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Abstract

We used seismic images and sedimentary data from piston cores to conduct a sequence stratigraphic analysis of sediments in
Lake Petén Itza, northern Guatemala. Our results document lake level fluctuations in this lowland Neotropical region that were
related to glacial-to-interglacial climate change during the Late Pleistocene. A bathymetric survey of Lake Petén Itz4 (area=100
km?) revealed a maximum water depth of ~160 m and the existence of a deep cryptodepression that extends 50 m below modern
sea level. The great depth suggests that the basin held water even during arid conditions associated with full glacial periods.
Lake Petén Itza may thus possess the only long continuous lacustrine sediment record of Late Pleistocene environmental and
climate change in the lowland Neotropics. Two seismic reflection campaigns imaged the subsurface basin sediments that overlie
basement. The sediment package was divided into four major seismic sequences (T, G, R, and B). Sequences are separated by
unconformities that represent depositional cycles related to lake level fluctuations. Sediments of the uppermost sequence (T)
were recovered and radiocarbon-dated in Kullenberg piston cores taken along a water depth transect. Seismic profiles reveal a
basin-wide paleoshoreline just below sequence T at ~56 m below present lake level. This constructional feature formed during a
lowstand of the last glacial period when the lake was reduced to only ~13% of its present volume. In cores taken landward of
the paleoshoreline, Late Glacial-age deposits consist of paleosols, indicating subaerial exposure. Basinward of the shoreline,
sediments are composed of dense gypsum sands and interbedded silty clays, reflecting authigenic gypsum formation under arid
climate conditions. The top of the soil horizon and cessation of gypsum precipitation are represented by a strong seismic
reflection (¢). It marks the base of the uppermost seismic sequence T and is dated in several cores between ~11.1 and 10.2 cal
kyr BP. Lake level rose quickly at this time in response to a shift from arid-to-humid climate conditions at the Late Glacial/Early
Holocene transition. We infer a similar sediment response to climate variations in the older stratigraphic sequences (G, R, and
B), related to earlier glacial-to-interglacial and stadial-to-interstadial cycles. Older sequences are also distinguished from one
another by erosional unconformities that probably represent major lake level falls. Future recovery of the older stratigraphic
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record by drilling in Lake Petén Itza will provide ages for these older units and enable us to test the depositional model inferred

from seismic stratigraphy.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Paleoclimatology; Lake sediments; Seismic stratigraphy; Lake level changes; Guatemala

1. Introduction

Lake sediments are valuable archives of past envir-
onmental change on the continents. They can provide
a continuous, sensitive record of changing conditions
and processes that occur within the lake itself and in
the surrounding catchment. Geophysical reflection
seismic surveys provide quantitative data on sediment
geometry, type, and stratigraphy, as well as deposi-
tional processes (Scholz, 2001, and references
therein). In addition, seismic profiles are invaluable
for choosing optimum locations for lake coring or
drilling, especially in lakes with large lateral differ-
ences in sedimentation pattern. In closed basins that
lack surface outflows, seismic stratigraphic analysis
can be used to reconstruct past lake level fluctuations
because such fluctuations control the lateral extent of
seismic sequences, onlap relationships, and the occur-
rence of (subaerial) erosional surfaces and paleoshor-
elines (Scholz and Rosendahl, 1988; De Batist et al.,
1996; Seltzer et al., 1998; Ariztegui et al., 2000; Gilli
et al., 2001, 2005). Water level fluctuations in closed
basins are mostly a function of the balance between
precipitation and evaporation and thus leave a record
of past climate changes. In addition to being regulated
by the precipitation/evaporation ratio, water level
fluctuations can be controlled by changes in subsur-
face inflows and outflows, particularly in karst areas.
Wet/dry climatic alternations may also be recorded in
the sediments of closed-basin lakes by varying
amounts of evaporitic salts that are deposited as the
lake volume expands and contracts (Piovano et al.,
2002; Fedotov et al., 2004).

The objectives of seismic reflection studies dictate
the choice of the seismic source to be used. High-
frequency sources provide high-resolution data, but
limit the depth of penetration. In contrast, lower-
frequency sources penetrate to greater depth, but
spatial resolution is compromised. Here we present
results from a lacustrine seismic stratigraphic survey
that used two seismic systems coupled with analyses

of sedimentary piston cores that were collected along
depth transects sited on seismic lines. The dual
sources provided both high-resolution images of shal-
low subsurface deposits, and sufficient information
on deep sediment layers, for sequence stratigraphic
analysis. Integration of core analyses and seismic
information permitted chronostratigraphic dating
and correlation of lithologic changes with specific
seismic reflections, and enabled us to develop a
conceptual model for interpreting lacustrine deposi-
tional processes.

