
regime, and bottom dynamics in fluctuating tropical lakesis
thus necessary for understanding their long-term evolution.

Sediment deposition, mixing, and redistribution rates in
lakes depend on its texture and cohesiveness, the shear stress
imparted on it by currents and waves, and the intensity of
bioturbation relative to the rate of sediment accumulation
(Lick 1982; Robbins 1982; Hakansson and Jansson 1983).
While it may be difficult to calculate the exact effect of a
particular change in lake level on the various vertical and
horizontal components of sediment mixing, empirica rela-
tionships between basin morphometry and bottom dynamics
(Hakanson 1977, 1982; Rowan et al. 1992; Blais and Kalff
1995) and between bottom dynamics and the preservation of
sedimentary structure (Larsen and MacDonald 1993; but see
Larsen et al. 1998) appear to have sufficient predictive power
to suggest that sediment stratigraphy produces an accurate
archive of past changes in mixing regime.

My study uses 2*°Ph-dated sediment cores from Lake Son-
achi in Kenyato calibrate sedimentary signals of past chang-
es in bottom dynamics against the historical lake-level record
and then uses this validated sediment record to investigate
patterns of sedimentation and the accumulation of organic
carbon in relation to lake depth and mixing regime. In a
companion paper, Verschuren et al. (in press) use fossil stra-
tigraphies of algal pigments, diatoms, and invertebrates in
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Fig. 1. Bathymetry of Lake Naivasha (in 1983, at 1,886 m above sea level) and Lake Sonachi
(in 1990, at 1,884 m above sea level), with core localities and arrows indicating the direction of
groundwater flow. Modified after Gaudet and Melack (1981), Ase et al. (1986), and Damnati et al.

(1991).

Lake Sonachi sediments to study long-term dynamics of the
biological communities inhabiting this fluctuating ecosys-
tem.

Methods

Ste description—Lake Sonachi (00°46.80'S, 36°15.70'E)
isasmall (0.14 km?) and shallow (Z,,, = 4.25 m in 1993)
akaline—saline crater lake located at 1,884 m above sealevel
in the semiarid Rift Valley of central Kenya. The site is also
known as ‘‘Naivasha Crater Lake”’ (Beadle 1932; Jenkin
1932; Peters and Maclntyre 1976), ‘‘Green Crater Lake”
(Damnati et al. 1991), and *‘Crater Lake” (Hecky and Kil-
ham 1973). Lake Sonachi occupies the floor of a phreato-
magmatic explosion crater (0.84 km?) 3 km west of Lake

Naivasha, a large (135 km? in 1993) but similarly shallow
(Z.ox = 6 m) freshwater lake (Fig. 1). Highlands flanking
the Rift Valley intercept much of the monsoonal rainfall des-
tined for the region, so that annual rainfall averages only
680 mm (1951-1980; Maclntyre and Melack 1982; Ase et
al. 1986), while annual evaporation is about 1,865 mm
(1966-1982; Ase et al. 1986). The water balance of Lake
Naivasha and its satellite basins Lake Oloidien and Crescent
Island Crater is maintained against this strong moisture def-
icit by river input primarily from the Malewa River, which
drains the Kinangop Plateau and wet highlands of the Nyan-
darua Range to the east. Lake Sonachi is maintained by local
rainfall over its small crater catchment and a substantial
component of subsurface flow from Lake Naivasha (Gaudet
and Melack 1981; Maclntyre and Melack 1982; Darling et
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al. 1990). Historical depth soundings in Lake Sonachi, the
first of which dates from 1929, are highly correlated (r2 =
0.95, P < 0.001, n = 15), with contemporaneous Z,,, vaues
for Lake Naivasha inferred from the bathymetry (Ase et al.
1986) and historical lake-level record (Verschuren 1996) of
the latter basin. These data and field observations of syn-
chronous lake-level change (Macintyre and Melack 1982;
Njuguna 1988) support hydrological evidence (Darling et al.
1990) for a strong groundwater connection between these
two lakes and suggest that the 115-yr lake-level record of
Lake Naivasha can be fully extrapolated to Lake Sonachi
(Verschuren 1996).

The solute budget of Lake Sonachi is controlled by evap-
orative concentration at the lake surface and dissolution of
sedimentary evaporites by percolating groundwater. Wind
shelter afforded by the crater rim and forested inner crater
slopes promote density stratification and create a steep chem-
ocline most often located at 4—5-m depth (n = 7; Maclntyre
and Melack 1982; Njuguna 1988). The mixolimnion under-
goes a daily cycle of thermal stratification, in which a 2—
3°C temperature gradient develops during the morning and
is broken down by convective circulation at night. Maclntyre
and Melack (1982) drew on 18 months of observation be-
tween 1969 and 1979 to classify Lake Sonachi as merom-
ictic. However, the low lake level (Z,,, = 5 m) prevailing
since 1985 currently prevents chemical stratification from
persisting year-round, with deep wind-driven mixing most
likely to occur during the dry-season lowstand in February—
March. Like other African soda lakes, the ionic composition
of Lake Sonachi is dominated by sodium and bicarbonate,
and both pH (9.0-10.3) and akalinity (41-105 meq liter-1)
are high (Beadle 1932; Kilham unpubl. data; Melack 1981;
Njuguna 1988). Surface-water conductivity (K,;) measure-
ments collected since 1929 range from 3,000 to 11,550 us
cm~1; years with good seasona data coverage show annual
conductivity variation to be ca. 1,000-2,000 us cm=* (Ver-
schuren 1996).

