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Abstract 

 

Late Holocene climate variability and coastal change 

 of the Yucatan Peninsula, Mexico 

 

Kyle Houston Broach 

 

The following dissertation contains three studies that use sediment cores to 

reconstruct past changes in the climate and environment of a tropical lagoon system. 

These studies provide insight into past droughts and coastal change during 

geologically recent climate variability and sea-level rise by investigating relationships 

between geochemical and biological parameters sensitive to different processes 

occurring on the coast of the Yucatan Peninsula, Mexico. 

 

Chapter one is a foraminiferal fossil record reconstruction of the Celestun Lagoon 

environment, assessing ecologic response to a change in lagoon salinity and 

vegetation over the Late Holocene (5,300 years to present). The record and modern 

environment suggests foraminiferal community composition changes predictably with 

salinity, but lagoon salinity decreased primarily from restriction of seawater input to 

the lagoon, and hence reduced mixing between groundwater and seawater, rather than 

climate-induced increase of groundwater discharge, though climate is a secondary 

control. The cause of reduced mixing appears to be accumulation of barrier islands 



x 

 

and sand spits that progressively isolated the northern lagoon, reducing mixing 

between groundwater discharge and seawater and shifting the environment from an 

open marine coast to estuarine lagoon. The transition was accompanied by expansion 

of the mangrove forest fringing the coastline. Superimposed on this trend, excursions 

of foraminifera taxa signify higher salinity coinciding with regionally dry periods and 

indicate that climate is a second-order control on lagoon mean salinity. 

 

Chapter two is a more detailed paleosalinity reconstruction where relations between 

modern lagoon salinity and both trace metals and isotopes in foraminiferal tests are 

applied to samples from cores collected along a transect from the northern to southern 

lagoon. The benthic species Ammonia parkinsoniana is used due to its abundance 

throughout the lagoon, and paleosalinity tracers recorded in A. parkinsoniana calcite 

tests are the elemental ratios Sr/Ca, and Ba/Ca and isotopes δ
18

O and 
87

Sr/
86

Sr. Ba/Ca 

ratios exhibit the highest correlation with salinity while δ
18

O and 
87

Sr/
86

Sr indicate 

two types of groundwater discharge to the lagoon—a fresh and a brackish source. A 

mixing model constructed from δ
18

O and 
87

Sr/
86

Sr show that long-term decrease in 

salinity was due to increased proportions of the brackish groundwater endmember—

consistent with the Chapter 1—and decreases in the freshwater endmember coincide 

with major dry periods in the Yucatan recorded in other paleoclimate archives of the 

region. Furthermore, sedimentation rates increase briefly at 3,400 and 2,000 years 

ago, time periods characterized by large-scale reorganization of atmospheric and 

oceanic currents in the North Atlantic with atmospheric teleconnections to tropical 
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climate. These increases in accumulation rate are interpreted as periods of rapid 

barrier island accumulation as trade winds and the Loop Current weaken in the Gulf 

of Mexico and deposit sediments during longshore drift. Chapter two suggests that 

atmospheric patterns resulting in drought in the Yucatan Peninsula also result in rapid 

sedimentation and apparent decrease in salinity in coastal lagoons, thus demonstrating 

the value of a multi-proxy approach in reconstructing paleoenvironmental history in 

dynamic coastal environments. 

 

Chapter three contributes data and a new hypothesis to the growing body of literature 

on the boron isotope system. The boron isotope ratio 
11

B/
10

B records pH of ambient 

water in the carbonate shells, proving to be a powerful tool in reconstructing past 

ocean acidification and atmospheric carbon dioxide concentrations. However, δ
11

B 

has not previously been used as a proxy for low-pH spring water discharge. In 

Celestun Lagoon, boron measurements in A. parkinsoniana are characterized by high 

variability both in surface sediments along the lagoon and in downcore samples and 

exhibit weak but significant relationships with the paleosalinity proxies 
87

Sr/
86

Sr and 

Ba/Ca and with the vegetation proxy δ
13

C. Lower pH caused by respiration of organic 

matter, recorded in δ
13

C of calcite, appears to contribute to δ
11

B variability, yet mean 

δ
11

B values of calcite reflect calculated δ
11

B values of borate based on present 

understanding of boron systematics, thus indicating that spring discharge exerts a 

first-order control on lagoon pH and δ
11

B recorded in foraminifera. This finding is of 

particular interest to the deep-time paleocommunity because prior to the evolution of 
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foraminifera, and because deep sea sediments older than 180 million years are rare, 

many calcareous fossils available for δ
11

B analysis thrived in shallow marine habitats. 

As efforts continue to find deep-time analogs to modern ocean acidification, low-pH 

groundwater discharge in coastal zones may complicate interpretations of δ
11

B results 

but may be addressed by a rigorous multi-proxy approach. 

 

This dissertation provides a record of coastal and climate change during recent 

periods of climate variability and sea-level rise over the last 5,000 years to provide 

context for current climate change in the tropics and an understanding of drivers of 

variability in the past and the future at low latitude sites. 
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Chapter 1 

 

1. Introduction 

 

As the evidence of human influence on global climate grows with greenhouse gas 

emissions, climate research has increasingly focused on developing an understanding 

of how global warming translates to climate variability on regional and local scales. 

Regional-scale climate controls seasonal patterns of precipitation and aquifer 

recharge, temperature and evaporation, and soil moisture response to regional 

hydrologic perturbations, all of which present challenges to municipal water resource 

managers and planners of human societies (Lutz et al., 2000; Gleick, 2000). While 

recent research suggests a greater range in precipitation between wet and dry seasons 

across the globe (Chou and Lan, 2012; Chou et al., 2013), reliable instrument records 

of the last century are too short to offer a complete view of predictive patterns of 

climate change and processes driving variability of regional precipitation, creating a 

need for records of longer duration. 

  

Paleoclimate archives such as lake and ocean sediments and cave deposits record the 

biogeochemistry and environmental conditions at the time of deposition, extending 

our understanding of climate processes farther back in time and providing data 

against which to test climate models to predict future change, especially with respect 

to hydrologic balance and water resource availability (Koutsoyiannis 2009). 

However, it has become clear that even geographically adjacent regions experience 
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local-scale hydrologic effects with differences between catchments of lakes and caves 

translating into uncertainty in the timing and magnitude of severe drought and 

ecologic response (Peterson and Haug, 2005; Metcalfe et al., 2015; Douglas et al., 

2016b). The goal of this dissertation is to develop a regionally integrated signal of 

rainfall over the Yucatan Peninsula from coastal sediment archives influenced by the 

regional groundwater table and to differentiate climatic controls from other 

contemporaneous processes such as sea level rise and local hydrogeologic effects. 

This research provides insight into the complexities of coastal paleoclimate archives, 

demonstrating the importance of local geomorphic controls on paleoenvironmental 

change while exploring techniques to extract hydroclimate signals reflecting 

variability in regional precipitation derived from changes in atmospheric circulation 

patterns. For the Yucatan Peninsula region of Mexico, the extreme seasonality of 

precipitation leaves the area vulnerable to drought if climate patterns shift, with the 

prospect of negative economic and ecological consequences (Koutsoyiannis et al., 

2009). 

  

The Yucatan Peninsula (Figure 1.1) is famous in part for the Mayan Civilization that 

thrived from 2,000 BCE to 1,000 CE and declined severely over several decades a 

millennium ago (Gill, 2001), with much evidence pointing to a series of droughts that 

diminished rain-recharged groundwater availability and agricultural production 

(Hodell et al., 1995; Brenner et al., 2002; Peterson and Haug, 2005; Beach et al., 

2009; Douglas et al., 2015). The karst peninsula is also famous for the most complex 
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network of caves in the world (Perry et al., 2003) which contribute to the lack of 

surface water features like major rivers. Precipitation over the peninsula rapidly 

percolates through caves and fractures to the groundwater table (Figure 1.2) where it 

flows to the coasts to discharge at spring sites (Figure 1.3). The field site Celestun 

Lagoon (Figure 1.1) is a groundwater-influenced estuary on the northwestern 

shoreline of the Peninsula, from which a series of sediment cores recovered 

sedimentary records beginning at 5,300 years before present (BP). The hypothesis is 

that the salinity increases in the lagoon as groundwater spring discharge decreases in 

response to decreased precipitation. The corresponding water geochemistry recorded 

in carbonates of shelled fauna thus provides a measure precipitation over the 

catchment area of the springs spanning nearly a quarter of the northwestern peninsula 

(Bauer-Gottwein et al., 2011). 

  

Despite this regionally-integrated advantage, paleoenvironmental reconstruction is a 

challenge due to competing physical and chemical controls on final sediment 

deposition. Most paleolimnological environmental reconstruction occurs in relatively 

stable lake systems on continental interiors where geochemical changes may be 

interpreted as primarily climatic, and assume that change in lake physical 

characteristics is minimal (Holmes, 1996; Leng and Marshall, 2004). In the coastal 

context of Celestun Lagoon, influence of sea level rise and ocean currents, in addition 

to climatically-driven spring discharge, adds variability that can best be addressed by 

using a multi-proxy approach - that is, to use different biological and geochemical 
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signals that respond differently in magnitude and direction to local drivers of change. 

The three chapters of this dissertation thus focus exclusively on Celestun Lagoon 

microfossils and geochemistry with each chapter focusing on a different dataset to 

understand and compare different processes impacting the lagoon to other Holocene 

climate and sea-level records of the Yucatan and Caribbean regions. 

  

The first chapter establishes the paleoenvironmental history of Celestun Lagoon by 

differentiating climate from coastal geomorphology as drivers of local change. 

Foraminifera microfossil communities (assemblages) are commonly used to infer 

holistic environmental change because, in addition to local salinity, these organisms 

respond to changes in sediment porewater oxygenation, water column suspended 

particle load, wave energy, and sediment and vegetation substrate type (Culver and 

Buzas, 1982; Debenay et al., 2000; Debenay et al., 2002; Debenay and Guillou, 2002; 

Sen Gupta, 2003; Murray, 2006) which are properties that respond to non-climatic 

forcing (e.g., a blocked lagoon outlet). Thus, assemblages have the advantage of 

reflecting change in local coastal conditions, irrespective of climate, that influence 

final lagoon salinity and geochemistry. Similarly, ratios of carbon to nitrogen (C:N) 

and carbon stable isotopes (expressed as δ
13

C) of sediment organic matter trace 

vegetation sources, and as vegetation type changes in response to salinity or shoreline 

orientation, C:N and δ
13

C values change as well. For Celestun Lagoon, organic 

carbon derives primarily from mangrove and seagrass vegetation with some 

contributions from marine primary producers (Gonneea et al., 2004). Thus, the 
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assemblage, C:N and δ
13

C proxies serve as the basis for paleoenvironmental 

interpretation by comparing values observed in the modern lagoon to values of the 

lagoon's past (Figure 1. 4). 

  

Results reveal that Celestun has not remained a semi-protected lagoon over its 5,300-

year history and in fact has evolved with four stages of ecosystem development. With 

sea level about 2.5 meters lower around 5,300 BP, the northern lagoon was a low 

salinity (< 10) inland mangrove pond dominated by Discorinopsis foraminifera 

(Figure 1.5). BY 4,900 BP, the site was open shoreline dominated by Archaias and 

Laevipeneroplis foraminifera that thrive in marine Thalassia seagrass beds - a habitat 

common to modern Florida coasts but not observed in the northwestern Yucatan 

(Hallock and Peebles, 1993). From about 4,500 BP to present, the lagoon transitioned 

from marine shoreline to brackish protected mangrove lagoon, accompanied by 

faunal succession of assemblages implying a gradual decrease in salinity from > 30 to 

the modern range of 15 to 20. In the modern lagoon, foraminifera taxa cluster 

primarily into a northern assemblage of low salinity and muddy substrate and a 

southern assemblage of protected but otherwise marine-influenced embayment. The 

modern distribution is remarkably similar to assemblage change from 4,500 BP to 

present (Figure 1.4), as though the lagoon mouth propagated southward, isolating the 

northern region from ocean influence. Indeed, modern coastal sedimentology studies 

observe barrier island and spit formation along the coast with accretion rates of up to 

0.5 km per year (Appendini et al., 2012; Cuevas et al., 2013; Lowery and Rankey, 
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2017), a rate consistent with forming the lagoon’s 21 km western bank over a 5,000 

year timespan. 

  

This chapter reveals that barrier island formation for the northwestern Yucatan coast 

has occurred at least over the Late Holocene, greatly influencing the coastal 

environment of the Celestun region. The same process may influence other Yucatan 

coastal sedimentary records (Figure 1.1) and, importantly, climatic interpretation of 

those records. Coastal geomorphic change reduces mixing between fresh groundwater 

and seawater, giving the appearance of increased groundwater discharge and thus 

increased rainfall. Thus, to extract climate history from coastal records influenced by 

groundwater, lagoon paleoenvironmental change and coastal geomorphology must be 

known. This work has been accepted to the Journal of Paleolimnology in 2020. 

  

The goal of chapter two is to separate geomorphic and climatic influence on lagoon 

salinity to address the original intent of providing an integrated (i.e., groundwater) 

signal of rainfall. Precipitation falling on the Peninsula percolates rapidly through the 

karst terrain to the groundwater table (Figure 1.2) where it flows to coasts on 

timescales of months, discharging as seeps and springs at shorelines (Figure 1.3; 

(Perry et al., 1989; Perry et al., 2003; Bauer-Gottwein et al., 2011). As groundwater 

flows, it dissolves the carbonate bedrock, taking on trace metals (strontium and 

barium, or Sr and Ba) and isotopic values (
87

Sr/
86

Sr) of limestone and evaporite 

bedrock lithology (Perry et al., 2009a). The result is a water source geochemically 
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distinct from seawater. Combining these aquifer-source geochemical signatures with 

the oxygen isotopic value (δ
18

O) of groundwater reveals there are in fact two distinct 

groundwater sources to Celestun Lagoon (Young et al., 2008; Stalker et al., 2014), 

and when mixed with seawater form a three endmember mixing system that controls 

the final lagoon salinity and trace metal concentration and isotopic compositions. In 

turn, these elemental values are recorded as the ratios Sr/Ca and Ba/Ca in the calcite 

tests of the foraminifera Ammonia parkinsoniana (Figure 1.5) which calcifies in such 

waters, providing a proxy of paleosalinity and a quantitative estimate of the 

proportions of groundwater and seawater mixing over time. 

  

A. parkinsoniana tolerates a wide range of salinity conditions (4 to 41, (Murray, 

2006), coincides with the salinity gradient in the modern lagoon, and is observed 

throughout most of the sedimentary record at this site, thereby providing a consistent 

archive of paleosalinity information in space and time. The Sr/Ca and Ba/Ca results 

from this chapter confirm observations in chapter 1, that in the northern lagoon, low 

salinity (around 5) conditions prevailed at 5,300 BP with mangrove-dominant 

vegetation and the Discorinopsis assemblage; near-marine salinities >30 occur at 

4,900 BP, coincident with the Archaias-Laevipeneroplis assemblage and marine 

Thalassia seagrass; and salinity declines from 30 to 20 over the last 4,500 years, 

indicating an increase in groundwater, a decrease in seawater, or a combination of the 

two. In addition, cores from the central and southern lagoon reveal that these areas 

remain relatively unchanged in their salinity values (around 26 and 30, respectively). 



 

8 

 

Furthermore, the values of 
87

Sr/
86

Sr and δ
18

O show that the proportion of the seawater 

endmember has decreased over time for the northern lagoon more so than the central 

or southern areas, consistent with the interpretation of barrier islands propagating 

south and restricting seawater incursion to the northern site. Thus, the formation of 

the lagoon may have been initiated by sea-level rise and subsequent barrier island 

accretion, gradually restricting seawater input to the lagoon inducing a long-term 

freshening trend. 

  

But what of the climate signal? Though mean salinity may decline over time, climate-

induced fluctuations in groundwater discharge would still cause salinity fluctuations 

about mean lagoon salinity. Assuming the rate of barrier island growth is relatively 

constant since initiation at 4,500 BP (a reasonable assumption given the relatively 

steady decline in salinity), geomorphic influence on salinity can be modeled using a 

fifth-order polynomial. Residuals values of salinity around this polynomial reflect 

deviations from the mean value, thus detrending the salinity data and removing 

geomorphic influence on the salinity signal. Detrended data reveals increases in 

lagoon salinity between 2 to 3 salinity units and thus drier conditions from 3,500-

3,100 BP, 2,400-2,000 BP, and 1,300 BP (or 700 CE, the start of the Mayan 

Droughts). The large area recharging the groundwater springs of Celestun Lagoon 

suggests the dry periods impacted the western half of the Peninsula which is 

confirmed by paleoclimatic records (primarily lacustrine) in the west and 

southwestern peninsula while records farther south in Belize and Guatemala appear 
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wetter (Mueller et al., 2009; Wahl et al., 2014; Douglas et al., 2016b; Akers et al., 

2016). 

  

The droughts appear to be caused by external forcing of solar radiation and internal 

forcing of ocean and atmospheric currents manifested as high variability due to the 

Peninsula's unique location at the nexus of several important circulation patterns 

(Bond et al., 2001; Mayewski et al., 2004; Steinhilber et al., 2009; Metcalfe et al., 

2015; Bhattacharya et al., 2017). Among the most important of these are the 

Intertropical Convergence Zone (ITCZ) - a band of moisture along the Equator that 

drives the wet and dry seasons of the tropics - and the Loop Current, which brings 

warm sea surface temperatures and associated moisture from the Caribbean into the 

Gulf of Mexico (Molinari and Morrison, 1988; Molinari and Morrison, 1988; 

Giddings and Soto, 2003; Poore et al., 2004; Metcalfe et al., 2015). Comparison of 

the Celestun Lagoon paleosalinity excursions with other lacustrine and speleological 

records reveals that widespread droughts occur when the average position of the 

ITCZ moves south, reducing rainfall over the peninsula. At the same time, continued 

decrease in long-term salinity and increase in sedimentation rates in Celestun Lagoon 

during dry periods points to a link between coastal longshore sediment transport and 

climate aberrations. Longshore sediment transport is driven by the easterly Trade 

Winds and Loop Current and Yucatan Current for this area (Herrera-Silveira and 

Morales-Ojeda, 2010; Enriquez et al., 2010; Cuevas et al., 2013), and average 

position of the Loop Current in the Gulf of Mexico is related to the average position 
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of the ITCZ (Poore et al., 2009) which both move north or south together. Dry 

periods centered at 3,200 and 2,000 BP coincide with cooling of the north pole and 

southward drift of sea ice and cold fronts - known as Bond Events (Bond et al., 2001) 

- which cool the North Atlantic, push the ITCZ and Loop Current farther south, and 

result in drought in the Yucatan Peninsula (Gill, 2001; Haug et al., 2001; Bond et al., 

2001; Haug et al., 2003) but also apparently increased deposition of sediments on the 

north coast of the Yucatan as easterly trade winds and the Loop Current weaken. 

Such periods of rapid atmospheric circulation change coincide with sharp but short-

lived decreases in lagoon salinity despite drought on the Peninsula interior. This is 

consistent with temporary increase in rates of barrier island formation. The 

implication is that the response of coastal (lower salinity) and continental lacustrine 

(higher salinity) records may respond oppositely to the same forcing (Bond Event and 

associated ITCZ excursion), but the contradiction is reconciled if geomorphic history 

of the field site in question is understood. This is good news the paleoclimate and 

paleoecologic communities studying the circum-Caribbean region, for coastal records 

provide insight to regional response of hydroclimate forcing and represent a relatively 

unexplored source of climate information despite widespread occurrence of coastal 

lagoon ecosystems around the Gulf of Mexico and Caribbean sea (Peros et al., 2007b; 

Peros et al., 2015). In addition, knowing the relationship between coastal transport 

currents and atmospheric circulation can improve future general circulation models 

assessing the risks of climate change and sea level rise for coastal communities. This 

chapter is in preparation to be submitted to the journal Paleoclimatology and 
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Paleoceanography. 