We applied a seismic stratigraphic approach to the
sediments of Lake Petén Itz4, a large water body in
the lowland Neotropics of northern Guatemala (Fig.
1), on the southernmost part of the Yucatan Peninsula.
The lake has a surface area of 100 km? and lies at
~16°55'N, 89°50'W in the Department of Petén within
the Petén Basin, an intra-cratonic basin located on the
Maya block of the North American Plate (Fig. 2). The
underlying stratigraphic section includes an up to 5-
km thick sequence of Cretaceous to Tertiary deposits
consisting of marine carbonates underlain by Jurassic
continental sediments. A 1970 map of the geology of
Guatemala [Mapa geologico de Guatemala, 1970,
Instituto Geografico Nacional (Guatemala)] indicates
that Paleocene—Eocene marine carbonates are exposed
at the surface surrounding the northern basin of Lake
Petén Itza, whereas Cretaceous carbonates character-
ize surface exposures to the south (Fig. 2). The lake
basin occupies a large karst depression that follows a
series of east-west aligned faults (Vinson, 1962). The
northern shore of the lake is bounded by an inactive
normal fault and marked by a steep karst ridge that
follows the strike of the fault system, whereas the
south shore is shelving, and in places rimmed by
poorly drained seasonal swamps (bajos). Presently,
Lake Petén Itza’s water is dilute (11.22 meq 171
and dominated by calcium and bicarbonate, with
magnesium and sulfate following closely in concen-
tration. Lake water pH is high (~8.0) and is saturated
for calcium carbonate. There are abundant shells of
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Fig. 1. Location of the Petén Lake District in northern Guatemala (left) and detailed map of the lakes and the location of the ancient Maya city of

Tikal (right). Note the E-W alignment of the lakes.

carbonate microfossils (ostracods and gastropods) in
the lake sediments (Covich, 1976; Curtis et al., 1998).

We produced the first bathymetric map for Lake
Petén Itza that shows a maximum water depth of ~160
m. The bathymetry is complex, reflecting the karst
nature of the basement (Fig. 2). The modern lake
surface is ~110 masl, which means the deepest part
of the Petén Itza basin is a cryptodepression that is
~50 m below present sea level. Today the lake is
divided into a large main basin in the north (~30 km
long and ~3-4 km wide) and a much smaller and

shallower southern basin (14 km long and up to 1.5
km wide). A shallow sill connects the two. The north
basin consists of several subbasins that may have been
isolated during lowest lake level stands. Despite the
lake’s large size, water level has fluctuated appreci-
ably (5-6 m) in the past few decades, flooding lake-
side homes and businesses. Although Lake Petén Itza
is affected by subsurface leakage through the karstic
bedrock, we believe that the climate-controlled pre-
cipitation/evaporation ratio has been more variable
through time and thus exerts an important influence

Main normal fault
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_30-m— Depth contours
e 8B Piston core locations

Fig. 2. Trackmap of all seismic lines in Lake Petén Itza, superimposed on the interpolated bathymetric map (depth contours=15 m). 3.5 kHz
seismic survey (dashed lines) and airgun seismic survey (solid lines). Locations of Kullenberg piston cores taken along seismic lines pill and
pi8 are indicated by dots. Geologic information (outcropping rock formations, track of the main normal fault) after Instituto Geografico
Nacional de Guatemala (1970). Two inflowing rivers are indicated at the eastern edge of the main basin.
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on lake level changes. Most recent lake level fluctua-
tions can be attributed to changes in the precipitation
pattern of the 20th century (Deevey et al., 1980).
Furthermore, variations in surface inflow as well as
variations in subsurface in- and outflow are also
strongly affected by climatically influenced surface
water recharge. Consequently, climate acted as a
major control on past lake level fluctuations.

Along with marine-based paleoclimate records from
the Caribbean, terrestrial archives of past climate varia-
tions in Central America are of great interest for under-
standing the role of the tropics in the global climate
system. Previous evidence from lake sediment records
in the lowland Neotropics demonstrated that climate was
drier during the last ice age than during the Holocene,
and that most shallow lake basins in the region were dry
in the Late Pleistocene (Deevey et al., 1980; Brenner et
al., 2002). The termination of the Late Glacial and the
transition into the Holocene has been studied in cores
from Lake Miragoane, Haiti, and Lake Valencia, Vene-
zuela, located on the northern and southern rim of the
Caribbean, respectively. Both lakes were sufficiently
deep to have held water and preserved sediment records
during those time periods (Bradbury et al., 1981;
Hodell et al., 1991; Curtis and Hodell, 1993; Brenner
et al., 1994; Curtis et al., 1999). Older glacial-age
lacustrine sediments from the region are rare and
have been found in only a few deep basins in the
Petén Lake District (e.g., Lake Quexil) of northern
Guatemala (Deevey et al., 1983, Leyden et al., 1993,
1994). Lake Petén Itza’s great water depth made it
resistant to desiccation. Thus, sediments in the deep
north basin probably contain a long, continuous archive
of latest Pleistocene paleoenvironmental change.

Based on seismic and core data, we present a con-
ceptual model that relates changing sedimentation
processes and sediment characteristics to presumed
climate-induced lake level fluctuations in Lake Petén
Itz4. The piston corer only retrieved the upper 6 m of
Late Glacial and Holocene sediment, but the cores
were sufficiently long to interpret the uppermost seis-
mic sequence (Hillesheim et al., 2005). Drilling will be
required to recover deeper, older deposits. Because of
its great water depth (~160 m) and sediment thickness
(>100 m), Lake Petén Itza has been targeted for deep
drilling by the International Continental Drilling Pro-
gram (ICDP). Long cores from deep water will pro-
vide the stratigraphic sequences needed to recover the

long paleoenvironmental archives that will be used to
test the conceptual depositional model developed
using cores and seismic stratigraphy.

