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ABSTRACT  

Last 2000 Year Climate Sediment Record from the Belize 

Central Shelf Lagoon: A detailed Archive of Droughts and 

Floods Linked to the Collapse of the Mayan Civilization and 

Caribbean Historical Famines  

by 

Ayca Agar Cetin 

 Two vibrocores, dated via radiocarbon analyses of benthic foraminifera, 

Quinqueloculina, were retrieved, among several additional cores, from the Belize Central 

Shelf Lagoon; BZE-RH-SVC-58 from Elbow Caye Lagoon and BZE-ECC-SVC-68 from 

English Caye Channel. Weathering rates on the adjacent Maya Mountains, influenced by 

fluctuating precipitations, are recorded by Ti, K, and Al count downcore variations. 

During the 800-900 CE century, time of the Mayan Terminal Classic collapse, unusually 

low Ti-K counts and Ti/Al record severe droughts in the Yucatan Peninsula. High Ti-K 

counts and Ti/Al, although highly variable, during the Medieval Climate Anomaly (CE 

900-1350) correspond to an unusually warm period. Two 100-to-250 years-long intervals 

of higher precipitation with frequent tropical storms are separated by a century (CE 1000-

1100) of severe droughts and low tropical storm frequency coinciding with the collapse 

of Chichen Itza (CE 1040-1100). During the Little Ice Age (CE 1350-1850), Ti-K counts 

and Ti/Al reach minimum values. 
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Preface 

This Master’s thesis is based on eleven gravity and vibrocores collected in 2009 

within the Belize Central Shelf Lagoon.  The main part of this thesis has incorporated 

only two of these cores, BZE-RH-SVC-58 from Elbow Caye Lagoon and BZE-ECC-

SVC-68 from English Caye Channel, based on which, a short manuscript will be 

submitted to Nature Geoscience. A detailed description of the overall analytical methods 

and the analysis results of the other cores are included in Appendix A. 
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1. Introduction 

Models predict significant climate changes for the Earth in this coming century 

(IPCC, 2014). Increasing carbon dioxide concentrations in the atmosphere linked to 

burning fossil fuel is not resulting only in increasing Earth global temperature, but also in 

triggering extreme climate events uncommon in the past century (Zwiers and Kharin, 

1997 and Yonetani and Gordon, 2001). In the last several decades, extreme daily 

temperatures, unusually high and low precipitation, stronger storms at tropical and mid 

latitudes (i.e. hurricanes and snow blizzards), heat and cold waves, droughts and floods 

are among some extreme climate events humanity has experienced (Easterling et al., 

2000). Extreme climate generates unexpected and unusual events at relative short 

timescale often dramatically impacting our societies with severe droughts, directly tied to 

population malnutrition and famines in the near future, possible regional conflicts, and 

excessive loss of life, at astronomically high economic and monetary costs (Easterling et 

al., 2000). Paleo climate studies at time when the Earth was unusually warm become 

important analogue cases to test more accurately models for climate change and extreme 

variabilities in the next couple centuries. The Medieval Climate Anomaly (MCA, CE 900 

– 1350) is one of the most recent warm intervals that paleo-climatologists have focused 

on, in particular in the Yucatan Peninsula because it is part of a time interval when the 

Mayan civilization collapsed (Carrillo-Bastos et al., 2010, Medina-Elizalde et. al., 2010, 

and Haug et al., 2003). This study, spanning through three important periods, the Mayan 

Terminal Classic Collapse (TCC, CE 800 – 900), the Medieval Climate Anomaly (MCA, 

CE 900 – 1350) , and the Little Ice Age (LIA, CE 1350 – 1850), is therefore useful to 

understand the link between extreme climate variability and the struggle and final demise 
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of civilizations. Climate conditions during the MCA display significant examples of 

extreme climate events during a five century-long period, when climate conditions were 

highly variable in the different parts of the world; while Europe was experiencing warmer 

temperatures with high precipitation and medieval cities and cathedrals were built, some 

parts of Africa became drier as a result of lack of precipitation (Perry and Hsu, 2000, 

Büntgen et al., 2011, and Graham et. al., 2011). The Classic Mayan Civilization thrived 

during a period characterized by relatively stable climate ) in the Caribbean region (CE 

300 - 650) (Hodell et al, 1995, Curtis et al., 1996, Gill, 2000, Haug et al., 2003, Hodell et 

al., 2005, Medina-Elizalde et al., 2010, and Kennett et al., 2012), whereas, during the 

MCA and the century preceding it, highly variable extreme climate conditions in 

particular a series of dramatic droughts is assumed to have triggered its final demise (CE 

750-1050). 

This study has developed a climate record for the last 2000 years from the mixed 

carbonate/siliciclastic Belize Central Shelf Lagoon (BCSL). As a part of the Yucatan 

Peninsula eastern continental margin, the mixed sediments deposited in the BCSL in that 

period of time, therefore, contain climate archives proximal to the land areas where the 

Mayan Civilization thrives and then abruptly collapsed (CE 300-1050), in addition to 

climate variation records for the northern Caribbean region during the second part of the 

MCA and LIA. The element counts, via X-Ray Fluorescence (XRF), of a set of mixed 

carbonate/siliciclastic sediment cores from the BCSL yielded significant details of 

weathering and, therefore, precipitation variations through last 2000 years. The climate 

variations influence the chemical weathering rates of land areas, in particular mountain 

terrains; rates are faster during periods characterized by higher temperatures and high 
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precipitation, whereas they are slower during periods of colder temperatures and lower 

rainfall rates (Gislason et al., 2009; Haug et al., 2001). Because Ti and K counts and 

Ti/Al in shelf sediments are linked to the weathering rates of terrestrial siliciclastic 

hinterland, these elements are known to be faithful proxy records for precipitation and 

were selected to determine the precipitation record that influenced the southeast Yucatan 

Peninsula in the last 2000 years.  

 

2. Location and Geology 

 Belize is located along the southeast coast of the Yucatan Peninsula, between 

latitudes 15o52'9" and 18o29'55" North and longitudes 87o28' and 89o13'67" West (Figure 

1 A&B).  Contrasting geologic provinces and topographic terrains characterize the Belize 

mainland. A large mountainous complex, including the Maya Mountains, south of Belize 

City, covers two thirds of the mainland and is the main siliciclastic source for the 

sediment accumulating along the Belize margin (Figure 1A). Abundant rainfall supplies 

several major rivers (e.g., Belize, Sibun, and Sittee rivers; Figure 1B) which deliver large 

volumes of siliciclastic sands, silts, and muds to the narrow fluvial plains, coastline, and 

the Central and South Shelf (Purdy, 1974b; James et al., 1979; Purdy et al., 2003). The 

BCSL, ranging in water depths between 10 and 40 m, is bounded on its east side by the 

longest Barrier Reef of the Atlantic Ocean (Figure 1B). Mixed siliciclastic and carbonate 

sediments accumulate in the lagoon (Westphall, 1986; Esker et al. 1998; Ferro et al., 

1999; Lara, 1997; Purdy et al., 2003; Gischler, 2003; King et al., 2004; and Gischler et 

al., 2010). The modern BCSL mixed system evolved during the mid-Holocene when 

rising sea level during the second part of last deglaciation re-flooded this part of the 
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margin, including a fluvial plain bounded on its eastern sided by a karstified barrier and 

back barrier reef accumulated during the previous interglacial or MIS 5e (Shinn et al., 

1982; Westphall, 1986; Gischler and Hudson 2004; Macintyre et al., 2004 Gischler et 

al.2010). 

 

Figure 1. (A) Locations of the study area, Belize Central Shelf Lagoon, shown in the 

black rectangle; siliciclastic source from the Maya Mountains: Yok Balum Cave and 

Lakes Chichancanab are shown in the Yucatan Peninsula topography map. (B) Map of 

the Belize Central Shelf Lagoon showing the locations of the Rhomboid Reefs, and 

English Caye Channel. Blue Hole is located in Lighthouse Reef offshore Belize. Google 

Earth satellite images of Elbow Caye (C) and English Caye Channel (D) show locations 

of cores 68 and 58. 
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3. Climate 

 The climate of Belize and southeast Yucatan is strongly influenced by the position 

of the Intertropical Convergence Zone (ITCZ) and its related zone of high precipitations. 

During the boreal summer-fall seasons, the ITCZ migrates to its northernmost position; 

while, during the winter-spring seasons, it migrates to its southernmost position. In 

Belize, therefore, rainfall is highly seasonal and unevenly distributed into wet summers 

and dry winters; precipitation rates increase from north to south, reflecting the highest  

elevations of the Maya Mountains in addition to their more meridional location (Figure 

1A)  (Purdy et al., 1975; James et al., 1979). As a consequence, the flat northern region 

receives less than 24 cm/y of precipitation, while the mountainous central and southern 

regions receive up to 70 cm/y (James et al., 1979). The Belize Holocene climate record 

had to be quite similar as the Caribbean-African climates. The dry climate during the 

Younger Dryas became wetter during the early Holocene for more than 4000 year. Then 

dense forest covered Guatemala in the early Holocene (Islebe et al., 1996, Wahl et. al., 

2006, and Carrillo-Bastos et. al., 2010). About 3000 years ago, the climate became drier 

and remained relatively dry during the late Holocene in the Yucatan inland area (Hodell 

et al, 1991). The last 2000 years-long record of climate variations have documented 

prominent climatic events including severe droughts, extreme climate conditions, 

associated with highly variable temperature, tropical cyclones, and droughts, during the 

MCA. Climate became drier on the Yucatan Peninsula in the 15th century C.E. near the 

onset of the LIA; Hodell et al., 2005).The climate conditions remained variable but 

comparatively colder and drier during the Little Ice Age. (Hodell et al, 1995, Curtis et al., 

1996, Gill, 2000, Haug et al., 2001, Haug et al., 2003, Peterson and Haug, 2005, Hodell 
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et al., 2005, Moberg et al., 2005, Cronin et al., 2010, Carrillo-Bastos et. al., 2010, 

Medina-Elizalde et al., 2010, Kennett et al., 2012, and Denommee et. al., 2014)   

 

4. Core Locations and Methods  

Two submersible vibrocores, BZE-RH-SVC-58 (16o40’10.56”N and 

88o10’6.42”W) from Elbow Caye Lagoon and BZE-ECC-SVC-68 (17o21’37.98”N and 

88o09’11.04”W) from English Caye Channel, were acquired in June 2009 at ~ 30  and 19 

m of water depth, respectively (Figure 1B, C, and D) and stored in cold core facility at 

Louisiana State University (LSU), Baton Rouge. Due to the sediment disruption at the 

base of core 58, from 100 to 127 cm, only the top 100 cm of core 58 were scanned in this 

study. 

