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Abstract Lake Towuti (2.5�S, 121.5�E) is a long-

lived, tectonic lake located on the Island of Sulawesi,

Indonesia, and in the center of the Indo-Pacific warm

pool (IPWP). Lake Towuti is connected with upstream

lakes Matano and Mahalona through the Mahalona

River, which constitutes the largest inlet to the lake.

The Mahalona River Delta is prograding into Lake

Towuti’s deep northern basin thus exerting significant

control on depositional processes in the basin. We

combine high-resolution seismic reflection and sedi-

mentological datasets from a 19.8-m-long sediment

piston core from the distal edge of this delta to

characterize fluctuations in deltaic sedimentation

during the past *29 kyr BP and their relation to

climatic change. Our datasets reveal that, in the

present, sedimentation is strongly influenced by

deposition of laterally transported sediments sourced

from the Mahalona River Delta. Variations in the

amount of laterally transported sediments, as

expressed by coarse fraction amounts in pelagic muds

and turbidite recurrence rates and cumulative thick-

nesses, are primarily a function of lake-level induced

delta slope instability and delta progradation into the

basin. We infer lowest lake-levels between *29 and

16, a gradual lake level rise between*16 and 11, and

high lake-levels between *11 and 0 kyr BP. Periods

of highest turbidite deposition,*26 to 24 and*18 to
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16 kyr BP coincide with Heinrich events 2 and 1,

respectively. Our lake-level reconstruction therefore

supports previous observations based on geochemical

hydroclimate proxies of a very dry last glacial and a

wet Holocene in the region, and provides new

evidence of millennial-scale variations in moisture

balance in the IPWP.

Keywords Hydroclimate � Lake Towuti � Indonesia �
Lake-level � Depositional processes � Indo-Pacific
warm pool

Introduction

Three large areas of deep atmospheric convection in

the tropics [tropical Africa, Amazon basin, Indo-

Pacific warm pool (IPWP)] function as important

drivers of atmospheric circulation and exert a strong

control on heat and water vapor transfer from the

tropics into higher latitudes on Earth. Variability in the

magnitude of deep atmospheric convection in the

largest of these areas, the IPWP, is thought to be an

important component in the initiation and amplifica-

tion of global climatic change on orbital to millennial

time scales (Cane and Clement 1999; Pierrehumbert

1999; Clement et al. 2001; Chiang 2009). In order to

better understand the impact of IPWP variability on

global climate changes, long and highly resolved

paleoclimate records, from sites suitable to record

changes in convective energy in the IPWP region, are

required.

Lake Towuti is a long-lived (Rintelen et al. 2012)

tectonic lake (Van Bemmelen 1970) located on the

Island of Sulawesi, Indonesia, in the centre of the

IPWP. Its location and longevity make it an important

site to study long-term paleoclimate change in this

understudied region of our planet (Russell and Bijak-

sana 2012). The value of the climatic signal preserved

in Towuti’s sediments has recently been highlighted in

a study that focused on hydroclimatic changes during

the past 60 kyr BP (Russell et al. 2014). Russell et al.

(2014) applied titanium (Ti) as elemental tracer for

terrestrial runoff and the carbon isotopic composition

of terrestrial plant leaf waxes (d13Cwax) as indicator for

moisture-balance-driven changes in vegetation sur-

rounding Lake Towuti. The coherent signal produced

by these datasets implies that the region experienced

significant changes in moisture availability, with

interstadial/interglacial periods of marine isotope

stage 3 (MIS 3) and the Holocene being characterized

by wetter and stadial/glacial periods of MIS 4 and 2

being characterized by substantially drier conditions

(Russell et al. 2014). These changes in moisture

availability have also influenced lake water oxygena-

tion and catchment processes at Lake Towuti (Costa

et al. 2015; Tamuntuan et al. 2015), with deeper

mixing and a well oxygenated water column as a result

of enhanced evaporative surface water cooling during

dry periods of MIS 4 and 2. While these datasets show

a coherent pattern of hydroclimatic change associated

with glacial/interglacial periods (Russell et al. 2014), a

dataset suitable to trace changes in lake-level driven

depositional processes is still missing from Lake

Towuti. A record of the timing and magnitude of lake-

level change may allow a more quantitative recon-

struction of changes in moisture availability from

Lake Towuti.

Lake-level changes in lacustrine settings are com-

monly inferred from the identification and direct and/

or indirect dating of subaerial and subaquatic terrace

levels (Scholz et al. 2007; Anselmetti et al. 2009;

Lindhorst et al. 2010). More qualitative approaches

have utilized geochemical (Haberzettl et al. 2005) or

biological indicators (Gasse et al. 1989; Alin and

Cohen 2003). Changes in water-level also exert a

strong control on slope stability and river delta

dynamics in lacustrine (Anselmetti et al. 2009;

Moernaut et al. 2010) and marine settings (Einsele

1996; Muto and Steel 2002; Lee 2009) affecting

sediment physical properties. Therefore, the identifi-

cation of temporal changes in sediment physical

properties that are controlled by lake-level fluctuations

offers another possibility to trace back changes in

lake-level over time. Here we utilize seismic reflection

data in combination with lithological and sedimento-

logical information from sediment piston cores from

Lake Towuti’s deep northern basin (Figs. 1, 2) in order

to: (1) identify the depositional processes controlling

sedimentation during the past *29 kyr BP; (2)

recognize the influence of changes in moisture balance

variations on these depositional processes, (3) distin-

guish lithological and sedimentological indicators

suitable to trace changes in sediment deposition

related to climatically induced lake-level variations;

and (4) reconstruct relative lake-level variability at

Lake Towuti’s during the past *29 kyr BP.
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Study site

Lake Towuti (2�450S, 121�300E; 318 m a.s.l.; Fig. 1)

is the largest lake (560 km2, 203 m water depth)

within the Malili Lake System, a chain of five tectonic

lakes in Central Sulawesi, Indonesia. The three largest

of these lakes, Matano, Mahalona, and Towuti are

connected with surface outflow from Matano to

Mahalona to Towuti, which drains into the Bay of

Bone via the Larona River. Annual average air

temperature at the lakeshore is 25.7 �C, with less than
1 �C variation in monthly mean temperatures. Precip-

itation averages 2540 mm year-1 and is strongly

controlled by the annual passage of the Intertropical

Convergence Zone (ITCZ) and the Austral–Indone-

sian Summer Monsoon (AISM), with monthly max-

ima and minima in precipitation during April and

August, respectively. El Niño events result in severe

droughts and lake level reductions at Towuti, high-

lighted by a 3.5-m-decline and transition to closed-

basin status during the 1997–1998 El Niño event

(Tauhid and Arifian 2000).