2. Methods

Two seismic investigations of Lake Petén Itza were
undertaken in 1999 and 2002 including a shallow,
high-resolution survey (3.5 kHz pinger) and a deeper,
low-resolution survey (1 in.’ airgun). The pinger sur-
vey provided seismic stratigraphic information for
shallow subsurface sediments (<40 m), whereas the
airgun survey provided images of deeper sediments
and bedrock morphology for most of the lake basin.
The acquisition parameters for both single-channel
surveys are summarized in Table 1. Pinger data were
processed by bandpass filtering (2—6 kHz) and gaining
with a broad Automatic Gain Control (AGC; window
length 100 ms). Airgun data were bandpass filtered
(200-1000 Hz) and gained (AGC 200 ms). Next, a 1-
3-1 trace mixing was applied to improve both lateral
coherency of reflections and the signal-to-noise ratio.
Positioning (GPS) accuracy of the airgun survey was
on the order of = 5 m, whereas accuracy of the earlier
pinger survey in 1999 was lower, £ 50 m. Seismic data
from both surveys were imported into interpretation
software and a seismic stratigraphy was established.
For calculation of the bathymetric map, an average
water column velocity of 1500 m/s was assumed. The

Table 1
Parameters for the seismic surveys completed on Lake Petén Itza in
1999 and 2002

Survey parameters

1999 campaign

2002 campaign

Source Geoacoustic 1 in.* Bolt airgun
pinger @ 70 MPa

Receiver Geoacoustic 20-element geopulse
pinger hydrophone

Frequency range 2—-6 kHz 200-1500 Hz

(center frequency) (3.5 kHz) (300 Hz)

Positioning (accuracy) ~ GPS (£50 m) GPS (£5m)

Boat speed 5 km/h 5 km/h

Recording format SEG-Y SEG-Y

Shooting interval 0.5s 4s

Maximum penetration 40 m 100 m

Vertical resolution 10 cm I m

Survey grid 80 km 90 km
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maximum depth of the basin was confirmed during
limnological sampling, when a water sampler was
lowered to the bottom on a metered cable.

In June 2002, 13 piston cores were retrieved from 10
sites in Lake Petén Itza’s deep north basin. Piston cores
were taken along selected seismic lines down to a water
depth of 105 m. Retrieved sections included a transect
of six cores on seismic line 11, ranging in water depth

from 9.7 to 63.2 m. Cores were recovered using a
Kullenberg-type piston corer triggered by a mud—
water interface corer. In the laboratory, each core sec-
tion was measured in its original polycarbonate liner
for gamma ray attenuation (GRA) bulk density at 0.5-
cm increments, using a GEOTEK Multi-Sensor Core
Logger (MSCL). The instrument was calibrated at the
start of each day using an aluminum and water stan-
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Fig. 3. 3.5 kHz seismic cross-sections pil3 (above) and pill (below). Line pil3 crosses the lake close to its deepest area. The red line at the top
indicates the bathymetric profile of line pil3 with no vertical exaggeration. The locations of the Kullenberg core transect are indicated along line
pill. Small inset lake maps display locations of imaged seismic sections. The seismic sequences are labeled with capital letters.
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dard. Split core sections were digitally imaged using a
GEOSCAN III linescan camera linked to the MSCL.
The cores were tied to the seismic data with a depth—
time conversion assuming an acoustic velocity of 1500
m/s (measured as average MSCL-velocity). Subse-
quently, the cores were split, described and sampled
for radiocarbon dating (Hillesheim et al., 2005). All
radiocarbon ages, given in calendar years before 1950
(cal kyr BP), were measured on terrestrial organic

material and calibrated with INTCAL98 (Stuiver and
Reimer, 1993; Stuiver et al., 1998) unless explicitly
stated otherwise.

On August 13 2002, we measured temperature in
the water column using a Sea-Bird SBE 19 SEACAT
CTD-sonde (Conductivity, Temperature, Depth) that
was lowered to the lake floor at the deepest point
(~160 m) of Lake Petén Itza (position: 17°0.416'N,
89°50.791'W).

Stacked paleosharelines
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_— paleoshorelines

Fig. 4. Airgun seismic cross-sections airlOb (above) and airlla (below). Small inset lake maps display locations of imaged seismic section. The
seismic sequences are labeled with capital letters. The intersection with E-W line air9 (Fig. 5) is marked on the top of each plot.
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3. Results
3.1. Seismic stratigraphy

