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Five seismic units may be identified in the ~8 m thick Holocene sediment package at the bottom of the Blue Hole, a
120 m deep sinkhole located in the atoll lagoon of Lighthouse Reef, Belize. These units may be correlated with the
succession of an existing 5.85-m-long sediment core that reaches back to 1.385 kyrs BP. The identification of seismic
units is based on the fact that uniform, fine-grained background sediments showweak reflections while alternating
background and coarser-grained event (storm) beds exhibit strong reflections in the seismic profiles. The main
source of sediments is the marginal atoll reef and adjacent lagoon area to the east and north. Northeasterly winds
and storms transport sediment into the Blue Hole, as seen in the eastward increase in sediment thickness, i.e., the
eastward shallowing of the Blue Hole. Previous assumptions of much thicker Holocene sediment packages in the
Blue Hole could not be confirmed. So far, close to 6-m-long cores were retrieved from the Blue Hole but the base
of the sedimentary succession remains to be recovered. The nature of the basal sediments is unknown but mid-
Holocene and possibly older, Pleistocene sinkhole deposits can be expected. The number of event beds identified
in the Blue Hole (n = 37) during a 1.385 kyr-long period and the number of cyclones listed in historical databases
suggest that only strong hurricanes (categories 4 and 5) left event beds in the Blue Hole sedimentary succession.
Storm beds are numerous during 1.3–0.9 kyrs BP and 0.8–0.5 kyrs BP.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Blue Hole of Belize is among the few examples of large, circular
and cylindrical submarine reefal karst cavities (Sachet, 1962; Backshall
et al., 1979; Hine and Steinmetz, 1984; Shinn et al., 1996). Still, the Be-
lize Blue Hole is virtually unique, in that undisturbed, annually-layered
muddy sediments with intercalated event layers (sands, silts) that may
serve as a high-resolution climate and storm archive in the late
Holocene, are found at the bottom (Gischler et al., 2008). The only
other continuous, high-resolution Holocene climate archives in the
Belize region include stalactites in mainland caves that reach back
2 kyrs BP (Kennett et al., 2012). The total extent of the Blue Hole record
is not known because the previously recovered cores did not reach
the Pleistocene–Holocene boundary (Gischler et al., 2008). This core-
length limitation refers to the fact that penetration depths of portable
electrical vibracorers to be used from small boats usually do not exceed
6–8 m. Larger drill rigs that could potentially drill tens of meters of core
may only be brought into the Blue Hole across the very shallow Light-
house lagoon with great difficulties and hazards for the environment.
To establish the sedimentary architecture, we designed a seismic
study to investigate the nature and structure of the base of the Blue

Hole and to estimate the total thickness of the sediment package that
can potentially be used as a high-resolution late Quaternary climate
and storm archive.

2. Setting

The Belize Blue Hole is located in the eastern lagoon of Lighthouse
Reef, Belize, which is part of the Belize barrier and atoll reef system
(Gischler and Hudson, 1998, 2004). The Blue Hole is a 125 m deep
and 320 m wide Pleistocene sinkhole (Fig. 1). It is surrounded almost
completely by coalesced coral patch reefs. Two channels through the
surrounding reefs are located in the north and east and connect the
Blue Hole with the atoll lagoon. The lagoon floor is about 5 m deep. In-
side the patch reef ring, there is a ca. 30° coarse sediment slope that
transitions to the vertical wall of the Blue Hole at 10 m of depth.
Below 90 m of depth, the water in the Blue Hole is anoxic (Dill, 1977).
New temperature and conductivity profiles show three negative steps
at 9–17 m, around 60 m, and from 80–100 m (Fig. 1). Water sampling
revealed that the two samples below 100 m of depth smelled strongly
of H2S. Both water samples from below 100 m of depth have high
concentrations of HCO3

−, which is probably a consequence of sulfate
reduction (Table 1).