  

While chapters one and two focus on the paleoecology and paleosalinity of Celestun 

Lagoon, chapter three attempts to reconstruct paleo-pH of the estuary using the boron 

isotope system, expressed as δ
11

B and a relatively new paleoceanographic proxy 

(Hemming and Hanson, 1992; Hemming and Hönisch, 2007). The proxy is based on 

acid-base equilibrium between boric acid (B(OH)3) and borate (B(OH)4
-
) by the 

equation: 

  

 𝐵(𝑂𝐻)3 +  𝐻2𝑂 ↔  𝐵(𝑂𝐻)4
− +  𝐻+ (1.1) 

  

Equation 1.1 shows that [H
+
] and thus pH is a driver of speciation of boron. The 

second key aspect of this system is the partitioning of boron isotopes 
11

B and 
10

B into 

(B(OH)3) and (B(OH)4
-
), respectively. As the boron molecules change from one 

molecular species to the other over the pH range 6 to 11, 
11

B and 
10 

B fractionate with 

a value of 27.2 ‰ (Klochko et al., 2006) between (B(OH)3) and (B(OH)4
-
) (Figure 

1.6). (B(OH)4
-
) is the primary constituent incorporated into carbonate, replacing the 

CO3
2-

 ion (Branson, 2018; Rae, 2018), thus recording in carbonate the boron 

fractionation driven by changes in pH. 

  

The δ
11

B of marine carbonate in the open ocean generally records the pH of water 

from which carbonate precipitated (Foster and Rae, 2016; Rae, 2018; Hönisch et al., 
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2019). The behavior of δ
11

B in coastal systems is much less clear with only one other 

study investigating δ
11

B in shallow carbonate sediments (Zhang et al., 2017). In the 

coastal ecosystem of Celestun Lagoon, spring discharge is low in pH (<7) relative to 

the ocean, correlating significantly with spring salinity (Pearson r = 0.67, p = 0.002). 

Increases in spring discharge would thus decrease lagoon pH and lower δ
11

B values in 

foraminiferal calcite (Figure 1.6), providing an opportunity to explore δ
11

B behavior 

in shallow low-pH carbonate systems influenced by groundwater. 

  

Results were far more complicated than this simple relationship would suggest. The 

mean δ
11

B of all data collected in Celestun Lagoon indeed reflects mean lagoon pH, 

but the variability and range in δ
11

B (8 to 18 ‰) at this site was as great as all 

previously published data from the global surface and deep oceans (12 to 22 ‰) (Rae 

et al., 2011; Hönisch et al., 2019). High variability in parameters that control pH 

(salinity, temperature, [Mg], [Ca], total inorganic carbon, and total alkalinity) 

translates to high variability of δ
11

Bborate incorporated into foraminiferal calcite. In 

Celestun lagoon, mean geochemistry that determines the final δ
11

Bborate value are 

controlled by low-pH springs. Spring discharge explains about 76% of variability 

seen across important pH-controlling parameters (mentioned above) measured in 

lagoon water and about 44% of variability in trace metal and δ
11

B values measured in 

foraminiferal calcite. Furthermore, δ
11

B measurements in calcite show greater 

variability within 1 km of the largest spring discharge site, suggesting greater 

sensitivity of the proxy when closer to the source of pH change. This is an intuitive 
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result, for pH is not conservative (like dissolved metals) and can change rapidly over 

short spatial and temporal scales as temperature and dissolved CO2 change from 

physical and biological processes (Hofmann et al., 2011). This supports the 

hypothesis that low-pH spring discharge is a first-order control of δ
11

Bcalcite of benthic 

foraminifera. Another 18% of the variability in foraminiferal δ
11

B geochemistry is 

explained by respiration of organic matter, which further reduces porewater pH, in 

this productive mangrove estuary ecosystem. Applying the δ
11

B proxy downcore 

shows that pH at this shallow coastal site has been as variable over the last 3,000 

years as is observed at present, ranging from 6.9 to 8.1. Despite the variability in 

δ
11

Bcalcite, boron response to low-pH springs may offer some utility as a tracer for 

paleospring discharge in coastal environments, provided that δ
11

Bcalcite measurements 

are extensively paired with multiple proxies to understand impacts of salinity, 

temperature, source boron, photosynthesis, and microbially-mediated respiration of 

organic matter. 

 

Chapter three provides new δ
11

Bcalcite to compare to other shallow marine carbonate 

environments of the Bahamas and Belize (Zhang et al., 2017). In addition to 

expanding understanding of the limitations of δ
11

Bcalcite in general, this study also 

provides the first look at δ
11

Bcalcite as a paleospring discharge proxy. Coastal spring 

discharge may have substantial impact on baseline pH of coastal waters, where 

calcareous fauna of interest reside (e.g., corals), and hence impact baseline δ
11

Bborate 

recorded in biogenic carbonates of shallow marine communities. In deep time, prior 
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to the evolution of foraminifera or extant corals, most carbonate organisms such as 

sponges, corals, and brachiopods have lived in shallow carbonate environments 

(Benton and Harper, 2009). As we observe the effect of CO2 emissions and ocean 

acidification on modern carbonate reefs and lagoons (Feely et al., 2009; Doney et al., 

2014) and reconstruct past ocean acidification (Hönisch et al., 2019), it is important to 

consider the hydrogeologic processes that may also impact δ
11

Bborate and thus 

δ
11

Bcalcite in shallow shelf environments adjacent to coastal groundwater discharge of 

the past. This work is in preparation to be submitted to the journal Geochimica et 

Cosmochimica Acta. 

  

This dissertation contributes to a growing body of paleoclimatic work demonstrating 

important consequence of climate change and associated variability on groundwater 

resources while advancing our understand of a relatively new proxy system to better 

study past oceanic ocean acidification via atmospheric carbon dioxide. The strength 

of these three chapters lies in the multi-variate dataset of diverse proxies - biological, 

sedimentological, and geochemical - that respond in non-linear and complex ways to 

climatic and coastal forcing, providing detailed insight to the processes that control 

the final coastal sedimentary and geochemical record of the northern Yucatan 

coastline. The approaches and proxies described herein may be applied to both 

previously collected coastal records and to future coastal sampling campaigns in this 

region, opening the door to new paleoenvironmental archives detailing complex 

hydrologic interactions between the atmosphere, the ocean, and the societies living in 
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between. Beyond the earth science community of paleontologists, geochemists, 

climatologists, and oceanographers, this work is of interest to archaeologists and 

resource conservationists seeking to understand Mayan societal turmoil under the 

stress of drought and modern resource planning under the threat of drought again. In 

the words of Petersen and Haug (2005), "If Maya civilization could collapse under 

the weight of natural climate events, it is of more than academic interest to ponder 

how modern society will fare in the face of an uncertain climate in the years ahead." 



 

16 

 

 
Figure 1.1  
Imagery of the Yucatan Peninsula (central image) derived from Google Earth®. The field site 

Celestun Lagoon is in the northwestern corner of the Peninsula. Linear features of the western 

bank of Celestun Lagoon (marked in red) are sediment spits and barrier islands that have 

accumulated over time. Similar features are noted at other lagoon sites around the Yucatan 

coastline. 
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Figure 1.2  
Aerial photograph of the northeastern coast of the Yucatan Peninsula near Cancun. 

Precipitation over the peninsula (note clouds) rapidly percolates through the karst terrain to 

the groundwater table and then flows toward the coasts to discharge as springs and seeps. 
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Figure 1.3  
A Channel within the mangrove forest on the eastern side of Celestun Lagoon. B High 

biodiversity, including megafauna like flamingos and calcareous meio- and microfauna 

within sediments, characterize the shallow lagoon. C Large spring site discharge low-

brackish groundwater to the central lagoon. D Drowned well within the main lagoon. 

Groundwaters of C and D derive from rainfall and are geochemically distinct from seawater 

entering the lagoon from the southern opening. 
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Figure 1.4  
A Carbonate sediment and calcareous fauna observed in the top 3 cm of sediment in the 

southern lagoon near the ocean. B Carbonate sediment and calcareous fauna from a northern 

lagoon core at a depth of 200 cm and dated to 4,800 years before present. Note the similarity 

in appearance. 
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Figure 1.5  
Selected scanning electron microscope images of foraminifera taxa in Celestun lagoon 

sediments. A Miliammina fusca, agglutinated B Trochammina sp., agglutinated C Haynesina 

germanica, hyaline D Cornuspira involvens, porcelaneous E Ammonia parkinsoniana, 

hyaline F Bolivina sp., hyaline G Discorinopsis aguayoi, hyaline. Discorinopsis was only 

observed in northern lagoon sediments dating to 5,300 years before present. 
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Figure 1.6  
A Bjerrum plot for boric acid B(OH)3 and borate B(OH)4

-. B Fractionation of 11B and 10B 

from bulk seawater values (δ11Bsw) into B(OH)3 and borate B(OH)4
-. Gray box in both panels 

represent the range of B(OH)4
- in the modern ocean and the δ11Bsw value of B(OH)4

- recorded 

in marine carbonates. Figure calculated from spreadsheet given in Rae (2018). 
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Chapter 2 

Late Holocene foraminiferal assemblages and paleoenvironmental change of the 

Celestun Lagoon estuary (Yucatan, Mexico) 

 

2.1 Abstract 

 

Foraminiferal assemblages fluctuate in response to natural environmental changes. 

This study utilizes foraminiferal assemblages, C isotope ratios (δ
13

C) and C:N ratios 

of sedimentary organic matter in sediment cores from Celestun Lagoon, Yucatan, 

Mexico to describe environmental changes over the past 5,300 years. Specimens of 

the >125 µm size fraction from modern core top sediments reveal three assemblages: 

a brackish mangrove assemblage of agglutinated Miliammina and Ammotium taxa and 

hyaline Haynesina; an inner-shelf marine assemblage of Bolivina, Hanzawaia, and 

Rosalina; and a brackish assemblage dominated by Ammonia and Elphidium. 

Assemblages change along the lagoon in response to changes in salinity and 

vegetation type (seagrass and mangrove). In addition to these three assemblages, 

lagoon sediments representing the past 5,300 Cal yr BP (hereafter BP) are comprised 

of two additional assemblages defined by Archaias and Laevipeneroplis indicating 

marine Thalassia seagrasses and Discorinopsis indicating inland mangrove ponds. 

Celestun Lagoon exhibits four phases of paleoenvironmental development: inland 

mangrove pond (5,300 BP); open coastline with marine seagrass and barrier island 

aggradation (4,900 BP); protected brackish lagoon (3,000 BP); and protected lagoon 
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surrounded by mangroves (1,700 BP). The temporal change in assemblages from core 

bottom to coretop resemble the spatial distribution seen in the modern lagoon from 

the southern marine lagoon to the brackish northern lagoon. Similar patterns have 

been reported from Yucatan Peninsula lagoons and cenotes (Nichupte, Aktun Ha) 

suggesting a regional coastal response to sea level rise and climate change, including 

geomorphic controls (longshore drift) on lagoon salinity observed today. Barrier 

island development progressively protected the northwestern Yucatan coastline, 

reducing mixing between seawater and rain-fed submarine groundwater springs. If 

the freshening trend associated with restriction of seawater mixing due to barrier 

island development is removed, Celestun Lagoon foraminiferal assemblages reflect 

regional wet and dry climatic episodes similar to those recorded in lake archives 

(Chichancanab, Salpeten) and explain freshening in local cenote salinity records 

(Cenote San Jose) that conflict with interpreted periods of drought. Our results 

emphasize the need to consider coastal geomorphic evolution when using lagoon 

sedimentary archives for paleoclimate reconstruction. Such coastal records can 

provide integrated rainfall records from basin-scale groundwater drainage. 

 

2.2 Introduction 

 

Coastal lagoons and estuaries are dynamic environments, and changes in local sea 

level, storm wave energy, coastal geomorphology and climate all affect these 

ecosystems and the organisms that live there. Sedimentary archives from coastal 
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lagoons record environmental conditions such as storm surge, sea level rise, 

catchment hydrochemistry, as well as biological productivity and diversity. Thus, 

such archives provide insight into paleoclimatic and paleoenvironmental change that 

control these properties and may affect coastal human communities (Collins et al., 

1999; Debenay and Guillou, 2002; Murray, 2006; van Hengstum et al., 2011; Hawkes 

and Horton, 2012; Peros et al., 2015; Collins et al., 2015). Coastal estuaries and 

lagoons are abundant around the Caribbean and particularly the Yucatan Peninsula, 

but relatively few coastal paleoecologic studies are available from this region (Peros 

et al., 2007). 

 

Here we present a microfossil and vegetation record spanning the last 5,300 years 

from Celestun lagoon in the northwestern corner of the Yucatan Peninsula, Mexico. 

The lagoon’s proximity to ocean currents and storms, dune-ridge complexes, 

mangrove forest, and the presence of groundwater springs yields an estuary sensitive 

to climate and coastal changes across the peninsula lowlands. 

 

2.2.1 Background 

 

The Yucatan Peninsula is a carbonate platform dominated by karst geomorphology 

(Perry et al., 1995; Perry et al., 2003) where rainfall percolates rapidly into 

groundwater (within months), flows toward the coasts and discharges as submarine 

springs (Herrera-Silveira, 1994; Perry et al., 2003). In the northern Yucatan, the 
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discharge location of these submarine springs is determined by the Chicxulub impact 

crater which focuses discharge in Celestun and Dzilam Lagoons (Perry et al., 2002; 

Perry et al., 2003; Bauer-Gottwein et al., 2011). Rainfall is variable, and the Yucatan 

climate is seasonal subtropical with most rainfall occurring from June to October 

(Herrera-Silveira, 1994; Bauer-Gottwein et al., 2011). Seasonality of precipitation is 

driven primarily by migration of the Intertropical Convergence Zone about the 

equator (Haug et al., 2001), but interannual variability in the position of this humid 

zone is caused by additional ocean-atmospheric circulation patterns, including the 

Bermuda High Pressure Zone in the Atlantic, Walker circulation across the Pacific, 

and solar insolation across both ocean basins (Bond et al., 2001; Laskar et al., 2004; 

Sutton and Hodson, 2005; Douglas et al., 2016a; Bhattacharya et al., 2017). 

 

Regional climatic variability (compounded with local hydrologic variability) is 

expressed in paleoclimate records across the Yucatan peninsula including lake and 

cenote records (Hodell et al., 1995; B. Leyden et al., 1996; Hodell et al., 2005; 

Douglas et al., 2016b), Caribbean coastal cave sediments (Gabriel et al., 2009; van 

Hengstum et al., 2010; Collins et al., 2015), and regional speleothem chemistry 

(Webster et al., 2007; Medina-Elizalde et al., 2010; Kennett et al., 2012; Douglas et 

al., 2016b; Akers et al., 2016). These records are variable in timing and inconsistent 

in the severity of recorded drought events, resulting in difficulty reconstructing past 

atmospheric circulation and raising the need for an integrated rainfall record. New 
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records from coastal lagoons that represent integrated regional climate (via 

groundwater with a large catchment) could reconcile some of these discrepancies. 

  

Assemblages of foraminifera and organic matter geochemistry (δ
13

C, C:N ratios) are 

useful tools in reconstructing coastal paleoecology and environmental conditions that 

respond to climatic changes. Modern foraminifera species are distributed along 

gradients of salinity, wave energy, water stratification, and substrate type, making 

them sensitive indicators of change in the physical and chemical environment 

(Debenay and Guillou, 2002; Murray, 2006; Schönfeld et al., 2012). Coastal 

paleoenvironments reconstructed from foraminifera utilize groups, or clusters, to 

represent a particular environment (e.g., brackish estuary, protected lagoon, open 

coast) and individual species to indicate specific habitat (e.g., mangrove swamp, 

seagrass beds, suboxic sediment) (Sen Gupta, 1999). Both methods are used to 

characterize the coastal environment in the Yucatan and Caribbean regions. In 

particular, tropical estuaries are characterized by a landward fine-sediment 

assemblage containing Ammotium, Miliammina, and Trochammina spp. transitioning 

to brackish mixed assemblages of Ammonia, Elphidium, and Quinqueloculina spp. 

before culminating in an ocean end-member assemblages containing Bolivina and 

Rosalina spp., among other marine taxa (Debenay and Guillou, 2002).  

 

In carbonate-rich mangrove estuaries of the Caribbean, species richness increases 

with distance from more protected inland coastal settings, where a few species of 
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agglutinated foraminifera dominate, to the nearshore, where more diverse hyaline and 

porcelaneous taxa live. For example, Trochammina and other agglutinated taxa live in 

fringing mangroves of Puerto Rico while Rosalina, Peneroplis, and Archaias live 

near the open coastal ocean, away from the protected mangroves (Culver, 1990). 

Change in the coastal environment will affect this distribution, as in Nichupte lagoon, 

Quintana Roo (northeastern Yucatan peninsula coast) where barrier islands restricted 

circulation and changed the foraminiferal assemblages from marine genera such as 

Triloculina and Quinqueloculina to brackish-tolerant Ammonia and Elphidium (Hart 

and Kaesler, 1986). Species diversity also decreases with environmental instability 

associated with change (Hart and Kaesler, 1986; Sen Gupta, 1999). Specific species 

indicators (e.g., Archaias angulatus and Peneroplis proteus) are used around the 

Caribbean to identify coral reef and seagrass habitat because these species require 

marine salinities and seagrass beds of Thalassia (Sen Gupta, 1999; Gischler and 

Hudson, 2004). The agglutinated Miliammina fusca requires hyposaline muddy 

environments, and assemblages composed entirely of agglutinated specimens often 

mark inner mangrove swamps (Sen Gupta, 1999).  

 

Carbon isotopes (δ
13

Corg) and C:N elemental ratios in sedimentary organic matter 

(OM) are useful in tracing sources of OM to lacustrine and marine sediments. These 

proxies have been used around the Yucatan Peninsula to infer changes in vegetation 

and to determine causes for such changes, including Mayan agricultural practices (C3 

vs. C4 plants), climate (moist vs. arid), and sea level rise (mangroves) (Gonneea et 
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al., 2004; Polk et al., 2007; van Hengstum et al., 2010). In particular, δ
13

C, C:N, and 

microfossil assemblages records elucidate changes in rainfall variability and its effect 

on dominant vegetation and cave flooding events during climatic wet periods (Polk et 

al., 2007; van Hengstum et al., 2010). These studies demonstrate the utility of OM 

proxies in documenting ecologic change when paired with other hydroclimate and sea 

level proxies (e.g., δ
18

O, microfossils, and peat). 

 

In this study we present modern benthic foraminiferal assemblage data and a 5,300 

year sedimentary record of assemblages, δ
13

C, and C:N of sediment OM from 

Celestun Lagoon (Yucatan, Mexico). We reconstruct the paleoenvironmental history 

of the lagoon with particular focus on controls of lagoon salinity in order to compare 

our record to other paleoenvironmental and paleoclimatic records from the 

northwestern peninsula and other coastal paleoenvironments in this region. 