We analyzed both the 3.5 kHz and airgun seismic
dataset using standard seismic sequence stratigraphic
concepts (Vail et al., 1977) and identified four major
seismic sequences overlying acoustic basement.
Each sequence is bounded by an unconformity or
its correlative conformity. Seismic stratigraphic ana-
lysis of the entire sediment package was done only
for the central and eastern areas of the lake, because
high concentrations of gas in sediments at the wes-
tern end of the basin prevented acoustic penetration
to bedrock. Because of its shallow-water depth, the
southern basin was not surveyed with the airgun
source. Figs. 3 and 4 display N-S seismic cross-
sections of the lakebed acquired with the 3.5 kHz
and airgun sources, respectively. Fig. 5 shows an
airgun seismic section running parallel to the long
axis of the basin, in an E-W direction. The four
depositional sequences of the section are labeled
from top to bottom (Fig. 4). Capital letters indicate
the color used to illustrate the seismic reflection that
marks the underlying sequence boundary, i.e.,
T(urquoise), G(reen), R(ed) and B(lue). The follow-
ing describes the seismic geometries and seismic
facies of each sequence:

3.1.1. Sequence T

Sequence T is the youngest sequence, and is char-
acterized by highly continuous, low-amplitude reflec-
tions with a few internal reflections displaying higher
amplitudes locally (Fig. 3). Within the sequence, how-
ever, no major horizons stand out prominently, nor are
there any consistent unconformities. The base of
Sequence T is defined by a high-amplitude reflection
that is onlapped by younger strata that comprise the
low-amplitude seismic facies of Sequence T.
Sequence T is thickest in the deeper parts of the
basin, reaching a maximum thickness of about 10—
15 m (Figs. 3 and 4). In a few areas, local mass
movements that mobilized Sequence T sediments are
recognized by erosive scar surfaces and associated
seismically chaotic-to-transparent flow deposits (Fig.
6). Along the gently-dipping southern shore,
Sequence T consistently wedges out on the modern
lake floor at a water depth of ~30 m, where it displays
upslope thinning and gradual condensation of reflec-
tions (Fig. 7A). In one case, the disappearance of
Sequence T in this depth range is clearly associated
with erosional processes as even the top of the under-
lying Sequence G is slightly eroded (line pi8; Fig.
7A). This disappearance of Sequence T at —30 m can
be mapped all along the southern shore of Lake Petén
Itzé (Fig. 8). Further upslope, in water depths <15 m,
where slope angle decreases, Sequence T sediments
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Fig. 5. Basin-parallel airgun cross-sections composed of two seismic lines, air8 and air9. Small inset lake map displays location of imaged
seismic track. The seismic sequences are labeled with capital letters. The intersections with other airgun seismic lines are marked at the top of

the plot.
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piT@ - - - -slide scar

70 ms

Fig. 6. Example of a massflow within Holocene sequence T. Two perpendicular seismic lines (pi7 and pil0) cut a headwall scar surface (marked
as dashed line). The scar surface is partly infilled by chaotic and deformed sediments that slid away. Small inset lake map displays location of
imaged seismic lines. The seismic sequences are labeled with capital letters.

reappear. It is impossible, however, to trace reflections
from shallow to deep water across the erosional zone.
Identification of the correlative boundary at the base
of Sequence T in shallow-water is based mainly on
correlation among cores taken along seismic line pill
(Fig. 3, see also Fig. 10).

3.1.2. Sequence G

The underlying Sequence G also displays conti-
nuous reflections but with higher amplitudes than in
Sequence T (Figs. 3 and 4). Some areas show trans-
parent-to-chaotic seismic facies, indicating local mass
movements. Along the gently-dipping southern edge
of the basin, the top of Sequence G is characterized by
a rugged morphology and/or erosion feature that
occurs consistently at a depth of ~56 m below lake
surface (Fig. 7B). This feature can be traced around
most of the Petén Itza basin (Fig. 8). In most cases,
this feature is characterized by an accumulation of
sediment that is up to 3 m thick and ~100 m wide,
which formed atop a substrate of constantly-dipping
slope sediments. It usually displays steep basinward
sides and more gently sloping landward flanks (Fig.
7B). On the airgun seismic lines, the constructive
feature peaking at ~—56 m is imaged as a stacked
succession of two sediment build-ups that divide
Sequence G into two subsequences, G1 and G2
(marked on Fig. 4).

Sequence G becomes thicker in the deeper parts of
the basin, attaining a maximum thickness of ~20 m.
Increased thickness is attributed, in part, to sediment
that accumulated as a consequence of mass movements
in the profundal zone of the basin. Similar to Sequence

T, slide scars associated with these mass movements
can be mapped on the steeper parts of slopes.

3.1.3. Sequence R

The overall seismic character (facies and geome-
tries) of Sequence R is very similar to Sequence G. The
R/G sequence boundary is defined by an erosional
unconformity in water depths between ~30 and 40 m,
and is best illustrated on seismic lines pill (Figs. 3 and
7A) and pi8 (Fig. 7A). The basinal part of Sequence R
consists of a highly continuous seismic facies, whereas
the upslope part lacks lateral coherency of reflections.
Sequence R is slightly thicker than G in places, reach-
ing a maximum thickness of about 30 m.

3.1.4. Sequence B

Sequence B is the oldest sedimentary sequence and
displays the most complex seismic facies architecture.
In particular, the longitudinal airgun seismic section
(Fig. 5) illustrates how the geometry of B differs from
the overlying sequences. In some areas, it attains a
thickness of 50-60 m, especially where it infills and
onlaps topographic lows of the underlying basement.
Its seismic facies is more chaotic, with occasional
high-amplitude reflections, but it also shows areas
that are seismically stratified. Sediments of Sequence
B are mostly restricted to the deepest bedrock depres-
sions, while equivalent sediment on basement highs is
either condensed or absent.