Field techniques and subsampling of sediment cores—
Two cores of offshore sediments were recovered from near
the center of Lake Sonachi in 1991 and 1993. Piston-core
NS91.1-S (0.35 m) was collected in 4.7-m water depth using
a rod-operated piston corer (Wright 1980) and was sectioned
upright in the field in 1.0-cm increments with afixed-interval
sectioning device (Verschuren 1993). Freeze-core NS93.2-F
(0.37 m) was collected in 4.3-m water depth using a wedge-
shaped aluminum box filled with dry ice and ethanol (Ren-
berg 1981). The corer was fitted lengthwise with profiled
edges to recover four replicate frozen slabs of the sediment
profile. During 12 min of in situ freezing, the corer was
lodged firmly in a stiff clay horizon ca. 0.32 m below the
sediment surface, which prevented sinking or other displace-
ment. The freeze-core was returned from the field intact and
processed in a walk-in refrigerator. It was cleaned, photo-
graphed, and sectioned with a miniature chisel in 50 incre-
ments of variable thickness (0.3—1.7 cm) while cooled on a
bed of crushed dry ice. Increment boundaries were chosen
to coincide with visible lithostratigraphic boundaries so that
textural and geochemical data obtained from each increment
would be representative of a well-defined sediment horizon
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and reflect a specific lake condition at the time of deposition.
Because the freeze-coring operation had caused dlight resus-
pension of flocculent muds at the sediment—water interface,
| assigned the 0.0-cm depth level to the top of the uppermost
undisturbed horizon. Replicate increment samples from two
or more core slabs were combined to increase sample size
where necessary; consistency of sampling among the four
replicate labs was ensured by making increment-boundary
decisions in advance on 1:1 photographic prints of the
planed slab surfaces. The sectioned samples were transferred
to vials and alowed to melt during storage in the dark.

Analytical procedures—Water content (% H,O by
weight), porosity (% H,O by volume), dry density (dry
weight ml—* wet mud), and bulk composition (% dry weight)
of both cores were determined by measuring the weight loss
from 1.00-ml samples after drying overnight at 105°C, burn-
ing at 550°C, and ashing at 1,000°C, respectively (Bengtsson
and Enell 1986). Loss-on-ignition data from NS93.2-F were
corrected for the dry weight of dissolved solids (TDS) in
interstitial ice using the TDS of melted and filtered clear ice
above the sediment—water interface; this correction was sig-
nificant only in the uppermost 6 cm of highly porous surface
muds. Total carbon (TC) and total inorganic carbon (TIC)
were measured by coulometry on 24 samples selected to
cover the full range of TC and TIC values represented in the
core profile; total organic carbon (OC) was obtained by sub-
tracting TIC from TC. OC in the remaining 26 samples was
calculated using a calibration of OC against OM content as
determined by weight loss at 550°C (% OM = 1.90 - % OC
+ 3.86, r2 = 0.93, n = 24). Poor correlation between TIC
and percent carbonate (CaCO,) values obtained by weight
loss at 1,000°C (r2 = 0.33, n = 24) precluded similar cal-
culation of TIC from loss-on-ignition data; presumably, a
significant part of weight loss at 1,000°C is due to variable
release of H,O bound to clay lattices (Dean 1974). Coarse
OM and sand-sized mineral particles were quantified by dis-
persing the sediment matrix overnight in 0.25% Calgon, di-
gesting in 10% KOH for 30 min, and rinsing through a 74-
pum sieve. The retained residue was transferred to ashless
filter paper and analyzed by loss-on-ignition methods, as
above (Digerfeldt 1986). Depending on sediment porosity,
the minimum concentrations that allowed reliable quantifi-
cation of coarse particles were 0.4—1.7% of the organic frac-
tion and 0.1-1.1% of the mineral fraction. Amorphous silica,
which included both biogenic silica derived from diatoms
and abiogenic colloidal silica, was measured using the wet
akaline extraction method (DeMaster 1981) with a 1%
Na,CO, solution. Authigenic minerals in selected sediment
horizons were identified using smear-slide, scanning electron
microscopy (SEM), x-ray diffraction, and electron micro-
probe (EDS-EM) analyses.