Dried fine fraction (<63µ) samples were used to measure particle size and 

carbonate content. Particle size fractions were measured at Rice University with a 

Malvern Master Sizer 2000 particle size analyzer and carbonate content (%) by carbonate 

Bomb. Light and heavy element counts, to mentioned only a few, Ti, Si, K, Fe, Al, Ca, 

and Sr, in split cores were measured by using an MSCL core logger and an Innov X Delta 

X X-Ray Fluorescence instrument in LSU. Based on the downcore trends in Ti and K 

variations, twelve benthic foraminifer samples (Quinqueloculina) from core 68 and 

eleven Quinqueloculina from core 58, were selected at about 10-20 cm-spaced intervals 

for accelerator mass spectrometry (AMS) radiocarbon dating. Samples, ranging in 

weights between 0.3 and 11 milligrams were sent to the University of California, Irvine 

Keck AMS facility. Results were corrected according to Stuiver and Polach (1977) and 

calibrated with software CALIB 7.0.2 by using Marine13 data. Because site specific R 
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value does not exist for the Belize Central Shelf Lagoon, 405 years global marine 

reservoir correction was applied while calibrating the radiocarbon ages. Furthermore, 

negative ages, most likely resulting from the1950’s thermonuclear weapon trials, were 

not considered for this study.  

 

5. Results 

In core 58, carbonate content remain high throughout the core and very much constant 

(85-89%), whereas clay volume % is relatively low (< 20%) with a variability of less than 

7% (Figure 2A). This contrasts with core 68 in which carbonate content values increase 

up the core from 44 to 75% and clay volume values decrease from 27 to 15% (Figure 

2B). Among the many elements counts obtained via XRF scans, only Ti and K counts 

downcore variations are plotted in Figure 2 for cores 58 and 68. In both cores, the Ti and 

K counts closely vary in unison with one another and decrease up the cores, not linearly 

but by a series of clear steps (Figure 2). Average Ti and K counts are two to three times 

higher in core 68 from English Caye Channel than in core 58 from the lagoon of Elbow 

Caye. The different morphologies of English Caye Channel and Elbow Caye and 

distances from the main river mouths to the core locations appear to control the 

difference in clay flux and the Ti and K counts (Figure 1B). The lagoon of Elbow Caye 

Channel, one mini atoll in the Belize Rhomboid Reef area, is almost fully closed by a 

coralgal rim that had grown already to sea level in the past 2 ky (Westphall et al., 1986) 

and, therefore, limiting the siliciclastic flux into the lagoon by hypopycnal flow, while in 

English Caye Channel, a partially unfilled lowstand incised valley fully open on its west 

side to the BCSL and located at closer distance to the mouths of the Belize and Sibun 
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Rivers (Figure 1B), siliciclastic sediment dispersal and transport into English Caye 

Channel are expected to be both through hypo- and hyperpycnal flows, the latter occurred 

most likely when the rivers draining the Maya Mountains were loaded by sediment in 

suspension during high precipitation periods, whereas hypopycnal flow prevailed during 

times of droughts. 

 

Figure 2. Downcore variations of Ti and K counts, carbonate content (%), and clay 

volume (%) for core 58 (A) and core 68 (B). Also shown radiocarbon ages (including 

error bars) and depth/age models (green lines) for each core (see details in text). 

The timeframes of cores 58 and 68 were well-constrained by accelerator mass 

spectrometry (AMS) radiocarbon dating of benthic foraminifera, Quinqueloculina. Ten 

benthic foraminifer samples in each core 68 and core 58, selected at about 10-20 cm-

spaced intervals, were adequate to develop an age/depth model (Figure 2). Their 

measured ages were first corrected and calibrated then converted into Common Era (CE) 
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years (Table 1). In Figure 2, core 68 represents in time the last 2000 years, whereas core 

58 only the last 1500 years. 

Because carbonate content values and clay volume (%) remain mostly unchanged 

along core 58, a constant sedimentation rate (0.07 cm/yr) was applied to build a depth/age 

model for the core (Figure 2A). Only 6 out of the 10 radiocarbon ages were taken in 

consideration in this model, the other 4 ages, too old relative to the ones included in the 

model, were interpreted to be reworked foraminifera from the steep rim enclosing Elbow 

Caye lagoon.  In contrast, sedimentation rates in core 68 likely varied through time to 

explain the variable carbonate content values and clay volume (%) (Figure 2B). Eight out 

of 10 available radiocarbon ages were included in the depth age model of core 68. Two 

unusually old ages, most likely representing reworked foraminifera, were disregarded. 

The sedimentation rates are about 2.5 times higher in core 68 than in core 58.  

When, in Figure 3, Ti count and Ti/Al variations are plotted in time (CE) for cores 

68 and 58 and are compared with a Ti % record from the Cariaco Basin (Haug et al., 

2001), it is remarkable how the four records closely mimic each other in the past 1400 

years. To facilitate the comparison between the different records, three important time 

intervals are displayed in the background of  Figure 3, (1) the Mayan Terminal Classic 

Collapse (TCC, CE 800 – 900; Hodell et al, 1995, Curtis et al., 1996, Gill, 2000, Haug et 

al., 2001, Haug et al., 2003, Peterson and Haug, 2005, Hodell et al., 2005, Medina-

Elizalde et al., 2010, and Kennett et al., 2012), (2) the Medieval Climate Anomaly 

(MCA, CE 900 – 1350; Haug et al., 2003, and Cronin et. al., 2010 ), and (3) the Little Ice 

Age (LIA, CE 1350 – 1850; Haug et al., 2003, Peterson and Haug, 2005, and Cronin et. 

al., 2010). 
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Core ID 
Depth                           

(cm) 

14C Age                    

(yrs BP) 

Calibrated 14C 

Age (cal yrs BP) 

Calibrated 14C Age 

(cal years CE/BCE) 

BZE-RH-SVC-58 3-6 290±15 ** ** 

BZE-RH-SVC-58 10-13 915±25 517±19 1434±19 

BZE-RH-SVC-58 20-23 755±25 405±43 1546±43 

BZE-RH-SVC-58 30-33 1290±25 839±41 1112±41 

BZE-RH-SVC-58 40-43 975±15 552±18 1364±18 

BZE-RH-SVC-58 50-53 1395±25 937±28 1013±28 

BZE-RH-SVC-58 62-63 1360±25 912±30 1038±30 

BZE-RH-SVC-58 70-73 1600±25 1176±42 774±42 

BZE-RH-SVC-58 83-86 1605±25 1182±40 769±40 

BZE-RH-SVC-58 90-92 1755±25 1300±26 650±26 

BZE-RH-SVC-58 96-100 1855±15 1384±37 566±37 

 

Core ID 
Depth                           

(cm) 

14C Age                    

(yrs BP) 

Calibrate

d 14C Age (cal yrs 

BP) 

Calibrated 
14C Age (cal years 

CE/BCE) 

BZE-ECC-SVC-68 3-6 -495±40 ** ** 

BZE-ECC-SVC-68 27-29 -65±20 ** ** 

BZE-ECC-SVC-68 63-66 880±15 499±14 1452±14 

BZE-ECC-SVC-68 75-78 995±15 581±29 1369±29 

BZE-ECC-SVC-68 93-96 1090±15 652±15 1298±15 

BZE-ECC-SVC-68 129-132 1430±30 967±40 983±40 

BZE-ECC-SVC-68 134-136 1335±20 887±32 1064±32 

BZE-ECC-SVC-68 170-173 1350±15 903±23 1047±23 

BZE-ECC-SVC-68 193-196 1465±20 1006±35 944±35 

BZE-ECC-SVC-68 197-199 1575±15 1138±36 812±36 

BZE-ECC-SVC-68 230-233 1730±20 1280±21 670±21 

BZE-ECC-SVC-68 438-442 2330±40 1939±55 11±55 

 

Table 1: Radiocarbon ages determined using benthic foraminifer, 

Quinqueloculina. Conventional radiocarbon ages have been corrected for isotopic 

fractionation according to the conventions of Stuiver and Polach (1977), with 13C values 
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measured on prepared graphite using the AMS spectrometer by the KECK Carbon Cycle 

AMS Facility. Conventional ages have been calibrated to calendar year BP and CE/BCE 

by using CALIB 7.0.2 software and Marine13 data set. ** Negative aged samples from 

C68, 3-6 and 27-29, and one young aged sample from C58, 3-6, could not be calibrated 

by this software. These negative aged samples contain excess 14C, probably from 20th 

century Thermo nuclear weapon tests.  

 

Ti counts increased in core 68 from relatively low counts at CE 100-200 to high 

values at CE 650. Since CE 650 and for the following 250 years, Ti counts and Ti/Al 

systematically decrease to reach extreme minimum values in the CE 800-900 century in 

the core 58 and Cariaco Basin records (Figure 3). This interval corresponds to the Mayan 

TCC. Then, the Ti counts and the Ti/Al in Belize as the Ti % in the Cariaco Basin reach 

two intervals (CE 900 – 1000 and CE 1100 – 1350) with values as high as they were at 

CE 650; this time interval spanning from CE 900 and 1350 coincides with the MCA. 

These two high Ti count and Ti/Al intervals during the MCA are separated by one 

century (CE 1000 -1100) when Ti counts and Ti/Al in both the Belize and Ti % Cariaco 

Basin records reach minimum values as low as they were during the 9th century. The few 

decades centered around years CE 1350 are marked by a sharp decrease of Ti and Ti/Al 

values in both the Belize and Cariaco Basin records. This transition coincides with the 

MCA/LIA boundary.  Ti count and Ti/Al values in Belize and Ti % in Cariaco Basin 

usually remain low during the LIA until the 19th century, although relatively high 

amplitude variations are observed. 

Ti counts and especially Ti (%) or Ti/Al through XRF scans of shelf and basin 

sediments have become well accepted as excellent proxies for weathering rates of the 

adjacent hinterland; highest rates are linked to warm climate and high precipitation and 

vice versa (Haug et al, 2001, Peterson and Haug, 2005; Young and Nesbitt, 1998). These 
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authors have successfully tied the Ti record from the Cariaco Basin (Figure 3) to the 

variations of the ITCZ latitude migration across the Caribbean region in relationship with 

climate change at century time scale in the North Atlantic Ocean. Climate models have 

tested the effects of a weakened North Atlantic Meridional Overturning Circulation 

(MOC) (e.g., Vellinga and Wood, 2002; Zhang and Delworth, 2005) and predicted a 

southward shift of the ITCZ significant enough for it to exit fully the Caribbean and 

western Atlantic Ocean resulting in catastrophic droughts in Central America, Caribbean, 

and northern South America. In this context, Haug et al. 2001 tied extreme low Ti 

concentration in the Cariaco Basin, offshore the northern coast of Venezuela, to a century 

of extreme droughts centered ~ CE 800, well established time of the Mayan TTC, during 

which Medina-Elizalde et al. (2010) estimated that the precipitation dropped 36 to 52%. 