The cylindrical shape of the hole presumably results from the col-
lapse of the roof of a karst cave (Dill, 1977), which left a circular ridge
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of debris at the bottom. Impressive evidence for the karst origin are
2–3 m long stalactites in ~50 m of water depth, which have formed
subaerially under overhangs during Pleistocene sea-level lowstands

(Dill et al., 1998). Jones and Dill (2002) obtained three preliminary
U-series dates of 153, 66–60, and 15 kyrs BP from the inner part of a sta-
lactite, suggesting formation of the Blue Hole during three consecutive
glacial sea-level lowstands. Vibracoring the bottom of the Blue Hole
has recovered undisturbed sediment that was used as a high-resolution
climate and storm archive (Fig. 2). Two main sediment types can be
discerned in an almost 6 m long core (Gischler et al., 2008). Laminated
annually-layered, fine-grained carbonates (muds, fine silts) represent
the background sedimentation. Lamination is a result of regularly
changing amounts of organic matter in the sediment. Coarser-grained
and massive beds of sands and silts reflect strong hurricanes sweeping
lagoonal sediments into the blue hole. The age model is based on
varve counting and six radiocarbon ages of the organic residue
(Fig. 2). The average background sedimentation rate amounts to
2.32 mm/yr.

The climate of the study area is sub-tropical with trade winds blow-
ing from the east for most of the year. Sea surface temperature in the
Lighthouse Reef lagoon fluctuates annually from 23–29 °C; sea surface

Fig. 1. (a) Location of the Blue Hole (Lighthouse Reef) in the Belize reef system (false color satellite image). (b) Aerial view of the Blue Hole in the Lighthouse Reef lagoon, looking east.
Photo by J.C. Smith. Note the proximity to the eastern reef margin of the atoll. (c) Temperature and conductivity profiles in cross-section through the Blue Hole (modified from Dill,
1977). Note that there are three negative jumps; most prominent jump from 80–100 m.

Table 1
Results ofwater analysesmade at ALA Aachen, Germany. Concentrations are inmg/L. Note
elevated bicarbonate concentrations in samples from 104 m and 114 m. The same
samples smelled intensively of H2S.

Sample HCO3− Cl− S2− SO4
2− Na+ K+ Mg2+ Ca2+

0 133 21,100 0.02 3210 10,300 529 1750 452
15 138 20,800 0.02 3520 10,200 537 1690 455
30 133 21,000 0.02 2980 10,200 532 1690 441
45 133 21,000 0.02 3090 10,100 538 1670 442
60 133 21,000 0.02 3110 10,100 518 1650 446
70 133 20,700 0.02 3040 10,200 525 1690 444
80 128 21,000 0.02 2940 10,100 521 1650 446
90 138 24,000 0.02 2990 11,500 469 1690 458
104 143 20,700 0.02 2960 10,300 525 1650 456
114 143 20,700 0.02 3010 10,100 516 1660 466
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salinity ranges from 37–41‰ (Gischler et al., 2003), with highest salin-
ities in the dry winter–spring months. Precipitation is elevated during
summer–fall. Tropical cyclones have passed the Belize barrier and atoll
reefs repeatedly during the 19–20th century, with five major storms
during AD 1851–2010 (http://www.nhc.noaa.gov).

3. Methodology

In March 2008, we collected ~6.800 m of seismic lines in the Blue
Hole including 16 north–south and east–west cross-sections, 2 diagonal
lines and 2 circular lines at the perimeter (Fig. 3). The seismic survey

Fig. 2. Core log of the long core 2001–2 taken at the bottom of the Blue Hole (modified from Gischler et al., 2008). Age-versus-depth plot is based on calibrated age data (see Table 2) and
layer counts in background sediments. Comparison of storm intensity in long core 2 from the Blue Hole (vertical arrows; blue horizontal lines) with periods of elevated paleo-hurricane
activity in other Belize records (pink horizontal bars) from McCloskey and Keller (2009) and McCloskey and Liu (2012).
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was conducted with a single-channel Geoacoustic 3.5 kHz pinger sys-
tem. The signal has a vertical resolution of b10 cm. Under ideal condi-
tions (i.e., no gas, fine-grained and soft sediment, high clay content), it
is able to penetrate to a subsurface depth of N50 m. The source/receiver
assembly operated from an inflatable catamaran that was towed by a
small power boat at a speed of ~4 km/h. Data were recorded digitally
in SEG-Y format and stored with GPS coordinates directly in the trace
headers. We used an on-screen live navigation system to obtain a regu-
lar, closely-spaced survey grid with a survey speed ~4 km/h. Data was
processed by applying a bandpass filter (2–6 kHz) and a flat gain.
No deconvolution was applied. Some tests were performed with a
constant-velocity migration to minimize themasking effects of side dif-
fractions, which however resulted in reduced quality of seismic reflec-
tions from the bottom sediments. We thus show unmigrated seismic
sections, and interpreted the wall geometry based on connected apexes
of side diffractions. All processing was completed in the field to assure