 

2.3 Materials and methods 

 

2.3.1 Site description 

 

Celestun Lagoon is a narrow (0.5-2.4 km) and long (21.2 km) estuarine lagoon 

situated along the coastline in the northwestern Yucatan Peninsula in southern 

Mexico (Figure 2.1A). The lagoon is protected from ocean waves by a series of 

coquina dune ridges about 30 km long (Lowery and Rankey, 2017). The lagoon 
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interior is characterized by autochthonous carbonate sediments ranging in size from 

fine carbonate muds in the protected northern lagoon to coarse mollusk and gastropod 

shells and fragments near the southern lagoon which opens to the ocean. Benthic 

foraminifera are found throughout the lagoon. The lagoon depth ranges from 0.5 m in 

the north to 3 m in the south, and bottom sediments in the center of the lagoon remain 

submerged at low tide (Young et al., 2008; Lowery and Rankey, 2017). Red and 

black mangroves (Rhizophora mangle and Avicennia germinans, respectively) fringe 

all sides of the lagoon, and abundant, brackish water-tolerant seagrass beds (Halodule 

wrightii, Ruppia mexicana) dominate the central lagoon channel (Herrera-Silveira et 

al., 1998). These polyhaline flora and fauna are supported by submarine groundwater 

springs discharging brackish (salinity of 3-9) groundwater predominantly in the 

northern lagoon, giving the lagoon its estuarine characteristics with a persistent but 

seasonally variable salinity gradient (Herrera-Silveira, 1996; Gonneea et al., 2004). 

Peak groundwater discharge (during the month of December) at Celestun Lagoon lags 

peak rainfall by one to two months (Perry et al., 2002), and prolonged wet periods 

accompany prolonged low-salinity conditions in the northern lagoon (Herrera-

Silveira, 1994; Herrera-Silveira et al., 1998). The interior of Celestun Lagoon is a 

low-energy settling basin, and the exterior (ocean-side, Figure 2.1B) is high energy 

characterized by ocean currents and winter storm waves that cause longshore 

transport of bioclastic carbonate sediments. Longshore sediment transport and 

accumulation result in a net barrier island and spit formation equaling 200 meters 

over 33 years (Lowery and Rankey, 2017). 
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2.3.2 Sediment and water sampling 

Three expeditions to Celestun Lagoon (May 2006, June 2009, and May 2015, Table 

2.1) collected sediment cores and contemporaneous in situ water salinity and 

temperature data, measured with a Yellow Springs Instruments model 63 (handheld 

sonde). Water depth was not measured but is estimated at about 50 cm for all cores. 

Short cores (N = 5) were collected using 30 cm push cores along a lagoon transect 

from north to south (Figure 2.1A, Table 2.1). Push cores were immediately extruded 

and sectioned into 2 cm intervals to ensure sufficient mass for 
210

Pb dating. Longer 

sediment cores (N = 8) were collected using piston Bolivia and Livingston corers 

(LacCore, University of Minnesota) and imaged with a Geotek Corescan-V camera 

provided by the National Lacustrine Core Facility (Minnesota, USA, Figure 2.2). 

Core 4A was collected in three drives, and Core 4B, 3m away from core 4A, was 

collected in three drives (Table 2.1) and used only for additional radiocarbon dating. 

Bulk wet density was measured with a gamma densitometer for cores 4A and 4B 

(Figure 2.2) and used in Corelyzer software v.2.0.4 to match radiocarbon ages from 

core 4B to appropriate depths in core 4A. Auxiliary core UL-5 was collected in 2 

drives (200 cm total length, Figure S2.1) and was used to corroborate age-depth 

models and general trends observed in core 4A. Sediment cores 4A and UL-5 were 

subsampled every ~5 cm, split into aliquots, and separated for organic matter δ
13

C 

and C:N atomic ratio analyses and benthic foraminiferal assemblages. 
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2.3.3 Chronology 

 

Basal peat and terrestrial macro-organics (roots, leaves, and seeds) were picked from 

wet-sieved sediments and used for radiocarbon dating. Autochthonous organic carbon 

(e.g., seagrass) was avoided where identifiable due to carbon reservoir effects that 

occur in karst systems (Fletcher et al., 2017). Radiocarbon data from cores 4A and 4B 

were combined to create one age-depth model for core 4A. All radiocarbon dates (N 

= 15, Table 2.2) were calibrated to calendar years using IntCal13 as detailed in 

Blaauw and Christen, (2011). 
210

Pb activity (N = 7) was determined using 10 mL 

samples of homogenized bulk sediment sealed in vials for 24 hours and measured in a 

high purity germanium (HPGe) well detector using established methods and 

calibration reference materials (Swarzenski et al., 2006). Sediment accretion rates 

were calculated from 
210

Pbexcess below 6 cm, which we infer was not mixed, and 

corrected for extruding compaction of 5% (Gonneea et al., 2004). The age-depth 

model (Figure 2.3) was developed using the R package ‘rbacon’ v. 2.4.0 which uses 

Bayesian inference models of the radiocarbon and 
210

Pb-derived sediment 

accumulation rate (Blaauw and Christen, 2011). 

 

2.3.4 Foraminiferal assemblages 

 

Foraminifera were visually identified from ~30 mg sediment aliquots dry sieved to 

125 µm (Table 2.3). Foraminifera between 63-125 µm were commonly covered in 
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calcareous precipitates which could not be dislodged with sieving or sonicating, 

rendering identification inconsistent or impossible and hence were excluded. 

Individual foraminifera were counted until at least 300 specimens (living or dead) 

were obtained. Counts were used to calculate relative abundance, and sediment 

aliquots were weighed to determine absolute abundance (individuals mg
-1

 of 

sediment) to address varying volumes of sample used (Schönfeld et al., 2012). This 

method was applied to coretop samples and core 4A down core samples. We define 

coretop as the upper 5 cm intervals of sediment which we assume was mixed, inferred 

from 
210

Pb profiles (Figure 2.3). In core UL-5, foraminiferal counts were performed 

on the > 250 µm. This size fraction was chosen due the common occurrence of large 

benthic foraminifera along the Yucatan coast (Martinez et al., 2018) and at this site. 

Data from core UL-5 (Supplemental Material) was not collected at high resolution 

and was only used to corroborate the trends observed in core 4A. 

 

2.3.5 Carbon isotope analysis  

 

Organic matter δ
13

C and C:N ratios were analyzed simultaneously via gas-sourced 

Carlo Erba elemental analyzer isotope ratio mass spectrometry. A 2 mg sample from 

each sediment interval was acidified repeatedly using chilled 6% sulphurous acid 

following Verardo et al. (1990), with an added sonication between acidifications to 

promote complete decarbonation. This method minimized effervescence and sample 

loss in sediments containing ~95% carbonate mud (all samples in this study, 
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excluding peat). Values are reported in reference to VPDB with instrumental 

reproducibility of δ
13

C = 0.2‰ (UC Santa Cruz Stable Isotope Lab). The C:N atomic 

mass ratio is reported as dry weight % organic C to dry weight % total N with a 

reproducibility of 0.1. 

 

2.3.6 Statistical analyses 

 

All statistical analyses were performed in R software (v. 3.5.0) with packages vegan 

(v. 2.5.2) and rioja (v. 0.9.21). Species richness (S), Shannon diversity (H), and 

evenness (E) were determined from equations presented in Buzas and Hayek (1998). 

Wisconsin double standardization was applied to raw abundance counts to maximize 

influence of rare species, and Q-mode and R-mode agglomerative clustering were 

performed using the Bray-Curtis dissimilarity matrix and Ward’s linkage method 

(Sen Gupta, 1999). Foraminiferal assemblage names were assigned based on R-mode 

results, and depth intervals of assemblage occurrence were assigned based on Q-mode 

results. Cluster cophenetic correlation coefficient , which describes data distortion in 

cluster dendrograms, was determined using Pearson’s correlation between the Bray-

Curtis dissimilarity matrix and cluster cophenetic matrix (Davis, 2002). Non-metric 

multidimensional scaling (NMDS) was performed using Bray-Curtis dissimilarity 

matrix of the Wisconsin standardized data with k = 3 dimensions. Continuous 

variables were natural log-transformed for plotting as vectors. 
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PERMANOVA and beta-dispersion statistical tests were performed to determine 

significant differences between cluster centroids and between cluster spreads, 

respectively (Anderson, 2001; Anderson et al., 2006). To check for significant 

difference between centroid positions determined from PERMANOVA—which gives 

a significant result for centroid position or variance—a randomized resampling was 

performed to simulate a p value for centroid position alone. Clusters were pooled, 

randomly sampled without replacement, plotted with NMDS ordination, and distance 

was measured between NMDS centroids of the randomized clusters. A total of 10,000 

iterations were performed and compared to the original centroid distance. Kendall 

correlation was performed for non-normally distributed continuous variables. 

 

2.4 Results 

 

2.4.1 Modern salinity gradient 

 

Lagoon water salinity increases from a minimum of 14 in the northern lagoon (with 

variability near springs) to 33 in the southern lagoon close to the ocean (Table 2.1). 

Based on observations in the field, wave energy is lower in the northern region (more 

protected) than in the southern region close to the coastline. 

 

2.4.2 Sedimentology 
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Core 4A provided the longest sedimentary record (262 cm, Figure 2.2), hence most 

analyses were performed on core 4A. The stratigraphy consists of a basal peat layer 

from 262–230 cm with a transition from 230–228 cm to massive carbonate mud from 

228–0 cm with increasing brown pigmentation upcore (Figure 2.2). Fossil bivalves, 

gastropods, foraminifera, and fragments thereof are rare in peat and common in 

carbonate mud. Pieces of charcoal and organic matter <1mm occur occasionally in 

the carbonate mud. Interval 210–170 cm contains more gastropods than other 

calcareous microfossils, and interval 170–140 cm contains more carbonate mud with 

brown pigmentation and frequent occurrence of gastropods, ostracods, and 

foraminifera. From 140–112 cm, coarse-grained material (1 cm clams) and carbonate 

mud predominate, and bivalves disappear above 112 cm. Interval 112–0 cm is 

characterized by carbonate mud, frequent gastropods, and abundant foraminifera. 

From 36–34 cm a coarse (0.5–1 mm) layer of foraminifera and gastropods occurs 

with a notable color transition from light to dark beige (Figure 2.2B). Core 4B 

exhibits nearly identical stratigraphy (Figure 2.2A) and consists of basal peat layer 

followed by massive carbonate mud and fossil bivalves, gastropods, and foraminifera 

from 230–0 cm, and a coarse layer of gastropod and foraminifera from 36–34 cm 

(Figure 2.2B). Wet bulk density agrees between the two cores with 1.3 g/mL in the 

peat layer, a maximum of 1.9 g/mL just above the peat–mud transition (229 cm), and 

a trend to 1.4 g/mL at present (Figure 2.2A). Based on stratigraphy, wet sediment 

density, and core proximity, we assume depths in 4A and 4B core represent the same 

strata. 
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The coarse-grained layer centered on 35 cm observed in cores 4A and 4B is also 

observed in cores 2A (31-29 cm), 8A (35-31 cm), and 6A (33-28 cm), but was not 

observed in 7A (Figure 2.2B). The layer is thickest (5 cm) in the southern lagoon core 

6A and decreases to 2 cm in the northern lagoon. The remaining short cores (Table 

2.1) did not sample below 30 cm depth. 

 

2.4.3 Radioisotopes and age depth models 

 

210
Pb activity in the 0-5 cm interval of short push cores was variable (Table 2.2) and 

thus excluded from accretion rate calculations. 
210

Pb activity in the interval 6-13 cm 

suggests an accretion rate of 1.5 ± 0.2 mm yr
-1

 (Figure 2.3 inset). Radiocarbon data 

for cores 4A and 4B show expected increased age with depth, although four age 

inversions occur (Table 2.2). Three 
14

C age inversions are observed in core 4A from 

4A-3L-1 265.5 cm to 4A-2B-1 80.5 cm (495 
14

C years), 4A-2B-1 193.5 cm to 4A-1P-

1 148.5 cm to (135 
14

C years), and 4A-1P-1 90.5 cm to 60.5 cm (135 
14

C years), and). 

One inversion occurs in core 4B from 4B-3L-1 269.5 to 236.5 to (140 
14

C years), and 

one in UL-5 (Supplemental Material). Mean 
14

C age inversion (N = 5) is 263 

uncalibrated years across a mean sediment interval of 27 ± 7 cm. 

 

The Bayesian age-depth model for core 4A (Figure 2.3) implies a long-term sediment 

accumulation rate between 0.4 and 0.6 mm yr
-1

. Assuming the lagoon-wide coarse 
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sediment layer at ~35 cm depth (Figure 2.2B) is a hiatus event, the age model for core 

4A indicates a hiatus span of 800 years from 1,300 to 500 Cal yr BP (hereafter BP).  

 

2.4.4 Benthic foraminifera identification and distribution  

 

More than 27,000 foraminifera were counted in 90 samples, and 26 species were 

identified (Table 2.3). Foraminifera appeared pristine with no pitting or dissolution 

noted in coretop or downcore specimens. 

 

For all modern and fossil samples, the dominant species are Ammonia parkinsoniana 

(34.7%), Quinqueloculina laevigata (14.8%), Elphidium gunteri (14.1%), Elphidium 

poeyanum (11.7%), Triloculina trigonula (6.5%), Agglutinated taxa (6.0%), 

Discorinopsis aguayoi (3.7%), Elphidium galvestonense (2.7%), Ammonia tepida 

(1.3%), and Haynesina germanica (1.1%) which comprise 96.6% of all taxa 

observed. Absolute abundance for all taxa is 11.9 individuals per mg sediment (N mg
-

1
) with the highest absolute abundances occurring for A. parkinsoniana (4.1 N mg

-1
), 

Q. laevigata (1.8 N mg
-1

), E. gunteri (1.7 N mg
-1

), and E. poeyanum (1.3 N mg
-1

). 

Remaining taxa absolute abundances are < 1N mg
-1

. 

 

The relative abundance of fossil taxa in core 4A (Figure 2.4A) is A. parkinsoniana 

(41.4%), E. poeyanum (13.0%), E. gunteri (11.9%), Q. laevigata (8.6%), D. aguayoi 

(6.5%), Agglutinated taxa (5.6%), E. galvestonense (4.6%), T. trigonula (2.8%). 
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Other taxa included Borelis pulchra, Trochammina macrascens, and unknown taxa 

(1.2%), and Quinqueloculina linneiana (1%). Together, these taxa comprise 96.7% of 

taxa observed in core 4A. Total absolute abundance is 9.7 N mg
-1

, dominated by A. 

parkinsoniana (4.0 N mg
-1

), E. poeyanum (1.3 N mg
-1

), and E. gunteri (1.2 N mg
-1

) 

with remaining taxa < 1 N mg
-1

. D. aguayoi was observed only in interval 262-229 

cm (5,300 – 4,900 BP), Laevipeneroplis proteus and Archaias angulatus were 

observed only in interval 229-227 cm (4,900 – 4,800 BP), and other taxa are 

distributed from 227-0 cm (4,800 BP – present). 

 

The relative abundance of taxa in modern coretop samples (Figure 2.4B) was A. 

parkinsoniana (25.7%), Q. laevigata (23.0%), E. gunteri (17.0%), T. trigonula 

(11.4%), E. poeyanum (9.9%), Agglutinated taxa (6.4%), H. germanica (2.1%), and 

A. tepida (1.9%) which comprise 97.7% of taxa observed in coretop samples. 

Absolute abundance for all coretop taxa was 16.8 N mg
-1

 sediment, distributed as A. 

parkinsoniana (4.4 N mg
-1

), Q. laevigata (3.9 N mg
-1

), E. gunteri (2.9 N mg
-1

), T. 

trigonula (1.9 N mg
-1

), E. poeyanum (1.7 N mg
-1

), Agglutinated taxa (1.1 N mg
-1

), H. 

germanica (0.4 N mg
-1

), and A. tepida (0.3 N mg
-1

) with all other taxa equal to or 

lower than 0.1 N mg
-1

. E. lanieri, D. aguayoi, L. proteus, and A. angulatus which 

were not observed in any coretop sample. 

 

2.4.5 Stable carbon isotopes of organic matter 
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The core 4A peat in interval 262–229 cm (5,300–4,900 BP) is characterized by mean 

δ
13

Corg = -27.96‰ and mean C:N = 23.8. At 227 cm (4,800 BP) in the carbonate mud, 

δ
13

Corg = -19.27‰ and C:N = 8.6. From 227-135 (4,800-3,000 BP) mean δ
13

Corg = -

19.90‰ and C:N = 8.3, and from 135-0 cm (3,000 BP – Present), δ
13

Corg changes 

from -19.90‰ to -24.04‰ and C:N changes from 8.3 to 8.9 (Figure 2.4A). In the 

modern lagoon, values of δ
13

Corg and C:N ratios are -23.74‰ and 8.8, respectively, in 

the northern lagoon and -20.89‰ and 11.5 in the southern lagoon (Figure 2.4B). 

 

2.4.6 Diversity, clustering, and statistical relationships 

 

R-mode cluster analysis of fossil and modern foraminifera indicates 5 clusters of 

commonly co-occurring taxa with a cophenetic correlation coefficient of 0.61 (Figure 

2.5A). We refer to these clusters by a simplified assemblage names which are 

Bolivina-Hanzawaia-Rosalina, Discorinopsis, Archaias-Laevipeneroplis, Ammonia-

Elphidium, and Agglutinated-Haynesina. All five assemblages were observed in core 

4A while assemblages Archaias-Laevipeneroplis and Discorinopsis were absent from 

modern coretop sediments. 

 

Q-mode unconstrained cluster analysis of core 4A resulted in 4 common clusters with 

a cophenetic correlation coefficient of 0.71 (Figure 2.5B). In Figure 2.4, clusters are 

colored shades of gray and describe dominant assemblages at the following depth 

intervals: Cluster IV occurs from 262-240 cm (5,330-5,150 BP) and is characterized 
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by the Discorinopsis and Ammonia-Elphidium assemblages with foraminiferal 

distribution of D. aguayoi (57%), Borelis pulchra and Other taxa (10%), E. poeyanum 

(10%, A. parkinsoniana (9%), T. trigonula (7%), Q. laevigata (4%), A. tepida (2%), 

and <1% of E. gunteri, Q. linneiana, and agglutinated taxa. Cluster III occurs from 

210-170 cm (4,550-3,400 BP) and is characterized by both the Ammonia-Elphidium 

and Bolivina-Hanzawaia-Rosalina assemblages with a taxa distribution of E. 

poeyanum (41%), A. parkinsoniana (21%), T. trigonula (10%), Q. linneiana (7%), E. 

gunteri (4%), Q. laevigata (4%), Bolivina sp. (4%), Triloculina sp. (3%), E. 

galvestonense (1%), and rare occurrence of other taxa including C. involvens and 

Rosalina sp. Cluster II is most prominent from 160-65 cm (3,400-1,850 BP) and is 

characterized by the Ammonia-Elphidium assemblage with A. parkinsoniana (58%), 

E. gunteri (17%), E. poeyanum (9%), E. galvestonense (8%), agglutinated taxa 

(2.5%), Q. laevigata (2%), T. trigonula (1%), and <3% of other taxa. Cluster II 

includes the Agglutinated-Haynesina assemblage ca. 1,900 BP. Cluster I contains 

samples from 60-0 cm (1,700 BP - Present) and is characterized by the Agglutinated-

Haynesina assemblage. 

 

Q-mode cluster analysis of coretop samples (Figure 2.5C) indicates two sample 

clusters with a cophenetic correlation coefficient of 0.64. Cluster 1 occurs in the 

northern lagoon from 0 to 11.5 km along the lagoon (Figure 2.4B) , is characterized 

by the Agglutinated-Haynesina assemblage, and includes Quinqueloculina laevigata 

(38%), Ammonia parkinsoniana (19%), agglutinated Ammotium sp. and Miliammina 
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fusca (12%), Elphidium gunteri (11%), E. poeyanum (10%), low abundances of 

Triloculina (<5%), and rare occurrences of Haynesina and other species. Cluster 2 

occurs in the southern lagoon from 11.5 to 17.5 km (Figure 2.4B), is characterized by 

the Bolivina-Hanzawaia-Rosalina assemblage, and includes A. parkinsoniana (34%), 

E. gunteri (23%), T. trigonula (20%), E. poeyanum (10%), Q. laevigata (7%), and the 

presence of taxa not found in Cluster 1, including Hanzawaia concentrica, Rosalina 

sp., Cornuspira involvens, Bolivina sp., E. galvestonense, E. discoidale and Borelis 

pulchra (grouped in Other). 