The Island of Sulawesi is located within a complex

tectonic setting characterized by convergence of the

Eurasian, Indo-Australian, Caroline and Philippine

Sea plates (Hamilton 1979; Hall 1996; Spakman and

Hall 2010). This is also documented in the frequency

of earthquakes with magnitude[5 earthquakes occur-

ring on average every year on Sulawesi and in the

vicinity of Lake Towuti (USGS earthquake density

map; earthquake.usgs.gov/earthquakes/world/indonesia/

density.php). Ultramafic bedrock of the East Sulawesi

Ophiolite (Kadarusman et al. 2004) that is intensely

weathered to thick lateritic horizons (Golightly and

Arancibia 1979) occupies the majority of Lake Towuti’s

catchment.

Lake Towuti is relatively dilute (210 lS cm-1),

ultraoligotrophic, and circumneutral (pH * 7.8)

(Haffner et al. 2001; Lehmusluoto et al. 1995). The

water column of Lake Towuti is weakly thermally

stratified, but is known to mix at least occasionally

(Costa et al. 2015). Lake Towuti is presently hydro-

logically open with outflow to the southwest into the

Bay of Bone through the Larona River. Contemporary

Lake Towuti has a balanced hydrological budget with

inputs equaling losses at *8.8 m year-1. By far the

largest single input to Lake Towuti, accounting for

*24 % of riverine water input, is from the Mahalona

River, which drains the extensive catchments of Lake

Matano and Mahalona to the north and forms a large

delta that is actively prograding into the deep northern

basin of the lake (Fig. 1). Direct precipitation on the

Fig. 1 A Map of the maritime continent. The star marks the

location of Lake Towuti on the Island of Sulawesi, Indonesia

and B bathymetric map of Lake Towuti showing piston coring

sites Co1230 and TOW9 as well as major tributaries and coarse-

grained delta sediments. Bathymetry data was generated from

CHIRP data. The spatial extend of the indicated coarse-grained

delta sediments is based upon interpolating the boundaries

between acoustically stratified sediments and those with low

penetration

J Paleolimnol (2015) 54:359–377 361

123

http://earthquake.usgs.gov/earthquakes/world/indonesia/density.php
http://earthquake.usgs.gov/earthquakes/world/indonesia/density.php


lake surface (*30 %) and rivers (*46 %) draining

the direct catchment of the lake complete the hydro-

logical inputs. Net evaporation from the lake surface

(*15 %) and outflow through the Larona River

(*85 %) constitute the main hydrological losses.

Materials and methods

Seismic survey

In August 2007 we collected *250-km of high-

resolution seismic reflection (CHIRP) data using an

EdgetechTM 3200 high-penetration sub-bottom profil-

ing system with an SB-424 towfish deployed from a

local vessel (see inset in Fig. 2). Data were acquired

using a 46-ls sampling interval, a 3–15 kHz swept

frequency, and a 1-s shot rate corresponding to a

*1.74 m shot spacing. With some modifications, data

were collected along tracklines generally oriented

from WNW to ESE and SW to NE across the basin,

roughly parallel and perpendicular to (respectively)

the major faults in the region. The spacing between

tracklines averages*5 km. Positions of the ship were

recorded using a FuranoTM global positioning system.

These seismic datasets were used for piston coring site

Fig. 2 High-resolution seismic (3.5 kHz CHIRP) profile cross-

ing Lake Towuti’s deep northern basin from NNW to SSE (see

inset map for location; star marks piston coring site Co1230).

A Blow-up of sediment architecture around piston coring site

Co1230 showing horizontal continuous and acoustically

laminated high and low amplitude reflections and B blow-up

showing mass wasting deposits/slumps originating from

Mahalona Delta slopes. Hence, the seismic profile cuts through

the slump deposits laterally
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selection and characterization of depositional settings

and sediment architecture in Lake Towuti.

Sediment piston coring

Piston coring site Co1230 is located at 203 m water

depth, in the northern basin and deepest part of Lake

Towuti (2�4201900S, 121�3503300E; Figs. 1, 2). The site
is located in a distal position to the Mahalona River

Delta thereby avoiding coarse-grained deltaic deposits

and erosional discordances from mass wasting pro-

cesses (Figs. 1, 2). Core Co1230 was collected from a

floating platform using an UWITEC percussion piston

coring system equipped with a wire guided coring tool

reentry system in July 2010. The floating platform was

anchored on location during the entire 10 days it

required to complete coring. In order to collect a

complete sediment succession, consisting of individ-

ual 2-m-long core sections, we cored three overlap-

ping holes down to 6, 16, and 20 m, respectively. Core

loss between individual sections was minimal and a

composite sequence of 19.8-m-length was composed

after core splitting based on lithological features.

Sediment analyses

Relative intensities for Iron (Fe), Titanium (Ti),

Calcium (Ca), and Silicon (Si) were measured on

core halves using an X-ray fluorescence (XRF) core

scanner (ITRAX, Cox Ltd., Sweden), equipped with a

Cr-tube set to 30 kV and 30 mA. Measurements were

performed at 1-cm resolution using an integration time

of 10-s per measurement. Magnetic susceptibility

(MS) and color spectrophotometric measurements

were conducted on core halves at 1 cm resolution

using a Geotek Multisensor Core Logger (MSCL).

The MSCL was equipped with a Bartington MS2E

point sensor for MS measurements and a Konica

Minolta color spectrophotometer for reflectance mea-

surements between 360 and 740 nm. Spectrophotome-

ter data were used to generate a synthetic color image

for core Co1230. The lithogenic fractions of the

samples were analyzed for particle size distribution

after removal of organic matter (H2O2 10 %) and

authigenic minerals such as siderite (HCl 10 %).

NaOH treatment was not applied due to the rarity of

diatoms (\0.5 %), and because of high amounts of

serpentine, which dissolves upon treatment with

NaOH. Samples were treated with a dispersing agent

solution containing Na6P6O18 and Na2CO3 prior to

analysis using laser diffraction (Malvern Mastersizer

2000S).