Sediment chronology and accumulation rates were deter-
mined by measuring 2*°Pb activity through its granddaughter
isotope 2*%Po, with 2%Po added as an internal yield tracer.
Sample preparation was modified from Eakins and Morrison
(1978), and activity was measured for 48-120 h in an alpha-
spectrometry system. Supported 2°Pb activity was estimated
as the asymptote of total activity at depth, and unsupported
activity was determined by subtracting average supported
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Fig. 2. Comparison of freeze-core NS93.2-F (upper panels) and
piston-core NS91.1-S (lower panels) from Lake Sonachi showing
the high degree of similarity in core lithology, water content, sed-
iment composition, and 2°Pb activity. Composition data for
NS93.2-F are shown integrated over 1-cm increments as for
NS91.1-S. CaCO, content is based on weight loss at 1,000°C and
may overestimate its true value (see Methods). Counting errors on
total 2°Pb activity measured by alpha spectrometry are generaly
smaller than symbol size. (See Fig. 3 for a legend to core lithology.)
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activity from total activity measured at each sample level.
Estimates of supported 2°Pb were also obtained indepen-
dently by gamma spectrometry and were used to confirm the
lowermost occurrence of unsupported 2°Pb in NS93.2-F
Sediment age and sedimentation rates were calculated ac-
cording to the constant-rate-of-supply (c.r.s.) model (Apple-
by and Oldfield 1978), with confidence intervals calculated
by first-order error analysis of counting uncertainty (Binford
1990). For each individual NS93.2-F core increment depos-
ited since 1883, lake depth at the time of deposition was
calculated by linking the historical 1ake-level record of Lake
Naivasha to sediment age derived from 2°Pb dating. Eval-
uation of sedimentation patterns in relation to lake depth
excludes the core section below 26 cm core depth, deposited
before 1883. Evaluation of sedimentation patterns involving
210ph-derived accumulation rates excludes horizons identi-
fied to reflect event deposition, and core increments below
30.7 cm, where counting uncertainty assumes a substantial
(>30%) fraction of the obtained values.

Results

Core correlation and chronostratigraphy—Offshore sur-
face sediments in Lake Sonachi consist of 32 cm highly
porous organic muds overlying a stiff horizon of low-organic
clays (Fig. 2). Porosity exceeds 95% in the upper 22—-25 cm
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of the cores, decreasing sharply below that level to about
75% at the bottom. OM content decreases from values of
31-56% near the sediment surface to 7-9% in the bottom
clays, with three distinct subsurface maxima evident in both
cores. The inorganic component of recent Lake Sonachi sed-
iments consists of clay- or silt-sized particles derived from
microcline, orthoclase, and plagioclase, 4—63% amorphous
silica, and 8-18% low-Mg calcite. Sand-sized (>74 um)
grains of angular quartz, obsidian, and pumice make up 10%
of the mineral matrix in the bottom clays but not more than
2% in the overlying lacustrine muds. Coarse (>74 wm) or-
ganic debris of terrestrial or semiaguatic origin (Acacia leaf-
lets, grass charcoal, and sedge seeds) comprises 2—3% of
total OM in the bottom clays but occurs only erratically and
in trace amounts (<1%) higher up.

210ph activity in both cores shows nonmonotonic behavior
superimposed on a strong pattern of exponential decay (Fig.
2). The c.r.s. dating model assumes that deviations from ex-
ponential decline with depth reflect fluctuations in the rate
of loca sediment accumulation (Appleby and Oldfield
1978). Allowing for the on average lower time resolution of
core NS91.1-S (~5.9 vs. ~3.5 yr in NS93.2-F), strong sim-
ilarity between the two 2°Pb activity profiles suggests that
patterns of sedimentation through time at the two core sites
were similar. Mean values of total 2°Pb activity obtained by
alpha spectrometry at the bottom of each core (0.41 = 0.02
pCi g7t in NS93.2-F, n = 4; 0.45 + 0.01 pCi g~*in NS91.1-
S, n = 2) are nearly identical to mean supported 2°Pb ac-
tivity in NS93.2-F obtained by gamma spectrometry (0.49
+ 0.06 pCi g% n = 5; Fig. 2), indicating that both cores
contain a complete inventory of unsupported 2°Pb. Similar
values for the cumulative unsupported 2°Pb inventory (8.62
pCi cm=2in NS93.2-F; 9.82 pCi cm=2 in NS91.1-S) and for
the local sedimentary 2°Pb flux (0.32 and 0.34 pCi cm—2
yr—1) suggest comparable focusing of sediment and 2°Pb to
both core sites. Strong correlations between the time-nor-
malized OM stratigraphies of NS93.2-F and NS91.1-S (r? =
0.71, P < 0.001), despite differences in coring and subsam-
pling procedures, confirm spatial uniformity of temporal var-
iation in sedimentation patterns and suggest that both cores
can be considered representative for the history of offshore
sedimentation in Lake Sonachi. Stratigraphic marker hori-
zons near the sediment surface are situated 2.5 cm higher in
NS93.2-F than in NS91.1-S (Fig. 2) due to assignment of
the 0.0-cm level in NS93.2-F to the uppermost undisturbed
horizon. Consistent depth—age relationships were obtained
by setting the collecting date for NS93.2-F to 1988, which
is the age at 2.5-cm depth in NS91.1-S. Results presented
here focus on the data from freeze-core NS93.2-F because
of its superior time resolution and strict correspondence of
sampled increments with visible sedimentary structure.