onsite quality control. Data was interpreted using KingdomSuite
software.

4. Results

Even when masked by strong side echoes related to diffraction near
the walls of the sinkhole, the seismic profiles clearly show steep (basi-
cally vertically) edges with a more or less flat basin floor that shallows
slightly to the east (Figs. 3, 4). The seismic stratigraphy of the
sub-horizontally layered bottom sediments may be recognized at large
travel times below the diffractions (Anselmetti et al., 2006).

The seismic stratigraphy in the basin shows up to 8 m of acoustic
penetration, before the amplitudes of the reflections fade. The seismic
reflections indicate a draping layer-cake-style sedimentary architecture
with gently increasing sediment thicknesses towards the east. The suc-
cession is characterized by intercalated seismic facies of medium to

Fig. 3. (a) Color-coded bathymetry of the Blue Hole including seismic track lines (black) that provide the bathymetric and seismic stratigraphic data (some of the irregularities in bathym-
etry in the steep wall are artifacts from automated interpolation). Note shallowing on the eastern side of the hole as a consequence of predominant sediment infilling from the east. The
coring location and displayed seismic lines in Figs. 3b and 4 are also indicated. (b) Correlation of seismic data with lithology of 585 cm long sediment core projected onto seismic line 4.
Core log was not corrected for possible compaction. Core-to-seismic correlation as achieved using a p-wave velocity of 1550 m/s and an assumed decompaction of 20%. Sediment
compaction was considered stronger in uppermost water-rich sediment core. Seismic units with reflectors are interpreted as characterized by grain-size changes.
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high-amplitude reflections and low-amplitude-to-transparent zones.
We distinguish five seismic units (A–E) that can be tracked with
confidence through the basin (Figs. 3b, 4) and can be correlated with
patterns revealed by a previous vibracore (Fig. 3b) described by
Gischler et al. (2008).

Uppermost Unit A displays higher-amplitude reflections at and near
the sea floor. We interpret these to be caused by the strong signature of
the seismic wavelet reflected at the sediment–water interface, as is typ-
ical for this kind of seismic source (Anselmetti et al., 2007). The lower
part of the unit then shows only low-amplitude reflections. Underlying
Unit B is characterized in the middle and upper parts by a series of
prominent highly coherent and high-amplitude reflections indicating
a sudden downsection change in physical properties. Unit C is seismical-
ly almost transparent and corresponds to a thick, homogenous unit of
silt. Two radiocarbon ages in this unit exhibit an age reversal, but

there is a slight overlap in error bars (Fig. 2). It is underlain by Unit D,
which shows in the E–Wprofile a clear lateral increase of seismic ampli-
tudes when the reflections reach the deepest part of the basin (Fig. 4).
Seismic Unit E is characterized by weak and laterally low-continuous
seismic reflections that gradually fade in amplitudes forming a down-
ward transition into a chaotic seismic facies. The top of Unit E forms
the base of clear seismic penetration, and only weak consistent reflec-
tions can be mapped in the uppermost ~2 m of this lowermost seismic
unit indicating a maximum total seismic penetration of ~8 m.