The rather excellent similarities between the two Belize Ti records, developed in this 

study in cores 68 and 58 located in such a close proximity of the Yucatan Peninsula 

where the Mayan civilization thrived, and the rather distal Cariaco Ti record strengthens 

Haug et al. (2001) interpretation.  

The good similarities between the Belize and Cariaco Basin Ti and Ti/Al records 

extend also for the MCA and the LIA (Figure 3). These records can also be interpreted, 

therefore, as excellent proxy for variations in precipitations with generally high 

precipitations when the ITCZ had migrated as far north as the latitudes of the Yucatan 

Peninsula during the MCA ending rather abruptly at about CE 1350 when the LIA was 

initiated. A much drier climate was established during the LIA in the Caribbean and 

Yucatan (Hodell et al., 2005) and historical famines caused by extreme droughts are well 

recorded in archives (Hodell et al, 1995, Curtis et al., 1996, Gill, 2000, Haug et al., 2001, 
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Haug et al., 2003, Peterson and Haug, 2005, Hodell et al., 2005, Medina-Elizalde et al., 

2010, and Kennett et al., 2012).   

  

Figure 3. Comparison of Ti element count variations of cores 68 and 58 with 

Ti/Al variation of core 58 and Ti % record of sediments deposited in Cariaco Basin, 

Venezuela (Haug et. al., 2001) during the last 2000 years. Ti and Ti/Al counts variations 

from shelf and basin cores are good proxy of adjacent hinterland weathering and 

therefore precipitation. Based on these variations, identified three main periods are shown 

in yellow, Mayan TCC (CE 800-900) and LIA (CE 1350 – 1850) and in green, MCA (CE 

900 – 1350) along with major Mayan historical events. The change in precipitation 

amounts, influenced by ITCZ migration, is indicated with arrows.  
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Moreover, the Belize and Cariaco Ti and Ti/Al records clearly demonstrate that 

precipitations were not high throughout the MCA. On the contrary a century-long very 

low Ti and Ti/Al concentrations (Figure 3) occurred in both records between CE 1000 -

1100 and, therefore, pointing out to dramatic droughts in the middle of the MCA, 

coinciding with the collapse of Chichen Itza (CE 1040-1100) in the northern part of the 

Yucatan Peninsula, marking the end of the Mayan Civilization (Kennett et al., 2012).  

 

6. Discussion 

In Figure 4, as an additional and even stronger validation than the comparison 

between the Ti and Ti/Al records from the Belize Central Shelf Lagoon (cores 68 and 58) 

and from the Cariaco Basin in Figure 3, the Ti/Al record at core 58 is compared for the 

last 1350 years to three published climate records from the Yucatan Peninsula, the Yok 

Balum Cave (Figure 1A; South Belize) δ18O stalagmite rainfall record (Kennett et al., 

2012), the Lakes Chichancanab density/gypsum drought record (Figure 1A: North 

Yucatan, Mexico) (Hodell et al., 2005), and offshore Belize, on the Lighthouse Reef, the 

Blue Hole tropical cyclones record (Denommee et al., 2014). These regional records are 

also compared to a Northern Hemisphere temperature record (Moberg et. al., 2005). As in 

Figure 3, to help guide the comparison between  the different climate records, three times 

intervals are highlighted: (1) the Mayan TCC (CE 800 - 900), (2) the MCA (CE 900 - 

1350) and  (3) LIA (CE1350 -1850). 
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Figure 4. (A) Density record of sediments with gypsum multiple layers 

accumulated in Lakes Chichancanab (Hodell et al., 2005), (B) Number of Tropical 

Cyclone (TC) event years per 20 years in Blue Hole, Lighthouse Reef (Denommee et al., 

2014), (C) Ti/Al ratio variations through time (from CE 650-2000), in the Belize Central 

Shelf Lagoon (Elbow Caye Lagoon, Rhomboid Reef Area), linked to the weathering rates 

of the Belize hinterland, Maya Mountains, and therefore excellent proxy for precipitation 

fluctuations, (D) Oxygen isotope variations, precipitation proxy record, in a stalagmite 

from Yok Balum Cave, and major historical events tied to the Mayan Civilization 

Collapse (Kennett et al., 2012), (E) Northern Hemisphere temperature anomaly variations 
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show similar overall general trend as the ones observed in the Belize and Yucatan paleo 

climatic records since 650 CE (Moberg et al., 2005). Arrows to the right of the figure 

represent wetter and drier climate linked to variations through time of the ITCZ 

latitudinal migration. The Mayan Terminal Classic Collapse (TCC, 800 - 900 CE), shown 

in yellow, corresponds to a century long series of droughts; the Medieval Climate 

Anomaly (MCA, 900 - 1350 CE), shown in green, to an interval of extreme climate 

events; high precipitation and high occurrence of tropical cyclones at the beginning and 

the end of the MCA; severe droughts with low tropical cyclone frequency in between CE 

1000-1100, are contemporaneous with the collapse of Chichen Itza 1040-1100 CE; the 

Little Ice Age (1350 - 1850 CE), shown in yellow, to an interval of overall low 

precipitation although highly variable. 

The decline of Ti/Al in core 58 from CE 650 culminating to minimum values in 

the time interval CE 800 – 900 is paralleled by a δ18O increase in the Yok Balum Cave 

climate record, and a sharp density increase in Lakes Chichancanab record indicating 

occurrence of gypsum; the three proxies point, therefore, to unusually low precipitation 

and dramatic droughts at this time. This interval is also characterized by relatively cooler 

temperature in the Northern Hemisphere record and very low frequency of tropical 

cyclones in the Blue Hole record. These adverse and extreme climate modifications 

coincide with the Mayan TCC. 

Several earlier studies have hypothesized that climate condition variability had 

highly influenced the Maya Civilization establishment, its expansion, and final demise 

(CE 300 - 1050). Although these studies agreed that the collapse of the Mayan 

civilization was a result of droughts, the severity and frequency of droughts remained 

debatable. Several studies, spanning from the Yucatan Peninsula to Venezuela, suggested 

that either a mega drought, lasting 50 to 130 years, or multiple droughts, resulting in 

famine, subsequent decrease of human population, and dramatic increase warfare, ended 

the Mayan Civilization (Hodell et al, 1995, Curtis et al., 1996, Gill, 2000, Haug et al., 

2003, Hodell et al., 2005, Medina-Elizalde et al., 2010, and Kennett et al., 2012). Based 
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on the Cariaco Basin (offshore Venezuela) Ti % climate record, Haug et al. (2001) 

suggested that three multi-decadal droughts, at CE 810, 860, and 910, triggered the 

collapse of the Mayan civilization. On the other hand, studies from the Yucatan Peninsula 

suggested that instead of long droughts, shorter however more frequent droughts 

precipitated the Mayan demise (Hodell et al., 2005, Medina-Elizalde et al., 2010). 

According to Hodell et al. (2005), based on a sediment core from Lakes Chichancanab 

(Mexico), dense gypsum layers inter-bedded between organic rich sediments layers 

recorded a series of droughts separated by high rain fall periods. Similarly, Medina-

Elizalde et al. (2010) stated that a series of positive δ18O anomalies recorded in a 

stalagmite from Tzabnah Cave (Mexico) were indicative of eight droughts, lasting 3 to 18 

years each, during the Mayan TCC. On the other hand, an elaborate Mayan history, 

documented by  Kennett et al. (2012), suggests, based upon detailed and well dated 

oxygen isotope data from a stalagmite record from a South Belize cave, Yok Balum, that 

the expansion of the Mayan population as well as construction of monuments were 

associated with high precipitations (CE 440 - 660) (Figures 3 and 4). However, a climate 

shift to more arid conditions, resulted in increased warfare, abandonment of Mayan cities, 

and finally the full collapse of the Maya Lowland civilization (CE 750 – 900). 

Strengthening the Kennett et al. (2012) detailed climate record, the low Ti/Al in core 58 

from Elbow Caye Channel lagoon during the Mayan TCC (~ CE 800 – 900) indicated 

that rainfall significantly decreased resulting in a series of droughts. In agreement with 

the Belize Ti/Al record, Carrillo-Bastos et al. (2010), based on pollen and oxygen isotope 

data from Lake Tzib (Yucatan Peninsula), concluded that the precipitations decreased by 

at least ~18% during the Mayan TCC. The lower precipitation and related intense 
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droughts resulted in three suggestive phases of abandonment in the Maya Lowland in the 

southern part of the Yucatan Peninsula.  A First phase around CE 810 was followed by a 

second phase in CE 860 and a final phase around CE 910 (Peterson and Haug, 2005). It is 

perhaps not a coincidence that the Ti/Al record in core 58 displays three minima at 

similar times (Figures 3 and 4) 

Similar to early Mayans between (CE 440 - 660), European Civilizations 

constructed new cathedrals and cities in response to more favorable climate conditions 

such as warmer temperatures and high precipitations between CE 900 - 1350, naming the 

period “Medieval Warm Period” (Perry and Hsu, 2000, and Büntgen et. al., 2011). 

Because this period was not linked to warmer temperatures and high precipitation 

globally, i.e. equatorial Africa and parts of southwest Asia witnessed rather dry climatic 

conditions and south-central and eastern Asia increased monsoonal precipitation (Graham 

et al., 2011), the “Medieval Warm Period” is more appropriately referred to “Medieval 

Climate Anomaly” (MCA). Cronin et al. (2010), based upon oxygen isotope data from a 

sediment core acquired from Chesapeake Bay, Eastern US, stated that the MCA climate 

was also highly variable. Similar to the Cronin study, based on the Belize Ti/Al record 

from core 58, the MCA was not a period of constant high precipitation, on the contrary 

the middle interval (~CE 1000 - 1100) within the MCA is characterized by some of the 

most severe droughts accompanied with low frequency of tropical cyclones, framed on 

either side by two intervals of high precipitation and high occurrence of tropical cyclones 

during the initial century (~ CE 900 - 1000) and then the final part of the MCA (~ CE 

1100-1350) (Figure 4). The Belize Ti/Al record and previous climate studies (Figures 3 

and 4; Haug et al., 2001, Hodell et al., 2005, Moberg et al., 2005, Kennett et al., 2012, 
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and Denommee et al., 2014) agree that MCA did not correspond to 4.5 centuries 

characterized by equable warm climate conditions, but rather an unstable climate period 

marked by a series of extreme climate events. The late Mayan Civilization tried to adapt 

itself to these highly variable extreme climate conditions during the MCA. A northward 

political demographic shift of the late Mayan coincides with the first century of the MCA 

(CE 900 – 1000) characterized by high precipitation, warmer temperatures, and high 

frequency of tropical cyclones. The recovery of the Mayans was cut short by a century 

(CE 1000 – 1100) of mega droughts associated with colder temperatures and low 

frequency of tropical cyclones. These extreme climate conditions triggered the collapse 

of the last Mayan City, Chichen Itza, in the northern part of the Yucatan Peninsula (CE 

1040 – 1100). 