Lithology and geochemistry—Offshore surface sediments
in Lake Sonachi consist of alternating sections of dark brown
finely laminated muds and lighter colored coarsely laminated
muds (units I-111; Fig. 3). Stiff low-organic clays at the bot-
tom of the core (unit 0) constitute a desiccation horizon
formed by oxidation and compaction of older lacustrine de-
posits during a prolonged period of subaerial exposure. This
sandy clay breccia contains clasts of finely laminated clayey
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Fig. 3. Stratigraphy, lithology, and zonation of core NS93.2-F
from Lake Sonachi with bulk composition data and 2*°Pb-inferred
rates of sediment accumulation for the 50 sampled horizons. The
photograph shows a representative section of the core profile, while
mean thickness of lithological horizons is based on four to six mea-
surements across the width of the core.

muds, remnants from an earlier lacustrine phase that were
reworked and incorporated in a seasonally inundated dry
lake bed.

Unit | (33.2-23.4 cm in NS93.2-F) is comprised of the
coarsely laminated muds deposited between lake filling in
the early nineteenth century and about 1890. Color differ-
ences between adjacent horizons are rather inconspicuous,
except for two that have a 3-5% higher OM content (Fig.
3). Unit Il (23.4-13.0 cm) was deposited between 1890 and
1945 and consists dmost entirely of finely laminated (~1
mm) muds with alternating dark reddish-brown, dark gray-
ish-brown, or black laminae. The overall dark color of this
unit correlates with a relatively high OM content (20—-36%
vs. 15-20% for unit I).
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Fig. 4. SEM image of colloida amorphous silica precipitated
abiogenically out of the water column during lake-level rise in the
late 1950s and early 1960s. Scale bar = 1 um.

Unit I11 (13.0-0.0 cm) is comprised of both coarsely and
finely laminated muds. Subunit I11a (13.0—6.2 cm) represents
sedimentation from 1945 to 1970 and consists of coarsely
laminated ochreous and dark-brown muds interbedded by
two horizons of a pale gel-like material. The lower horizon
has an amorphous-silica content of 63% (Fig. 3) and was
determined by SEM and EDS-EM to consist mostly of abio-
genic colloidal silica (Fig. 4). The ochreous color, pale mot-
tling, and high silica content (=30%) of adjacent muds
(12.3-8.4 cm; Fig. 3) suggest significant admixture of col-
loidal silica throughout this section. Positive correlation of
amorphous-silica content with concentrations of the fossil
diatom pigment diatoxanthin in the remainder of the core (r?
= 0.28, P < 0.001, n = 40) suggests that fossil diatom
frustules may be the normal source of silicain Lake Sonachi
sediments (Verschuren et a. in press). Linear regression of
silica concentration vs. diatoxanthin (y = 0.89 + 0.77X)
yielded estimates of 5-12% for the diatom component of
amorphous-silica concentrations in the section 12.3-8.4 cm,
from which the colloidal component was calculated to rep-
resent ~57% of bulk dry sediment at 11.2-10.7-cm depth
and 19-28% in adjacent muds (Fig. 3).

Subunit I11b (6.2—3.6 cm) is mainly composed of two sec-
tions of finely laminated muds deposited in the mid-1970s
and early 1980s when Lake Sonachi was meromictic
(Macintyre and Melack 1982), separated by a 4-mm-thick
horizon of unlaminated brown mud. The upper half of each
laminated section contains a few carbonate varve couplets
(Anderson et al. 1985) of dark organic mud alternating with
low-Mg calcite (Fig. 3); in both of these sections, the 2°Ph-
inferred period of varve deposition (3 and 2 yr) matches the
number of varves counted. Subunit Illc (3.6-0.0 cm) was
deposited after 1983 under the current holomictic regime. It
consists of three horizons of an olive-green gelatinous ma-
terial alternating with flocculent muds containing aggregates
of partly decomposed algae. The gelatinous horizons, here
identified as “‘algal gyttja,”’ are extremely porous (99.4—
99.7% H,O by volume) masses of sedimented cyanobacteria
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Fig. 5. Comparison of Lake Sonachi core NS93.2-F lithology with the historical lake-level record of Lake Naivasha (,&se et al. 1986;
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rainfall (Maclntyre and Melack 1982; Nicholson et al. 1988; Njuguna 1988). Arrows point to historical events anchoring the 2°Ph-inferred
sediment chronology, cf. Table 1. Core depth is transformed to fit the linear time axis; compare with Fig. 3.

in a matrix of bacteria and fungal hyphae. Interpreted to
represent event deposition of cyanobacterial blooms, these
horizons are prone to collapse to a fraction of their current
thickness (4—11 mm) under the accumulating weight of new
sedimentation.

20ph-inferred rates of bulk sediment accumulation range
from 86 to 620 g m~2 yr—%, with low rates generaly coin-
ciding with OM maxima and high rates coinciding with OM
minima (Fig. 3). The only apparent exception to this rela-
tionship occurs in the upper half of unit | (28.8-23.9 cm),
where OM content is constant at 15% (OC ~ 6%), while
accumulation rates vary by a factor of two between adjacent
horizons. 2°Ph-inferred accumulation rates for the colloidal-
silicaand algal gyttja event horizons underestimate their true
rate of sedimentation, due to the disproportionate influence
of admixed recycled sediments (and associated 2°Pb) on
measured 2°Pb activity in these highly porous materials.