The seismic data was correlated at the coring site with the long core
of Gischler et al. (2008) (Fig. 3b). This core-to-seismic correlation was
achieved using a p-wave velocity of 1550 m/s of the sediments and
compensating for a core compaction of 20% during vibracoring, which
was based on previous experienceswith the identical drill system. Com-
paction of the Blue Hole core was presumably stronger in the upper,

Fig. 4. Seismic lines 4 (EW) and 18 (NS) crossing the Blue Hole as an overview (top small figures) and details of the basinal seismic stratigraphy (bottom figures). Area of detail in lower
figure is indicated in upper figure by black rectangle. Green horizon indicates sea floor morphology interpreted from seismic diffractions (data are not migrated). The steep edges only
produce side-echoes, so that quasi-vertical cliffs are identified at the origins of the diffractions, resulting in the interpreted topography. Note that clear horizontal layering of the basinal
sediments, indicated by stratigraphy of color-coded reflections, fades below ~8 m sediment depth. Also note the shallowing basin floor towards the east, as a result of wind-controlled
predominant sediment source. High-frequency undulations of basin floor are swell-artifacts of survey.
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water-rich zone as compared to the lower part of the core (Fig. 3b). This
correlation displays an excellent match between seismic data and
drilled lithologies: The prominent high-amplitude reflection at the
Unit A–B boundary is matched with coinciding downcore onset of
thick sandy storm layers at 120 cm core depth that represent an
increase in acoustic impedance. Seismic Unit C, characterized by low-
amplitude to transparent seismic facies then coincides with a thick
homogenous and coarse interval from 272–402 cm core depth. Unit D
coincides with a laminated interval from 402 to 520 cm, with few
intercalated thin sandy layers. The basinward increasing reflection
amplitudes within this unit indicates a basinward thickening of these
sandy layers resulting in gradually increasing thickness of seismic
‘reflectors’ yielding this lateral change in seismic facies.

5. Discussion and conclusions

5.1. Formation and thickness of sedimentary deposits

A minimum of 8 m of layered sediment covers the bottom of the
Blue Hole. Based on the seismic-to-core correlation (Fig. 3), the
5.85 m long core with a basal age of ~1.385 years (Fig. 2) reaches its
decompacted state near the lowermost reflections where acoustic
energy slowly fades. As there is no clear acoustic basement, it remains
difficult to judge how much more sediment occurs below the base of
the core so that another 1–2 m of sediment cannot be excluded.

The eastward increasing thickness of the five Holocene seismic units
and the related shallower water depth is without doubt a consequence
of the major sediment input from the east. Apart from the easterly
winds that predominate over the year, one of the major openings
through the reef rim around the Blue Hole is located in the east.
(Fig. 1). During periods when lagoon-derived input of mud and fine
silt is slow and continuous, seasonally changing nutrient concentrations
result in annually alternating layers that can be used to estimate the
intervals between sandy and silty event-type interlayers related to
major storms (Gischler et al., 2008). The fact that both sandy and silty
event layers are present might be related to storm tracks. Cyclones
approaching from the east more likely pick up sandy material from
the reef margin whereas northeasterly or northerly storms stir up and
transport more fine-grained sediment from the N–S-extending atoll
lagoon.

We interpret the low-reflectivity seismic facies of seismic Unit E
below ~8 m sub-seafloor depth as the pre-transgression basement of
Pleistocene bedrock, and the Pleistocene–Holocene unconformity does

not allow further acoustic penetration. The depth of the Blue Hole plus
the seismically measured sediment thickness at the bottom add up to
128–130 m, which would be the elevation of the glacial water table
(Bard et al., 1990), indicating the hole as a water table cave (White,
1988).