3.1.5. Acoustic basement
Acoustic basement is recognized in most shallow
areas and in the eastern-to-central areas of the deep
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Fig. 8. Map of paleoshoreline and erosion/non-deposition features superimposed on modern bathymetry. The shoreline features at ~—56 m
water depth associated with the G/T sequence boundary (observed: solid line; assumed: dashed line) shows the size of a paleolake with reduced
volume. A second, separate lake may have existed in the eastern part of the basin. The ~— 30 m erosion/non-deposition event can be mapped
along the south shore of the lake (long-dashed line) and may be a consequence of water column circulation down to the metalimnion.

basin. Basement was not imaged in the central-to-
western parts of the deep basin because gas limited
penetration of the seismic signal (Fig. 5). In general,
the basement surface is highly irregular, showing
numerous basins and elevated areas (Fig. 5). Along
the southern shore, a series of apparently basin-
parallel faults are recognized on the airgun lines
(Fig. 9). These faults are expressed as a series of
basement blocks that show a stepwise decline in
elevation toward the north. The irregular basement
morphology is not expressed by the modern lake
floor topography because sediments, particularly of
sequence B, have smoothed out many of the base-
ment irregularities.

3.2. Core-to-seismic correlation

The seismic stratigraphic architecture of uppermost
sequence T was linked to dated sediment lithologic
changes using piston cores that were taken at selected
locations on 3.5 kHz seismic lines. Six Kullenberg
piston cores, ranging in water depth from 9.7 to 63.2
m, were recovered along a N-S transect on seismic
line pill (Figs. 3 and 10). The longest core recovered

was 6.0 m and all cores, except 11F, penetrated the
base of seismic Sequence T. Core-to-seismic correla-
tion was accomplished by comparing seismic reflec-
tion profiles to gamma ray attenuation (GRA) bulk
density of the piston cores, assuming a constant sedi-
ment velocity of 1500 m/s (Figs. 10, 11).

In shallow-water cores 11C-E (<30 m water depth),
the G/T boundary is marked by an upcore decrease in
density, from ~1.9 to ~1.3 g cm > (Fig. 10). This
boundary represents a lithologic transition from a
dark-colored, organic-rich paleosol to partially-lami-
nated lacustrine sediments composed predominantly
of biogenic carbonate with varying amounts of organic
matter and clay (Hillesheim et al., 2005). The top of
the soil horizon is dated at 11.1, 10.7 and 10.2 cal kyr
BP in cores 11C (30 m water depth (wd)), 11D (20.9
wd), and 11E (9.7 m wd), respectively. In deep water
cores 11A and 11B (>51.6 m wd), the lithologic
change associated with this sequence boundary occurs
at 5.1 and 5.3 m, respectively. At these levels, density
decreases upcore from ~1.7 to ~1.4 g cm™ >, marking a
lithologic change from dense gypsum sands and inter-
bedded silty clays, to sediment dominated by calcium
carbonate and organic matter with varying amounts of

Fig. 7. A: The erosional/non-depositional event at ~—30 m depth is seen on the 3.5 kHz data along the entire south shore of the lake. Lines
pil4d, pi4, and pill display rather condensed sedimentation above that depth, whereas line pi8 shows signs of erosion. Fig. 8 shows track of this
feature in map view. Small inset lake map displays locations of the four imaged seismic tracks. The seismic sequences are labeled with capital
letters. B: The ~— 56-m depth paleoshoreline is seen on the 3.5 kHz data along the entire lake. This turquoise unconformity (base of Sequence
T) indicates a lake level lowstand that created either erosional coastal notches (two upper examples) or accumulations of (evaporitic?) shore
mounds (two lower examples). Fig. 8 shows track of this feature in map view. Small inset lake map displays the location of the four imaged

seismic tracks. The seismic sequences are labeled with capital letters.
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Fig. 9. Uninterpreted (left) and interpreted (right) versions of airgun seismic lines air5b and air6, imaging the southern area of the main basin
(small lake map insets display location of seismic tracks). The two seismic lines document the bedrock structures along the gently-dipping,
shallow south lake shore. Bedrock, outcropping onshore to the south, steps down northward in a series of basin-parallel normal faults. Together
with the very steep north shore (half-graben geometry), these observed structures support the argument for a tectono-karstic origin of the lake.

detrital clay. The age of this transition is ~10.7 cal kyr
BP, marking the boundary between the Late Glacial
and Holocene Periods (Hillesheim et al., 2005). In all
cases, the prominent upcore decrease in bulk density
yields a strong, high-amplitude reflection marking the
G/T sequence boundary (Fig. 11).