Radiocarbon dating and age-model

Radiocarbon dating was performed on 12 bulk organic

carbon samples (Table 1) at the University of Cologne

AMS facilities using standard protocols (Rethemeyer

et al. 2013). We applied a reservoir correction

established for the respective time interval for core

TOW9 (Russell et al. 2014; Fig. 1), using paired

macrofossil and bulk organic carbon samples, to all

core Co1230 samples prior to calibration using the

IntCal13.14C northern hemisphere terrestrial calibra-

tion curve (Reimer et al. 2013). The age-depth model

for core Co1230 was calculated after omitting event

deposits using the Clam software package and a

smooth-spline function with a smoothing factor of 0.3

(Blaauw 2010). For the calculation of an age-depth

model including event deposits and sedimentation

rates resulting thereof, constant ages were assigned for

each individual event deposit.

Results

Sediment architecture in Lake Towuti’s deep

northern sub-basin

Profile A–A0 (Fig. 2) shows a high-resolution CHIRP

seismic line crossing the 203-m-deep northern basin

from the Mahalona River Delta slopes in the NNW to

bedrock highs in the SSE with coring site Co1230 in

the central/deepest part of the basin. The CHIRP data

indicates a very flat basin floor morphology that is

fault bounded, with *60 to 100 m of imaged

sediment. Sediments at coring site Co1230 appear

acoustically laminated and consist of thinly spaced

high amplitude reflections (Fig. 2A). Reflections show

constant thicknesses on the decimeter scale and are

characterized by horizontal continuity of individual

reflections over several kilometers. Sediments depos-

ited in the central basin pinch out towards the S and E

where they grade into sediments characterized by

more widely spaced high and low amplitude reflec-

tions that are draped onto slopes of bedrock highs

bordering the basin (Fig. 2). Acoustic penetration is

hampered towards the NNW, likely as a result of
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abundance of coarser sediments in close proximity of

the Mahalona River Delta. We mapped the contact

between acoustically stratified sediments and those

with low penetration in order to decipher the spatial

extent of Mahalona Delta sediments in the northern

basin (Fig. 1). The spatial extend of these sediments

implies that the delta is primarily prograding into Lake

Towuti’s fault-bounded deep northern basin. Sedi-

ments deposited on the toe of the Mahalona River

Delta exhibit more chaotic acoustic features charac-

terized by thin undulating high amplitude reflections

and thick acoustically transparent strata that are traced

back to subaquatic slumping (Fig. 2B).

Lithology and geochemistry of core Co1230

Core Co1230 includes the uppermost 19.8 m of the

horizontally bedded sediments in Lake Towuti’s

northern basin (Figs. 2, 3). Sediments in core

Co1230 exhibit two distinctly different lithologies

based upon their grain-size, color, and structural

features (Figs. 3, 4). Lithotype 1 can, due to sharp

basal and upper contacts, easily be distinguished from

Lithotype 2 sediments. Lithotype 1 deposits are light

brown to red–brown in color, occur throughout the

entire Co1230 sediment sequence, and vary in thick-

ness between 54 and 2 cm. Deposits occur either as

individual beds interspersed with Lithotype 2 sedi-

ments or as successive beds without interspersed

Lithotype 2 deposits. Lithotype 1 beds typically show

a sharp but generally non-erosive basal contact and

normal gradation from middle-sand to clayey-silt with

the gradation fading out into a more homogenous/mas-

sive clayey-sandy silt (Fig. 4). The coarse-grained

basal parts of thicker Lithotype 1 deposits exhibit

visible vertical variation in grain size. Individual sand-

sized grains are angular to sub-angular in shape. The

mineralogy of the sand-sized fraction is dominated by

serpentine ([80 %) with minor amounts of quartz, Cr-

spinell, pyroxene, chromite, and magnetite. The

topmost part of Lithotype 1, in deposits with thick-

nesses[20 cm, shows a wavy/cross bedded structure

followed by a light green colored, thin (0.5–2 cm)

parallel laminated structure (Fig. 4). Thinner (\5 cm)

deposits in contrast lack these structural features and

show a more homogenous, structureless upper section

following a millimeter thick normally graded base.

Terrestrial plant remains are common in Lithotype 1

deposits, with larger fragments ([1 mm) being par-

ticularly common in thicker ([20 cm) deposits

(Fig. 4). Occasionally Lithotype 1 beds are red in

color, and apart from the above-mentioned character-

istics, are associated with particularly high MS values,

Fe count rates, and Fe/Ti ratios. Such beds occur

between 19.1–18.9 and 16.5–14.1 m (Fig. 3). Litho-

type 1 is much more abundant compared to Lithotype

2 and comprises*75 % of core Co1230 in form of 99

individual deposits.

Table 1 Reservoir-corrected (according to Russell et al. 2014) and calibrated radiocarbon ages used for the age-depth model of core

Co1230

Sample

ID

Depth

(cm)

14C age

(years BP)

1-sigma

error (±)

Reservoir

correction

(14C years)

Reservoir

corrected

14C age

Calibrated age

(cal years BP)

2-sigma

error (±)

Material

S00465 160 3763 33 500 3263 3505 63 Bulk OC

S00464 285 5136 34 500 4636 5405.5 59.5 Bulk OC

S00463 402 6846 38 500 6346 7252.5 79.5 Bulk OC

S00461 507 8456 41 500 7956 8838.5 147.5 Bulk OC

S00459 664 11,926 52 1000 10,926 12,813.5 111.5 Bulk OC

S00458 709 12,921 55 1000 11,921 13,714.5 146.5 Bulk OC

S00457 1061 14,487 64 1000 13,487 16,254.5 230.5 Bulk OC

S00455 1229 15,954 69 1000 14,954 18,164.5 202.5 Bulk OC

S00555 1463 18,896 134 1000 17,896 21,661 383 Bulk OC

S00554 1541 20,102 138 1000 19,102 23,025.5 396.5 Bulk OC

S00553 1632 20,798 146 1000 19,798 23,832 361 Bulk OC

S00552 1870 23,962 211 1000 22,962 27,225.5 428.5 Bulk OC

Bulk OC bulk organic carbon
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Lithotype 2 comprises the remaining *25 % of

core Co1230 and consists of massive to thinly-bedded

clayey silts with variable contents of coarse silt to sand,

finely dispersed organic matter, and authigenic side-

rite. Grain-size distribution in Lithotype 2 sediments is

bi-modal with peaks centered between *5 to 30 and

*50 to 150 lm (Fig. 5). In keeping with this bimodal-

ity, coarse fraction ([50 lm) concentrations vary

strongly between 1.6 and 62 vol% with generally

elevated concentrations between 19.8 and 11 m

(Fig. 5). Based on differences in color, structure, and

the amount and type of occurrence of siderite, Litho-

type 2 can be subdivided into three sub-lithotypes.