 

Diversity indices S, H, and E change with the faunal succession upcore in 4A (Figure 

2.4A). From Phases 1 to 4 (dashed lines in Figure 2.4A), respective mean S changed 

from 8.8 – 11.8 – 8.9 – 7.6, mean H from 1.05 – 1.31 – 0.44 – 0.52, and mean E from 

0.36 – 0.34 – 0.44 – 0.52. S is a maximum of 18 at 229 cm (4,900 BP) and a 

minimum of 6 at 170cm (3,400 BP). Diversity H follows a similar trend but remains 

high for the last 2,900 BP due to an increase in absolute abundance, and E increases 

over time. In modern samples, the northern lagoon has values of S = 9, H = 1.64, and 

E = 0.57, and the southern lagoon has values of S = 11, H = 1.71, and E = 0.53 

(Figure 2.4B). 

 

NMDS of core 4A clusters and environmental vectors are presented in Figure 2.6 and 

represent statistical relationships given in Table 2.4. All four clusters plot without 

overlap in ordination space (Figure 2.6A), and foraminiferal composition of each 
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cluster is distinct and significantly different (Figure 2.6C and Table 2.4, 

PERMANOVA Source: Cluster, p = 0.003; Bootstrapping Source: Cluster, p << 0.01) 

with no significant difference in cluster dispersion (Beta dispersion Source: Cluster, p 

= 0.111). Bulk sediment δ
13

Corg and C:N ratio significantly correlate with cluster 

composition (p = 0.001 for both). Correlations between δ
13

Corg and E (Kendall τ = -

0.291, p = 0.014) and S (Kendall τ = 0.370, p = 0.003) also show a significant but 

weak relationship. S and H showed no significant correlations but plot as long vectors 

in the general direction of δ
13

Corg (Figure 2.6A). 

 

NMDS of modern coretop Clusters 1 and 2 show no overlap (Figure 2.6B) and are 

significantly different in assemblage composition (Figure 2.6D and Table 2.4, 

PERMANOVA Source: Cluster, p = 0.001; Bootstrapping Source: Cluster, p << 0.01) 

but are not significantly different in the variance of species abundance (Beta 

dispersion Source: Cluster, p = 0.128). The largest gradients (longest vectors) along 

the lagoon transect are δ
13

Corg, C:N ratio, and salinity (Figure 2.6B). PERMANOVA 

results are significant for salinity, δ
13

Corg, and cluster composition (p = 0.001, Table 

2.4), and temperature is significant (p = 0.014). Species richness (S), δ
13

Corg, and C:N 

ratios are significantly correlated (Kendall correlation, τ = 0.-460 and 0.46, 

respectively, p = 0.002 for both), but no significant correlation is observed between 

the δ
13

Corg and assemblage diversity (H) or evenness (E). S is significantly correlated 

with distance along the transect from the northern to southern lagoon (Table 2.4), 

coincident with observed decrease in lagoon wave energy from north to south. 
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Results and figures of auxiliary core UL-5 are described in Section 2.8 Supplemental 

Material. 

 

2.5 Discussion 

 

2.5.1 Modern environment in Celestun Lagoon 

 

2.5.1.1 Distributions of flora and fauna 

 

Foraminiferal and geochemical analyses in surface sediments and water along 

Celestun Lagoon reveal differences between the northern and southern lagoon 

regions. The Agglutinated-Haynesina assemblage occurs only in the northern lagoon 

while the Bolivina-Hanzawaia-Rosalina assemblage occurs only in the southern 

lagoon (Figure 2.4B). Ammonia-Elphidium assemblage is common in both regions. 

The Discorinopsis and Archaias-Laevipeneroplis assemblages were not observed in 

the modern lagoon. Maximum species richness (15) and diversity (1.96) both occur in 

the middle of the lagoon about 13 km from the southern opening where assemblages 

overlap (Figure 2.4B) and habitat transitions from protected low-salinity lagoon to 

higher energy marine-influenced lagoon. The assemblage distribution aligns with 

gradients in salinity, temperature, δ
13

C, and C:N of OM (Figure 2.6B). Strong 

association (clustering) of foraminiferal assemblages with specific salinity and carbon 
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isotope ranges suggests that the distribution of benthic foraminifera in Celestun 

Lagoon is controlled in part by salinity, vegetation, and, to a lesser extent, 

temperature. PERMANOVA results support a significant relationship among these 

variables (Table 2.4). 

 

Thus, clusters dominated by the Agglutinated-Haynesina assemblage represent 

brackish salinity and shallow lagoon mangroves, and clusters dominated by the 

Bolivina-Hanzawaia-Rosalina assemblage represent inner marine shelf and seagrass 

habitat, which are the environments in which species of these assemblages have been 

found around the Caribbean (Table 2.3). Low wave energy and muddy substrate in 

the enclosed northern lagoon also promote the abundance of agglutinated 

foraminifera like Miliammina fusca (Debenay and Guillou, 2002). Lagoon water 

temperature is weakly correlated with cluster composition (Table 2.4, Figure 2.6B) 

but does not exhibit large changes in mean temperature among sites sampled (29.2 ± 

2.6 °C, Table 2.1). Salinity exhibits the greatest variability in the lagoon. Although 

Discorinopsis and Archaias-Laevipeneroplis were not observed in modern Celestun, 

we infer their habitats based on modern occurrence in other sites in the Gulf of 

Mexico and Caribbean. Discorinopsis aguayoi occurs in inland mangrove ponds in 

Bermuda (Javaux and Scott, 2003) and thus represents low-salinity, isolated 

mangrove ponds with minimal ocean influence (Table 2.3). Archaias angulatus and 

Laevipeneroplis proteus (also known as Peneroplis proteus) inhabit marine seagrass 

of the genus Thalassia off the coasts of Belize and Florida (Hallock and Peebles, 
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1993; Sen Gupta, 1999). Thus, the Archaias-Laevipeneroplis assemblage represents 

marine-salinity, shallow-shelf environments with Thalassia seagrass vegetation 

(Table 2.3).  

 

In the marine-brackish conditions of southern Celestun Lagoon, euryhaline Ammonia 

and Elphidium were found alongside epiphytic Quinqueloculina and Rosalina taxa, 

suggesting seagrass vegetation may contribute to assemblage diversity but alone is 

insufficient in determining modern assemblage distribution. The importance of 

salinity is further demonstrated by benthic foraminifera observed 10 km south of 

Celestun lagoon, in Isla Arena, which has similar sedimentology, geometry, and 

vegetation as Celestun but with higher salinity due to greater seawater input (Lowery 

and Rankey, 2017). As a result of this higher salinity, the Isla Arena assemblages are 

dominated by miliolid and peneroplid foraminifera that prefer near-marine salinity. 

 

Variable salinity in coastal environments restricts foraminifera occurrence to only 

those that can withstand a large and fluctuating salinity range (Sen Gupta, 1999). 

Such conditions occur in the northern lagoon and result in low species richness (low S 

values, Figures 2.4B, 2.6B). The pattern of assemblage change along a salinity 

gradient is found in other Caribbean and Atlantic coastal systems with large salinity 

ranges. On the mangrove forest coast of French Guiana, Debenay et al. (2002) noted 

that seasonal salinity oscillations from 20 to 35 are accompanied by assemblage 

compositional changes from Miliammina-dominated (agglutinated) to Ammonia- and 
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Elphidium-dominated. A narrow estuary of Brazil exhibited shallow protected 

brackish water assemblages of agglutinated Miliammina and Ammotium taxa and 

seaward marine-influenced assemblages dominated by A. tepida, E. gunteri, and 

Bolivina taxa (Debenay et al., 1998), similar to the southern opening of Celestun 

Lagoon. Collectively, these studies point to salinity as being the most important 

environmental parameter impacting foraminiferal distribution in Celestun Lagoon. 

Based on these associations we interpret changes in down core assemblages as 

representing changes in salinity in the northern lagoon over time. 

 

We acknowledge that analyzing the >125 µm size fraction possibly excludes some 

foraminifera species or smaller adult specimens of the species we identified (Table 

2.3, Murray 2006). However, benthic foraminifera at our site and other coastal 

Yucatan sites are characterized by abundant large (>250 µm) specimens (Martinez et 

al., 2018), suggesting we observed most taxa present. Based on the number of taxa 

identified (N = 26, Table 2.3), the number of specimens counted (N = 27,000), and 

the striking differences in assemblage composition observed in the >125 µm fraction 

(Figure 2.4), we consider the statistical relationships noted between environmental 

parameters and assemblage composition (Table 2.4) to be real patterns for the modern 

system despite small foraminifera exclusion. Furthermore, δ
13

C and C:N of bulk 

sediment OM are independent of foraminifera size fractions and are proxies for 

mangrove and seagrass vegetation that are also distributed along the lagoon salinity 

gradient (Gonneea et al., 2004; Khan et al., 2017; Carnero-Bravo et al., 2018), 



 

47 

 

supporting interpretation of environments inferred from assemblages. It is possible 

that drying the samples prior to counting may affect preservation of agglutinated taxa 

(Murray and Alve, 1999) and bias assemblage composition. However, the hyaline 

foraminifera Haynesina germanica observed in low-energy muddy substrate preferred 

by agglutinated taxa provides additional constraint on the distribution of the 

Agglutinated-Haynesina assemblage in space and time. We thus are confident in 

using assemblages defined in the modern environment to infer paleoenvironmental 

properties, specifically changes in salinity, downcore. 

 

2.5.1.2 Lagoon salinity changes - geomorphic processes and climate changes 

 

distinct processes that affect the relative contribution of seawater and fresh/brackish 

groundwater inputs to the lagoon. These are physical geomorphic changes to the 

coastline (i.e., lagoon restriction or sea level changes) that determine the amount of 

seawater input to the lagoon, and climatic changes that impact regional and local 

precipitation which control the amount of groundwater input. Longshore sediment 

transport along the Yucatan coastline can build barrier island complexes within 

decades. Based on a barrier island progradation rate of 200 m per 33 years near 

Celestun Lagoon (Lowery and Rankey, 2017), a 600 m barrier can develop within a 

century or around 30 km in 5,000 years. Volumetric rates of sediment transport also 

concur with this timescale (Appendini et al., 2012). These rates of barrier island 

development imply gradual accretion of the western Celestun Lagoon bank, resulting 
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in a gradual increase in lagoon length over time and a parallel increase in the 

restriction of seawater mixing into the northern lagoon. We note similar barrier-dune 

complexes from Google Earth
TM

 near Holbox, Ria Lagartos, Dzilam de Bravo, and 

Progreso, on the northern Yucatan coast and near Isla Arena and Terminos on the 

western coast. In Terminos Lagoon, the dune-barrier complex called Isla de Carmen 

consists of 38 km of shelly coquina (Phleger and Ayala-Castanares, 1971). Based on 

the progradation rate determined by Lowery and Rankey (2017), Carmen Island took 

6,300 years to accumulate, consistent with the island’s estimated age of 7,000 years 

based on Holocene sea level terraces (Phleger and Ayala-Castanares, 1971). These 

studies all indicate that the rate and scale of longshore transport and barrier island 

formation observed today were similar over the Late Holocene. While the gradual 

restriction of seawater into Celestun Lagoon will result in a gradual decrease salinity, 

variability superimposed on this trend may be linked to climate-induced changes in 

groundwater input. Specifically, an increase in the salinity would suggest lower 

precipitation and possibly drought conditions.  

 

2.5.2 Reconstruction of the northern lagoon environmental setting  

 

Based on comparison between observations from core tops along the present day 

lagoon transect and downcore data from core 4A in the northern lagoon, we suggest 

that the northern lagoon environment has experienced four phases of development 

characterized by distinct environmental settings controlled by climate, sea-level rise, 
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and coastal geomorphic change (Figure 2.7). We assume these phases are 

representative of the entire northern lagoon based on general agreement with core 

UL-5 (Section 2.8 Supplemental Material). 

 

2.5.2.1 Phase 1 (5,300-5,100 BP) 

 

Between 5,300-5,100 BP the northern area of Celestun Lagoon was within a 

mangrove forest isolated from ocean influence. The peat δ
13

Corg value of -28.26‰ 

indicates mangroves and other terrestrial vegetation (Gonneea et al., 2004; Young, 

2005) (Figure 2.2A), and peat accumulation suggests the absence of oxidants such as 

dissolved oxygen and marine sulfate, hence, a water-logged freshwater swamp 

setting. The oligohaline assemblage Discorinopsis observed during this interval is 

observed today in isolated mangrove pond environments in Bermuda, supporting 

interpretation of minimal marine influence in Celestun Lagoon (Javaux and Scott, 

2003). Regional sea level at this time is estimated to be 2 to 3 m lower than today 

(Khan et al. 2017), and a bathymetric slope of -0.4 m km
-1

 off the northwestern 

Campeche Bank near Celestun (Appendini et al., 2012) would place the coastline 5 

km to the northwest of the current location of Celestun Lagoon, consistent with 

reduced marine influence. Groundwater was likely provided via springs in the 

permeable Ring of Cenotes because this Cretaceous-age feature existed prior to 

Holocene coastal development of the Yucatan Peninsula (Perry et al., 2002). The 

environment may have resembled the “Petenes” to the south of Celestun Lagoon, a 
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periodically flooded black mangrove forest characterized by other marsh and 

subtropical vegetation, diffuse groundwater inputs, organic-rich sediments, and 

gastropods (Lowery and Rankey, 2017). Based on the low-salinity habitat of 

Discorinopsis in Bermuda (Javaux and Scott, 2003) and modern groundwater 

discharge salinity values (Herrera-Silveira, 1996), salinity was likely less than 10 in 

these mangrove ponds and probably closer to 3, the value of modern groundwater at 

this site (Young et al., 2008). 

 

We know of no published climate records that span the period between 5,300-5,100 

BP in the northwestern Yucatan. However, pollen records suggest mesic (semi-moist) 

tropical forests in the southwestern and northeastern areas of the Yucatan Peninsula 

and in Haiti ca. 5,200-4,800 BP (Hodell et al., 1991; Higuera-Gundy et al., 1999; 

Aragón-Moreno et al., 2012; Vela-Pelaez et al., 2018). Regionally wet conditions 

would provide groundwater to inland mangrove ponds to support Discorinopsis 

assemblages whose presence in this environment distinguishes this phase from 

subsequent, more saline conditions in the lagoon. 

 

2.5.2.2 Phase 2 (5,100-3,000 BP) 

 

This longest phase is characterized by persistent change. Between 5,100 and 4,900 

BP, the peat in the core transitions to carbonate mud (Figure 2.2A) as δ
13

Corg 

increases from -28.26‰ to -20.21‰ and C:N decreases from 25 to 11 (Figure 2.4A). 
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The Discorinopsis assemblage disappeared from Celestun Lagoon, and at 4,900 BP 

the Archaias-Laevipeneroplis assemblage appeared alongside the Ammonia-

Elphidium assemblage (Figure 2.4A). The δ
13

Corg shift to lighter carbon indicates an 

influx of marine particulate matter and seagrass vegetation (Gonneea et al., 2004), 

corroborated by the Archaias-Laevipeneroplis assemblage which inhabits marine 

Thalassia seagrass beds (Table 2.3, Sen Gupta 1999). These data suggest that coastal 

marine conditions at Celestun lagoon commenced at this time and were probably 

caused by sea-level rise ca. 5,100 BP (Figure 2.8). On the Caribbean side of the 

Yucatan Peninsula in Puerto Morelos, mangrove peat layers date to 5,000 (Islebe and 

Sánchez, 2002), and coastal caves in Belize, Quintana Roo (Yucatan eastern coast), 

and Florida exhibit basal peats dated to 6,000-4,000 years ago with mixed pollen and 

marine microfossil assemblages suggesting transition from terrestrial to marine-

influenced coastal zones (Polk et al., 2007; Gabriel et al., 2009; van Hengstum et al., 

2010; Collins et al., 2015). A composite sea-level curve estimates that at 5,000 BP, 

sea level was 2.5 m lower than today on the Yucatan north coast (Khan et al., 2017), 

consistent with the 2.6 m depth at which peat is found in Celestun Lagoon (Figure 

2.2A). 

 

Rising sea level may have been coincident with drought in the northwestern Yucatan, 

indicated by records in lake Chichancanab and Punta Laguna (Figure 2.8)(Hodell et 

al. 1995; Curtis et al. 1998). The Ammonia-Elphidium assemblage suggests brackish 

groundwater discharge was still present but limited, otherwise the brackish-intolerant 
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Archaias angulatus would not be observed (Hart and Kaesler, 1986). Furthermore, 

palynological and sedimentary changes of riverine soils in the southern Yucatan 

peninsula suggest the onset of droughts ca. 4,800 BP which would impact the 

catchment area draining to Celestun Lagoon (Bauer-Gottwein et al., 2011; Aragón-

Moreno et al., 2018; Vela-Pelaez et al., 2018). These events occur within 

chronological uncertainty of the appearance of Archaias-Laevipeneroplis (4,900 BP) 

and may also explain the short duration (century-scale drought event) of this 

assemblage in the lagoon which would disappear once average precipitation had 

resumed. 

 

By 4,500 BP, the Archaias-Laevipeneroplis assemblage was replaced by the Bolivina-

Hanzawaia-Rosalina assemblage with increased abundance of the Ammonia-

Elphidium assemblage while δ
13

C remained between -19 and -21‰ (Figure 2.4A) 

indicating persistent seagrass and marine vegetation from 4,500 BP to 3,500 BP. The 

foraminiferal community of this time interval greatly resembles the modern 

assemblage in the southern lagoon (Figure 2.4B), so salinity was likely <30, 

inhospitable to Archaias (Hallock and Peebles, 1993) but ideal for the other taxa 

(Table 2.3). This represents a decrease from a marine salinity supporting Thalassia 

seagrass and Archaias-Laevipeneroplis at 4,800 BP, likely due either to increased 

groundwater discharge or reduced contribution of seawater. Dry conditions persisted 

from 4,600 BP to 4,400 BP in Belize (Akers et al., 2016), at 4,500 BP in south-central 

Yucatan (Curtis et al., 1998; Wahl et al., 2014), from 4,700 to 3,600 BP in the 
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southwestern Yucatan (Islebe et al., 2019), though conditions in the north-central 

Yucatan Peninsula at this time are unclear. Hence, precipitation-induced increase in 

groundwater discharge in Celestun Lagoon at 4,500 BP is at odds with available 

climate data (Figure 2.8). 

 

Alternatively, formation of barrier islands and spits around the northern lagoon, 

where springs are located (Figure 2.1A), would reduce mixing between groundwater 

and seawater resulting in a relative decrease in salinity (Figure 2.7). The highest 

species richness and diversity occur between 4,500 BP and 3,800 BP (S = 17, H = 

1.97, Figure 2.4A), similar in magnitude to, and comprised of the same taxa as, the 

modern south-central lagoon assemblages (Figure 2.4B). High diversity is expected of 

foraminifera colonizing diverse habitat niches typical to such an environment 

(fringing mangrove, brackish-tolerant seagrass, semi-protected lagoon, and 

unrestricted seawater circulation). West of Celestun Lagoon across the Gulf of 

Mexico (Figure 2.1B), La Mancha lagoon exhibits a rapid change in foraminiferal 

composition between 6,500 BP and 4,500 BP, attributed to longshore transport and 

barrier island formation (Arellano-Torres et al., 2019). Initiation of coastal dunes and 

barrier islands across the Gulf of Mexico as sea-level rose would be consistent with 

apparent freshening and maximum diversity in Celestun Lagoon despite regionally 

dry conditions. A more recent example (1,000 BP) of this process has been observed 

in sediment cores from Nichupte Lagoon on the eastern Yucatan Peninsula (Figure 

2.1B) where assemblages shift from an Archaias assemblage to Ammonia-Elphidium 
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as barrier islands isolate the lagoon and reduce mixing with seawater (Hart and 

Kaesler, 1986). 