The transition, centered at about CE 1350, between the MCA and LIA (CE 1350 – 

1850) is marked by a sharp Ti/Al decrease in Belize and Ti (%) Cariaco Basin records, a 

significant increase in the δ18O values in the Yok Balum Cave stalagmite, and drops in 

temperature in the northern hemisphere and in the tropical cyclone frequency in the 

northern Caribbean. These highly variable drier and colder climate conditions remain 

characteristic for the full LIA. In the Caribbean, two major historical droughts and related 

famines in CE 1535 and 1765 – 1800 are well identified as intervals with heavier δ18O 

values in the Yok Balum Cave stalagmite record (Kennett et. al., 2012) and unusually 

low Ti count and Ti/Al in the Belize and Cariaco records (Figures 3 and 4).   
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7. Conclusions 

This study focuses on the last 2000 yr precipitation record archived in the mixed 

carbonate/siliciclastic sediments accumulated in the Belize Central Shelf Lagoon, 

partially filling the Rhomboid Reef lagoons and English Caye Channel. 

Several submersible vibrocores were collected from the Belize Central Shelf 

Lagoon in 2009. Carbonate content values were determined by carbonate bomb, particle 

size fractions were measured with a Malvern Master Sizer 2000 particle size analyzer and 

element (Ti, Si, K, Fe, Al, Ca, and Sr) counts via X-Ray Fluorescence (XRF) scans.  

This study is mainly based upon the detailed analyses of two cores retrieved in 

about 30 and 19 m of water depth, respectively, BZE-RH-SVC-58 from Elbow Caye 

Lagoon and BZE-ECC-SVC-68 from English Caye Channel, with well-constrained 

timeframe established by accelerator mass spectrometry (AMS) radiocarbon dating of 

benthic foraminifera, Quinqueloculina.  

The mixed sediments in these two cores, based upon the variations in the past 

2000 years of elements such as Ti and K counts, and Ti/Al have recorded the weathering 

rate variations of the adjacent Maya Mountain, defining alternating periods of high 

precipitation and droughts, linked to large climate fluctuations and extreme events, highly 

influenced by the multiple latitudinal migration of the ITCZ. 

The CE 800-900 century just preceding the MCA, characterized by unusually low 

Ti counts and Ti/Al, is interpreted to represent a time of low precipitation and resulting 

severe droughts in the Yucatan Peninsula, contemporaneous with the Mayan TCC.  
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High Ti counts and Ti/Al, although highly variable, during the MCA (CE 900-

1350) are interpreted as an unusually warm period characterized by two 100-to-250 

years-long intervals of higher precipitation when the number of tropical cyclones peaked, 

separated by a century (CE 1000 -1100) of severe droughts and low tropical storm 

frequency coinciding with the collapse of Chichen Itza (CE 1040-1100).  

The LIA (CE 1350-1850), several centuries during which Ti counts and Ti/Al 

reach minimum values, is characterized by systematic drier and colder climate conditions 

with low frequency of tropical cyclones. Two extreme Ti and K count minima coincide 

with two historical drought times and related Caribbean-wide famines in the year CE 

1535 and the last third of the 18th century (CE 1765-1800). 

 

 

 

 

 

 

 

 

 

 



22 
 

 

8. References  

Büntgen, U., Tegel, W., Nicolussi, K., McCormick, M., Frank, D., Trouet, V., Kaplan, J. 

O., Herzig, F., Heussner, K. U., Wanner, H., Luterbacher, J., and Esper, J. 2011. 2500 

years of European climate variability and human susceptibility. Science, v. 331, p. 578-

582. 

Carrillo-Bastos, A., Islebe, G. A., Torrescano-Valle, N., and Gonzalez, N. E. 2010. 

Holocene vegetation and climate history of central Quintana Roo, Yucatan Peninsula, 

Mexico. Review of Paleobotany and Palynology, v.160, p. 189-196. 

Cronin, T.M., Hayo, K., Thunell, R.C., Dwyer, G.S., Saenger, C., and Willard, D.A. 

2010. The Medieval Climate Anomaly and Little Ice Age in Chesapeake Bay and the 

North Atlantic Ocean. Palaeogeography, palaeoclimatology, Palaeoecology, v.297, p. 

200-310. 

Curtis, H. J., Hodell, D. A., Brenner, M. 1996. Climate variability on the Yucatan 

Peninsula (Mexico) during the past 3500 years, and implications for Maya cultural 

evolution. Quatern. Res., v. 46, p. 37-47. 

Denommee, K.C., Bentley, S.J. & Droxler, A.W. Climatic controls on hurricane patterns: 

a 1200-y near-annual record from Lighthouse Reef, Belize. Sci. Rep. 4, 3876; 

DOI:10.1038/srep03876 (2014). 

Easterling, D.R., Evans, J.L., Groisman, P. Ya, Karl, T.R., Kunkel, K.E., and Ambenje, 

P. 2000. Observed variability and trends in extreme climate events: a brief review. 

Bulletin of American Meteorological Society, v. 81, n. 3, p. 417-425.  

Esker, D., Eberli, G. P., and McNeill, D. F. 1998. The structural and sedimentological 

controls on the reoccupation of Quaternary incised valleys, Belize. AAPG Bulletin, v. 82, 

p. 2075-2109. 

Ferro, C. E., Droxler, A. W., Anderson, J. B., and Mucciarone, D. 1999. Late Quaternary 

shift of mixed siliciclastic-carbonate environments induced by glacial eustatic sea-level 

fluctuations in Belize. Advances in Carbonate Sequence Stratigraphy: Application to 

Reservoirs, Outcrops and Models, SEPM Special Publication, n. 63, p. 385-411. 

Gill, R. B. 2000. The Great Maya Droughts: Water, Life, and Death. University of New 

Mexico Press, Albuquerque. 

Gischler, E. 2003. Holocene lagoonal development in the isolated carbonate platforms off 

Belize. Sedimentary Geology, n. 159, p. 113-132. 

Gischler, E. and Hudson, J.H. 2004. Holocene development of the Belize Barrier Reef. 

Sed. Geol., v.164, p. 223-236. 



23 
 

 

Gischler, E., Ginsburg, R. N., Herrle, J. O., and Prasad, S. 2010. Mixed carbonates and 

siliciclastics in the Quaternary of southern Belize: Pleistocene turning points in reef 

development controlled by sea-level change. The Journal of the international Association 

of Sedimentologists, Sedimentology, p. 1-18 

Gislason, S. R., Oelkers, E. H., Eiriksdottir, E. S., Kardjilov, M. I., Gisladottir, G., 

Sigfusson, B., Snorrason, A., Elefsen, S., Hardardottir, J., Torssander, P., and Oskarsson, 

N. 2009. Direct evidence of the feedback between climate and weathering. Earth and 

Planetary Science Letters, v. 277, p. 213-222. 

Graham, N. E., Ammann, C. M., Fleitmann, D., Cobb, K. M., and Luterbacher, J. 2011. 

Evidence for global climate reorganization during medieval times. PAGES news, v. 19, 

n. 1, p. 9-10. 

Haug, G. H., Hughen, K. A., Sigman, D. M., Peterson, L.C., and Rohl U. 2001. 

Southward migration of the Intertropical Convergence Zone through the Holocene. 

Science, v. 293, p. 1304 - 1308. 

Haug, G. H., Gunther, D., Peterson, L. C., Sigman, D. M., Hughen, K. A., and 

Aeschlimann, B. 2003. Climate and the Collapse of Maya Civilization. Science, v. 299, p. 

1731-1735. 

Hodell, D. A., Curtis, J. H., Jones, G. A., Higuera-Gundy, A., Brenner, M., Binford, M. 

W., and Dorsey, K. T. 1991. Reconstruction of Caribbean climate change over the past 

10,500 years. Letters to Nature, v. 352, p. 790-793. 

Hodell, D. A., Curtis, J. H., Jones, G. A., and Brenner, M. 1995. Possible role of climate 

in the collapse of Classic Maya civilization. Nature, v. 375, p. 391-394. 

Hodell, D. A., Brenner, M., and Curtis, J.H. 2005. Terminal Classic drought in the 

northern Maya lowlands inferred from multiple sediment cores in the Lake Chichancanab 

(Mexico). Quaternary Science Rewievs, QSR, v. 24, p. 1413 - 1427. 

Islebe, G. A., Hooghiemstra, H., Brenner, M., Curtis, J. H., and Hodell, D. A. 1996. A 

Holocene vegetation history from lowland Guatemala. The Holocene, v. 6, n. 3, p. 265-

271. 

James, N. P., Ginsburg, R. N., Marszalek, D. S., and Choquette, P. W. 1979. Facies and 

fabric specificity of early subsea cements in shallow Belize (British Honduras) reefs. J. 

Sedim. Petrol., v. 46, p. 523-546. 

Kennett, D. J., Breintenbach, S. F. M., Aquino, V. V., Asmerom, Y., Awe, J., Baldini, J. 

U. L., Bartlein, P., Culleton, B. J., Ebert, C., Jazwa, C., Macri, M.J., Marwan, N., Polyak, 

V., Prufer, K. M., Ridley, H. E., Sodemann, H., Winterhalder, B., and Haug, G. H. 2012. 

Development and disintegration of Maya political systems in response to climate change. 

Science, v. 338, p. 788 - 791. 



24 
 

 

King, D. T. Jr., Pope, K. O., and Petruny, L. W. 2004. Stratigraphy of Belize, North of 

the 17th Parallel. Gulf Coast Association of Geological Societies Transations, v. 54, p., 

289-304. 

Lara, M. E. 1997. Divergent wrench faulting in the Belize Southern Lagoon: implications 

for Tertiary Caribbean Plate movements and Quaternary reef distribution: reply1. AAPG 

Bulletin, v. 81, n. 2, p. 334- 337. 

Macintyre, I. G., Toscano, M. A., Lightly, R. G., and Bond, G. B. 2004. Holocene history 

of the mangrove islands of Twin Cayes, Belize, Central America. National Museum of 

Natural History Smithsonian Institution, p. 1-16. 

Medina-Elizalde, M., Burns, S. J., Lea, D. W., Asmerom, Y., von Gunten, L., Polyak, V., 

Vuille, M., and Karmalkar, A. High resolution stalagmite climate record from the 

Yucatan Peninsula spanning the Maya terminal classic period. 2010. Earth and Planetary 

Science Letters, v. 298, p. 255-262. 

Moberg, A., Sonechkin, D.M., Holmgren, K., Datsenko, N. M., and Karlen, W. 2005. 

Highly variable Northern Hemisphere temperatures reconstructed from low- and high-

resolution proxy data. Nature, v. 433, p. 613-617. 

Perry, C. A. and Hsu, K. J. 2000. Geophysical, archaeological, and historical evidence 

support a solar-output model for climate change. PNAS, v. 97, n. 23, 12433-12438. 