Upon the initial sea-level rise, the Blue Hole was connected to the
sea level-controlled hydraulic head, so a freshwater lake with unknown
rates of in situ sediment production formed during the late Glacial and
early Holocene periods. Marine inundation of the Blue Hole presumably
occurred via primary and karst conduits in the surrounding Pleistocene
limestone. Radiocarbon dates of aragonite cement on a stalactite from
~50 m of depth range from 10.22–11.54 kyrs BP (Dill et al., 1998),
fitting the postglacial sea-level curve of Bard et al. (1990). The Light-
house Reef lagoon floor at elevations of 12–7 m below present sea
level was reached by the rising sea during 7.80–6.85 kyrs BP, based on
basalmangrove peat and coral radiocarbon age data (Table 2). Lagoonal
carbonate sedimentation on top of basal peat units started after a ~2-
kyr-hiatus during 4.70–2.17 kyrs BP according to radiocarbon age data
from basal lagoonal carbonate deposits (Gischler and Hudson, 1998;
Gischler and Lomando, 2000; Gischler, 2003; Schultz et al., 2010). Ap-
parently there had been a lag before the carbonate factory was fully
operating, presumably due to inimical, nutrient-rich and turbid lagoon
waters that prevailed after marine inundation of soils and peaty sedi-
ments. Assuming an onset of lagoonal carbonate sedimentation during
4.7–2.17 kyrs BP, a Holocene sediment package of 5.5–11.75 m thick-
ness can be expected at the bottom of the Blue Hole. The thickness of
~8 m as measured by seismic stratigraphy lies within this range. The
fact that the top of the lowermost seismic Unit E, which forms almost
the base of seismic penetration, is rather flat and shows over ~200 m
lateral extent only a slight eastward increase in elevation of about
2 m, indicates that there is likely a leveling unit below this horizon
(i.e., sediments) covering karstic inhomogeneities. These sediments
could potentially comprise marine carbonates, freshwater carbonates,
and/or organic-rich sediments, the latter two being deposited during
initial transgression when the Blue Hole was a karst hole (cenote) in a
subaerially exposed isolated carbonate platform.

5.2. Seismic units as storm archive

The high-amplitude reflections in the seismic profiles are
interpreted to reflect intercalations of fine and coarse grained layers.
The latter result in higher density and p-wave velocity, thus higher
impedance contrast, i.e., the changes between background and event

Table 2
Age data of basal Holocene peats and corals and basal carbonate sediment in cores taken at Lighthouse Reef. For locations of cores refer to references (source).

Lighthouse
lagoon core

Material Depth b. SL
m

Measured
age

Error
±

Yrs
cal BP

Error
±

Source

L5 Basal peat 7.5 6950 70 7800 140 Gischler (2003)
L6 Basal peat 8.4 6660 90 7545 125 Gischler (2003)
L10 Basal peat 6.5 5920 60 6848 133 Gischler and Lomando (2000)
L13 Basal peat 10 6710 50 7478 78 Gischler and Lomando (2000)
L14 Basal peat 7 6430 50 7295 90 Gischler and Lomando (2000)
L7 Basal coral 7.9 6010 60 6885 135 Gischler and Hudson (1998)
L12 Basal coral 7.5 6620 60 7095 130 Gischler and Lomando (2000)
L1 Basal carbonate 9 3470 60 3750 150 Schultz et al. (2010)
L4 Basal carbonate 11.9 4120 60 4695 155 Gischler (2003)
L5 Basal carbonate 7.25 3400 60 3850 200 Schultz et al. (2010)
L6 Basal carbonate 8.15 2050 50 2170 130 Schultz et al. (2010)

Blue Hole core Material Depth in core
m

Yrs
cal BP

Error Source

BH-top Organic residue 0.25 510 40 0 0 Gischler et al. (2008)
BH-1.5 Organic residue 1.5 620 40 430 70 Gischler et al. (2008)
BH-mid Organic residue 2.95 1430 70 1045 135 Gischler et al. (2008)
BH-4 Organic residue 4 1150 40 860 80 Gischler et al. (2008)
BH-base1 Organic residue 5.8 1690 50 1410 110 Gischler et al. (2008)
BH-base2 Organic residue 5.85 1780 50 1385 105 Gischler et al. (2008)
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sediment layers. This is consistent with the increased numbers of storm
layers in units B and D (Gischler et al., 2008; Fig. 2). The coarser litholo-
gies are interpreted to have been deposited during extreme storm
events. In Unit D, and to a lesser degree in unit B, the reflection ampli-
tudes are higher on the western side of the Blue Hole near the basinal
depocenter (Fig. 4, mid panel). This is interpreted with coarser litholo-
gies on the flat basin plain in the west, where turbidity currents
(underflows) are slowed down and deposit the coarser grains. These
coarser lithologies result in higher acoustic impedances producing
higher reflection amplitudes on the seismic data. The reflection ampli-
tudes increase in both Units B and D when the slope angle decreases
towards the basin floor below a certain threshold, which occurs in
Unit B rather abruptly with a kink in paleotopography (approx. at the
coring location) and in Unit D more gradually further to the west.
Seismic Unit C can be correlated with the thick event layer that was
deposited around AD 1100. Unit A is composed of mud and silt layers
with low variance in physical properties coinciding and explaining its
seismic transparency.