 

From 4,500 to 3,600 BP, diversity decreases as marine taxa progressively disappear 

while mean δ
13

C (-19.5‰) and C:N (8.2) change little (Figure 2.4A). Ammonia-

Elphidium assemblage becomes dominant by 3,400 BP while the Bolivina-

Hanzawaia-Rosalina decreases, indicating salinity ranged from 20-25 based on 

modern lagoon distributions (Table 2.3, Figure 2.4B). However, sea level rise during 

this time (Figure 2.8) should have resulted in greater marine influence, not less. The 

shift to brackish taxa suggests greater influence of groundwater discharge which may 

be caused by increasingly moist climate between 4,500 and 3,400 BP, reduced 

contribution of seawater related to sand-bar buildup, or a combination of the two.  

 

Rapid fluctuation between dominant assemblages suggests an unstable environment 

from climate change rather than the gradual barrier island accumulation. Between 

3,600 and 3,400 BP (Figure 2.4A), assemblages oscillate between Bolivina-

Hanzawaia-Rosalina and Ammonia-Elphidium, accompanied by large changes in S 

and H. Because salinity correlates best with assemblage distribution (Table 2.4), 

undulations between these two assemblages suggests fluctuating lagoon salinity 

which is not consistent with the generally uni-directional formation of barrier islands. 

Instead, lagoon geometry at this time may have increased sensitivity foraminiferal 

assemblages to fluctuations in groundwater (Figure 2.7) in which relatively small 
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changes in absolute groundwater discharge greatly affect the proportions of 

groundwater and seawater and thus salinity in the lagoon. These relatively short-term 

salinity fluctuations are likely related to climatic changes, such as variability in the 

ITCZ and regional precipitation manifested in other climate records as high 

variability during this period (Figure 2.8)(Hughen et al. 1996; Douglas et al. 2016b; 

Aragón-Moreno et al. 2018). A wet period ca. 3,500 BP is supported by negative 

oxygen isotope excursions in lake records from Salpeten and mesic forest pollen from 

lake Silvituc in the southwestern peninsula (Wahl et al., 2006; Douglas et al., 2015; 

Vela-Pelaez et al., 2018). However, dry conditions are indicated at the same time by 

the oxygen records from Lakes Chichancanab and Puerto Arturo in the central 

peninsula (Hodell et al., 1991; Wahl et al., 2014). Indeed, at 3,500 BP our data best 

matches the Fe/Ca data (a runoff proxy) of La Mancha west of Celestun Lagoon 

(Figures 2.8, 2.1B), across the Gulf of Mexico, demonstrating the link between 

climate and assemblage variability in Celestun Lagoon. 

 

In Celestun Lagoon from 3,400-3,000 BP, the Ammonia-Elphidium assemblage 

becomes dominant and Bolivina-Hanzawaia-Rosalina decreases in prevalence, 

indicating decrease in salinity while decrease in δ
13

C suggests more mangrove-

derived carbon in sediments (Figure 2.4A). It is difficult to say whether these salinity 

and carbon trends are the result of barrier island growth or climate. Mangrove forest 

cover in particular may respond to wetter climate or to additional shoreline to 

colonize. K/Ca ratios in nearby Los Petenes and Fe/Ca ratios in La Mancha suggest 
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decreased erosion and hence dry conditions across the southern Gulf of Mexico (Roy 

et al., 2017; Arellano-Torres et al., 2019) while δ
18

O records from Punta Laguna and 

δD records from Lake Salpeten imply wet conditions over the eastern and southern 

Yucatan Peninsula around 3,000 BP (Figure 2.8)(Curtis et al. 1998; Douglas et al. 

2015). The general divide between dry northwest and wet southeast among records in 

the region may suggest that the specific atmospheric circulation pattern drove 

precipitation at this time, with previous studies indicating changes in the positions of 

the ITCZ, Bermuda High, and descending limb of Walker circulation (Metcalfe et al., 

2015; Bhattacharya et al., 2017)  

 

Overall, Phase 2 is distinguished by the apparent faunal succession from coastal 

marine taxa to brackish lagoon taxa (Figure 2.4A), despite sea-level rise of 1 meter 

(Khan et al., 2017), with occasional oscillations between dominant assemblages 

during periods of climate variability (Figure 2.8). Close agreement among observed 

sediment transport rates (Appendini et al., 2012), calculated barrier island aggradation 

time (Lowery and Rankey, 2017), and transition between dominant foraminiferal 

assemblages (Figure 2.4A) suggests coastal geomorphology continued to influence 

the hydrogeology and salinity of Celestun Lagoon during Phase 2 with assemblages 

exhibiting fortuitous sensitivity to changes in groundwater discharge induced by 

climate at this time (Figure 2.7).  

 

2.5.2.3 Phase 3 (3,000-1,700 BP) 
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Between 3,000 and 1,700 BP, species richness decreased and assemblages were 

dominated by the near-exclusive presence of Ammonia-Elphidium (Figure 2.4A). 

Bulk sediment δ
13

Corg decreases from -19.51‰ to -23.27‰ by 1,700 BP, indicating 

vegetation shifted from seagrass/phytoplankton to a greater proportion of mangroves. 

The decrease in species richness indicates lower salinity, possibly a more 

homogenous setting (fewer niches) compared to Phase 2 and was probably similar to 

the modern northern lagoon (Figure 2.4B). Celestun Lagoon salinity was likely15-25, 

indicated by the Ammonia-Elphidium assemblage and decrease in species richness 

(Figure 2.4B). This trend is consistent with the ongoing barrier island buildup that 

reduced seawater input. However, at 2,500 BP (105-106 cm) Quinqueloculina 

bicarinata and Hanzawaia concentrica appear briefly and Ammonia-Elphidium 

decrease, suggesting a reduction in groundwater and more marine influence in the 

lagoon (Figure 2.4A). This change corresponds to drought conditions noted in Lake 

Chichancanab (Central Yucatan), and Macal Chasm (Belize) speleothem records ca. 

2,600 BP (Hodell et al., 1991; Akers et al., 2016). Generally drier conditions in the 

Yucatan from 3,000 to 2,000 BP (Douglas et al., 2015) also match the timing of 

increased marine influence in Celestun Lagoon suggested by slight carbon isotope 

changes from -21.7 to -21.5‰ (indicating marine particulate matter). After 2,000 BP, 

Ammonia-Elphidium return, and the conclusion of this phase is the onset of the 

modern brackish, semi-protected lagoon environment conditions at the present day 

northern lagoon. 
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2.5.2.4 Phase 4 (1,700-present BP) 

 

The last 1,700 years are characterized by the appearance of the Agglutinated-

Haynesina assemblage, low species richness (S = 7), δ
13

Corg decrease from -22.97 to -

24.22‰, and variable C:N (mean = 7.5). Elphidium galvestonense disappeared, but 

other taxa of the Ammonia-Elphidium assemblage (Figure 2.5C) remained alongside 

increased abundance of Q. laevigata. These conditions persist to the present, thus 

representing the onset of modern conditions in the northern lagoon beginning at 1,700 

BP. Agglutinated-Haynesina assemblage indicates increased muddy substrate 

observed in the protected mangrove lagoon today and is consistent with mangrove 

forest expansion indicated by decreasing carbon isotope values (Figure 2.4A). 

Mangrove expansion around Celestun Lagoon is consistent with expansion of 

mangrove forest documented elsewhere in the Caribbean (Peros et al., 2007a). 

Though barrier islands provide more land for mangrove colonization, the effect is 

local, so a regional expansion of mangroves suggests regional climate influence or 

regionally-stable sea-level. Onset of moister climate ca. 1,700 BP is consistent with 

observation in the Chichancanab and Salpeten lake records (Figure 2.8)(Hodell et al. 

1995; Douglas et al. 2015). 

 

The age-depth model indicates that the coarse bioclastic layer at 35 cm depth (Figure 

2.2B) begins at 1,300 BP, or about 700 Common Era. In core 4A this layer consists of 
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an increase in absolute abundance of foraminifera in the Ammonia-Elphidium 

assemblage and an acute decrease in agglutinated taxa and H and E indices (Figure 

2.4B) while in the southern lagoon, abundant bivalves and fragments are noted. This 

interval coincides with the well-documented Mayan droughts (Douglas et al., 2016b) 

which implies decreased groundwater discharge in Celestun Lagoon. While an 

increase in the polyhaline assemblage Ammonia-Elphidium could be a response to 

increased salinity, the lack of fine mud across the cores would imply that authigenic 

carbonate precipitation was reduced in the lagoon at the same time. If included in the 

age-depth model, radiocarbon sampled at 31 cm (Table 2.2, 1,485 
14

C yr) causes a 

rapid change in slope in the age-depth regression line that results in abrupt decrease 

of sedimentation to 0.2 mm yr
-1

. This slowed sedimentation rate is not consistent with 

the 1.5 mm yr
-1

 rate determined in upper sediments (Figure 2.3) or rising sea level at 

this coastal setting (Figure 2.8)( Khan et al. 2017). We thus interpret this lagoon-wide 

layer to be a hiatus event caused by storm erosion or a tsunami. Hurricanes are known 

to sort and transport shelf foraminifera into coastal systems (Murray, 2006), and 

identifying features of this coarse layer include lack of fine sediments, lack of 

agglutinated taxa, and rapid increase in absolute abundance of Ammonia and 

Elphidium which occurs in hurricane overwash deposits on the Atlantic coast of the 

United States (Collins et al., 1999). The presence of a hiatus itself provides some 

climatic information, as other studies suggest increased hurricane activity from 800 to 

1350 AD (1,150-600 BP) in the Caribbean (Peros 2015), a time frame consistent with 

the hiatus interval. 
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Alternatively, the bioclastic layer could represent a tsunami deposit, likely from 

submarine continental slope failure. Holocene sea-level rise has been suggested as a 

cause of slope failure from water overburden pressure (Smith et al., 2013), and in the 

Gulf of Mexico, sea level has risen 9 m over the last 7.8 ka (Blum et al., 2002). 

Continental slopes may also fail due to additional sediment load which would be 

expected from increased continental weathering and riverine transport to coasts. 

Fe/Ca and K/Rb ratios in sediments of La Mancha Lagoon in Veracruz, Mexico 

(Figure 2.1B), indicate increased detrital input and coastal weathering at 1,000 BP 

(Arellano-Torres et al., 2019). The timing is coincident with the apparent hiatus in 

Celestun Lagoon (Figures 2.2, 2.3), and evidence of a tsunami deposit might be 

recognized in sediment cores from other lagoons around the southern Gulf of Mexico. 

South of Celestun in Los Petenes (Figure 2.1B), sediments transition from peat at 38 

cm to silt between 35 and 15 cm and are dated around 700 BP (1,300 CE) with a 

spike in K/Ca that indicates rapid erosion inland (Figure 2.8)(Roy et al. 2017). Rapid 

erosion is unlikely during Terminal Mayan mega-droughts of this time (Hodell et al., 

1995; Douglas et al., 2016b) , further implying a catastrophic depositional event such 

as a tsunami. 

 

From 500 BP to present, the Ammonia-Elphidium and Agglutinated-Haynesina 

assemblages dominate with a notable increase in A. tepida at 150 BP, or about 1800 

CE (Figure 2.4A). The only other occurrence of abundant A. tepida occurred during 
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Phase 1, 5,200 BP. Thin-walled A. tepida thrive in low-salinity, protected conditions 

(Table 2.3, Murray 2006). Barrier islands aggradation is unlikely to have altered the 

entire lagoon geometry substantially over just the last few hundred years, so the 

increase in A. tepida may be a response to low salinity conditions induced by wet 

climate. The nearest speleothem-derived oxygen isotope record at Tecoh Cave (100 

km west of Celestun Lagoon) shows three century-scale pulses of relatively wet 

conditions occurred during the Medieval Warm Periods and Little Ice Age (Medina-

Elizalde et al., 2010), and a wet interval is also noted in Belize speleothems (Kennett 

et al., 2012). A diatom record from Cenote San Jose Chulchaca, 22 km west of 

Celestun Lagoon indicates a decrease in salinity over the last 800 years (Whitmore et 

al., 1996; Hodell et al., 2005). However, Whitmore et al. (1996) did not note the same 

trend in Cenote Sayaucil (north-central Yucatan lowlands). Furthermore, the pollen 

record from Lake San Jose suggests a decline of forest taxa dependent on high rainfall 

at the same time the cenote is freshening (Hodell et al., 2005), a trend corroborated by 

pollen and microfossil observations from Aguada X’caamal (75 km southwest of 

Celestun Lagoon) that imply drying in the northwestern region during the Little Ice 

Age (600 to 100 BP)(Hodell et al., 2005). Together these records suggest both 

increased precipitation and increased evaporation for the northwestern Yucatan 

which, today, has the highest evapotranspiration potential of the entire region (Bauer-

Gottwein et al., 2011). Phase 4 of Celestun Lagoon development is thus characterized 

by expanding mangrove forests during a period of variable precipitation. Ammonia-

Elphidium and Agglutinated-Haynesina assemblages dominate foraminiferal 



 

62 

 

composition of the northern semi-protected habitat with a wide range of salinity, 

features observed in the modern northern lagoon today. 

 

2.6 Conclusion 

 

This study presents the oldest paleoenvironmental record currently available for the 

northwestern corner of the Yucatan Peninsula. Over the past 5,300 years, Celestun 

Lagoon on the northwestern Yucatan coast has evolved from an inland mixed 

mangrove marsh saturated by groundwater to a protected brackish lagoon surrounded 

by mangrove forest. We identify three primary controls for this change: sea level rise, 

coastal barrier island buildup and climate change. Geomorphic control of lagoon 

salinity, via reduced contribution of seawater, is a first-order control on the 

composition of benthic foraminiferal assemblages that trend from marine to brackish 

taxa over time. Importantly, the 5,000 year age of our record suggests barrier island 

aggradation, and thus lagoon formation, occurs on Holocene timescales and are 

important features of the modern Yucatan coastline. Thus, studies seeking to interpret 

causes of paleoenvironmental change in the coastal Yucatan will need to account for 

changes in lagoon basin size and shape that impact the proxy record. When 

geomorphologic change is considered, excursions from brackish to marine taxa 

during lagoon development signify decreases in groundwater discharge and hence 

decreased precipitation over the catchment area recharging the groundwater. 

Agreement between the Celestun sedimentary record and climate records on the far 
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western and southern regions of the Gulf of Mexico suggest that Celestun Lagoon 

sediments reflect region-wide climatic events and thus regionally-integrated 

precipitation. The paleoecologic variability presented in this study, derived from 

processes of barrier island aggradation, sea-level rise, and climate-induced change in 

groundwater discharge, will assist in future interpretation of paleoenvironmental 

paleoclimatic found along on the Yucatan coast. 
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2.8.1 Results for auxiliary core UL-5 

 

Sedimentology 

 

Core UL-5 (Figure S2.1), taken 0.7 km northwest of 4A and 4B (Figure 2.1), exhibits 

stratigraphy similar to both cores 4A and 4B (see main text section Sedimentology). 

A basal peat layer occurs from 200-170 cm followed by a transition to carbonate mud 

from 170-168 cm and massive carbonate mud with bivalves, gastropods, and 

foraminifera from 150-64.5. Bivalves decrease from 140-110 cm but are dominant 

from 110-64.5 cm. The interval 64.5-0 cm was lost in the field. 

 

Radioisotopes and age depth models 

 

Radiocarbon data for core UL-5 shows expected increased age with depth. One 
14

C 

age inversion occurs between UL-5 199.5 and 178.5 (Table 2.2). This inversion is 

included in the mean 
14

C age inversion (n = 5) which is 263 uncalibrated years with a 

mean core interval of 27 ± 7 cm standard deviation. 

 

The Bayesian age-depth model for core UL-5 (Figure S2.2) agrees within error to the 

age-depth model of composite core 4A and implies a long-term sedimentation rates 

between 0.4 and 0.6 mm yr
-1

. The upper 64.5-0 cm of core UL-5 was lost, thus we 

could not assess the presence of the coarse-grained layer observed in other cores at 

~35 cm depth. 
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Stable carbon isotopes of organic matter 

 

The core UL-5 peat interval from 200-170 cm (5,200-4,800 BP) has a mean δ
13

Corg of 

-25.31‰ and mean C:N of 25.3. The transition from peat to carbonate mud from 170-

150 cm (4,800-4,400 BP) is characterized by a shift in δ
13

Corg from -26.09‰ to -

21.81‰ and a shift in C:N from 17.32 to 5.62. From 150-64.5 cm (4,400-1,800 BP) 

δ
13

Corg is variable with a mean of -20.76 (min = -24.16, max = -13.51) and C:N mean 

is 6.9 (min = 5.27, max = 10.73) (Figure S2.3). 

 

Benthic foraminifera identification and distribution  

 

At the fraction > 250 µm, UL-5 included E. poeyanum (47.9%), A. parkinsoniana and 

A. tepida (24.2% combined), Quinqueloculina and Triloculina (22% combined), L. 

proteus (2.7%), and A. angulatus (1.1%) accounting for >97% of specimens 

identified (see Table 2.1 for taxa list). Absolute abundance was typically 0.1 N mg
-1

 

sediment. A. angulatus is present only at depth interval 200-199 cm (22% ca. 5,200 

BP), and L. proteus is most abundant at 200-199 cm (37.5%) and occurs rarely (2.1%) 

from 200-170 cm (5,200-4,800 BP). From 170-64.5 cm (4,400-1,800 BP), taxa trend 

toward fewer Elphidium and more Ammonia (Figure S2.3). 

 

Diversity, clustering, and statistical relationships 
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Core UL-5 taxa were grouped by genus, so diversity S ranged from 2 to 5, H ranged 

from 0.27 to 1.33, and E ranged from 0.36 to 0.96. All three indices reach minima 

around 180 cm (5,000 BP) and increase to 65.4 cm (1,800 BP) but were variable 

(Figure S2.3). 

 

R-mode cluster analysis was not performed separately on core UL-5, and instead we 

apply the R-mode dendrogram in Figure 2.2 to assemblages in UL-5. The 

assemblages are Ammonia-Elphidium and Archaias-Laevipeneroplis, though miliolid 

taxa were also common. While the coarse size fraction used for auxiliary data (> 250 

µm) likely excludes some taxa, it is important to note the presence of the Archaias-

Laevipeneroplis assemblage at 200 cm depth which is not observed in the modern 

lagoon. 

 

Q-mode cluster analysis for UL-5 identified three clusters and yielded a cophenetic 

correlation coefficient of 0.76 (Figure S2.4). All three clusters are dominated by the 

Ammonia-Elphidium assemblage, but the Archaias-Laevipeneroplis assemblage is 

present in Cluster 3 samples. Clusters from Figure S2.4 are shaded gray in Figure 

S2.3 and resemble faunal succession. 

 

NMDS of UL-5 clusters and environmental vectors are presented in Figure S2.5. The 

three clusters fall in line with the vectors for δ
13

Corg and C:N. PERMANOVA, 
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bootstrapping, and beta dispersion indicate the clusters are significantly different and 

have significantly different dispersions among species (p < 0.05, Table 2.4). 