Peterson, L. C. and Haug, G. H. 2005. Climate and the collapse of Maya Civilization. 

American Scientist, v. 93, p. 322 - 329. 

Purdy, E. G. 1974b. Karst-determined facies patterns in British Honduras: Holocene 

carbonate sedimentation model. The American Association of Petroleum Geologist 

Bulletin, v. 58, n. 5, p. 825-855. 

Purdy, E. G., Pusey, W. C., and Wantland, K.F. 1975. Continental shelf of Belize: 

regional Shelf attributes. Am. Assoc. Pet. Geol. Stud. Geol., v. 2, p. 1-40 

Purdy, E. G., Gischler, E., Lomando, A. J. 2003. The Belize Margin revisited. 1. 

Holocene marine facies. Int J Earth Sci (Geol Rundsch), v. 92, p. 552-572. 

Purdy, E. G., Gischler, E., Lomando, A. J. 2003. The Belize Margin revisited. 2. Origin 

of Holocene antecedent topography. Int J Earth Sci (Geol Rundsch), v. 92, p. 552-572. 

Shinn, E. A., Hudson, H., Halley, R. B., Lidz, B., Robbin, M., and Macintyre, I., 1982. 

Geology and sediment accumulation rates at Carrie Bow Cay, Belize. Smithsonian 

Contributions to the Marine Sciences, n. 12, p. 63-75. 

Stuiver, M., and Polach, H. A. 1977. Radiocarbon Discussion reporting of 14C data.  

Radiocarbon, v. 19, n. 3, p. 355-363. 



25 
 

 

Vellinga, M. and Wood, R. A. 2002. Global climatic Impacts of a collapse of the Atlantic 

Thermohaline Circulation. Climatic Change, v. 54, p. 251-267. 

Wahl, D., Byrne, R., Schreiner, T. and Hansen, R. 2006.  Holocene vegetation change in 

the northern Peten and its implications for Maya prehistory. Quaternary Research, v.65, 

p. 380-390.  

Westphall, M. J. 1986. Anatomy and history of a ringed-reef complex, Belize, Central 

America. Master of Science Thesis. 

Yonetani, T. and Gordon, H. B. 2001. Simulated changes in the frequency of extremes 

and regional features of seasonal/annual temperature and precipitation when atmospheric 

CO2 is doubled. Journal of Climate, v.14, p. 1765-1779. 

Zhang, R. and Delworth, T. L. 2005. Simulated tropical response to substantial 

weakening of the Atlantic Thermohaline Circulation. Journal of Climate, v.18, p. 1853-

1860. 

Zwiers, F.W. and Kharin, V. V. 1998. Changes in the extremes of the climate simulated 

by CCC GCM2 under CO2 doubling. Journal of Climate, v.11, p. 2200-2222. 

 

 

 

 

 

 

 

 

 

 



26 
 

 

 

 

 

 

APPENDIX A. Results of Additional Core Analyses  

 

 

 

 

 

 

 

 

 

 

 

 



27 
 

 

A.1. Study Areas 

 A.1.1. Rhomboid Reef Area 

 The Rhomboid Reefs (mini atolls) of Belize are located in the southern part of the 

Belize Central Shelf Lagoon, behind the main Belize barrier reef (Figure A. 1). These 

reefs were named Rhomboid Reefs because of their unusually diamond shaped 

morphology (FigureA.2). Individual reefs, such as Channel, Elbow and Pelican Cayes, 

appear as mini atolls with characteristic ringed reefs fully enclosing their own lagoons. 

Each individual Rhomboid Reef consists of 30 m high narrow and steep coralgal rim 

isolating a 30 m deep lagoon (Figure A.2). The mini atolls are elongated in a NNW-SSE 

direction, and separated by the 30 m deep Victoria Channel, water depths similar to the 

ones of the individual Rhomboid Reef lagoons. Their lengths range from 4.5 to 11 km, 

and their widths from 0.5 to 3 km.  

 

Figure A. 1. Core Location Map; A. Rhomboid Reef Area, B. Hopkins Village – Spruce 

Caye Area, and C. English Caye Channel. 
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Figure A.2. Map view and re-drawn cross sections of the Rhomboid Reef Area including 

core locations and lengths. Victoria Channel and Elbow Caye cores are shown in Profile 

A and Channel Caye cores shown in profile B.  Westphall (1986) and Google Earth Map 

Data Set. 

 Detailed Holocene Evolution studies of the Rhomboid Reefs were conducted in 

Channel and Pelican Cayes (Westphall, 1986; Macintyre et al., 2000). Analyses of a 
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series of vibro cores from the rim and inner reefs in Channel Caye demonstrated that the 

Rhomboid Reefs evolved in the late Holocene (in the last 3300 ya) as catch-up reefs; 

early accumulation of relatively deep water corals such as A. cerviconis and A. tenuifolia 

were later replaced by P. porites, and the earlier muddy matrix was replaced by younger 

coarser matrix (Westphall, 1986). 

Three 67 to 103 m-deep boreholes were drilled on the rims of Channel and 

Pelican Cayes. The Holocene reef, corresponding to an 11-20 m thick coralgal grainstone 

and packstone unit, colonized, about 7,400 years ago, the remnants of the last interglacial 

(MIS-5e) karstified reef. Deeper in the boreholes, 3 to 4 coralgal units, separated by 

exposure horizons and representing the late Pleistocene (mid to late Brunhes) 

interglacials were recovered. Further down the holes, a 16 to 42 m thick interval  of 

siliciclastics (mostly clay) represent an interval of time during the early Brunhes when 

the central Belize margin remained mostly exposed and consisted of a well developed 

coastal fluvial plain with common braided streams (Gischler et al., 2010) 

Although the Holocene Rhomboid Reefs formed on top of a series of karstified 

reef systems deposited during the previous interglacial stages, the original early Brunhes 

substratum was siliciclastic. This model for a lowstand siliciclastic substratum for the 

shelf lagoon reefs was already proposed by Choi’s who suggested that the Rhomboid 

Reefs formed on top of braided channel levees (Choi and Ginsburg, 1982 and Choi and 

Holmes, 1982). The morphological similarities between the modern levees of the Rio 

Negro braided stream system in Brazil and the overall shape of the Rhomboid Reefs are 

stunning and strengthen Choi model. The lowstand drainage system of incised valleys, 

buried under the Holocene mud in the Central Shelf Lagoon north of the Rhomboid Reefs 
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and observed on seismic lines by Ferro et al. (1999), merges into the channels separating 

the individual Rhomboid micro atolls (Figure A.3). Moreover just north of the Rhomboid 

Reef area, east of the Sittee River delta, patch reefs have initially developed during the 

last transgression over the channel levees of the incised valleys to be subsequently 

drowned (Ferro et al., 1999). This proposed model challenges the alternative Purdy 

(1974a and 1974b) theory that the Rhomboid Reefs have grown on top of faulted 

karstified blocks (tower karst).  
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Figure A.3.  Last Glacial Maximum Drainage System, including a southern and a 

northern drainage systems separated by a clear drainage divide located at the altitude of 

Dangriga (Ferro et al., 1999). 

 

 A.1.2. English Caye Channel Area 

English Caye Channel, a meandering underfilled incised valley located at the 

northern end of the Central Shelf Lagoon, breaches the modern barrier and back barrier 

reefs (Figures A.1 and A.4). The channel, generally 1 km wide and 15-55 m deep, is 

clearly observed on satellite images (Figure A.4). Two different hypotheses have been 
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proposed to explain the origin of the channel. Initially English Caye Channel was 

interpreted as a dissolution feature by Purdy (1974). Ferro et al. (1999) clearly 

demonstrated that English Caye Channel is an incised valley that formed during last 

glacial interval and most likely previous lowstand stages (FigureA.4). According to Ferro 

et al (1999), the buried drainage system, north of the divide at the latitude of Dangriga, is 

clearly connected to the English Caye Channel (Figure A.3). The incision depths of this 

V-shaped drainage system increase from south to north, and then from west to east within 

English Caye Channel itself. Moreover, sediment that accumulated at the mouth of the 

channel form a well-developed lowstand shelf edge delta at about 100-120 mbsl, where 

depositional lobes and sediment accumulation were reworked southward by longshore 

currents (Figure A.3). English Caye Channel is only partially filled with late Pleistocene 

and Holocene fluvial, estuarine, and lagoonal marine sediment (Figure A.4). The 

sediment infill thickness increases from east to west. 
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Figure A.4. Map view and re-drawn cross sections of English Caye Channel with core 

locations and lengths. Ferro et al. (1999) and Google Earth Map Data Set. 

 

 

A.1.3. Hopkins Village – Spruce Caye 

The third study area, located in the Central Shelf Lagoon between the village of 

Hopkins and Spruce Caye (Figures A.1 and A.5), is part of the southern drainage system 

(Figure A.3; Ferro et al., 1999). The area at the level of Hopkins is located in close 
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proximity of the Sittee River delta, and is expected to be influenced by high flux of 

siliciclastics. In this area no patch reefs have been observed growing over the levees of 

the main channel as further south. On the other hand, the area west of Spruce Caye 

corresponds to the boundary between the back barrier reef and the Central Shelf Lagoon 

and, therefore, should receive a larger flux of neritic carbonates relative to the other areas 

(Figures A.1 and A.5)   

 

 

 

 

 

 

 

 

 

 

Figure A.5. Map view and re-drawn profile showing Hopkins Village and Spruce Caye 

Area core locations and core lengths. Ferro et al. (1999) and Google Earth Map Data Set. 
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A.2. Comparison of Elbow Caye and English Caye Channel  

A.2.1. Morphologies of Elbow Caye and English Caye Channel; Carbonate 

and Clay Content 

The two main study locations, Elbow Caye lagoon and English Caye Channel, 

differ from each other morphologically. The diamond-shaped mini atoll Elbow Caye 

lagoon is fully enclosed by a surrounding 30 m high narrow and steep reefal rim, 

isolating the 30 m deep lagoon.  The 1 km-wide and 15-55 m deep meandering English 

Caye Channel is an underfilled incised valley, acting today as a tidal open channel 

breaching the modern barrier and back barrier reefs. The mixed carbonate/siliciclastic 

sediment deposited in the Elbow Caye lagoon remain relatively constant, averaging 86 

percent of carbonate content within a narrow 85 and 89 % range; moreover clay 

concentrations only vary between 13 and 20 %.  In contrast, in the English Caye Channel, 

the average carbonate content value is 64 %, ranging between 44 and 75 %; similarly, 

clay concentrations vary between 15 and 27%.  