Lithotype 2a occurs between 19.8 and 6.4 m with

individual beds between 20 and 1 cm in thickness.

Lithotype 2a varies in color from rusty red to dark

brown, appearsmassive and shows variable amounts of

finely dispersed siderite. Lithotype 2b occurs between

Fig. 3 Synthetic sediment color (contrast and brightness

increased), magnetic susceptibility (MS), element intensities (Fe,

Ti, Ca, Si) displayed in kilo counts (kcts), occurrence of turbidites/

Lithotype 1 deposits in core Co1230 (black), their red/oxidized

variety (red), and pelagic muds/Lithotype 2 deposits (white)

occurring interspersed with turbidites, as well as chronostrati-

graphic information from radiocarbon dating displayed in cali-

brated years before present (yrs BP). (Color figure online)
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6.3–4.5 and 3.0–0 m and is dark green in color, appears

thinly bedded (Fig. 4), and shows thicknesses varying

between 26 and 2 cm. Lithotype 2c occurs between 4.5

and 3.0 m with thicknesses ranging between 64 and

2 cm. Lithotype 2c is dark to light green in color,

faintly banded (Fig. 4), and is further characterized by

siderite occurring both as finely dispersed crystals and

as individual laminae up to 3 mm thick.

Fig. 4 Lithological, sedimentological, and geochemical char-

acteristics of a typical turbidite/Lithotype 1 deposit and

classification scheme according to Bouma (1962). GSD grain-

size distribution, Si silicon intensities displayed in kilo counts

(kcts), Ca calcium intensities displayed in kilo counts (kcts), Te

hemi-pelagic mud, Ta1 normal graded sediment, Ta2 massive

sediment, Tc wavy bedded sediment, Td parallel laminated

sediment. Hence, Si and Ca intensities function as grain-size

indicators within Lithotype 1 turbidite deposits. (Color

figure online)
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Changes in elemental (Fe, Ti, Si, Ca) intensities and

MS values exhibit patterns that are broadly linked to

fluctuations in these lithotypes (Fig. 3). MS values and

Fe count rates are elevated between 19.8 and 6.5 m

relative to 6.5–0 m (Fig. 3). In contrast, Ti intensities

show the opposite pattern with Ti intensities being

relatively low between 19.8 and 6.5 m compared to

6.5 and 0 m. In addition, Ti shows two prominent and

broad maxima centered at 6 and 1.5 m with the former

being matched by a Fe minimum (Fig. 3). Apart from

these broad patterns in MS, Fe, and Ti, there are

numerous smaller, centimeter-scale features associ-

ated with the occurrence of Lithotype 1 sediments,

marked by higher Ca and Si and lower Ti intensities

(Fig. 3). Elevated Ca and Si intensities particularly

occur within the coarse-grained basal part of Lithotype

1 sediments (Fig. 4) that primarily consists of serpen-

tine and minor abundances of ultramafic mineral

species. Ca and Si intensities therefore function as a

sensitive high-resolution indicator for Lithotype 1

deposits and grain-size variability within these

deposits. Correlation of MS, Fe, and Fe/Ti patterns

with Lithotype 1 deposits is generally less obvious

except for the intervals between 19.1–18.9 and

16.5–14.1 m where the red variety of Lithotype 1

deposits occurs (Fig. 3). A decreasing trend in element

intensities visible between 4 and 0 m of the core is

likely a result of a downcore decrease in water content

and associated changes in XRF attenuation (Russell

et al. 2014).

Age-model and sedimentation rate

The age-depth model calculated for core Co1230 after

excluding Lithotype 1 event deposits indicates a fairly

linear age-depth relationship and a basal age of 28.8

calibrated kiloyears before 1950 (hereafter kyr BP;

Table 1; Fig. 6a). Comparison of magnetic suscepti-

bility profiles from cores TOW9 and Co1230, plotted

against their individual age-models, are in tune and

indicate that the reservoir correction established for

core TOW9 is also applicable to core Co1230 (Elec-

tronic SupplementaryMaterial ESM1). Sedimentation

rates show a pattern with relatively constant and low

(0.11–0.17 mm year-1) rates between 28.8 and

14.5 kyr BP and lowest sedimentation rates centered

at 18.7 kyr BP. Between *17.5 and 10.5 kyr BP

sedimentation rates show a gentle increase followed by

a more rapid increase starting*10.5 and culminating

at 8.3 kyr BP, with the highest sedimentation rates

(0.32 mm year-1) of the entire record. Between 8.3

and 6.0 kyr BP sedimentation rates decrease rapidly

and remain relatively constant and high

([0.2 mm year-1) between 6.0 kyr BP and the top of

the sequence. Reinserting Lithotype 1 event deposits

with constant depositional ages into the age-depth

calculation for core Co1230 leads to significantly

higher (1.63–0.44 mm year-1) sedimentation rates,

with generally high rates ([0.7 mm year-1) between

*29 and 14 and lower (\0.7 mm year-1) between 14

and 0 kyr BP (Fig. 6b). Peak sedimentation rates

(*1.6 mm year-1) are centered at *16 kyr BP.

Discussion

Depositional modes in Lake Towuti’s northern

basin

Based on sedimentological, geochemical, and seismic

datasets we can identify two different depositional

processes leading to the formation of Lithotype 1 and 2

deposits in Lake Towuti’s central northern basin.