Core 11A (58.2 m wd) penetrated the base of
sequence T basinward of the previously described
sediment mound, whereas the base of Core 11B
(51.6 m wd) sampled this horizon at the top of this
constructional sediment feature (Fig. 11, line pill).
Despite the different coring locations and sediment
geometries, the bases of both cores terminated in the
top of underlying Sequence G in gypsum-rich sedi-
ments. In shallow-water cores 11C, 11D, and 11E, 1—
1.5 m of Sequence G sediments were recovered. They
consist of mottled to partially-banded, clay- and car-
bonate-rich lacustrine sediment. Basal ages of cores
11C, 11D, and 11E are 31.0,20.7, and 15.9 "*C kyr BP,
respectively (Fig. 10; uncalibrated AMS ages; Hille-
sheim et al., 2005). Core 11C contains the most con-
densed section of Sequence G, as it possesses the
oldest basal age (Fig. 10).

In addition to the cores along seismic line pill,
core 8B was taken in 27.3 m of water on seismic line
pi8, in an area where most of Sequence T is missing
due to removal by downslope mass movement (Fig.
7A). This core evidently penetrated both the G/T and

the R/G sequence boundaries and recovered what may
be the oldest sediment sampled by the Kullenberg
corer. The base of Sequence G in core 8B corresponds
to an upcore decrease in density from ~2.3 to ~1.8 g
cm ™ near the base of the core (~254 cm). The low-
ermost 6 cm of core 8B consist of large, dense gyp-
sum nodules that are overlain sharply by a shell hash
layer composed of large gastropods. The shell layer
grades into a silty lacustrine clay with varying degrees
of laminations. At 90 c¢cm in core 8B, this lacustrine
sequence is capped by a paleosol, which coincides
with the top of Sequence G (Fig. 7A). Bulk density
decreases upcore across the paleosol, from ~1.8 to
~1.5 g cm ™, similar to the pattern seen in shallow-
water cores on seismic line 11A. This transition marks
the onset of lacustrine carbonate sedimentation fol-
lowing subaerial exposure.

4. Discussion

The sequence stratigraphic architecture in Lake
Petén Itza indicates that this lacustrine system was
strongly influenced by a fluctuating lake level that
was, in turn, predominantly controlled by climate
fluctuations. By integrating seismic and core results
in the upper seismic sequence T, we developed a
conceptual model for how sediment lithologies and
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Fig. 10. Photographic images and bulk density of Kullenberg cores taken along a water depth transect on seismic line pill (Fig. 3). Photographs
were stretched horizontally to better illustrate the stratigraphy (all cores are 6 cm wide). Missing uppermost sections of the long cores are
indicated by crosses at the top of the columns, but were recovered with a mud—water interface corer). Note the consistent density increase
moving downward across the turquoise T/G sequence boundary (Holocene/Late Glacial transition), reflecting the dark-colored soil horizon in
cores 11E, D, and C and the light-colored gypsum deposits in cores 11B and A, both overlain by Early Holocene lacustrine sediments.
Radiocarbon ages in cal kyr BP are marked at sample locations and are all calibrated except for basal dates in cores 11C, 11D, and 11E that are

uncalibrated "*C dates on shell material (Hillesheim et al., 2005).

geometries responded to climate-induced variations in
lake level during the Late Glacial and Holocene.
These concepts were then extrapolated to the deeper
seismic sequences to interpret the older paleoenviron-
mental history of the basin.

Sequence T thins or wedges out consistently in
water depths of 30 m throughout the basin, indicating
modern erosion or non-deposition occurring around
that water depth (Fig. 7A). There is, however, no
historical evidence for a —30 m lake level lowstand
that would be required to explain this feature if it were
formed by subaerial erosion. In addition, Sequence T
reappears in water depths shallower than 15 m and an

almost continuous Holocene section was recovered in
a water depth of 7.6 m (Curtis et al., 1998). If not
eroded or reduced by subaerial exposure, this feature
must be related to physical limnetic processes. The 30
m isobath corresponds to the base of the thermocline in
Lake Petén Itza (Fig. 12), and erosion/non-deposition
may be related to internal progressive waves at the
metalimnetic interface, as described in other large
lakes (Lemmin, 1998). Although only one CTD mea-
surement was obtained from Lake Petén Itza in August
2002, it is probably representative of limnetic thermal
structure throughout most of the year because seasonal
temperature changes are small.
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Fig. 11. Superposition of Kullenberg cores 11A and 11B along seismic line pill (assuming an acoustic velocity of 1500 m/s). The density
contrast at the Late Glacial-Holocene transition results in a high-amplitude reflection (G/T sequence boundary =turquoise line). Small lake inset
maps display locations of imaged seismic tracks. The seismic sequences are labeled with capital letters.

No prominent unconformities occur within
Sequence T, indicating that environmental changes
were small during the Holocene, at least relative to
the large fluctuations associated with the Late Glacial
lowstand. Much of Sequence T consists of a thick
detrital clay unit (“Maya clay”) that has been identified
in many Petén lakes, and attributed to accelerated soil
erosion resulting from ancient Maya land clearance
(Deevey et al., 1979; Binford et al., 1987; Brenner,
1994; Rosenmeier et al., 2002).