PERMANOVA also suggests significant influence of δ
13

Corg on cluster assemblage 

similar to core 4A (p < 0.001). H (τ = 0.354, p = 0.008) and E (τ = 0.402, p = 0.002) 

are significantly correlated with δ
13

Corg (Table 2.4). 

 

2.8.2 Discussion of UL-5 

 

Trends in UL-5 

 

Overall, core UL-5 corroborates observations noted in 4A and suggests the data are 

representative of the head of the lagoon. The age-depth model of both cores indicates 

sedimentation rates between 0.4 and 0.6 mm/yr. The sedimentology of both cores 

shows a peat layer occurring around 5,200 BP followed by carbonate mud to the 

present. The peat-mud transition coincides with a shift from mangrove-sourced 

organic to seagrass and marine particulate matter, indicated by the increasing value of 

δ
13

Corg and decreasing C:N ratio. Presence of Archaias and Laevipeneroplis at this 

time indicates open coast and seagrass beds. The assemblage change from Archaias-

Laevipeneroplis to Ammonia-Elphidium suggests change from marine to brackish 

conditions between 4,800 and 1,800 BP. The clusters shaded gray in Figure S2.3 

produce a faunal succession that looks similar to 4A in timescale and magnitude, 

despite using the size fraction > 250 µm compared to > 125 µm in 4A. We interpret 

the similarity between the cores to mean that the northern lagoon experienced basin-
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wide changes to the environment that were characterized by a rapid increase in 

salinity and then a steady decrease to brackish conditions. Sea-level rise around 5,000 

BP for this area would rapidly increase salinity the mangrove understory, and the 

Archaias-Laevipeneroplis assemblage indicates this was an open coast with Thalassia 

seagrass. The shift to the Ammonia-Elphidium assemblage indicates more brackish 

groundwater entering the lagoon. The inferred primary cause of this groundwater is 

the same as for 4A which is barrier island aggradation reduced mixing between 

groundwater and seawater as the western bank of Celestun Lagoon began to form. 

 

Age models and sediment accumulation 

 

Two of the five radiocarbon age reversals occur between core sections in 4A (Table 

2.2), thus core misalignment cannot be excluded, but continuously measured density 

of core 4A (Figure 2.2A) and visual inspection of discrete shell layers do not suggest 

resampling or misalignment of core sediments. In addition, the two age reversals in 

4B (and one in UL-5) occur within core sections where core section alignment is not 

a factor, and 60% of age reversals occur in the peat layer at the bottom of the cores. 

All five 
14

C age reversals have a mean duration of 263 uncalibrated years over a mean 

interval of 27 cm which implies mean sediment accumulation rate of about 1 mm yr
-1

 

for these age reversal intervals, consistent with the 1.5 mm yr
-1

 rate determined from 

210
Pb (Figure 2.3). We interpret this to possibly relate to growth of new (young) 

mangrove roots into deeper (older) sediments, especially when peat was 
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accumulating, or to minor storm mixing of the sediment-water interface. However, 

coarse-grained storm layers were not noted in sediments containing the reversed 

radiocarbon data. The low topographic relief (i.e., low rainfall runoff) around 

Celestun and the northern Yucatan Peninsula (Appendini et al., 2012) implies the 

transport of substantially older carbon to the lagoon is unlikely but cannot be ruled 

out. Whatever the cause of age reversals, they are relatively small and are included in 

the simulated error of the Bayesian models of age with depth (Blaauw and Christen, 

2011). We are thus comfortable with the age-depth model generated (Figure 2.3). 

Variable 
210

Pb activity from 5-0 cm of short push cores (Table 2.2) is consistent with 

other studies (Gonneea et al., 2004) and indicates moderate mixing from bioturbation 

and/or wind given the shallow (<0.5 m) lagoon depth. 
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Figure 2.1 
A Map of Celestun Lagoon field location with sample sites from the northern lagoon to the 

southern lagoon (open to the ocean). Site names derive from expeditions (Table 2.1), and 

water samples were measured at each site. B Field sites for comparison in Figure 2.8. 1 

Celestun Lagoon (this study), 2 Los Petenes (Roy et al. 2017), 3 Aguada X'caamal (Hodell et 

al. 2005), 4 Lake Chichancanab (Hodell et al. 1995), 5 Ria Lagartos (Aragon-Moreno et al. 

2012), 6 Punta Laguna (Curtis et al. 1998), 7 Aktun Ha (ven Hengstrum et al. 2010), 9 Lake 

Puerto Arturos (Wahl et al. 2014), 9 La Mancha Lagoon (Arellano-Torres et al. 2019). Letters 

are coastal sites with geomorphic features similar to Celestun Lagoon: a Holbox, b Ria 

Lagartos, c Dzilam de Bravo, d Progreso, e Isla Arena, f Terminos, g Nichupte.  
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Figure 2.2  
A Downcore density measured in cores 4A and 4B (adjacent) to determine composite depth 

profile for radiocarbon ages. Peat layer begins at 229 cm. B Top 50 cm of cores from 

locations in Figure 2.1. Coarse (> 500 µm) bioclastic sand and shell layer is boxed at ~30 cm. 

Note increasing thickness from north (4A) to south (6A). 
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Figure 2.3 
Age-depth model for core 4A using radiocarbon dates from 4A (blue) and 4B (light yellow) 

and 210Pb accretion-derived age (green, accretion rate from inset). Data is presented in Table 

2. Gray dotted lines are the 95% confidence interval for ages. Offset at depth 35 cm 

represents an inferred hiatus (Figure 2.2) estimated at 800 years long for core 4A. Inset 210Pb-

derived sediment accumulation rate calculated as -0.0311/-0.21 = 0.146 cm yr-1 ~ 1.5 mm yr-

1. More detail on the age-depth models can be found in Supplemental Material. 
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Figure 2.4  
Stratigraphic diagrams of benthic foraminifera colored by cluster results (from Figure 2.5) 

and paired with diversity indices and bulk sediment organic carbon isotope data for A core 

4A, with an age scale obtained from Figure 2.3, and B coretop samples from north to south in 

the lagoon (Figure 2.1). Dashed lines represent stratigraphic transitions between assemblages. 

Note change in scale on the bottom axis of each panel and the age jump at 35 cm reflecting a 

hiatus from 1,300 to 500 Cal yr BP. 
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Figure 2.5 
A R-mode cluster analysis of all modern and fossil foraminifera observed. Gray dashed boxes 

encompass co-occurring taxa which are given assemblage names (from top to bottom): 

Bolivina-Hanzawaia-Rosalina, Discorinopsis, Archaias-Laevipeneroplis, Ammonia-

Elphidium, and Agglutinated-Haynesina. Taxa list given in Table 2.3. Q-mode cluster 

analysis and cophenetic correlation coefficients of B core 4A and C coretop samples. Arabic 

and Roman numeral notations are the clusters colored in Figures 2.4 and 2.6. 
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Figure 2.6 
NMDS result (k = 3) for A core 4A (stress = 0.082) with contours of age and B coretop 

samples (stress = 0.094) with contours of distance. Vectors S, H, and E are indices of species, 

diversity, and evenness, respectively, and d13C is δ13C and C:N ratio of bulk sediment 

organics. In B, temp is temperature (°C) and sal is salinity of the lagoon water column. 

Clusters are joined at their centroids and outlined by dotted lines, and distributions of 

Euclidian distances among group centroids are given for C core 4A and D coretop samples 

and compared to observed centroid distance (dashed line). C and D represent simulated p-

values for the null hypothesis that clusters (faunal distributions) are not significantly different 

from one another within each panel A and B. Note that absolute value of centroid distances is 

not meaningful, only the distribution relative to the observed distance. 
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Figure 2.7 
Conceptual diagram of coastal development around Celestun Lagoon. The star represents 

core 4A in the present day northern lagoon. A Phase 1, during low sea level the core site was 

located within a inland low-salinity mangrove pond with Discorinopsis assemblage. B Phase 

2, sea level rose beginning ~ 5,100 BP, the site is inundated, and coastal marine Thalassia 

seagrass and Archaias-Laevipeneroplis assemblages colonized by 4,900 BP. Long-shore drift 

continued, initiating spits and barrier islands which began a prolonged period of assemblage 

change. C Phase 3, decelerating sea-level rise allowed for spits and barrier islands to 

accumulate stably. Bolivina-Hanzawaia-Rosalina dominated the site but was replaced by 

Ammonia-Elphidium as groundwater lowered salinity the nascent lagoon. D Phase 4, sea level 

stabilized, barrier island coastline expanded, and mangroves colonized new shoreline in the 

lagoon which increased in length. Agglutinated-Haynesina assemblage developed alongside 

Ammonia-Elphidium. Barrier islands continued to accumulate to the present. Precipitation 

(climate) recharged groundwater throughout all phases, and final assemblage reflects 

reduction in mixing between the groundwater and seawater as well as absolute decrease in 

groundwater (and increase in sweater) during droughts.  
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Figure 2.8 
Summary of oceanographic and paleoclimate records from coasts and lakes around the 

Yucatan Peninsula, Mexico. Climate records have been smoothed using a 4-point rolling 

average to. See Figure 2.1 for site locations. A Relative sea-level and 95% confidence 

shading (Khan et al. 2017). B Summer (August) insolation at 20° N (Laskar et al., 2004). C 

Hydrogen isotopes of plant wax from Lake Salpeten (Douglas et al. 2015). D NMDS of 

microfossils and Cenote Aktun Ha (van Hengstrum et al. 2010). E δ18O of Pyrgophorus sp. in 

Lake Punta Laguna (Curtis et al., 1998). F δ18O of Pyrgophorus coronatus in Lake 

Chichancanab (Hodell et al. 1995). G δ18O of Pyrgophorus coronatus in Aguada X’caamal 

(closed cenote, Hodell et al. 2005). H Absolute pollen abundance from Ria Lagartos 

(Aragon-Moreno et al. 2012). I K/Ca of sediment in Los Petenes (Roy et al. 2017). J Fe/Ca of 

sediment in La Mancha lagoon (Arellano-Torres et al. 2019). K δ13C of bulk sediment 

organic matter in Celestun Lagoon (this study). L NMDS scores of foraminiferal assemblages 

(see Figure 2.6A). M H diversity (reflecting total species and absolute abundance) of 

assemblages. N Phase of lagoon development for Celestun Lagoon (see conceptual diagram, 

Figure 2.7). 14C data points are for this study (Table 2.2). Shaded columns represent 

documented dry periods for the north-central Yucatan Peninsula. Dotted box represents 

possible storm or tsunami deposit in coastal records from the west, south, and east of 

Celestun Lagoon (Figure 2.1). Note that NMDS scores in D and L cannot be directly 

compared and are presented to show relative trends. 
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Figure S2.1 
Scanned core images core UL-5. Top refers to the uppermost section of core at 64.5 cm 

below the sediment-water interface, and 64.5-0 cm was lost in the field. Note the peat layer 

and transition to carbonate mud. 
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Figure S2.2 
Age-depth model for core UL-5 using radiocarbon dates (blue) from UL-5 and 210Pb 

accretion-derived age (green, see Figure 2.3 inset). Data is presented in Table 2.2. Gray 

dotted lines are the 95% confidence interval for ages. Hiatus is not presented at ~35 cm depth 

because this section of core was lost.  
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Figure S2.3 
Stratigraphic diagrams of benthic foraminifera colored by cluster results (from Figure S2.4) 

and paired with diversity indices and bulk sediment organic carbon isotope data.  
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Figure S2.4 
Q-mode cluster dendrogram of core UL-5 samples (cophenetic correlation = 0.76) of benthic 

foraminifera at the >250 µm fraction identified at the genus level. Clusters are used to color 

clusters presented in Figures S2.3 and S2.5. Assemblages assigned to clusters come from R-

mode cluster analysis in Figure 2.5A of the main text. 
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Figure S2.3 
A NMDS of core UL-5 samples (k = 3, stress = 0.026) with contours of age. Vectors S, H, 

and E are indices of species, diversity, and evenness, respectively, and δ13C and C:N ratio are 

of bulk sediment organics. Clusters are joined at their centroids and outlined by dotted lines. 

B Distribution of Euclidian distances among group centroids which represents simulated p-

values for significant difference between cluster compositions (i.e., cluster faunal 

compositions are significantly different, p <<0.01). 
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Chapter 3 

A 5,000-year paleosalinity record from Celestun Lagoon (Yucatan, Mexico): 

separating geomorphic and climatic controls on groundwater discharge 

 

 

3.1 Abstract 

 

Paleo-precipitation reconstructions from lakes and speleothems in the Yucatan 

Peninsula, Mexico, disagree on the frequency and magnitude of Holocene changes in 

precipitation. We reconstruct paleosalinity in Celestun Lagoon (northwestern 

peninsula), which sources water from the regional water table, during the Late 

Holocene using isotopes (δ
18

O, 
87

Sr/
86

Sr) and trace metals ( Sr, Ba) incorporated into 

benthic foraminifera Ammonia parkinsoniana. Three water sources (seawater SW, 

brackish groundwater BW, and fresh groundwater FW) were identified from δ
18

O and 

87
Sr/

86
Sr, and mixing models indicate source contributions in the northern lagoon 

changed from 64%-34%-2% SW-BW-FW 4,000 years before present (BP) to 20%-

51%-29% at present. Present-day correlations between salinity and Sr/Ca (R
2
 = 

0.607) and Ba/Ca (R
2
 = 0.678) in A. parkinsoniana result in paleosalinities of 5 to10 

at 5,300 BP, 33 at 4,400 BP, and 21 at present, reflecting change in source waters 

likely driven by sea-level rise and subsequent barrier island formation, restricting 

seawater mixing into the lagoon. Detrending paleosalinity reveals salinity oscillations 

of ±4 units contemporaneous with North Atlantic Bond Events and southward shift of 

tropical moisture. Paleosalinity peaks temporally match known drought events at 
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3,500 BP, 2,400 BP and 1,300 suggesting that these events were peninsula-wide, 

impacting the regional groundwater table that sources spring discharge to the field 

site. Despite abundance of coastal lagoons in the Yucatan region, coastal lagoon 

sediments are untapped archives for paleoclimatology and paleoceanography that link 

regionally integrated rainfall to large-scale atmospheric perturbations, but coastal 

geomorphic evolution must be known to extract the climatic signal. 

 

3.2 Introduction 

 

The past decade of paleoclimate research in the Caribbean and Gulf of Mexico region 

has advanced our understanding of Holocene climate variability in the region. 

Predictive understanding of regional climate change impacts on groundwater 

resources is especially important for areas like the Yucatan Peninsula which derives 

municipal water sources nearly exclusively from the regional water table (Escolero et 

al., 2000). However, climate reconstructions based on pollen, microfossils, isotopes, 

and trace metals reveal considerable differences in the timing, magnitude, and locale 

of droughts (Akers et al., 2016; Bhattacharya et al., 2017; Douglas, et al., 2016a; 

Douglas, 2016b; van Hengstum et al., 2010; Medina-Elizalde et al., 2016; Wahl et al., 

2014). A continued difficulty with these proxy archives is deciphering if records 

represent local conditions at the study site or whether they integrate regional 

precipitation signals that express the combined effects of ocean and atmospheric 

climate drivers (e.g., Intertropical Convergence Zone, Walker Circulation, and 



 

100 

 

Atlantic Meridional Overturning) (Hodell et al., 2001; Haug et al., 2001; Giddings 

and Soto, 2003; Méndez and Magaña, 2010; Douglas et al., 2016b; Bhattacharya et 

al., 2017). Coastal lagoon sediment archives represent potential sources of climate 

records in the Yucatan Peninsula, as regionally integrated precipitation impacts these 

coastal lagoons through groundwater springs. However, coastal lagoon sedimentary 

archives remain relatively unexplored despite their abundance around the region’s 

coastlines (Peros et al., 2015). 

 

The Yucatan Peninsula has few surface rivers due to the porous karst geology; thus, 

rain-fed groundwater percolating into the extensive caves and conduits flows toward 

the coasts, discharging near the coastline and in coastal lagoons (Perry et al., 2003; 

Gonneea et al., 2004; Young et al., 2008; Bauer-Gottwein et al., 2011). Groundwater 

discharge seeps and springs create estuarine-like conditions in coastal lagoons in 

which salinity oscillates with precipitation amount (Herrera-Silveira, 1994). 

Authigenic and biogenic carbonate sediments in these lagoons record the lagoon 

water hydrochemistry which is controlled by the groundwater discharge and, hence, 

represents an integrated record of rainfall. A key assumption for interpreting 

sedimentary records of these systems, however, is that lagoon salinity change reflects 

absolute change in groundwater discharge rather than relative change in mixing 

between source waters. While this is generally true on short (years to decades) 

timescales, on millennium timescales this assumption is more tenuous because coastal 

lagoons will also be impacted by sea-level rise and coastal geomorphic change (e.g., 
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barrier island formation; (Peros et al., 2015; Lowery and Rankey, 2017) which can 

change a lagoon’s shape and thus the relative proportions of groundwater and 

seawater mixing into the lagoon. It is therefore challenging but necessary to decipher 

controls on lagoon paleosalinity in order to separate the regional climatic signal 

(absolute freshwater inputs) from the local geomorphic signal (relative inputs). In 

turn, this requires use of multiple biological and geochemical proxies of 

paleoenvironmental change in order to interpret coastal paleosalinity (Chapter 2). 

 

Here we present a 5,000-year paleosalinity record from Celestun Lagoon in the 

northwestern corner of the Yucatan Peninsula (Figure 3.1a) and compare this record 

to regional hydroclimate records and known changes in regional atmospheric and 

oceanic circulation. Only a few paleoclimate records exist for the northwestern 

peninsula (e.g., sinkhole lakes and speleothems), and these existing records may be 

affected by local watershed hydrology, particularly due to sedimentation and isolation 

from the regional water table (B. W. Leyden et al., 1996; Whitmore et al., 1996; 

Hodell et al., 2005; Medina-Elizalde et al., 2010). In contrast, salinity (and thus 

paleosalinity) in Celestun Lagoon derives from groundwaters spanning much larger 

aquifer of the western half of the Yucatan Peninsula (Perry et al., 2003; Bauer-

Gottwein et al., 2011). Previous work at this site established that barrier island 

formation is a primary driver of paleoecologic change, including paleosalinity, which 

results in long-term freshening due to reduced relative mixing between groundwater 

and seawater (Chapter 2). Research presented here expands on prior work by 
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reconstructing paleosalinity more precisely with trace metal proxies and removing 

geomorphically-induced (relative) freshening from the absolute freshening caused by 

climate variability. Because the northwestern Yucatan Peninsula supports the largest 

city of the peninsula (Merida with population exceeding 600,000; Escolero et al., 

2000) and a rapidly growing ecotourism industry that may strain fragile water 

resources, understanding regional-scale changes in the water table during periods of 

past climate change is critically important for future resource management while also 

broadly advancing efforts in regional-scale modeling of future change in climate and 

hydrologic cycling. 