Lithotype 1 sediments, with their characteristic

features of a sharp basal contact, normal grading

fading out into a more homogenous and sometimes

wavy bedded and parallel laminated top section,

coarse grain-size, and a composition showing high

abundances of angular siliciclastic grains and terres-

trial plant macrofossils (Fig. 4), indicative for

Fig. 5 Grain-size distribution in pelagic Lithotype 2 sediments

showing strong differences in modality. Blue line color grain-

size distribution in pelagic muds between 19.8 and 11 m

subbottom depth (*29 to 17 kyr BP). Red line color grain-size

distribution in pelagic muds between 11 and 0 m subbottom

depth (*17 to 0 kyr BP). (Color figure online)
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relatively high transport energies at great water depths,

are interpreted as turbidite deposits/Bouma-sequences

(Bouma 1962). Depositional processes that involve

turbidity currents and/or hyperpycnal flows are sup-

ported by seismic data, which reveal a flat basin

morphology, thinly spaced high amplitude reflectors,

and wedging out of strata towards the basin margins,

indicating ponding turbidites (Fig. 2; Adams et al.

2001; Wirth et al. 2011). Due to the coarse-grained

character, angular grain shapes, and high amounts of

millimeter- to centimeter-sized terrestrial plant macro-

fossils we infer that the majority of sediments

deposited in these turbidites originates from the

Mahalona River and/or its delta slopes (Figs. 1, 2).

Seismic data support this source, as sediments draping

bedrock highs to the south and east are relatively

acoustically transparent with reflections that can be

correlated to the fine clays and silts typical of

sediments observed elsewhere in the basin.

Discriminating whether turbidites originate from

turbidity currents induced by mass movement pro-

cesses or hyperpycnal flows induced by high volume

river discharge events is not straightforward. Tur-

bidites originating from both types of processes

generally produce deposits characterized by normal

gradation from sand to silt and clay. Despite these

general features characteristic for both processes,

discharge induced hyperpycnal flows can also produce

deposits with several stacked graded intervals and/or

inversely graded intervals related to the temporal

waxing and waning of discharge volumes during

heavy precipitation/runoff events (Mulder and

Alexander 2001; Mulder et al. 2001; Gilli et al.

2013). Mass movement related turbidites, in contrast,

often show a thin normal graded base, followed by a

thicker homogenous section and/or cross-bedded

section (Siegenthaler and Sturm 1991; Beck 2009) as

a result of the focused release of the sediment in a very

short time (Mulder et al. 2003). In addition and as a

common rule, turbidites resulting from mass move-

ment processes typically show greater thicknesses

than turbidites resulting from discharge-induced pro-

cesses (Siegenthaler and Sturm 1991; Sturm et al.

1995; Gorsline et al. 2000). This is a result of the

difference in sediment volumes mobilized/transported

during discharge induced hyperpycnal flows and mass

movement processes, with the latter typically being

associated with the mobilization of much larger

Fig. 6 Age-depth model and sedimentation rates for core Co1230 without event (Lithotype 1 turbidites) deposits (a) and after inserting
event deposits with constant ages (b)
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sediment volumes. Depositional environments with a

strong contribution of discharge related hyperpycnal

flow deposits typically show sediment sequences with

a characteristic bedding/lamination composed of

individual, centimeter to millimeter thick, flood

deposits with individual thicknesses of these deposits

being controlled by the magnitude and/or duration of

the heavy precipitation/flood event (Wirth et al. 2011;

Glur et al. 2013); mass movement deposits often

achieve much greater thicknesses. Another criterion

for the differentiation of turbidites is the composition

of the deposit: discharge induced hyperpycnal flow

deposits consist predominantly of allochthonous sed-

iments while those originating from mass movement

processes reflect the composition of sediment charged,

critically inclined basin slopes that function as the

source of the sliding mass. The composition of these

deposits is therefore strongly source dependent and

can vary from pure autochthonous sediments, if the

sliding mass originates from slopes charged with

hemipelagic sediments, to predominatly allochtho-

nous sediments, if the sliding mass originates from

slopes charged with riverine sediments such as delta

slopes. Therefore, turbidites originating from delta

slope failures can also exhibit a composition domi-

nated by allochthonous/riverine materials (Gilli et al.

2013; Hilbe and Anselmetti 2014).

Based on these criteria, the lithological character-

istics of Lithotype 1 deposits (Fig. 4), and evidence for

frequent mass wasting from seismic data (Fig. 2B) we

interpret turbidites in Lake Towuti’s northern basin to

be primarily a result of turbidity currents ignited by

mass movement processes sourced from the slopes of

the Mahalona River Delta. In this case the incorpora-

tion of oxidized (shallow water and/or aerially

exposed) sediments would explain the red colored,

iron oxide rich variety of turbidites observed in the

deeper sections of core Co1230 (Fig. 3). Direct

correlation of turbidites deposited in the deep basin

to their proximal mass movement deposits emplaced

on the toe of theMahalona Delta slopes is hampered by

poor acoustic penetration over the delta slopes (Fig. 2).

Despite the lack of direct correlation we suggest that

turbidite thickness in Lake Towuti’s northern basin is,

in addition to source proximity and the direction of the

turbidity current, a function of the volume mobilized

during the respective mass movement event.

Relatively homogenous Lithotype 2 sediments,

composed of clastic debris, finely dispersed organic

matter, and authigenic mineral phases can best be

described as a product of hemi-pelagic sedimentation

in Lake Towuti’s deep northern basin. Grain-size

distributions in Lithotype 2 vary through the core, with

the bi-modal grain-size composition (Fig. 5), charac-

terized by peaks in the fine silt and sand-sized range

([50 lm), implying that lateral transport processes, in

addition to suspension fallout through the water

column, at times contribute to pelagic sedimentation

at coring site Co1230. In the case of Lithotype 2

sediments, lateral transport processes could involve

either distal products of mass movement or flood

induced turbidity currents. In addition, variable abun-

dances of coarse-grained particles at central basin sites

are commonly explained by lake-level fluctuations

and associated changes of shore-line proximity to the

coring site (Bird et al. 2014). Lake-level induced

changes in shore-line proximity would increase the

probability of material from hyperpycnal flows and

interflows to reach site Co1230. Higher abundances of

the coarse fraction in the pelagic sediments of

Lithotype 2 may therefore indicate a stronger relative

contribution of more distal and/or low volume mass

movement induced turbidity currents and/or hyperpy-

cnal flows to pelagic sedimentation at site Co1230.