Discussion

The sediment record of mixing regime, lake level, and
climate: Unit I—The time of lake filling inferred from 2°Pb

dating of the unit O- boundary (a.p. 1812 = 29 yr in
NS93.2-F and 1815 = 8 yr in NS91.1-S) corresponds fa-
vorably with precolonial documentary records, indicating se-
vere drought in equatorial East Africa from the late 1700s
to the 1820s-1830s and a return to wetter conditions after
that (Nicholson 1995). Absence of millimeter-scale (i.e., sub-
annual) lamination in unit | sediments suggests a holomictic
mixing regime, but preservation of distinct centimeter-scale
structure implies that bioturbation must have been insignif-
icant. Nineteenth-century Lake Sonachi may have been
chemically stratified for most of the year, with sporadic
events of complete circulation occurring only after chem-
ocline erosion during the dry season. High bacterial oxygen
demand for the degradation of sedimented cyanobacterial
blooms (Verschuren et a. in press) together with poor water-
column circulation must have led to persistent bottom anoxia
that kept the offshore lake floor permanently inhospitable to
benthic invertebrates. Inferred holomixis and low to inter-
mediate lake depth (Fig. 5) agree with the precolonial his-
torical evidence indicating that nineteenth-century lake lev-
els throughout East Africa were below average
twentieth-century levels (Nicholson 1995). The near-desic-
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cation of lakes Naivasha and Sonachi during the 1870s and
early 1880s recorded in oral traditions of the loca Maasai
(Sikes 1936) is expressed in the sediment record by the fluc-
tuating rates of sediment accumulation at the top of unit |
(Fig. 3), evidence for shifting sedimentation patterns with
episodic redistribution of shallow-water sediments across the
lake floor (Dearing 1983; Hilton 1985).

Unit II—The 2°Pb-inferred date of 1894 = 3 yr for the
transition from coarsely laminated to finely laminated de-
posits at the unit 1-11 boundary agrees with the documented
major transgression of Lake Naivasha between 1883 and
1894 (Fig. 5) following a decade of above-average rainfall
(Nicholson 1995). Assuming that deepest seasonal mixing at
that time was comparable to the chemocline depth of 4-5 m
observed recently, the increase in lake depth from 4 to 17
m must certainly have initiated permanent chemical strati-
fication. A 6-m drop of lake level in 19061910 failed to
disrupt meromixis but did temporarily reverse the trend to-
ward lower rates of sediment accumulation (Fig. 3). Lake
level remained stable for two decades, then by 1930 started
a progressive decline that culminated in the historic lowstand
of 1946 and a lake depth of only 2.5 m (Fig. 5). The loss
of fine lamination at the unit 11111 boundary reflects disrup-
tion of meromixis shortly before the lowstand was reached.

Subunit la—Coarsely laminated muds of subunit Illa
were deposited between the late 1940s and about 1970, cov-
ering a period of initially low and then increasing lake depth
(Fig. 5). The two interbedded horizons of colloidal silicaare
dated to 1958.6 and 1961.0 £ 0.5 yr, coincident with known
periods of above-average rainfall in 1956-1958 and 1961—
1963 (Nicholson et al. 1988) that caused the two-step lake-
level rise from a depth of 3 min 1956 to 7 m by 1964 (Fig.
5). This microamorphous, anhydrous silica precipitates abio-
genically from silica-saturated, high-pH waters when down-
mixing of large freshwater inputs depresses pH to <9 (ller
1991) and is the recognized precursor of the bedded chert
found in ancient akaline-saline playa deposits worldwide
(Jones et al. 1967, 1977). High dissolved-silica concentra-
tions are common in African soda lakes (Talling and Talling
1965) due to the ready supply from hydrolysis of silicate
minerals in volcanic soils, and a near-constant regime of
strong evaporative concentration (Eugster and Jones 1968;
Jones et al. 1977). Lake Sonachi water chemistry as recorded
in the 1970s (1,670—2,520 uM or 77-116 mg liter-* Si and
pH 9.0-10.3; Kilham unpubl. data; Macintyre and Melack
1982; Njuguna 1988) was favorable for abiogenic silica pre-
cipitation to occur; hence, conditions are certain to have been
favorable in the 1950s following three decades of negative
water balance (Fig. 5). The total sedimentary silica flux re-
sulting from these precipitation events is estimated as ~31.3
mg cm-2, the sum of colloidal-silica concentrations in the
two pae horizons and in the ochreous mud below them;
colloidal silica present in ochreous mud higher up the profile
is interpreted to represent redeposition from elsewhere. In
the water depth of ~5 m prevailing at the time, the two
precipitation events represent instantaneous sequestering of
~63 mg liter-* dissolved silica from the water column, or
possibly >50% of the lake's dissolved-silica reservair.
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Although the depth of 7 m reached by 1964 was sufficient
for formation of a present-day chemocline, meromixis does
not appear to have been reestablished until about 1970 (Fig.
5). Failure of stratification to persist year-round before that
time suggests that the density contrast between bottom and
surface waters was too weak. The large drainage basin
(2,378 km?) and substantial river inflow to Lake Naivasha
amplify its lake-level response to positive rainfal anomalies,
a response that the small crater basin (0.84 km?) of Lake
Sonachi is lacking. From 1964 to 1967, loca Rift Valley
rainfall was below average (Fig. 5), but elevated Maewa
River discharge associated with exceptional rainfall and
aquifer recharge in 1961-1963 continued to make important
contributions to the water balance of Lake Naivasha (Vin-
cent et al. 1979; Gaudet and Melack 1981). If the mid-1960s
highstand of Lake Sonachi was indeed sustained by ground-
water-driven adjustment to the level of Lake Naivasha rather
than local rainfall, continuous input of salt-charged ground-
water (Maclntyre and Melack 1982), combined with strong
evaporation and below-average freshwater input at the lake
surface, may have delayed meromixis by preventing the de-
velopment of stable density stratification.