 

3.2.1 Regional climate and hydrogeology 

 

Climate in the Yucatan region is semi-arid tropical with minimal seasonal variation in 

temperature but notable seasonality in precipitation. Most rain falls between June and 

October during the wet season driven by the north-south oscillation of the 

Intertropical Convergence Zone (ITCZ), although other ocean-atmosphere circulation 

patterns also affect precipitation (e.g., Walker Circulation in the Pacific and the 

Atlantic Bermuda high pressure zone)(Herrera-Silveira, 1994; Hodell et al., 2001; 

Haug et al., 2001; Giddings and Soto, 2003). Rainfall over the peninsula ranges from 

600 mm/yr in the northern coastal region to 1,600 mm/yr in the southern highlands 

(Bauer-Gottwein et al., 2011; Douglas et al., 2016b). 
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Paleocene to Miocene-age carbonate rock comprises the Yucatan Platform with 

evaporites occurring in central and western regions of the peninsula (Weidie, 1985; 

Perry et al., 2003; Perry et al., 2009a). Holocene coastal plains lie along the north and 

western peninsula coasts, and longshore sediment transport continues to build coastal 

dune fields (Cuevas et al., 2013; Lowery and Rankey, 2017). There are few rivers in 

the region, and precipitation rapidly percolates into the groundwater aquifer (Perry et 

al., 2003; Bauer-Gottwein et al., 2011). Groundwater flows are intercepted by 

structural features, including the Cretaceous-age Chicxulub impact crater and 

associated Ring of Cenotes (sinkhole lakes) in the north, the Holbox Fracture Zone in 

the east, and the Ticul Fault Zone in the south-central regions of the peninsula 

(Bauer-Gottwein et al., 2011). These structures direct groundwater flow to the coast, 

where it discharges through groundwater springs and seeps. Such springs are 

abundant in Celestun and Dzilam Lagoons in the northwestern corner of the peninsula 

(Young et al., 2008; Bauer-Gottwein et al., 2011). Based on oxygen and hydrogen 

isotopes of water from hurricane rainfall pulses, the residence time of groundwater in 

the platform is on the order of months (Perry et al., 2003), resulting in predictable 

seasonal and interannual salinity change in Celestun lagoon which depend on rainfall 

amount and timing (Figure 3.1b). 

 

Geochemical investigations of groundwater reveal characteristic signatures attributed 

to water-rock interactions within the limestone aquifer. Groundwaters passing 

through the limestone and evaporite deposits have ion concentrations that are 
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relatively higher ([Sr
2+

],[Ba
2+

], [ SO4
2−]) or lower ( [Mg

2+
], [Cl

-
]) than seawater as 

well as isotope values (
18

O, 
87

Sr/
86

Sr, 
223

Ra, 
224

Ra, 
226

Ra, 
228

Ra) distinct from 

seawater (Young et al., 2008; Stalker et al., 2014). Mass balance and mixing-models 

of groundwater inputs to coastal waters yield present day groundwater discharge 

estimates of 45 ± 20 m
3
 m

-1
 d

-1
 along the north and west coasts of the Yucatan (Perry 

et al., 2002; Perry et al., 2009a; Null et al., 2014; Gonneea et al., 2014), in agreement 

with estimated discharge range of 26-35 m
3
 m

-1
 d

-1
 on the east coast (Bauer-Gottwein 

et al., 2011). Depending on the catchment area, coastal spring discharge volumes 

represent 17-70% of recharge provided from inland rainfall (Bauer-Gottwein et al., 

2011). 

 

Because groundwater discharge carries chemical and isotopic signatures that are 

distinct from those of seawater, incorporation of major ions into biogenic carbonates 

close to spring discharge sites can serve as tracers of groundwater discharge to the 

coast and, hence, reflect precipitation farther inland. 

 

3.2.2 Geochemical proxies 

 

Abundant benthic foraminifera inhabit Celestun Lagoon (Chapter 2) and may serve as 

potential archives for the water chemistry in which they lived. Temperature, pH, 

calcite saturation state, and carbonate ion concentration affect the incorporation of 

metals into biogenic carbonates, and these effects are species-specific. The benthic 
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species we used for analysis is Ammonia parkinsoniana (Figure 3.1c, molecular type 

T9 from Hayward et al., 2004) due to the abundance of this species throughout most 

of the sediment record we recovered. 

 

3.2.3 Trace metal ratios in the genus Ammonia 

 

Ammonia benthic foraminifera typically live in shallow, brackish nearshore 

environments and are adapted to fluctuating temperature, salinity, and carbonate 

chemistry characteristic of these environments (Sen Gupta, 1999). Brackish waters 

discharging in the lagoon have concentrations of [Mg], [Sr], and [Ba] different from 

seawater, therefore Mg/Ca, Sr/Ca, and Ba/Ca in the foraminifera shells could serve as 

potential proxies for climate-induced changes in groundwater input to the lagoon and 

hence in lagoon salinity and water chemistry. 

 

Mg/Ca is used as a temperature proxy with several recent studies focusing on 

Ammonia. Toyofuku et al. (2011) observed an exponential increase in Mg/Ca from 1 

to 3 mmol/mol over a temperature range of 10 to 28 °C in Ammonia ‘beccarii’ 

(author’s quotation) and observed no effect of salinity on Mg/Ca ratios. Dissard et al. 

(2010a) and Geerken et al. (2018) found that both higher temperature and higher 

salinity resulted in higher Mg/Ca ratios of A. tepida. Raitzsch et al. (2010) observed a 

relationship between saturation state and Mg/Ca of A. tepida, and Mewes et al. (2015) 

determined that Mg/Ca and Sr/Ca are positively correlated because these elements 
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compensate each other for strain within the calcite mineral lattice. These lab-based 

culture studies demonstrate multiple controls on the variability of Mg/Ca in 

Ammonia. 

 

Sr/Ca is often studied alongside Mg/Ca. Early observations suggested temperature 

has little impact on Sr/Ca of benthic foraminifera, but Sr/Ca ratios decreased in deep-

sea specimens with increasing depth, suggesting the influence of pressure or 

saturation state (Rosenthal et al., 1997). In shallow coastal waters, Sr/Ca in A. tepida 

calcite was not impacted by changes in saturation state when salinity was held at 

marine values (Raitzsch et al., 2010; Dueñas-Bohórquez et al., 2011). Dissolved 

inorganic carbon (DIC), however, positively correlates with Sr/Ca calcite in A. tepida 

over a salinity range of 20-33 (Dissard et al., 2010b; Keul et al., 2017). Sr/Ca 

correlation with DIC was attributed to the ability of Ammonia to moderate internal 

saturation state by removing calcium, thereby increasing the Sr/Ca ratio of calcite 

(Keul et al., 2017). Such a mechanism would explain the generally low trace metal to 

calcium ratios of Ammonia compared to other genera (often an order of magnitude 

smaller) (Raitzsch et al., 2010; Diz et al., 2012a). Despite these various geochemical 

controls, Sr/Ca of Ammonia calcite generally reflects ambient water [Sr]/[Ca] (Langer 

et al., 2016) and correlates well with water salinity over a range of salinity, 

temperature, and DIC conditions (Dissard et al., 2010a; Diz et al., 2012b; Geerken et 

al., 2018).  
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Barium to calcium ratios (Ba/Ca) in planktic foraminifera have been used to 

reconstruct open ocean alkalinity (Lea and Spero, 1994; Henderson, 2002). Few field 

studies have focused on Ba/Ca in A. tepida or A. parkinsoniana, but available data 

suggests incorporation of [Ba] into Ammonia sp. calcite is dependent only on ambient 

[Ba] concentrations and not affected by pH, temperature, or salinity (Havach et al., 

2001; Hönisch et al., 2011; de Nooijer et al., 2017). Although open seawater Ba 

concentrations may have changed over time, because Ba is enriched in estuaries, and 

particularly in waters of the Yucatan Coast (Coffey et al., 1997; Gonneea et al., 

2014), changes in seawater Ba concentrations relative to local groundwater derived 

Ba contributions are likely small, so Ba/Ca of A. parkinsoniana is expected to be a 

reliable groundwater discharge tracer for Celestun Lagoon. 

 

3.2.4 Strontium isotopes 

 

The 
87

Sr/
86

Sr ratio recorded in carbonates represents the ratio in the water in which it 

formed. The long residence time (2 million years) of strontium in seawater means that 

both the concentration (86 µM) and radiogenic strontium isotopic composition 

(0.70916) of the modern oceans have not changed much throughout the Holocene 

(Peros et al., 2007b; Beck et al., 2013). Surface water and groundwaters from 

terrestrial sources, however, acquire 
87

Sr/
86

Sr values from interaction with rocks. 

Terrestrial waters in the Yucatan typically have high [Sr
2+

] concentrations (> 200 

µmolar) and low 
87

Sr/
86

Sr ratios (around 0.70800 from Miocene carbonates)(Perry et 
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al., 2009a). Thus, 
87

Sr/
86

Sr can be used to calculate the proportions of seawater and 

groundwater in coastal estuaries (Ingram and Sloan, 1992; Reinhardt et al., 1998; 

Peros et al., 2007b). In Celestun Lagoon, multiple groundwater types discharge to the 

system, resulting in a three-endmember mixing regime for strontium concentrations 

and isotopes (Young et al., 2008; Stalker et al., 2014).  

 

3.2.5 Oxygen isotopes 

 

The oxygen isotope value of calcite (δ
18

Oc) depends on the temperature and oxygen 

isotope value of water (δ
18

Ow) in which calcite forms (Urey et al., 1951). Ambient 

δ
18

Ow values, in turn, are affected by several global and regional processes, and 

detailed reviews of known controls can be found elsewhere (Leng and Marshall, 

2004; Ravelo and Hillaire-Marcel, 2007). On glacial-interglacial timescales, change 

in ice volume affects the global ocean δ
18

Ow value, but this effect is negligible for the 

tropics during the Late Holocene (last 5,000 years) when ice volume did not change 

appreciably (Lambeck et al., 2014). Along the north coast of the Yucatan Peninsula, 

the primary controls on lagoon water δ
18

Ow are coastal upwelling (relatively high 

δ
18

Ow), balance of evaporation and precipitation (E/P ratio to which δ
18

Ow responds), 

and mixing of isotopically distinct water sources, e.g., seawater and groundwater 

(relatively high and low δ
18

Ow, respectively). The northwestern region of the Yucatan 

has the highest E/P ratio on the peninsula (Bauer-Gottwein et al., 2011) which 

promotes δ
18

Ow values up to +4.0 ‰ in surface waters. However, the residence time 
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of waters affected by seasonal changes in E/P is on the order of months for coastal 

lagoons (Herrera-Silveira, 1994) and ephemeral compared to the persistent input of 

distinct groundwater sources. Thus, mixing of seawater and groundwater will impact 

the δ
18

Ow value of lagoon water and hence foraminifera in Celestun. 

 

The other primary control on δ
18

Oc is temperature. However, tropical seasonal and 

interannual temperature variability is small relative to precipitation effects (Curtis et 

al., 1998). Temperature inversely correlates with δ
18

Oc of Ammonia ‘beccarii’ in 

waters of 10-27 °C (Toyofuku et al., 2011), but in the smaller temperature range of 

Yucatan coastal waters (25-30 °C) the effect is likely muted and contributes less to 

the δ
18

Oc of A. parkinsoniana than the variability related to source waters. Biological 

or ‘vital’ effects do not appear significant in Ammonia which calcifies in near-

equilibrium with ambient water (Toyofuku et al., 2011). Salinity itself does not 

appear to affect the incorporation of δ
18

O into calcite of Ammonia sp. (Toyofuku et 

al., 2011), thus δ
18

Oc should reflect ambient salinity conditions. 

 

3.2.6 Bias and taphonomic alteration 

 

Life-modes of Ammonia may bias the geochemical proxy record, and post-

depositional processes further influence proxy values in calcite. First, the seasonality 

of an environment (sunlight, temperature, groundwater flux and associated carbonate 

chemistry, and food availability) influence timing and rates of calcification over the 
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lifespan of Ammonia in mid-latitude waters. Diz et al. (2009) note that these species 

tend to calcify primarily during periods of low salinity and moderate temperature. 

Preferential calcification during the Yucatan wet season (June – October) would bias 

the geochemical record in favor of wetter conditions. A. parkinsoniana lives for 

several months (Murray, 2006), and additional research is needed to determine if 

seasonality in calcification affects the Yucatan lagoon records. Bioturbation, which 

can be intense in coastal zones, mixes sediments and decreases the temporal 

resolution of geochemical proxies (Peros et al., 2007b), and storm transport may 

bring geochemically distinct (seawater) foraminifera into brackish regimes of inner 

lagoons (Hippensteel and Martin, 1999). Such storm events are also accompanied by 

changes in faunal assemblage, however, and thus can be identified (Chapter 2; Collins 

et al., 1999), and tidal transport is likely not a problem for the low tidal regime of the 

Yucatan (Young et al., 2008; Diz et al., 2009). 

 

Dissolution of calcite in high-pCO2 porewaters preferentially dissolves some 

elements like Mg from tests (Martin & Lea, 2002; McCorkle et al., 1995), so 

dissolution alteration of geochemical signatures must be carefully considered. Much 

of the sediment on the Yucatan coast is authigenic and biogenic carbonate (Lowery 

and Rankey, 2017), suggesting a robust buffering ability against dissolution within 

coastal sediments. We also did not note dissolution in any fossil specimens which 

were smooth and resembled modern, pristine specimens. 
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3.3 Materials and methods 

 

3.3.1 Field site 

 

Celestun Lagoon is a long and narrow (21.2 km by 2.4 km) shallow (0.5 to 3 m) 

estuary on the coast of the northwestern Yucatan Peninsula, Mexico (Figure 3.1a). A 

series of accreting dune ridges protect the lagoon from ocean waves, and the lagoon 

interior is characterized by fine carbonate muds and abundant calcareous mollusks 

and foraminifera (Lowery and Rankey, 2017). Vegetation consists of red and black 

mangroves (Rhizophora mangle and Avicennia germinans, respectively) fringing the 

lagoon edges, and brackish water-tolerant seagrass beds (Halodule wrightii, Ruppia 

mexicana) along the lagoon channel (Herrera-Silveira et al., 1998). Groundwater 

springs discharge brackish water (salinity 9 to 21) predominantly in the northern and 

central lagoon, creating a persistent but seasonally variable salinity gradient (Herrera-

Silveira, 1996; Gonneea et al., 2004). At least two types of groundwater have been 

identified in the lagoon based on trace metal and ion concentrations and radium 

activity, although discharge amounts of each type are difficult to constrain (Young et 

al., 2008; Stalker et al., 2014). Peak seasonal rainfall precedes peak groundwater 

discharge by about one month (Perry et al., 2002), as shown in Figure 3.1b. Lagoon 

water residence time varies seasonally between < 150 days to > 280 days (Herrera-

Silveira et al., 1998), although recent coast-wide discharge measurements (25 to 40 
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m
3
 m

-1
 day

-1
) suggest a residence time between 37 and 60 days for Celestun Lagoon 

(Bauer-Gottwein et al., 2011; Gonneea et al., 2014). 

 

3.3.2 Field methods 

  

Sediment and water samples were taken on three occasions (May 2006, June 2009, 

and May 2015) at approximately similar sample stations, though not all stations were 

sampled in each expedition (Figure 3.1a). In situ water temperature and salinity were 

measured with a Yellow Springs Instruments model 63 handheld sonde. Water 

samples were filtered through 0.45 µm filters into acid-washed plastic bottles for 

analysis of oxygen and strontium isotope and trace metals. Short push cores (n = 28, 

mean depth = 30 cm) were collected along the length of the lagoon (Figure 3.1a) and 

immediately extruded in 2 cm intervals for chronological and foraminiferal sub-

sampling. Longer sediment cores (n = 6, max depth = 269 cm) were collected in 1.5 

m sections using piston, Bolivia, and Livingstone corers (LacCore, University of 

Minnesota; Supplemental Table S3.1). Long cores were halved, imaged, and stored at 

4 °C at LacCore. Sediments were sub-sampled every 2 to 5 cm and split into aliquots 

for radiocarbon dating and foraminiferal trace metal analysis. 

 

3.3.3 Chronology 
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Identifiable terrestrial macro-organics (seeds, roots, and leaves) were picked, dried, 

and analyzed for radiocarbon via Accelerator Mass Spectrometry at Lawrence 

Livermore National Labs (Livermore, CA, USA). Bulk homogenized 10 mL sediment 

samples from the upper 30 cm of cores were used to determine lead-210 activity in 

high purity germanium (HPGe) well detector (Princeton Gamma Tech Instruments, 

Inc.) at the US Geological Survey Coastal Science Center (Santa Cruz, CA, USA) 

using established methods (Swarzenski, 2014) and reference materials (RGU-1, 

RGTh-1, and IAEA-300). The slope of natural log(
210

Pb) vs. depth yields sediment 

accretion rates which were corrected for 5% compaction (Gonneea et al., 2004). 

Bayesian accumulation models (rBacon v. 2.3.8) incorporating calculated accretion 

rates and 
14

C ages were used to develop the age-depth models of sediment cores 

following the method Blaauw and Christen (2011). Core 7A age model (southern 

lagoon near the ocean, Figure 3.1a) was derived from 
14

C data in an adjacent core 

(6A), and the core 2A age model was derived from 
14

C measurements in core 4A 

(Table 3.1) which was matched to appropriate depths in core 2A using scandium 

peaks from X-ray fluorescence (Supplemental Figure S1). Scandium presented the 

best signal-to-noise ratio of the elements measured in bulk sediment. 

 

3.3.4 Analytical methods 

 

Water samples were split into aliquots for δ
18

Ow analysis and 
87

Sr/
86

Sr isotope and 

trace metal analysis at the University of California Santa Cruz. Oxygen isotopes were 
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determined by equilibrium exchange of the water oxygen with 0.3% carbon dioxide 

gas analyzed on a ThermoFinnigan Delta Plus XP isotope ratio mass spectrometer. 

Lab-calibrated standards yield precision of ±0.06‰, and results are reported relative 

to Vienna Standard Mean Ocean Water. An acidified (1 M nitric acid, Optima-grade) 

aliquot of water was diluted by a factor of 100 and analyzed for Mg, Ca, Sr, and Ba 

concentrations on a Thermo Scientific Element XR using lab-prepared solution 

standards. External reproducibility was assessed with repeated measurements of a 

lab-prepared standard and is reported as ±1 standard deviation of each element 

measured. 

 

For each 1 cm sediment interval, approximately 20 specimens of the benthic 

foraminifera A. parkinsoniana in the size fraction 250-500 µm (Figure 3.1c) were 

picked, crushed between two glass plates, and split into aliquots for trace metal and 

isotope ratio analysis. A 300 µg aliquot of crushed foraminifera was added to acid-

cleaned microcentrifuge vials and cleaned for trace metals analysis following the 

methods of Martin and Lea (2002) and Barker et al. (2003) (acid-leach omitted). 

Cleaned samples were dissolved in 400 µL 0.075 nitric acid (Optima-grade) and 

analyzed on a Thermo Scientific Element XR for Mg, Ca, Sr, and Ba concentrations 

and reported as elemental ratios Mg/Ca, Sr/Ca, and Ba/Ca. External reproducibility 

was assessed with repeated measurements of lab-prepared foraminifera consistency 

standards and is reported as ±1 standard deviation. Foraminiferal calcite δ
18

O was 

assessed using a Kiel IV Carbonate Device connected to a ThermoScientific MAT-
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253 dual-inlet isotope ratio mass spectrometer. Results are reported relative to Vienna 

PeeDee Belemnite, and long-term reproducibility was determined with repeated 

measurements of standard reference material NBS-19 limestone (±0.08‰). 

 

Radiogenic strontium isotopes of both water and foraminiferal calcite were measured 

on a Neptune multi-collector inductively coupled plasma mass spectrometer at 

National Cheng Kung University (Tainan, Taiwan) following Liu et al. (2012). 

Crushed foraminifera (3 mg) were dissolved in 800 µL of 3 M nitric acid and passed 

through 0.25 mL of Eichrom Sr resin columns to separate strontium from calcium. 

For lagoon water, 100 µL of each lagoon water sample was passed through Eichrom 

resin. Reproducibility was determined from IAPSO seawater standard (±0.00007 

2SD) and NIST 987 strontium carbonate standard (±0.00006 2SD). 