Temporal variations of Ti (terrestrial runoff) and Fe

(redox processes) intensities and MS values (preser-

vation of magnetite) in core Co1230 (Fig. 3) are well

correlated to variations of these parameters measured

in piston core TOW9 (Fig. 1B; Russell et al. 2014;

Costa et al. 2015; Tamuntuan et al. 2015). While

piston coring site TOW9 is also located in Towuti’s

northern basin it is widely protected from sediment

delivery originating from the Mahalona River and its

delta (Fig. 1B). This implies that climatic controls on

sediment delivery, geochemistry, and post-deposi-

tional sediment alteration are not significantly affected

by the contribution of laterally transported/remobi-

lized sediments at site Co1230.

Mechanisms explaining variability of lateral

transport processes and turbidite recurrence rates

during the past 29 kyrs

The amount of the coarse fraction in pelagic sediments

as well as cumulative turbidite thicknesses and

recurrence rates in Lake Towuti’s northern basin vary

strongly during the past *29 kyrs. Broadly, high

coarse fraction amounts, turbidite recurrence rates,
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and cumulative turbidite thicknesses occur between

*29 and 16 kyr BP, and lower values occur between

*11 and 0 kyr BP (Fig. 7). Coarse fraction amounts

decrease gradually from 17 to 11 kyr BP and remain

relatively low and constant for the remainder of the

record (Fig. 7). The turbidite record is characterized

by peak frequencies ([6 turbidites 1000 years-1) and

cumulative thicknesses ([1.1 m 1000 years-1)

between *26 to 24 and *18 to 16 kyr BP (Fig. 7).

In contrast, the period between *11 and 0 kyr BP is,

with exception of the period between *7 and 5 kyr

BP, characterized by relatively low turbidite frequen-

cies (\2 turbidites/1000 years) and low cumulative

turbidite thicknesses (\0.6 m 1000 years-1, Fig. 7).

In light of independent geochemical evidence from the

carbon isotope composition of terrestrial leaf waxes

and elemental runoff indicators for aridity from *30

to 16 kyr BP in Lake Towuti (Fig. 7; Russell et al.

2014), we find that the relative contribution of

sediments transported laterally in Towuti’s deep

northern basin is positively correlated to dry periods.

The strong correlation with dry periods hints at

changes in lake-level and shore-line proximity as the

primary mechanism controlling increased deposition

of laterally transported sediments in Lake Towuti’s

northern basin. In line with similar considerations

made for the behavior of marine delta and slope

systems (Einsele 1996; Muto and Steel 2002; Lee

2009) we suggest that shore-line regression during

falling and lake-level lowstand stages leads to partial,

or even complete, exposure of the Mahalona River

Delta topset, allowing for a variety of mass-movement

processes that cause enhanced sediment transport and

deposition of Lithotype 1 turbidites at our core site.

Slope stability is likely to decrease in this lake-level

forced prograding delta system due to increased rates

of sediment accumulation and underconsolidation as

well as oversteepening, resulting in excess pore

pressure and increased sheer stresses on the frontal

delta slopes triggering mass movements (Lee 2009).

Deeper incision of active river channels into and

wave-induced erosion of high-stand sediment deposits

will also result in increased sediment transport and

deposition. These mechanisms require a sustained, but

not necessarily similarly strong, discharge from the

Mahalona River during dry compared to wet phases in

order to transport sediment to the frontal delta slopes.

A sustained discharge from the Mahalona River is

confirmed by elemental tracers (Costa et al. 2015) and

a somewhat wetter climate in the upstream catchment

of the Mahalona River during the dry last glacial

(Wicaksono et al. 2015).

In addition, lake-level drops may cause temporary

disequilibria between confining pressure and pore

pressure in less permeable sediments and may lead to

increased ebullition and discharge of biogenic gases

from organic rich delta sediments, which would

increase the susceptibility of delta slopes to gravita-

tional failure (Moernaut et al. 2010). Spontaneous

delta collapses resulting from a buildup of excess pore

pressure due to rapid sediment loading and lake-level

drops in combination with oversteepening as a result

of increased sediment charging on the frontal delta

slopes (Sultan et al. 2004; Girardclos et al. 2007) are

likely one of the main causes for gravitational mass

flows and turbidite deposition. When considering the

specific setting of Lake Towuti, additional factors

increasing stresses and/or lower sediment strength,

such as earthquakes, high-volume river discharge

events, storm waves, biogenic pore gas charging,

seasonal lake-level fluctuations, as well as complex

interactions of these factors may also contribute to

Mahalona Delta slope failure (Coleman and Prior

1988; Hampton et al. 1996).

Sustained Mahalona River discharge along with

erosional processes during lowstand stages would also

promote a basinward progradation of the Mahalona

Delta. Suspended matter from heavy discharge events

as well as flood induced turbidity currents would in

this case be more likely to reach more distal parts of

the basin, explaining the deposition of coarse sedi-

ments and grain-size bimodality in Lithotype 2 beds.

Rising and lake-level highstand stages establish

accommodation space on the delta topset, resulting

in a reduction of sediment transport to and deposition

on frontal delta slopes and the distal basin and a shift to

more pelagic sedimentation in the upper 11 m of

Lithotype 2.

Lake-level variability at Lake Towuti

and implications for the regional hydroclimate

during the past 29 kyrs

We interpret increased amounts of laterally trans-

ported sediments at coring site Co1230 as being

primarily a result of lake-level low-stands in Lake

Towuti. Therefore, we suggest that the coarse fraction

amount as well as turbidite recurrence rates and
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Fig. 7 Comparison of sedimentological indicators for lake-

level variability at Lake Towuti to hydroclimate proxy time

series from Lake Towuti and paleoclimate records from nearby

regions: a coarse fraction ([50 lm) concentrations in pelagic/

Lithotype 2 sediments of core Co1230, b turbidite occurrence

and thicknesses in core Co1230 (brown individual turbidites,

black consecutive turbidites), c turbidite (T.) frequencies/

recurrence rates per 1000 years in core Co1230, d cumulative

turbidite (T.) thicknesses per 1000 years in core Co1230,

e tentative lake-level reconstruction for Lake Towuti, with

arrows marking phases of suggested rapid drops in lake-level,

f lake-level reconstruction from Lake Tondano, N-Sulawesi,

Indonesia (Dam et al. 2001), g wet season (Lake Towuti)/

March–April–May (MAM) mean insolation at 0� (Laskar et al.
2004), h titanium (Ti) intensities (kcts kilo counts) and percent

by weight (wt%) from core TOW9 (Russell et al. 2014), i carbon

isotope composition of terrestrial leaf waxes (d13Cwax) from

core TOW9 (Russell et al. 2014), and k Hulu cave d18O records

from China (Wang et al. 2001). YDYounger Dryas,H1Heinrich

Event 1, H2 Heinrich Event 2. (Color figure online)
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cumulative thicknesses are indicators for the magni-

tude of relative lake-level changes. Highest turbidite

recurrence rates and cumulative thicknesses may also

indicate rapidly falling and/or lowest lake-levels in

Lake Towuti (Fig. 7).