Subunits 111b and 1llc—Comparison of subunit 111b lith-
ostratigraphy with field data for 1970-1980 (Maclntyre and
Melack 1982; Njuguna 1988) confirms millimeter-scale lam-
ination in modern Lake Sonachi sediments as a reliable
marker for meromixis and reveals remarkably fine detail in
the lake's sediment record. Lake Sonachi started this period
with stable density stratification and preservation of fine
laminations (Fig. 5). Below-average rainfall in 1972-1973
and again in 1975-1976 reduced lake depth from 7.5 to 5
m and gradually eroded the chemacline. By November 1976,
surface and bottom conductivities were nearly identical, and
chemical stability was very low (Macintyre and Melack
1982; Fig. 5). Although field data for 1975-1978 are scarce,
meromixis must have been lost shortly before or soon after
November 1976 and not reestablished until 1978 or early
1979 after 2 yr of heavy rainfal in 1977-1978 had again
increased lake depth to 7.5 m (Fig. 5). In agreement with
these field data, the 4-mm-thick unlaminated horizon repre-
senting this short-lived holomictic phase is dated to 1975.7—
1978.5 £ 0.5 yr. Restoration of meromixis by 1979 is ex-
pressed in a new sequence of finely laminated sediments.
Meromixis was lost once more by the mid-1980s after lake
depth again dropped to <5 m, and finely laminated sedi-
ments were replaced by the coarsely layered muds and de-
composing algae deposited under current holomixis (Fig. 5).

The stratigraphic record of past lake level and mixing re-
gime in Lake Sonachi is anchored at the sediment surface
and 10 marker horizons (Fig. 5: arrows), six of which are
supported by independent historical evidence and four of
which can be linked to the historical lake-level record by
assuming constancy of chemocline depth through time
(Lowe et al. 1997). Excellent agreement between the 2°Pb-
inferred ages of marker horizons and the documented or es-
timated age of changes in sedimentation patterns that created
them (Table 1) demonstrates the accuracy of Lake Sonachi’s
sediment record as an archive of lake history. The rich detail
of this sediment record can be attributed to the high fre-
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Table 1. Comparison of 2°Pb dates and documented or estimated (brackets) dates for historical events anchoring the lithostratigraphy

of Lake Sonachi freeze-core NS93.2-F

Date Event Reference Sedimentary evidence 210ph date
(1985) Meromixis to holomixis Chemocline depth Fine to coarse lamination 1983.1 + 04
1978-1979 Holomixis to meromixis Macintyre and Melack 1982 Coarse to fine lamination 19785 = 0.5
1976 Meromixis to holomixis Maclntyre and Melack 1982 Fine to coarse lamination 1975.7 = 0.5
(1963) Holomixis to meromixis Chemocline depth Coarse to fine lamination 1971.1 = 0.5
1961-1963 High rainfall Nicholson et al. 1988 Colloidal-silica deposition 1961.0 = 0.5
19561958 High rainfall Nicholson et al. 1988 Colloidal-silica deposition 1958.6 = 0.6
(1942) Meromixis to holomixis Chemocline depth Fine to coarse lamination 1946.6 = 0.7
(1888) Holomixis to meromixis Chemocline depth Coarse to fine lamination 1894.0 = 25
ca. 1870 Start of extreme lowstand Sikes 1936 Fluctuating accumulation 1869.1 + 5.2
ca. 1830 Lake filling Nicholson 1995 Start lacustrine sedimentation 1811.6 + 28.6

quency of changes in mixing regime and bottom dynamics,
particularly in recent decades. Its excellent preservation re-
sulted from a combination of basin-morphometric and phys-
ical factors that protect Lake Sonachi’s offshore sediment—
water interface against both wind-driven and biological
disturbance.