Climate data indicate that the intensity and destructiveness of
cyclones in the Atlantic over the past few decades has increased
(e.g., Webster et al., 2005), and future models predict a continued in-
crease (Bender et al., 2010; Knutson et al., 2010). Hoyos et al. (2006)
and Saunders and Lea (2008) have argued that the rise in sea surface
temperatures plays a major role. At longer timescales, however, there
exists evidence for a decrease in cyclone activity in the western Atlantic
since about AD 1500 (Gischler et al., 2008;Mann et al., 2009; Lane et al.,
2011), possibly as a consequence of the fact that elevated temperatures
as in the medieval warm period were exceeded only after AD 1800 or
1900. Long-term cyclone records have been typically obtained from
distinct overwash sand layers, storm rubble and boulder ridges above
highest astronomical tides, or onshore marine organism within coastal
lakes, lagoons, and marshes (e.g., Donnelly and Woodruff, 2007).
However, storm archives are often controversial, which is also the
case for Belize (Gischler et al., 2008; McCloskey and Keller, 2009;
McCloskey and Liu, 2012).

According to the Blue Hole record, storm frequency in Belize was el-
evated from ca. AD 700–900 and ca. AD 1200–1500 (Fig. 2). Two storms
left a signature in the late 20th century, probably hurricanes Hattie of
1961 andMitch of 1998. The event bed at AD 1100 is by far the thickest
and largely composed of silts. This could hint to an unusually long-
lasting, i.e. slowlymoving cyclone that might even have been stationary
in the Gulf of Honduras for an extended time period. Also, the storm ap-
proach was most likely from the northeast or north thereby collecting
high amounts of fine-grained sediment from the N–S-extending atoll
lagoon. Fine-grained sediment stirred up by hurricanes is known to
stay in suspension for several days (Shinn et al., 1993). Interestingly,
this thick stormbed closely follows the end of the demise of the Classical
Maya civilization around AD 1000 (Kennett et al., 2012). It could be
speculated whether this major storm event, which could have poten-
tially flooded and destroyed crops in coastal lowlands, was yet another
factor of Classical Maya decline, in addition to the extended drought
period of AD 1020–1100 (Kennett et al., 2012).

Differences to and among the coastal storm archives of Belize
(McCloskey and Keller, 2009; McCloskey and Liu, 2012) presumably
result from the different locations of and distances to individual storm
tracks. Apparently, differences in event records from closely-spaced
locations exist and underline the significance of local variability in
sediment source, transport, and preservation. The exact track of the cy-
clone across an extended coast is also of importance andmay cause local
differences in event bed archives. The lower number of storm beds in
the Blue Hole record (two in the 20th century) as compared to the
existinghistorical record (twenty in the 20th century) supports the con-
tention that only major, categories 4 and 5 cyclones produced event
beds in the Blue Hole. The historical hurricane record (www.noaa.gov/
nhc) lists only five category-5-hurricanes during AD 1851–2010 that
made landfall in Belize. Extrapolated to the Blue Hole core record, the

total number of major storms would be 43 during the past
1.385 years. In the core, 37 event layers (sands, silts) were recorded
(Fig. 2), which would support the above interpretation. An explanation
is the fact that onlymajor storms left a record in the Blue Hole, and, only
when the storm track passed in the vicinity of the location. During the
historical observation period since AD 1851, three out of five cyclones
left event layers.
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