Based on the sedimentary indicators we infer

relatively low lake-levels at Lake Towuti during the

last glacial between *29 and 16 kyr BP, gradually

increasing lake-levels during the transition from the

last glacial into the Holocene between *16 and

11 kyr BP, and highest lake-levels during the

Holocene between*11 and 0 kyr BP (Fig. 7). Lowest

lake-levels are inferred for the period*29 and 19 kyr

BP, and more rapid lake-level drops are inferred for

the periods*26 to 24 and*18 to 16 kyr BP based on

the abundance of exceptionally thick and frequent

turbidite successions (Fig. 7). The gradual decrease in

coarse fraction amounts and turbidite deposition after

*16 kyr BP indicates a rise in lake-level following

the lowstand during the last glacial period. Following

this lake-level rise at the end of the last glacial period,

the Holocene experienced only subtle lake-level

fluctuations, although a somewhat muted Holocene

lowstand is indicated for the period *8 to 5 kyr BP

(Fig. 7).

The sedimentologically inferred lake-level record

of Lake Towuti is correlated with terrestrial leaf wax

carbon isotope (d13Cwax), titanium (Ti), and redox

sensitive metal records from core TOW9 (Figs. 1, 7)

representing vegetation structure, terrestrial runoff

intensity, and water column mixing, respectively

(Russell et al. 2014; Costa et al. 2015). Inferred lower

lake-levels during the last glacial coincide with an

open forest ecosystem with dry adapted C4 grasses,

reduced terrestrial runoff (Russell et al. 2014), a well-

mixed water column (Costa et al. 2015), and lake-level

lowstands at Lake Tondano in northern Sulawesi

(Dam et al. 2001; Fig. 7). Reduced terrestrial runoff

and a vegetation dominated by C4 grasses during the

last glacial are interpreted to reflect a significant

reduction in annual rainfall as a result of both reduced

wet season precipitation and runoff (low Ti) and a

longer and more pronounced dry season causing water

stress (enriched d13Cwax). High-latitude northern

hemisphere ice-sheet forcing on the position of the

ITCZ and Austral-Asian monsoon systems has been

suggested to be the primarymechanism controlling the

reduction in annual precipitation during the last glacial

(Russell et al. 2014). Deeper mixing of Lake Towuti’s

water column during the last glacial is thought to be

caused by enhanced evaporative cooling of surface

waters due to a longer and more pronounced dry

season (Costa et al. 2015, Dubois et al. 2014). A longer

and more pronounced dry season, along with reduced

wet season precipitation, in combination with an open

forest/grassland vegetation cover would consequently

lead to increased evaporation from lake Towuti’s

catchment soils thus further reducing terrestrial runoff

to the lake. We therefore explain the last glacial lake-

level lowstand at Lake Towuti to be the result of the

combined effects of reduced annual precipitation and

enhanced evaporation from the lake surface and

catchment soils, with the timing of major transitions

controlled by glacial-interglacial climate boundary

conditions.

Periods with inferred rapid lake-level drops

between *26 to 24 and *18 to 16 ky BP are,

however, not pronounced in the d13Cwax, Ti, and redox

sensitive metal datasets (Fig. 7). This discrepancy

may be related to differences in the sensitivity of the

geochemical datasets during these periods. Neverthe-

less, the occurrence of frequent, thick turbidite

successions points to rapid and possibly short-lived

lake-level drops. Interestingly, the timing of these

rapid lake-level drops is, within the error of our age-

model (Table 1, Fig. 6), coincident with significant

dry spells in the Austral-Asian Monsoon domain as

recorded in speleothem records from China (32�300N,
119�100E; Wang et al. 2001; Fig. 7) and Borneo (4�N,
115�E; Partin et al. 2007; Carolin et al. 2013) and

marine records offshore Sumatra (3�N–0�500S,
96–99�500E; Mohtadi et al. 2014) and Java (8�410S,
112�520E; Mohtadi et al. 2011). These dry spells have

been suggested to correspond to North Atlantic

Heinrich events 2 and 1 (Wang et al. 2001). A

somewhat subdued millennial scale dry spell, coin-

ciding with the Younger Dryas (YD), is recorded in the

Chinese speleothem records and marine records from

offshore Sumatra and Java (Wang et al. 2001; Mohtadi

et al. 2011, 2014) but is missing in the Borneo

speleothems (Partin et al. 2007; Carolin et al. 2013)

and at Lake Towuti (Russell et al. 2014, this study).

Climate anomalies associated with Heinrich events

and the YD originate in the North Atlantic region as a

result of the slowdown of the Atlantic Meridional

Overturning Circulation (AMOC) and reduction of

North Atlantic Deep Water (NADW) formation due to

iceberg surges and/or freshwater forcing (Rahmstorf
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2002; Condron and Winsor 2012) and induce, through

increases in sea ice coverage and albedo, widespread

northern hemisphere cooling (Chiang and Bitz 2005).

Widespread northern hemisphere cooling is thought to

drive a southward migration of the ITCZ, which leads

to drying in most of the northern and wetter conditions

in the southern tropics (Chiang and Bitz 2005;

Broccoli et al. 2006). The drying recorded at Lake

Towuti and marine records from offshore Sumatra and

Java, which is supported by modeling studies (Pausata

et al. 2011; Mohtadi et al. 2014), imply that drying

during Heinrich events 2 and 1 also affected the

southern tropics of the maritime continent. Interest-

ingly, despite the similarity of the underlying mech-

anisms of Heinrich events 2 and 1, only the latter is

commonly referred to as having caused significant

climate anomalies in the tropics (Stager et al. 2011).

Our dataset implies, however, that both Heinrich

events 2 and 1 may have led to reductions in rainfall in

the tropics of the maritime continent.