 

 A.2.2. Sediment Dispersal Systems 

 While neritic and pelagic sources generated carbonates, siliciclastics are 

weathered and transported by rivers from Maya Mountains. The siliciclastics are 

transported to the Belize Central Shelf Lagoon by several major rivers, such as the 

Belize, Sibun, and Sittee Rivers at the mouth of which large deltas along the Belize cost 

have formed. Since a long shore current flows from North to South in the Belize Central 

Shelf Lagoon, siliciclastics mostly remained along the cost. The study areas receive 

siliciclastics either by hypopycnal flow that carries suspended buoyant plume of fine 
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material (Bates, 1953 and Bates and Freeman, 1953), and/or hyperpycnal dense flow of 

siliciclastics created by downwelling flow at the bottom of the sea floor (Bates, 1953 and 

Bates and Freeman, 1953); the type of flows is controlled by the precipitation amounts in 

the hinterland. The fully enclosed Elbow Caye Lagoon receives terrestrial from the water 

column only by hypopycnal flow because it is surrounded by a continuous rim reaching 

sea level. On the other hand, the open English Caye Channel is influenced by both 

hypopycnal and hyperpycnal flows in function of the precipitation rate, the resulting 

weathering rates, and the sediment load. Variation of the clay and carbonate content 

concentrations is influenced by the type of sediment dispersal flow.  Hypopycnal flow 

favors low sedimentation rates and low variations in carbonate and clay accumulation, 

the case of Elbow Caye lagoon, whereas hyperpycnal or both flows higher and variable 

sedimentation rates and high variations in carbonate and clay accumulation, characteristic 

for English Caye Channel.  

 

A.3. Cores 

In order to study the Holocene evolution of the Belize Central Margin, 

submersible vibrocores and gravity cores were acquired from the Rhomboid Atoll Reef 

area, English Caye Channel, the buried channels between Sittee Point and Hopkins 

Village, and west of the drop off north of Spruce Caye by Drs. Andre Droxler and Sam 

Bentley in June 2009 (Table A. 1; Figures A.4, A.5, and A.2). Submersible vibrocores 

(Cores 52, 53, 55, 58, and 59) from the Rhomboid Reef area range in lengths from 52 cm 

to 192 cm. Core 58, 127 cm in length, was acquired from the North lagoon of Elbow 

Caye. It appears to include the full transition from terrestrial to marine environments 
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(Figure A.7). Core 59, a gravity core only 45 cm in length, is expected to have recovered 

an undisturbed younger part of the sedimentary lagoonal infill and therefore complement 

the top section of core 58 retrieved at the same location (Figures A.2 and A.7). To make a 

correlation between two different rhomboid reef lagoons, vibrocores 52 and 53 were 

retrieved from the Channel Caye south lagoon (Figures A.6 and A.7). Core 52 and 53 are 

102 and 128 cm in length, respectively. To compare the Rhomboid atoll reef lagoon 

sediment with the sediment accumulated in the channel separating these two micro atolls, 

vibro core 55, 192 cm in length, was acquired from the channel between Elbow and 

Pelican Cayes (Figures A.2 and A.7). Vibrocores 60 and 61, 262 and 300 cm in length 

respectively, retrieved in the area between Sittee Point and Hopkins Village, are 

significantly longer than the Rhomboid Reef cores (Figure A.5). Core 57, 52 cm in 

length, was retrieved from the channel west of the drop off north of Spruce Caye (Figure 

A.5). Two vibrocores and one gravity core were collected from English Caye Channel. 

Vibrocores 68 and 70 are 452 and 374 cm in length, respectively, whereas gravity core 71 

is only 38 cm. However this short core will complement the top section of core 70 

retrieved at the same location (Figure A.4).  
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Table A.1. List of cores with geographic coordinates, depth of water, and core lengths. 
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Figure A.6. Pictures of cores C58 and C59. The core C58 includes the full transition 

from terrestrial to marine environments. 
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Figure A.7. Pictures of cores 52 and 53. 
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Figure. A.8. Picture of core 55. 
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  Figure A.9. Picture of core 60. 
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 Figure A.10. Picture of core 61. 
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Figure A. 11. Picture of core 68. 
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Figure A. 12. Picture of core 70 

 

Figure A.13. Picture of core 71. 
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A.4. Sample Harvesting and Preparation  

The Central Shelf Lagoon cores were first split and then subsamples were 

harvested at 10-20 cm-spaced intervals in July 2011 at the Louisiana State University 

(LSU) in Baton Rouge where they are stored. The harvested samples were brought to 

Rice University, Houston. Split half of the cores were preserved as archives for future 

analysis such as XRF analysis.  Surface of the split cores were photographed.  

The wet samples were weighted and left to dry in the oven for 24 hours at 70 F. 

The dry samples were weighted and then disintegrated in a ph adjusted DI water for two 

days. Then they were separated through sieving between fine (<63µm) and coarse 

(>63µm) sediment fractions. The coarse fraction was dried and weighted to calculate the 

percentages of fine and coarse fractions. The fine samples stayed suspended in the DI 

water as long as a week before the sediment would settle down and the DI water devoid 

of suspended particulates could be siphoned out. The dry fine fragments were powdered 

and stored for further analysis. 

 

A.4.1. Fine Fraction Particle Analysis 

Dried fine fraction (<63µ) samples had been used to measure particle size with a  

Malvern Master Sizer 2000 particle size analyzer in Siliciclastic Sedimentology 

laboratory, Rice University. Prepared dry samples stayed in a mixture of distilled water 

and sodium metaphosphosphate ((NAPO3)6) for enough time to break apart the lumpy 

parts of the samples. Then enough amount of sample mixtures were placed in to the 
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instrument about a minute until the measurement was finalized. The instrument was 

being cleaned in between each sample.  

 

 A.4.2. Carbonate Content Analysis 

 Similarly to the particle size analysis only the dried fine fraction (<63µ) samples 

were used to measure the carbonate content at carbonate sedimentology laboratory, Rice 

University, Houston. About 0.5 g of samples was weighted and mixed with 10 ml of 

Hydrochloric acid (20% 2.3N HCl) in a tightly closed carbonated bomb. The pressures 

were measured to calculate carbonate content for each sample. Calibration curves were 

created for every thirty samples with different weights of pure carbonate (100% CaCO3). 

In every ten samples a control measurement has been done with 100 percent pure 

carbonate. 

 

 A.4.3. XRF Analysis 

XRF analysis has been done at Louisiana State University, Baton Rouge, 

Louisiana in April 2012 and May 2013 using an MSCL core logger and an Innov X Delta 

X XRF instrument to analyze the split cores. Split core surfaces were flattened and 

smoothed with a spatula and covered with a plastic wrap. The instrument was calibrated 

for each core according to the core height. The entire collection of cores collected in June 

2009 has been scanned for XRF at 1 cm-spaced intervals. Light elements were measured 

by soil mode with three x-ray beams and heavy elements were measured mining mode 
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with two x-ray beams. Different elements Sr, Ti, Al, U, Ca, Mn, Zn, Fe, K, Si, Mg and 

Rb counts in ppm have been determined. 

The first 1 meter of core 60 was not analyzed due to the low height of the core 

split. Moreover, because of the disruption of the core surfaces and heavy occurrence of 

macro fossil, corals, and gravel size material some intervals in the cores could not be 

measured. 

 

 A.4.4. Radiocarbon (14C) Analysis 

Intact macro fossil shells, bivalves and micro fossils (benthic foraminifera, 

Quinqeuloculina) have been analyzed to determine the radiocarbon ages at the University 

of California, Irvine Keck AMS facility in May, July, 2013 and February, 2014. Macro 

fossils and bivalves were handpicked; on the other hand, benthic foraminifers were 

picked with a thin brush by using Leica MZ 6 binocular microscope in carbonate 

sedimentology laboratory, Rice University, Houston, Texas. Picked samples were 

weighted prior to the cleaning. Then the weighted samples were put in small glass vials 

with methanol and cleaned by Branson 2200 Ultrasonic Cleaner. Cleaned samples were 

weighted again and the samples that weight between 0.3 and 11 milligrams were sent for 

analysis. Radiocarbon ages were corrected according to Stuiver and Polach (1977), and 

calibrated with software CALIB 7.0.2 by using Marine13. Because any reservoir 

correction data set did not existed for the Belize Central Shelf Lagoon, a 405 yr of global 

marine reservoir correction was applied to while calibrate the radiocarbon ages.    
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A.5. Results 

 A.5.1. Particle Size Analyses 

A.5.1.1. Coarse Fraction 

Coarse fraction data was gathered after wet sieving. The sieved samples, larger 

than 63µ, were placed in aluminum trays to dry over night in an oven at 70°C. Then, 

dried samples were weighted. In the cores, the coarse fraction is always a secondary 

component when compared with the fine fraction sediment (Table A.2), with a few 

exceptions for parts of core 57 and 58 where higher coarse fraction proportions are 

related to the occurrence of large fossils, gravel size material, and coral fragments in 

those two cores. 

Channel Caye lagoon cores C52 and C53, in the Rhomboid Reef area, contain 20 

to 40% coarse fraction that increases downcore (Figure A.14). The highest amount of 

coarse fraction in the core 58, from Elbow Caye lagoon, increases downcore (Figure 

A.15). The amounts are as high as 98 percent in between the 90 to 110 cm portion of the 

core; on other hand, the less than 10 percent coarse fraction amounts were observed at the 

top of the core. Similarly, gravity core 59 includes 15 to 25 percent of coarse fraction that 

increases downcore (Figure A.15). On the other hand, the least amount of coarse fraction 

was observed in core 55, with always less than 10 percent throughout the core (Figure 

A.15). 

Hopkins Village and Spruce Caye cores have less amounts of coarse fraction 

compare with the Rhomboid Reef area, except for core 57 (Figure A.16). Cores 60 and 61 

contain less than 15 percent of coarse fraction without any significant variations; 
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however, some parts of the cores contain higher amount of coarse fraction due to the 

macro fossil occurrence (Figures A.16 and A.17). Because core 57 contains large amount 

of coral fragments and macro fossils, the coarse fraction amounts are significantly higher 

in comparison with cores 60 and 61. In core 57, increasing amount of coarse fraction 

downcore is observed.  

The least amounts of coarse fraction (2 to 30 %) were measured in the English 

Caye Channel cores. Core 68 does not show any coarse fraction (~10%) variation 

throughout the core (Figure A.18); on the other hand, higher amounts of coarse fraction 

(5 to 35 percent) were observed in cores 70 and 71 (Figure A.19). In core 70, coarse 

fraction percentages decrease downcore, from 30 to 5 percent.   

 

   A.5.1.2. Fine Fraction 

Because particle size analysis has been done only for fine fraction of the samples, 

only silt and clay size material has been measured. In general, silt size (3.9 < 63µ) 

material is higher compare with the clay size (<3.9µ) material in every core (Table A.2). 