Patterns of sedimentation—Empirical sedimentation mod-
els based on wave theory (Hakanson 1977, 1982; Johnson
1980; Rowan et a. 1992) combined with Lake Naivasha
peak wind speed values of 20—25 knots (~10-12 m s %; Ase
et al. 1986) predict that wind-driven sediment disturbance in
Lake Sonachi would be limited to water depths of 1-2 m
even without the benefit of topographic wind shelter. In ad-
dition, the ellipsoid bathymetry of Lake Sonachi (Fig. 1)
restricts areas of wind-driven sediment erosion and transport
to a narrow littoral zone unless Z,, falls below 2 m. Thus,
peripheral wave action (Hilton et a. 1986) can only have
been an important agent of sediment redistribution in the
initial stage of lake filling and during the 1870s lowstand
(Fig. 5). In a lake as small as Lake Sonachi, most sediment
redistribution occurs during infrequent episodes of deep tur-
bulent mixing below the critical depth of sediment accu-
mulation (i.e.,, water depth at the boundary between the
zones of sediment accumulation and transport; Hakanson
and Jansson 1983) under normal wind regimes (Pennington
1974; Dearing 1997). In hydrologically stable lakes, this fo-
cusing mechanism is similar to peripheral wave action in
that within-lake variation of sediment accumulation will
show a positive correlation with local water depth (Hilton
1985). In fluctuating lakes, it predicts a negative relationship
between offshore sediment accumulation and lake depth,
Z.» accumulation should be higher during lowstands be-
cause sediments from a greater area of shallow lake bottom
affected by resuspension are focused into a smaller zone of
undisturbed accumulation (Oldfield 1977; Digerfeldt 1986).
This prediction is not realized in the Lake Sonachi record
(r2 = 0.025, P = 0.4, n = 38) because of at least two con-
founding factors. First, episodic wind-driven redistribution
of sediments across the lake floor during the 1870s lowstand
caused local rates of accumulation to fluctuate independent
of lake level (Figs. 3, 5). Second, at the short time scales
dealt with in this study, the relationship between accumu-
lation and lake depth may be modified by transient dynam-
ics, such as would occur if inundation of peripheral mudflats

enhanced offshore transport during episodes of rising lake
level. The Lake Sonachi record does show a clear relation-
ship between sediment accumulation and mixing regime,
however, with on average lower accumulation during mero-
mixis (199 + 90 g m—2 yr—%, n = 18) than during holomixis
(349 £ 152 gm=2yri n= 24, P < 0.001).

Empirical relationships between lake morphometry and
mixing depth in freshwater lakes (Kling 1988; Gorham and
Boyce 1989) predict that oxycline depth in Lake Sonachi
should be about 7-9 m (7.7 = 0.8 m) rather than 4-5 m as
observed. The two factors contributing to reduced mixing
depth in Lake Sonachi are topographic wind shelter and den-
sity stratification. Expressed as the ratio between rim height
above the water surface and effective fetch in the dominant
wind direction, Lake Sonachi ranks among the most shel-
tered of East African crater lakes (Melack 1978, 1981). In
the context of offshore bottom dynamics, the important role
of wind shelter is that it limits the frequency and intensity
of deep-mixing events that resuspend materials below the
average boundary depth of sediment accumulation. Density
stratification also contributes to reduced shear stress of tur-
bulent mixing at the sediment—water interface, so that sedi-
ment disturbance islimited, and sedimentary structureis pre-
served in lake depths as shallow as 3 m, such as occurred
during the 1940s lowstand. With regard to bottom dynamics,
stability of the Lake Sonachi chemocline (Melack 1981;
Maclntyre and Melack 1982) restricts such resuspension to
mixolimnetic bottom areas, thus creating a clear lateral
threshold boundary between the zones of transport and ac-
cumulation. In the sediment record, this threshold is mani-
fested by the sharp changes in sediment accumulation rate
at the stratigraphic boundaries between phases of holomixis
and meromixis (Fig. 3).

Density stratification in Lake Sonachi, whether permanent
or seasonal, also prevents nighttime convective circulation
from adequately supplying oxygen to water depths exceed-
ing ~2 m (Maclntyre and Melack 1982). Together with high
benthic oxygen demand for bacteria-meditated degradation
of sedimented cyanobacteria, thisled to the persistent bottom
anoxia that has prevented zoobenthos from colonizing the
offshore lake bottom both during meromictic and holomictic
phases. Preservation of distinct layering in the highly unsta-
ble surface muds deposited in 4.25-m water depth today
(Figs. 3, 5) supports the inferred insignificance of both phys-
ical mixing and bioturbation during earlier holomictic epi-
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Fig. 6. Nonlinear relationship between sedimentary organic car-
bon content and sediment accumulation rate in core NS93.2-F Tri-
angles represent low-organic muds deposited during the extreme
1870s-1880s lowstand, when sediments were redistributed across
the lake floor. Open symbols are passive data points representing
algal gyttja and colloidal-silica event horizons.

sodes (pre-1890, 1945-1970). The little mixing that does
occur may partly be due to the inherent instability of a stack
of extremely porous (0—6.2 cm: 96.5-99.7%) sediment ho-
rizons with variable composition.