The variable response of the records from the

Austral-Asian monsoon regions to the Heinrich and

YD climate anomalies is likely related to the style and

characteristics of each individual event in the North

Atlantic and the atmospheric processes involved in

translating the climate signal into the Austral-Asian

monsoon domains (Mohtadi et al. 2014). Iceberg

discharge into the North Atlantic during Heinrich

events 2 and 1 led to an almost complete shutdown of

North Atlantic Deep Water (NADW) formation, in

contrast to freshwater forcing during the YD (Böhm

et al. 2015). Stronger cooling in the North Atlantic

region during Heinrich events 2 and 1 compared to the

YD, along with an ice sheet geometry and extent close

to last glacial maximum conditions, may therefore

explain the differences in magnitude and spatial extent

of these climate anomalies in the Austral–Asian

monsoon domain.

The inferred lake-level highstand period 11–0 kyr

BP is in agreement with a generally wetter Holocene

climate as indicated by a closed canopy rainforest

ecosystem, strong terrestrial runoff (Fig. 7; Russell

et al. 2014), and a poorly ventilated water column at

Lake Towuti (Costa et al. 2015). Moreover, subtle

Holocene lake-level variability, with a somewhat

higher lake-level during the Early- and Late-Holocene

and a lowstand between *8 and 5 kyr BP is corrob-

orated by slight enrichment in d13Cwax, reduced Ti

concentrations, and changes in redox sensitive metal

records, which indicate a muted increase in dry season

water stress during the Mid- compared to the Early-

and Late-Holocene, reduced wet season runoff, and

increased evaporative cooling (Fig. 7). The temporal

evolution of precipitation recorded at Lake Towuti

during the Holocene therefore appears to be primarily

controlled by the strength of equatorial wet season

(March–April–May; MAM) insolation (Fig. 7). The

pattern observed at Lake Towuti is also in agreement

with precipitation changes recorded in terrestrial

runoff and sea surface salinity records from offshore

Java (Mohtadi et al. 2011), Sumba (Steinke et al.

2014), the Timor Sea (Kuhnt et al. 2015), and lake-

level records from central Australia (Magee et al.

2004), that record rainfall amount associated with the

annual passage of the ITCZ and the AISM circulation.

In contrast, speleothem records from the EAM

domain (China and Borneo) show a different or even

antiphased pattern with that of Towuti (Wang et al.

2001; Partin et al. 2007; Carolin et al. 2013). At

Borneo in particular, oxygen isotope data indicate

peak precipitation during the Mid-Holocene and

reduced precipitation during the Early- and Late-

Holocene (Partin et al. 2007; Carolin et al. 2013). Peak

precipitation during the Early Holocene observed in

Chinese cave records (Wang et al. 2001) is thought to

be a result of enhanced warming of the northern

hemisphere in response to increased summer insola-

tion, (Shakun et al. 2012) and an associated northward

shift of the ITCZ (Kuhnt et al. 2015). In this context

the reduction in AISM precipitation during the Mid

Holocene observed at Towuti could be a result of a

northward shift of the ITCZ due to relatively low

(high) southern (northern) hemisphere insolation and

higher temperatures in the northern relative to the

southern hemisphere (Wanner et al. 2008; Shakun

et al. 2012). However, the peak in mid-Holocene

precipitation at Borneo is interpreted to reflect inten-

sification of the equatorial hydrological cycle related

to southward ITCZ migration and peak insolation in

boreal fall. Due to its equatorial location, Lake Towuti

experienced the same insolation forcing, yet our

records indicate an opposite hydrological response,

indicating significant heterogeneity in mid-Holocene

climates in this region. The intensification of the

AISM from the dry Mid- to the wet Late Holocene is

likely related to an orbitally induced increase in

southern hemisphere summer insolation and associ-

ated transition of the ITCZ from the northern into the
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southern tropics (Mohtadi et al. 2011; Kuhnt et al.

2015). We therefore suggest that, while major climate

boundaries at Lake Towuti are shaped by varying

glacial-interglacial climate boundary conditions,

hemispheric temperature contrasts and astronomic

forcing exert the primary control on regional hydrol-

ogy and AISM intensity during the Holocene/inter-

glacials in the maritime continent and at Lake Towuti.

Conclusions

Detailed lithological and sedimentological analyses

along with seismic reflection data provide insight into

depositional processes in Lake Towuti during the past

*29 kyr BP. We find that sedimentation in Towuti’s

northern basin is affected by strong contributions from

lateral gravitational- and discharge-induced sediment

transport processes. A succession of 99 turbidites

deposited during the past *29 kyr BP is emblematic

for the strong contribution of lateral transport to

deposition in Towuti’s northern basin. Structural and

compositional features of individual turbidite deposits

in combination with mass wasting deposits visible in

seismic data between the coring site and the Mahalona

River Delta imply that turbidites are likely a product of

turbidity currents ignited by gravitational mass wast-

ing events originating from the delta. Relatively

homogenous muds form the (hemi)pelagic back-

ground sediments, reflecting vertical settling of fine-

grained sediment through the water column. However,

grain-size distribution in these muds is at times bi-

modal with peaks centered in the fine-silt and middle-

sand regions thus further emphasizing the importance

of lateral transport to sedimentation.

We utilized geochemical data, coarse fraction

amounts in pelagic muds, as well as turbidite recur-

rence rates and cumulative thicknesses as indicators for

the relative contribution of laterally transported sedi-

ments to our coring site. Temporal variation in our

dataset is correlated to hydroclimatic proxy time series

from Lake Towuti and other regional records. Dry

phases in these regional proxy time-series are corre-

lated to phases of stronger contribution from lateral

transport processes to sedimentation at our coring site.

We therefore suggest that lake-level fluctuations and

associated changes in sediment delivery exert primary

control on the amount of laterally transported sediment

reaching our coring site in Lake Towuti’s northern

basin. Based on our sedimentological dataset we infer

that lake-levels were generally low between *29 and

16, rose gradually between *16 and 11, and are

comparable to modern levels since *11 kyr BP.

Periods of rapid lake-level drops, as indicated by

highest turbidite recurrence rates and cumulative

thicknesses, are suggested to have occurred between

*26 to 24 and *18 to 16 kyr BP, coincident with

Heinrich events 2 and 1. Detailed seismic and bathy-

metric surveys in combination with targeted sediment

coring in shallow water may enable quantification of

lake-level fluctuations and help to calibrate our relative

lake-level reconstruction in the future.
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