The morphologic feature found throughout the
basin at ~—56 m water depth is interpreted to be a
paleoshoreline that formed during the end of the last
glaciation. This lake level lowstand represents an
~87% (4.8 km®) reduction in water volume relative
to today (Hillesheim et al., 2005; Fig. 8). This inter-
pretation is supported by both the feature’s constant
depth of occurrence and its morphology, which is
similar to that of lacustrine shorelines in other closed
lake basins (Thompson, 1992; Adams and Wes-
nousky, 1998; Ibbeken and Warnke, 2000; Komatsu
et al., 2001; Sack, 2001; Gilli et al., 2005). The top of
the paleoshoreline coincides with the G/T sequence
boundary mapped on the seismic sections. Piston core
11B sampled the top 20 cm of the paleoshoreline and
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Fig. 12. CTD profile of temperature taken on 13 August 2002 at the
deepest point of Lake Petén Itza. Note the thermocline between ~20
and 35 m water depth.
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recovered dense gypsum sands interbedded with silty
clays. Rather than classic beach gravels found along
other lake shores, which form at or just above lake
level, the paleoshorelines of Lake Petén Itza may
represent subaquatic littoral depocenters of evaporites.
Usually, such subaquatic shoreline formation is attri-
buted to sediment redeposition through strong winds,
currents, and waves (Wattrus and Rausch, 2001). In
this case, precipitation of gypsum may have occurred
in the shallow littoral arecas where water temperatures
were high and evaporation intense. In fact, calcula-
tions based on water chemistry indicate that Lake
Petén Itza would be saturated for CaSO, if lake
volume were reduced by 87%. The observed drowned
paleoshoreline structures would develop following a
subsequent lake level rise.

Landward of the paleoshoreline in cores 11C-E,
the sequence boundary coincides with a subaerial
exposure surface (i.e., paleosol), whereas basinward,
gypsum—clay lithologies persist to the water depth of
Core 11A, i.e. 58.2 m. The G/T transition has yet to be
recovered in cores from the deeper basin. The
sequence boundary was consistently dated to between
10.2 and 11.1 kyr in all five cores retrieved along
seismic line 11 (Fig. 10).

The Late Glacial lowstand of Lake Petén Itza is
consistent with inferences based on cores retrieved
from nearby Lakes Quexil and Salpetén that also
indicated lake level lowering of 30-40 m during the
last glacial period (Deevey et al., 1983). Given their
modern maximum water depths of just over 30 m,
those lakes were probably ephemeral during the Late
Glacial. Similar to deep water cores taken in Lake
Petén Itza, glacial-age sediment in Lakes Quexil and
Salpetén was also dominated by gypsum and clay,
indicating more saline conditions than today. Gla-
cial-age vegetation consisted of sparse temperate
thorn scrub and taxa such as Juniperus, reflecting an
arid climate with estimated temperatures of ~6.5 to 8
°C lower than present (Leyden et al., 1993, 1994).

Landward of the paleoshoreline, the G/T sequence
boundary represents a transgressive surface, in which
paleosols are overlain by lacustrine deposits. At ~10.3
cal kyr BP, near the Pleistocene/Holocene boundary,
climate became more mesic and Lake Petén Itz filled
rapidly. Shortly after 10.2 cal kyr BP, the lake had
risen to within 8-10 m below the modern level as
documented by the resumption of lacustrine deposi-

tion in core 11E (9.7 m water depth) and core 6-VII-
93 taken in Petén Itz4’s southern basin (8 m wd)
(Curtis et al., 1998).

The integration of sediment core and seismic data
provides a conceptual model that can be used to explain
how lake level and related sedimentation processes in
Lake Petén Itza responded to climate change. Glacial-
to-interglacial variations in lake level controlled the
pattern and lithologies of sediments deposited in the
basin. Full glacial periods were marked by low lake
level that caused subaerial erosion and development of
paleoshoreline features. The related unconformity
defines a sequence boundary that can be traced on
seismic profiles from shallow to deep water where it
ultimately becomes conformable. Landward of the gla-
cial paleoshoreline, soils developed, whereas gypsum
was precipitated basinward of the paleoshoreline, a
sedimentologic response seen in other closed-basin
lakes (Piovano et al., 2002; Fedotov et al., 2004).
Full or intermediate interglacial conditions were char-
acterized by higher lake level, giving rise to lacustrine
sediments with draping geometries, which overlie the
sequence boundary with transgressive basal sediments.
These highstand sediments consist of varying propor-
tions of biogenic carbonate, organic matter, and detrital
material. A typical seismic sequence is confined by two
unconformities and consists of sediment deposited dur-
ing both a lowstand and highstand of a lake level cycle,
likely produced by orbital-scale climate fluctuations
(e.g., marine isotope stages). Higher-frequency lake
level fluctuations are superimposed upon these long-
term cycles, but cannot be resolved on seismic sections.
These shorter duration events are expressed by small-
scale lithologic changes (Hillesheim et al., 2005) that
may produce high-amplitude reflections such as those
seen within Sequences G and R (Figs. 4 and 5).