Accumulation and preservation of organic carbon—The
organic carbon content of Lake Sonachi sediments deposited
since lake filling in the early nineteenth century is on av-
erage higher in sediments deposited during meromixis (12.0
+ 4.9%, n = 18) than those deposited during holomixis (8.8
+ 4.8%, n = 27, P < 0.05). In the portion of the core
deposited since 1883, no correlation was found between or-
ganic carbon content and lake depth (r2 = 0.01, P = 0.5, n
= 35) nor between organic carbon accumulation and lake
depth (r2 = 0.04, P = 0.2, n = 34). Detrending of the or-
ganic carbon profile does not improve the correlation, dis-
counting the possibility that lack of relationship would be
due to the overprint of a diagenetic gradient. Instead, it may
indicate that the permanent bottom anoxia irrespective of
lake depth or mixing regime limited the influence of oxygen
on carbon mineralization rates through time.

Excluding colloidal-silica and algal gyttja event horizons,
organic carbon concentration and bulk sediment accumula-
tion (Fig. 3) display an inverse relationship that appears to
point to clastic dilution (Dean and Gorham 1976) as a pos-
sibly prominent control on the organic carbon content of
offshore Lake Sonachi sediments. The relationship can best
be described by a negative exponential function (r2 = 0.73,
P < 0.001, n = 38; Fig. 6) that reaches an asymptotic value
of ~6% OC at high rates of sediment accumulation. Sedi-
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ments deposited during the 1870s lowstand, when Z,, = 2
m caused repeated resuspension and redistribution across the
lake floor, have ~6% OC irrespective of accumulation rate
(Figs. 3, 6). Hence, it can be inferred that (1) the clastic
materials by which autochthonous, pelagic organic carbon
production is diluted before burial are redeposited littoral
sediments containing 6% organic carbon, and (2) this as-
ymptotic OC value represents relatively stable species of or-
ganic carbon that survived microbial degradation despite fre-
quent resuspension into an oxygenated water column.
Subtracting this inferred lateral organic carbon flux from to-
tal accumulation offshore yields estimates for the preserved
net accumulation of pelagic organic carbon between 0 g C
m~2 yr=* during the 1870s lowstand and 9.2 g C m2 yr!
during meromixis at high lake level around 1900. Very low
OC values in unit 0 (2.0-2.8%) reflect the advanced OM
mineralization occurring during subaerial exposure of lacus-
trine sediments upon complete desiccation of the lake floor.

Implications for paleoclimate reconstruction from the sed-
iments of fluctuating lakes—The results of this study prompt
four conclusions relevant to the use of sediment stratigra-
phies from fluctuating lakes to infer past climatic variability
at short time scales. First, even though the stratigraphy of
recent Lake Sonachi sediments accurately recorded the
changes in bottom dynamics resulting from climate-driven
changes in lake level and mixing regime, quantitative recon-
struction of lake depth at this time scale clearly requires an
intimate understanding of the hydrology and physical lim-
nology of the studied system and of the sedimentological
thresholds that create the observed sedimentary structure
(Vaero-Garcés and Kelts 1995; Dearing 1997). For example,
the 1956-1958 and 1961-1963 high-rainfall episodes were
recorded in the form of colloidal-silica horizons only be-
cause a long-lasting period of negative water balance had
driven the dissolved-silica concentration to supersaturation;
comparable rainfall variability in the late 1960s and 1970s
failed to cause silica precipitation but instead, triggered es-
tablishment or disruption of meromixis.

Second, the assumption of constancy of chemocline depth
through time (Lowe et a. 1997) appears to be a viable first
approximation of reality but may be affected by hysteresis
between depth and mixing regime, such as occurred at Lake
Sonachi in the 1960s when contributions of saline ground-
water flow to the hydrological balance exceeded those of
local rainfall.

Third, preservation of fine lithologica structure in lake-sed-
iment records does not require meromixis but can also occur
in shallow holomictic conditions when wind-driven turbulence
is reduced through wind shelter or intermittent density strati-
fication, and bioturbation is prevented by bottom anoxia.

Fourth, at the scale of system dynamics examined in this
study, clastic dilution appears to be the principal determinant
of sedimentary organic carbon content in fluctuating |akes.
Correlation of organic carbon content with lake depth is
lacking, and its correlation with mixing regime is a conse-
quence of reduced profundal sediment accumulation, rather
than improved preservation, during meromixis. This result
implies that the widely used facies models based on classi-
fication of petroleum source-rock environments (Eugster and
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Hardie 1978; Demaison and Moore 1980; Kelts 1988; Talbot
1988), which attribute gradients in sedimentary organic car-
bon content primarily to differences in production or pres-
ervation, may not apply to soda-lake environments at this
scale of events. The strength of the relationship between or-
ganic carbon content and bulk sediment accumulation sug-
gests that OC might be used as a predictor of accumulation
rate in lake-sediment records, at least for phases of lake his-
tory during which bottom anoxia is maintained. In wind-
stressed, aerobic depositional environments where random
resuspension and redistribution dominate sediment focusing,
organic carbon content becomes independent of net accu-
mulation rate. When complete desiccation occurs, subaerial
oxidation on the dry lake floor eventually leaves only the
most refractory OM intact.
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