Based on their morphology and proximity to the siliciclastic source, the Rhomboid Reef 

area cores contain the least amount of clay, the open English Caye Channel receives more 

clay compare with the Rhomboid Reef area cores, and the cores from Hopkins Village 

and Spruce Caye, closer to the siliciclastic source, contain the highest average clay 

amounts (Figure A.20)  

The Rhomboid Reef area, cores contain 15 to 35 percent of clay size particles 

increasing downcore; on the other hand, silt size particle variations are just the opposite 
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of clay size particle variations (Figures A.14 and A.15).  The clay variations in the 

Channel Caye cores (52 and 53) range between 15 to 30 % (Figure A.14); on the other 

hand, cores 55 and 58 vary from 15 to 35 percent (Figure A.15). The gravity core 59 does 

not show any variation, remaining constant at about 20% (Figure A.15). Cores 57, 60, 

and 61 contain 20 to 40 percent of clay size particles (Figures A.16 and A.17).  Cores 57 

and 61 include 20 to 30 percent clay, increasing downcore; on the other hand, core 60 

contains mostly 40% of clay size particles throughout the core. In the English Caye 

Channel cores, clay content (20 – 30%) increase down cores (Figures A.18 and A.19).  

 

 A.5.2. Carbonate Content Analysis 

Even though, there are no significant variations in carbonate content in the cores, 

their average concentrations differ based on their locations and morphology of the areas 

where the cores were retrieved and their proximity to the carbonate source (Table A.2). 

Enclosed, by their reefal rims, the Rhomboid Reef lagoons and core 55, surrounded by 

the rhomboid reefs, include the highest concentration of carbonate content (Figure A.20). 

However, the cores from the open English Caye channel, even though located within the 

Back Barrier Reef, contain less amount of carbonate content compare with the Rhomboid 

Reef area core. Being located far away from the carbonate source, Hopkins Village and 

Spruce Caye cores include the least amount of average carbonate content concentrations 

(Figure A. 20). The highest carbonate content values were measured in the Rhomboid 

Reef Lagoons cores (80 - 95%) (Figures A.21 and A.22); on the other hand, cores from 

the Hopkins Village and Spruce Caye in the center part of the Belize Central Shelf 

Lagoon included the lowest carbonate content values (40 - 65%) (Figure A.23 and A.24).  
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The Rhomboid Reef lagoons cores contained the highest amount of carbonate in 

the fine fraction, ranging between 80 to 95 percent (Figures A.21 and A.22). Carbonate 

content values are slightly increasing downcore; however, a small decrease was observed 

at the bottom of core 53 (Figure A.21). The lowest carbonate values, 70 – 85 %, within 

the general Rhomboid Reefs area observed in core 55, which is located in the Victoria 

Channel (Figure A.22). The Hopkins Village and Spruce Caye area cores C60 and C61 

include the least amount of carbonate, decreasing from 60 to 40% downcore, core 57 

which contains between 70 and 80 % of carbonate without any significant variations is an 

exception (Figures A.23 and A.24).  

The cores from English Caye Channel indicate intermediate amount of carbonate 

compared with the other two areas. Carbonate content values are decreasing down cores, 

80 to 40% (Figures A.25 and A.26). The most significant change in carbonate content 

was a sudden 20% decrease in the bottom of core 68, on the other hand the carbonate 

content do not change much throughout the rest of the core (Figure A. 25). Core 70 

contains higher amount of carbonate when compared with core 68, 60-85% and 40-70%, 

respectively (Figures A.25 and A.26). On the other hand, gravity core 71 contains 70 to 

80 percent of carbonate (Figure A.26).              
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Table A.2. Coarse fraction, silt, clay, and carbonate content downcore concentrations. 
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Figure A.14. Cores C52 and C53, coarse fraction, silt, and clay downcore concentrations. 

Red and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.15. Cores C58, C59 and C55, coarse fraction, silt, and clay downcore 

concentrations. Red and black dots and numbers indicate radiocarbon sample locations 

and results, respectively. 
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Figure A.16. Cores C60 and C57, coarse fraction, silt, and clay downcore concentrations. 

Red and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.17. Core C61, coarse fraction, silt, and clay downcore concentrations.  
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Figure A.18. Core C68, coarse fraction, silt, and clay down cores concentrations. Red, 

black, and green dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.19. Cores C70 and C71, coarse fraction, silt, and clay downcore concentrations. 

Red and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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 A.5.3. XRF Analysis Results 

According to the XRF analysis results, average element variations differ due to 

the different areas where the cores were acquired (Fig A.20). To determine the evolution 

of Central Shelf Lagoon area through time, three different sources, neritic, pelagic, and 

siliciclastic, therefore different elements which derived from those sources were 

measured. Sr and Ca counts were measured to identify the neritic and pelagic deposition, 

respectively; on the other hand, Ti, Si, Al, Fe and K counts were scanned to determine the 

siliciclastic deposition.  

According to the XRF results, in the Rhomboid Reef Area, both Sr and Ca counts 

are the highest, as high as 4,400 Sr and 500,000 Ca counts, in core 52 from Channel Caye 

(Figure A.21). On the other hand, the rest of the cores, acquired from the Rhomboid Reef 

lagoons, indicate higher counts, 3,600 to 4,000 and about 400,000 counts, of Sr and Ca 

elements (Figures A.21 and A.22), respectively, compare with the only core from 

Victoria Channel, core 55 where the highest counts about 2,800 Sr and 300,000 Ca are 

observed (Figure A.22). In every core from the area, similar variations in Sr and Ca 

elements were observed, Ca and Sr amounts were high at the same depth in the individual 

cores and same interpretation was made for the lowest counts (Figures A.21 and A.22). 

The lowest counts that were measured are as low as 1,600 to 2,800 Sr and less than 

100,000 to 150,000 Ca for Rhomboid Reef Lagoon and Victoria Channel cores, 

respectively (Figures A.21 and A.22). Those values were observed mostly at the lower 

level of the cores, contrarily, no other significant trend was observed for this area. 

Contrarily to the Rhomboid Reefs Area, the cores from the Hopkins Village – 

Spruce Caye area indicated significantly low values of Sr and Ca, with the exception of 
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core 57 which was acquired from the closest location to the Back Barrier Reef (Figures 

A.23 and A.24). Even though, the core 57’s Sr and Ca counts, as high as 3,200 Sr and 

about 300,000 Ca counts, respectively, were higher than the rest of the cores from the 

area, it is still lower than the Rhomboid area cores (Figure A. 20 and A.24). Although, 

core 57 was a short core, 52 cm, a significant decrease in Sr and Ca amounts were 

observed at the top of the core.   On the other hand, the highest values of cores 60 and 61 

were 1,200 – 1,600 Sr and 150,000 – 200,000 Ca counts (Figures A.23 and A.24). 

Decreasing trends were observed downcore 61 in both Sr and Ca elements (Figure A.24); 

however, because of the core 60’s top part (from 0-70 cm) was not measured, due to the 

disruption of the core surface (Figure A.23), it is hard to make a similar observation for 

this core. However, a similar trend was observed in cores 60 and 61(Figures A.23 and 

A.24). 

Being located both in close proximity to the Back Barrier Reef and the terrestrial 

area,  the English Caye Channel cores showed medium amount of Sr and Ca elements 

counts compare with the other two areas (Figure A.25 and A.26); contrarily, the lowest 

values of Sr were measured in t core 68 (Figure A.25).  The highest values range from 

2,800 to 3,200 Sr and about 300,000 Ca counts; on the other hand, the lowest values were 

400 to 1600 Sr and about 100,000 Ca counts (Figure A.25). A slight decrease towards to 

bottom of the cores was observed for both Sr and Ca elements, exception of the Ca 

measurement of the core 70 (Figure A.25 and A.26). The gravity core, 71, contains 

similar amounts of Sr and Ca without any significant trend (Figure A.26). 

Elements Ti, Si, Fe, Al, and K were measured to determine the siliciclastic input 

to the study area. Similar to the Sr and Ca, the variations differed due to the location of 



65 
 

 

cores (Figure A.20) and some elements could not be measured because of the core 

surface conditions, occurrence of large material such as macro fossils, coral fragments, 

and gravel size material, or disruption of the core surface.  

In contrast to the Sr and Ca values, the lowest Ti, Si, Fe, Al, and K counts were 

measured in the Rhomboid Reef lagoon cores, 52, 53, 58, and 59 (Figure A.20, A.27, and 

A.28); on the other hand core 55, acquired from Victoria Channel, indicated higher 

element values (Figure A.28). In cores 52 and 53, Si, Fe, and K values show similar 

variation from one to the other, in addition, in both cores, those three elements increase 

down cores (Figure A.27). On the other hand, Ti and Al values do not show the same 

trend, except small increase at the bottom of core 53 (Figure A.27). Even though, the 

element values were higher at the bottom of the cores, especially in core 53, two lowest 

values were observed at the bottom. Similar to the Channel Caye cores, 52 and 53, core 

58 contains increasing amounts of Ti, Fe and K; on the other hand, Si and Al values were 

almost the opposite of Ti, Fe and K elements (Figure A.28). Even though elements were 

increasing downcore 58, a step like variation was conspicuous. From 0 to 40 cm the 

lowest values are observed (Figure A.28). Between 40 cm to 78 cm, values increase and 

reach average values; however, at the 78 cm, low values were shown. From this level to 

100 cm, the values reached their highest (Figure A.28). The rest of the core could not be 

scanned due to the occurrence of large material.  In addition, the very bottom of the core 

indicated the highest values for this and the entire cores. The gravity core 59 did not 

show any trend for these elements (Figure A.28). Similarly, core 55 displays an 

increasing trend downcore for these elements (Figure A.28).  Therefore, a step like 

variation was observed in this core; lower values were observed down to about 100 cm 
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with some low values then rapidly started to increase (Figure A.28). At about 144 cm, the 

values reached their lowest and increase again (Figure A.28). This step like variation can 

be seen in every element for this core. 

Element values were higher in the cores from Hopkins Village-Spruce Caye area 

with the exception of core 57 which did not show any significant trend (Figures A.29 and 

A.30). Similar to Rhomboid Reef area cores, the element values were increasing down 

cores, therefore step like variations were observed in these cores except for Fe values in 

core 61 (Figures A.29 and A.30). The major drop in the values is observed around 140 

cm and then again in 200-220 cm in cores 61 and 60, respectively (Figures A.29 and 

A.30). Because we were not able to scan the first 70 cm of the core 60, no data for these 

levels are available; however, lower values were observed at these levels in core 61 

(Figures A.29 and A.30).  

The English Caye Channel cores showed very similar results for these elements as 

for the cores in the other two areas. Values in these cores were as high as the values in the 

cores 60 and 61. Therefore, the same increasing step like variation with several very low 

values downcore was observed in these cores (Figures A.31 and A.32). The first decrease 

is observed at the 100 cm then again at the 200 cm (Figures A.31 and A.32).  
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Figure A.20. Average element concentrations.  
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Figure A.21. Cores C52 and C53, Sr, Ca and carbonate content downcore concentrations. 