We applied this depositional model to seismic stra-
tigraphic units G, R, and B to interpret the older
sediment record. The R/G sequence boundary is char-
acterized by a prominent erosional unconformity that
generally occurs in 3040 m water depth, representing
a previous low lake stage (Figs. 3 and 7A). Although
the R/G unconformity has not been dated directly, it
must be older than the basal date of core 11C (31 '*C
kyr BP; measured on carbonate material) that failed to
penetrate the R/G sequence boundary. We speculate
that the R/G sequence boundary represents an ero-
sional phase associated with a low lake stage, and
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Fig. 13. Schematic summary of the sequence stratigraphic architecture of Lake Petén Itza sediments that is related to past lake level fluctuations.
Also indicated are confirmed and postulated (?) correlations with ages of marine oxygen isotope stages (MIS).

could be as old as the MIS4/3 boundary (Fig. 13).
Under this assumption, Sequence G was deposited
during MIS 2 and 3, whereas Sequence R could repre-
sent MIS 4 and older deposits. The occurrence of the
two stacked paleoshoreline succession G1 and G2,
which are not separated by a significant high-stand
tract, could represent two rapid successive events of
low lake level. Because it is assumed that the basin was
not affected significantly by neotectonism, the accom-
modation space for the younger of the stacked shor-
elines must have been created by a rising lake level.
This, however, could not have been a gradual transi-
tion (i.e. a continuously rising lake level), because the
two paleoshorelines are clearly separated in the seis-
mic data by a high-amplitude reflection (Fig. 4).
Together with other high-amplitude reflections within
Sequence G, they may reflect greater frequency of
lithologic changes corresponding to the rapid stadial—
interstadial oscillations of MIS 3 (i.e., Dansgaard—
Oeschger cycles). Drilling of Lake Petén Itza will
recover the cores needed to test this inference.

The seismic facies and architecture of Sequence B
document a different mode of sedimentation than seen
in the units above. Sequence B fills topographic depres-
sions in the basement and is less draping than overlying
units, indicating the prominent role of lateral transport

processes (e.g., turbidites from underflows) that focus
sediment into deeper parts of the basin. Sediments at
the base of this unit directly overlie basement and
reflect the time of initial basin formation and lake
filling.

The bathymetry (i.e., steep northern slope and
shelving southern shore) of Petén Itza’s basin reflects
asymmetric faulting along its northern and southern
shores. In the south, a series of basin-parallel faults
with low displacements is observed on the seismic
data, whereas in the north, a distinct normal fault
occurs that has been identified at the surface (Vinson,
1962). This fault pattern created a half-graben struc-
ture, which, along with the limestone bedrock and
enhanced water flow paths along the faults, was over-
printed by dissolution processes. Both tectonism and
karstification led to the highly irregular bedrock mor-
phology that typifies the entire Petén region. Lack of
faulting in the lacustrine sediment record implies no
major neotectonic activity.

5. Conclusions

Seismic surveys of Lake Petén Itza, Guatemala,
provided bathymetric data and information on type,
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thickness and depositional processes of the sediments
that fill the basin. Long piston cores sampled the
upper sequences and were used to “groundtruth” the
seismic stratigraphy.

1. The bathymetric survey revealed a maximum water
depth of 160 m, which extends 50 m below sea
level. This makes Lake Petén Itza the deepest lake
in lowland Central America. Unlike shallower
lakes in the region, it likely held water even during
full glacial periods when arid climate persisted.

2. Seismic data show a fault-controlled, highly irre-
gular bedrock morphology that is generally asym-
metric, indicating a half-graben structure. The
tectono-karstic origin of the lake basin (e.g.,
polje) is a consequence of faulting, enhanced by
dissolution of the limestone bedrock.

3. The sediment package overlying basement is of
variable thickness and partially infills bedrock
depressions. Several basins contain up to 100 m
of sediment. Maximum thickness may exceed this
amount in the deepest part of the basin where
bedrock could not be imaged with the seismic
source. Seismic stratigraphic analysis revealed
four major seismic sequences overlying basement
that are separated by unconformities. These
sequences constitute an important sediment archive
for reconstruction of Late Quaternary climate and
environmental change in the lowland Neotropics.

4. We recognized a persistent buried paleoshoreline
on seismic profiles throughout the basin at ~56 m
below present lake level. Piston cores taken along a
depth transect recovered Late Glacial paleosols
landward, and gypsum deposits basinward of the
paleoshoreline. This geomorphologic and sedimen-
tologic evidence demonstrates that lake level at the
end of the last glacial period was ~56 m lower,
implying that Lake Petén Itza’s volume was
reduced by ~87% relative to present. The youngest
seismic Sequence T was deposited during the
flooding of the basin that began at the Pleisto-
cene/Holocene boundary (~10.2 cal kyr BP),
which led to a highstand that continues at present.

5. A conceptual model explains the three upper seis-
mic stratigraphic sequences as being a consequence
of lake level fluctuations induced by glacial-to-
interglacial climate changes on orbital time scales.
During glacial periods of the Late Pleistocene, low

lake levels caused erosional unconformities that
define seismic sequence boundaries, which are
traceable throughout the basin. In contrast, full or
intermediate interglacial periods are marked by
high lake level and by basinwide lacustrine sedi-
mentation. Future recovery of the complete sedi-
ment package will ultimately enable us to date the
older sequences and test this conceptual model.
These long cores will also yield a continuous
Late Quaternary paleoclimate record for the low-
land Neotropics.
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