Red and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.22. Cores C58, C59 and C55, Sr, Ca and carbonate content downcore 

concentrations. Red and black dots and numbers indicate radiocarbon sample locations 

and results, respectively. 
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Figure A.23. Cores C60 and C57, Sr, Ca and carbonate content downcore concentrations. 

Red and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.24. Core C61, Sr, Ca and carbonate content downcore concentration. 
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Figure A.25. Core C68, Sr, Ca and carbonate content downcore concentrations. Red, 

black, and green dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.26. Cores C70 and C71, Sr, Ca and carbonate content downcore concentrations. 

Red and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.27. Cores C52 and C53, Ti, K, Al, Si, and Fe downcore concentrations. Red 

and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.28. Cores C58, C59 and C55, Ti, K, Al, Si, and Fe downcore concentrations. 

Red and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.29. Cores C60 and C57, Ti, K, Al, Si, and Fe downcore concentrations. Red 

and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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Figure A.30. Core C61, Ti, K, Al, Si, and Fe downcore concentrations. 
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Figure A.31. Core C68, Ti, K, Al, Si, and Fe downcore concentrations. Red and black 

dots and numbers indicate radiocarbon sample locations and results, respectively. 
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Figure A.32. Cores C70 and C71, Ti, K, Al, Si, and Fe downcore concentrations. Red 

and black dots and numbers indicate radiocarbon sample locations and results, 

respectively. 
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A.5.4. Radiocarbon (14C) Analysis 

Benthic foraminifera and bivalve samples were picked from the cores 52, 53, 55, 

58, and 59 from Rhomboid Reef area, 60 from center of the Central Shelf Lagoon, and 68 

and 70 from English Caye Channel, with the good element variations (Table A.3).    

Bivalve samples were picked to analyze within the Channel Caye lagoon cores 52 

and 53. According to the results about 3000 years of age difference were indicated in 

between the two cores (table A.4). Determined ages from the core 52 were 1355 and 

1895 years before present (YBP); whereas, samples from core 53 were significantly 

older, 4415 YBP and 4055 YBP.  Measured ages by using both bivalve and foraminifera 

in core 58 acquired inside Elbow Caye lagoon, on the other hand, were similar to the core 

52 results, from 290 to 4955 YBP downcore (table A.4).  As completion to the core 58, a 

bivalve sample from gravity core 59 was analyzed and aged 935 YBP (table A.4). In 

addition, only bivalve samples were used to date different levels of Victoria Channel core 

55. The ages were increasing from 570 to 2330 YBP downcore (table A.4).      

Only samples within the core 60 had been send to analyzed from the center of the 

Central Shelf Lagoon area. Obtained ages by using only foraminifera, Quinqueloculina, 

were greatly older than the Rhomboid Reef area ages, increasing from 2660 to 4015 YBP 

from top of the core to the bottom, except sample from level 77-80 cm, 6665 YBP (table 

A.3).   

Foraminifera samples from the two vibrocores acquired inside the English Caye 

Channel, 68 and 70, were analyzed. Possibly, because of the 19th Century Thermonuclear 

trials, the top two samples and the top sample were determined as negative values from 
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the core 68 and 70, respectively.  Aside from those samples, the indicated ages were close 

to the Rhomboid Reef area results (table A.4) and ranging in between 880 to 2330 YBP.    

Finally, all the samples were calibrated to determine calendar ages as before 

present and Common Era (CE). According to the calibration calendar ages before present 

are usually 400 to 500 years younger compare with the initial radiocarbon analysis 

results.  Only the samples that are older than 4000 years were calibrated to older ages 

(table A.3).  

Core ID 
Depth                           

(cm) 

14C Age                    

(yrs BP) 

Calibrated 14C 

Age (Calendar 

yrs BP) 

Calibrated 14C Age 

(calendar years 

CE/BCE) 

Sample 

Origin 

BZE-RH-SVC-52 33-37 1355±15 907±22 1043±22 Bivalve 

BZE-RH-SVC-52 70-73 1895±15 1441±39 509±39 Bivalve 

BZE-RH-SVC-53 73-77 4415±15 4562±41 -2613±41 Bivalve 

BZE-RH-SVC-53 100-105 4055±15 4094±41 -2145±41 Bivalve 

BZE-RH-SVC-55 3-6 570±220 166±164 1784±164 Bivalve 

BZE-RH-SVC-55 23-26 1495±20 1035±43 915±43 Bivalve 

BZE-RH-SVC-55 79-83 2330±15 1939±55 10±55 Bivalve 

BZE-RH-SVC-55 177-180 2820±15 2599±58 -649±58 Bivalve 

BZE-RH-SVC-58 3-6 290±15 ** ** Foram* 

BZE-RH-SVC-58 10-13 915±25 517±19 1434±19 Foram* 

BZE-RH-SVC-58 20-23 755±25 405±43 1546±43 Foram* 

BZE-RH-SVC-58 30-33 1290±25 839±41 1112±41 Foram* 

BZE-RH-SVC-58 40-43 975±15 552±18 1364±18 Foram* 

BZE-RH-SVC-58 40-43 660±15 293±20 1658±20 Bivalve 
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BZE-RH-SVC-58 50-53 1395±25 937±28 1013±28 Foram* 

BZE-RH-SVC-58 62-63 1360±25 912±30 1038±30 Foram* 

BZE-RH-SVC-58 70-73 1600±25 1176±42 774±42 Foram* 

BZE-RH-SVC-58 83-86 1605±25 1182±40 769±40 Foram* 

BZE-RH-SVC-58 90-92 1755±25 1300±26 650±26 Foram* 

BZE-RH-SVC-58 96-100 1855±15 1384±37 566±37 Foram* 

BZE-RH-SVC-58 96-100 2340±15 1954±33 -4±33 Bivalve 

BZE-RH-SVC-58 106-110 4955±15 5292±33 -3343±33 Bivalve 

BZE-RH-GC-59 40-43 935±15 526±18 1424±18 Bivalve 

BZE-RH-SVC-60 10-13 2660±20 2334±23 -385±23 Bivalve 

BZE-RH-SVC-60 77-80 665±15 297±23 1653±4123 Bivalve 

BZE-RH-SVC-60 106-109 3775±20 3715±50 -1766±50 Bivalve 

BZE-RH-SVC-60 136-140 3360±15 3214±41 -1265±41 Bivalve 

BZE-RH-SVC-60 170-173 3690±15 3599±32 -1650±32 Bivalve 

BZE-RH-SVC-60 218-224 4365±20 4486±44 -2537±44 Bivalve 

BZE-RH-SVC-60 250-252 4015±20 4025±43 -2076±43 Bivalve 

BZE-ECC-SVC-68 3-6 -495±40 ** ** Foram* 

BZE-ECC-SVC-68 27-29 -65±20 ** ** Foram* 

BZE-ECC-SVC-68 63-66 880±15 499±14 1452±14 Foram* 

BZE-ECC-SVC-68 75-78 995±15 581±29 1369±29 Foram* 

BZE-ECC-SVC-68 93-96 1090±15 652±15 1298±15 Foram* 

BZE-ECC-SVC-68 129-132 1430±30 967±40 983±40 Foram* 

BZE-ECC-SVC-68 134-136 1335±20 887±32 1064±32 Foram* 

BZE-ECC-SVC-68 170-173 1350±15 903±23 1047±23 Foram* 

BZE-ECC-SVC-68 193-196 1465±20 1006±35 944±35 Foram* 
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BZE-ECC-SVC-68 197-199 1575±15 1138±36 812±36 Foram* 

BZE-ECC-SVC-68 230-233 1730±20 1280±21 670±21 Foram* 

BZE-ECC-SVC-68 438-442 2330±40 1939±55 11±55 Foram* 

BZE-ECC-SVC-70 3-6 -240±15 ** ** Foram* 

BZE-ECC-SVC-70 160-163 1420±15 954±27 997±27 Foram* 

BZE-ECC-SVC-70 163-366 2100±20 1669±42 282±42 Foram* 

 

Table A.3. Radiocarbon age data. 

 

 

 

 

 

 

 

 

 

 

 



84 
 

 

A.6. References 

Bates, C.C. 1953. Rational theory of delta formation. Bulletin of AAPG, v. 37, n. 9, p. 

2119-2162. 

 

Bates, C.C. and Freeman, J.C. 1953. Interrelations between jet behavior and hydraulic 

processes observed at the deltaic river mouths and tidal inlets: Proc. 3rd. Conf. Coastal 

Eng. Council on wave research, Berkeley, California. 

 

Choi, D. R. and Ginsburg, R. N. 1982. Siliciclastic foundations of Quaternary reefs in the 

southernmost Belize Lagoon, British Honduras. Geological Society of America Bulletin, 

v.2, p. 116-126.  

 

Choi, D. R. and Holmes, C. W. 1982. Foundation of Quaternary reefs in the South-

Central Belize Lagoon, Central America. The American Association of Petroleum 

Geologist Bulletin, v.66, n. 12, p. 2663-2681. 

 

Ferro, C. E., Droxler, A. W., Anderson, J. B., and Mucciarone, D. 1999. Late Quaternary 

shift of mixed siliciclastic-carbonate environments induced by glacial eustatic sea-level 

fluctuations in Belize. Advances in Carbonate Sequence Stratigraphy: Application to 

Reservoirs, Outcrops and Models, SEPM Special Publication, n. 63, p. 385-411.  

Gischler, E., Ginsburg, R. N., Herrle, J. O., and Prasad, S. 2010. Mixed carbonates and 

siliciclastics in the Quaternary of southern Belize: Pleistocene turning points in reef 

development controlled by sea-level change. The Journal of the international Association 

of Sedimentologists, Sedimentology, p. 1-18 

Macintyre, I. G., Toscano, M. A., Lightly, R. G., and Bond, G. B. 2004. Holocene history 

of the mangrove islands of Twin Cayes, Belize, Central America. National Museum of 

Natural History Smithsonian Institution, p. 1-16. 

Purdy, E. G. 1974. Karst-determined facies patterns in British Honduras: Holocene 

carbonate sedimentation model. The American Association of Petroleum Geologist 

Bulletin, v. 58, n. 5, p. 825-855.  

Purdy, E. G. 1974a. Reef configurations: cause and effect. Soc. Econ. Paleontol. Mineral. 

Spec. Publ., v. 18, p. 9-76. 

Purdy, E. G. 1974b. Karst-determined facies patterns in British Honduras: Holocene 

carbonate sedimentation model. The American Association of Petroleum Geologist 

Bulletin, v. 58, n. 5, p. 825-855. 

Stuiver, M., and Polach, H. A. 1977. Radiocarbon Discussion reporting of 14C data.  

Radiocarbon, v. 19, n. 3, p. 355-363. 

Westphall, M. J. 1986. Anatomy and history of a ringed-reef complex, Belize, Central 

America. Master of Science Thesis. 