 

3.3.5 Geochemical modeling and statistical analysis 

 

All statistical analyses were performed in R software (v. 3.6.1). Pearson correlations 

were used to confirm the association of salinity with different metal concentrations or 

isotope values. Predictive relationships between core top foraminiferal elemental 

ratios and salinity were assessed first with multiple regression and then with simple 

linear regression based on the best fit of the Akaike information criterion (Akaike, 

1974). Outlier data points with substantial influence on the regression adjusted R
2
 

were assessed using Cook’s distance and removed (Fox and Weisberg, 2018). 
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Linear regression equations were used to reconstruct paleosalinity from foraminiferal 

geochemistry in downcore samples, and reconstructed salinity followed non-linear 

trends. To observe deviations from long-term trends, paleosalinity trends were first fit 

with fifth-order polynomial regressions in R software. Residual fitted values about 

these regressions were then plotted against age determined from age-depth models of 

cores. Uncertainty in detrended salinity values is represented by the standard error of 

each fitted value to the polynomial regression. 

 

To determine relative contributions of lagoon water sources to paleosalinity, we 

follow a three-endmember mixing model for Celestun Lagoon water samples 

developed by Young et al. (2008) with the following equations: 

 

 𝑓𝑆𝑊 + 𝑓𝐹𝑊 + 𝑓𝐵𝑊 = 1 (3.1) 

 𝑓𝑆𝑊[𝐴]𝑆𝑊 + 𝑓𝐵𝑊[𝐴]𝐵𝑊 +  𝑓𝐹𝑊[𝐴]𝐹𝑊 = [𝐴]𝐿 (3.2) 

 𝑓𝑆𝑊[𝐵]𝑆𝑊 + 𝑓𝐵𝑊[𝐵]𝐵𝑊 +  𝑓𝐹𝑊[𝐵]𝐹𝑊 = [𝐵]𝐿 (3.3) 

 

where 𝑓𝑆𝑊, 𝑓𝐹𝑊, and 𝑓𝐵𝑊 represent fractions of seawater, fresh groundwater, and 

brackish groundwater, respectively. [𝐴] and [𝐵] represent the isotope signatures of 

selected tracers for each endmember (SW, BW, and FW) and for the measured lagoon 

sample (L). In our model, we use foraminiferal isotope values from samples that best 

reflect endmember isotope composition and add a 20% tolerance following Gonneea 
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et al. (2004). Replacing A with δ
18

O and B with 
87

Sr/
86

Sr, the equations were solved 

by substitution following Moore (2003): 

 

𝑓𝐹𝑊 =

(
[ 𝑆𝑟87 𝑆𝑟86⁄ ]𝐿 − [ 𝑆𝑟87 𝑆𝑟86⁄ ]𝑆𝑊

[ 𝑆𝑟87 𝑆𝑟86⁄ ]𝐵𝑊 − [ 𝑆𝑟87 𝑆𝑟86⁄ ]𝑆𝑊
) − (

[𝛿18𝑂]𝐿 − [𝛿18𝑂]𝑆𝑊
[𝛿18𝑂]𝐵𝑊 − [𝛿18𝑂]𝑆𝑊

)

(
[ 𝑆𝑟87 𝑆𝑟86⁄ ]𝐹𝑊 − [ 𝑆𝑟87 𝑆𝑟86⁄ ]𝑆𝑊

[ 𝑆𝑟87 𝑆𝑟86⁄ ]𝐵𝑊 − [ 𝑆𝑟87 𝑆𝑟86⁄ ]𝑆𝑊
) − (

[𝛿18𝑂]𝐹𝑊 − [𝛿18𝑂]𝑆𝑊
[𝛿18𝑂]𝐵𝑊 − [𝛿18𝑂]𝑆𝑊

)

 (3.4) 

𝑓𝐵𝑊 =
[ 𝑆𝑟87 𝑆𝑟86⁄ ]𝐿 − [ 𝑆𝑟87 𝑆𝑟86⁄ ]𝑆𝑊 − 𝑓𝐺𝑊𝑓 ∗ ([ 𝑆𝑟87 𝑆𝑟86⁄ ]𝐹𝑊 − [ 𝑆𝑟87 𝑆𝑟86⁄ ]𝑆𝑊)

[ 𝑆𝑟87 𝑆𝑟86⁄ ]𝐵𝑊 − [ 𝑆𝑟87 𝑆𝑟86⁄ ]𝑆𝑊
 (3.5) 

𝑓𝑆𝑊 = 1 − 𝑓𝐹𝑊 − 𝑓𝐵𝑊 (3.6) 

 

To assess changes in paleoprecipitation in our record, we exploit the relationship 

between precipitation in the western Yucatan Peninsula and changes of salinity in 

Celestun Lagoon (see section 1.1). Based on monthly hydrologic data from Herrera-

Silveira (1994) collected between sites 4A and 8A (Figure 3.1b), we plot Celestun 

Lagoon salinity lagged by 1 month, exclude the highly variable “nortes” season data 

(October to December), and plot the remaining wet and dry seasonal data against 

monthly mean precipitation for the western Yucatan (Figure 3.1b). The resulting 

linear equation is as follows: 

 

 𝑆𝑛𝑜𝑟𝑡ℎ𝑒𝑟𝑛 𝑙𝑎𝑔𝑜𝑜𝑛 = 23.6 − 0.0456 ∗ 𝑃, 𝑅2 = 0.936 (3.7) 

 

where S is mean salinity of the northern lagoon and P is precipitation. Using 

paleosalinity reconstructed from Ba/Ca in the northern lagoon, we estimate 
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corresponding precipitation recharging groundwater over the northwestern region of 

the peninsula. 

 

3.4 Results 

 

3.4.1 Age-depth models and sedimentation rates 

 

Measured 
14

C and 
210

Pb data are given in Table 3.1. Radiocarbon ages were not 

reservoir corrected. Reservoir effects are unknown for the Yucatan aquifer, and we 

assume that mangrove organics chosen for analysis reflect atmospheric 
14

C with 

minimal reservoir effects. Age-depth models for cores 4A and UL-5 are reported in 

Chapter 2, and age-depth models for the other cores (3A, 8A, and 7A) are given in 

Figure 3.2. X-ray fluorescence peak matching between cores 4A and 2A are given in 

Supplemental Figure S1. A hiatus interval reported in Chapter 2 for core 4A (at 35 cm 

sediment depth) also occurs in cores 2A (30 cm depth), 3A (29 cm depth), 8A (33 cm 

depth), and 7A (31 cm depth). Estimated missing time intervals vary for each hiatus 

and range from 350 years (core 8A) to 1,800 years (core 7A). Dates are given as 

calibrated years before present (Cal Yr BP) and referenced hereinafter as BP. Age-

depth models also suggest slight increases in sedimentation (Figure 3.2d) in the 

northern lagoon at 3,300 BP (1mm/yr) and 1,900 BP (0.8 mm/yr) compared to the 

long-term lagoon average of 0.5 mm/yr based on radiocarbon data of core 4A. 
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3.4.2 Water chemistry and salinity 

 

Water metal concentrations [Mg], [Sr], and [Ba], and isotope values of 
87

Sr/
86

Sr and 

δ
18

Ow in lagoon water are significantly correlated with lagoon salinity (Pearson 

correlation, r and p values in Figure 3.3). [Mg] and 
87

Sr/
86

Sr exhibit the strongest 

correlation, followed by [Ba], [Sr], and δ
18

O. Correlation for [Ba] improves when 

using the ratio [Ba]/[Ca] from r = 0.74 to r = 0.92, respectively. [Mg]/[Ca] 

relationship to salinity is similar to that of [Mg], and [Sr]/[Ca] correlation is not 

significant compared to [Sr] alone (Figure 3.3). Samples of salinity of 17.1 from the 

northern lagoon contained the highest values for δ
18

Ow, [Sr], [Ba], and an 

intermediate value for 
87

Sr/
86

Sr (Table 3.2). There is no significant correlation 

between temperature and salinity despite the observation that springs typically 

discharge colder (24.4 °C) low-salinity (9) water (Figure 3.3; Table 3.2). 

 

3.4.3 Coretop foraminiferal calcite geochemistry 

 

Foraminiferal calcite metal/calcium ratios compared to water salinity generally 

followed the same patterns as metal concentrations in the water (Figure 3.3). In all 

cases of multiple regression that used salinity, temperature, and metal/calcium of 

water samples, the Akaike information criterion indicated that salinity alone was 

sufficient to explain foraminiferal metal/calcium values. Using simple regression, 

Ba/Ca, Sr/Ca, and 
87

Sr/
86

Sr have the highest R
2
 coefficients while δ

18
Oc and Mg/Ca 
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exhibited little relationship with water salinity (Figure 3.4). We note that 

foraminiferal Sr/Ca more closely matched [Sr]/[Ca] of the water column from mid to 

high salinities (15-35) rather than [Sr] alone (Figure 3.3). The correlation with 

temperature is not significant for foraminiferal Sr/Ca (Pearson correlation, r = 0.13, p 

= 0.52), Mg/Ca (Pearson correlation, r = 0.17, p = 0.41), or δ
18

Oc (Pearson 

correlation, r = 0.28, p = 0.16) (Supplemental Figure S2). 

 

3.4.4 Downcore foraminiferal calcite geochemistry 

 

Foraminiferal calcite measurements for δ
18

Oc, Mg/Ca, Ba/Ca, Sr/Ca, and 
87

Sr/
86

Sr in 

three sediment cores—one each in the northern, central, and southern lagoon—are 

shown in Figure 3.5a-c, and three additional Ba/Ca records are shown in Figure 3.5d-

f. Trace metal to calcium rations in sediment cores from the northern lagoon (4A, 3A, 

and 2A) exhibit viability in trace metal ratio values with depth. Ba/Ca and Sr/Ca 

increase over time in the northern lagoon cores from a mean and standard deviation of 

4.9 ± 2.3 to 8.5 ± 3.3 µmol/mol and 2.2 ± 0.8 to 2.7 ± 0.2 mmol/mol, respectively, 

between 4,500 BP and present. No consistent trends are noted in middle and southern 

lagoon cores 8A and 7A. Mg/Ca values exhibit no trend in any of the cores with a 

mean and standard deviation value of 4.9 ± 0.9 and a range of 3.1 to 8.1 mmol/mol. 

 

In cores 4 and UL-5 from the northern lagoon, 
87

Sr/
86

Sr of A. parkinsoniana records 

lower than seawater values (0.70804and 0.70807, respectively,) around 5,200 BP, 
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rapidly increasing to 0.70906 and 0.70886 ca. 4,700 BP, and then gradually 

decreasing to 0.70837 at present (Figure 3.5). The 
87

Sr/
86

Sr values fall within those 

expected for endmember source waters to Celestun Lagoon (Table 3.3). A decrease in 

87
Sr/

86
Sr is also noted in core 7A in the middle lagoon from 0.70901 to 0.70883 

between 4,000 and 2,300 BP, though the 
87

Sr/
86

Sr values are higher relative to cores 

4A and UL-5. Over the same period, core 8A in the southern lagoon exhibited 

minimal variation in 
87

Sr/
86

Sr but increased from 0.70852 to 0.70875 between 800 BP 

and present. 

 

Values and trends of δ
18

Oc are more variable among cores (Figure 3.5a-c). For the 

northern lagoon core 4A, δ
18

Oc values are relatively high ca. 5,000 BP (-0.85 ‰ and -

0.88 ‰), low ca. 2,500 BP (-2.54 ‰ and -2.26 ‰) and higher at present (-1.40 ‰). In 

cores 7A and 8A, δ
18

Oc values are variable without a notable trend (core 7A: -1.87 ± 

0.23 ‰, core 8A: -2.94 ± 0.32 ‰,) (Figure 3.5). 

 

3.4.5 Paleosalinity 

 

We apply the regression equations for Sr/Ca and Ba/Ca (Figure 3.4), which exhibited 

the strongest relationship between coretop foraminiferal calcite chemistry and water 

column salinity, to downcore foraminiferal calcite measurements (Figure 3.5) to 

reconstruct paleosalinity for each sediment core (Figure 3.6), plotted separately for 

inspection and together for comparison. Paleosalinity uncertainty comes from 
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propagating the 95% confidence interval bands around regression lines in Figure 3.4. 

Three salient features are observed in Figure 3.6: 1) each proxy produced similar 

results with Sr/Ca and Ba/Ca in better agreement with each other than 
87

Sr/
86

Sr; 2) the 

modern salinity gradient of ~35 at south lagoon to ~25 in the mid-lagoon to ~18 in 

the northern lagoon is portrayed; and 3) the salinity gradient is a relatively recent 

feature of the lagoon that developed primarily from 2,500 BP to present. The general 

trends noted in proxy measurements (Figure 3.5) are also reflected in Figure 3.6 with 

a decrease in lagoon salinity from ~4,000 BP to present in the northern lagoon and 

variability but no trend in the middle and southern lagoon (cores 7A and 8A). 

Decrease in salinity is most dramatic for cores 2A, 3A, and 4A. Ba/Ca paleosalinity 

reconstructions best match modern conditions. Using this proxy, we note salinity 

trends as follows: core 4A from 30.4 ± 3.9 to 21.2 ± 1.4 (4,700 BP-present); core 3A 

from 33.5 ± 3.2 to 17.1 ± 2.37 (4,400 BP-present); core 2A from 29.2 ± 2.2 to 21.4 ± 

1.34 (3,300 BP-present). Initial and final salinity is similar for core 8A with salinity 

26.1 ± 1.3 to 24 ± 1.1 (2,600 BP-present) and core 7A with salinity 31.5 ± 2.7 to 29.6 

± 2.14 (4,500 BP-present) (Figure 3.6). Paleosalinity across all cores representing the 

time interval of 4,600 BP suggests that the salinity gradient in the lagoon was muted 

at 4,600 BP, ranging only between 29 and 34 compared to 14 to 35 at present. 

 

3.4.5.1 Endmember mixing models 
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Based on values of δ
18

Ow, 
87

Sr/
86

Sr, [Mg], [Ca], [Sr], [Ba] and salinity in water 

samples, Celestun Lagoon water is a mixture of three geochemically distinct 

endmembers(Figure 3.7a, Table 3.3). Seawater (SW) from the Gulf of Mexico is 

characterized by [Sr] = 90.2 µmolar, [Ba] = 44 nmolar, [Mg] = 49.4 mmolar, 
87

Sr/
86

Sr 

= 0.70916, and δ18O = 1.56 ‰ (Hsieh and Henderson, 2017). Fresh groundwater 

(FW) is characterized by [Sr] = 38.7 µmolar, [Ba] = 253 nmolar, [Mg] = 6.2 mmolar, 

87
Sr/

86
Sr = 0.70821, and δ

18
O = -3.70 ‰. Brackish groundwater (BW) is 

characterized by [Sr] = 109 µmolar, [Ba] = 331 nmolar, [Mg] = 33.7 mmolar, 

87
Sr/

86
Sr = 0.70832, and δ

18
O = 4.27 ‰. These are the same endmember water 

sources described in previous studies (Young et al., 2008; Stalker et al., 2014). 

Isotopic composition of coretop foraminiferal calcite collected closest to water 

endmember sources reflects source geochemistry (Figure 3.7b) with a mean offset 

δ
18

Oc of 3.01 ‰ between water and calcite samples. No foraminifera were observed 

immediately adjacent to FW source waters. Some foraminiferal data points fall 

outside of the mixing triangle, which may reflect seasonal conditions of some 

specimens not captured in our endmember samples. Therefore, following Gonneea et 

al. (2004), we add a 20% tolerance to each endmember so the triangle encompasses 

the spread of data encountered in both the coretop and downcore samples. Because 

groundwater is the most important freshwater source to the lagoon and discharges 

year-round, summer direct precipitation is unlikely to be a substantial endmember for 

this system (Stalker et al., 2014). 
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Because cores 4A, 8A, and 7A in the northern, central, and southern sections of the 

lagoon, respectively offer the most complete datasets for δ
18

Oc and 
87

Sr/
86

Sr, data 

from these cores were used for mixing models. Oldest data (> 5,000 BP) in the 

northern lagoon comes from cores 3A and UL-5. Using the foraminiferal values for 

endmember δ
18

Oc and 
87

Sr/
86

Sr (Figure 3.7b, Table 3.3) and equations 4-6, we found 

that BW is the most important contributor to the modern northern lagoon, FW is the 

major contributor in the modern middle lagoon, and in the southern lagoon SW is the 

most important, but the proportions of each endmember at these sites have changed 

over the last 4,000 BP (Figure 3.7). The middle and southern lagoons have remained 

relatively consistent in composition while the northern lagoon water sources 

fluctuated considerably over time. In the northern lagoon prior to 3,200 BP SW was 

the main water source but around 3,200 BP the FW contribution began increasing. At 

approximately 2,400 BP, BW increased while both FW and SW decreased. From 

2,000 to 1,300 BP, FW increased markedly while SW increased modestly and BW 

decreased. The hiatus interval spans ca. 1,300 to 500 BP hence no data is available for 

that 800 years time interval, and the last 500 years have remained consistent in 

overall composition (Figure 3.7). 

 

The mixing model shows decreasing salinity was accompanied by increased 

proportions of groundwater sources relative to seawater (Figure 3.7). Because Ba/Ca 

in the foraminifera is closely related to groundwater and not affected by temperature 

or saturation state, we detrend the Ba/Ca-derived salinity reconstructions (Figure 3.6) 
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and plot residuals (Figure 3.8) to extract short-term changes in spring discharge 

which are superimposed on the long term trend. Paleosalinity was detrended by 

taking the residuals of fifth-order polynomial fits to paleosalinity of cores 4A and 8A 

(Figure 3.8). Lagoon salinity deviations from the trend range from -4 to +3 salinity 

units for all sites. Notable low-salinity conditions in core 4A occur at 3,300 BP 

(salinity decreased by 4.1), 2,400 BP (decrease by 2.9), and 2,000 BP (decrease of 

3.5) while higher salinity is observed from 3,300 to 3,100 BP (1.5 more saline) and 

2,300 to 2,100 BP (1.9 more saline). A general increasing salinity trend in 4A is 

observed from ca. 2,000 BP to 1,300 BP (relative change of ~6). Core 8A record is 

shorter but also indicates salinification from ca. 2,000 to 1,000 BP (relative salinity 

change ~3) with another notable increase in salinity ca. 2,200 BP (~3 units increase).  

 

Paleosalinity, detrended residuals, and accretion rate of core 4A are plotted against 

other lacustrine and marine records as well as coastal lagoon records from the region 

(Figures 3.9, 3.10) with wet and dry periods denoted by shading. 

 

3.4.5.2 Paleoprecipitation estimates 

 

Equation 3.7, which describes the relation between regional precipitation and salinity 

in Celestun Lagoon (Figure 3.1b), indicates that for the salinity range 15 to 30, each 

unit increase of salinity in Celestun Lagoon corresponds to approximately 20 mm 

decrease in rain recharging the springs that discharge to the lagoon. Based on a 
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modern measured mean precipitation of approximately 1,100 mm/yr (Bauer-Gottwein 

et al., 2011) and an estimated 950 mm/yr average for the last 1,500 years recorded in 

speleothems (Medina-Elizalde et al., 2016) for the central Yucatan, we assume that 

1,000 mm/yr is representative of average annual precipitation for the catchment area 

that recharges the groundwater feeding the springs in Celestun Lagoon. A 1 unit 

decrease in lagoon salinity is thus equal to about 20 mm / 1,000 mm or 2% reduction 

in mean annual precipitation for the western-central Yucatan Peninsula. 

 

3.5 Discussion 

 

3.5.1 Celestun lagoon salinity responses to groundwater input and precipitation 

 

Groundwater input is the primary source of low-salinity water to Celestun lagoon. 

This groundwater is characterized by high [Sr] and [Ba], low [Mg], and low values of 

87
Sr/

86
Sr when compared to seawater (the other major water source to the lagoon) 

(Figure 3.3). These metals and isotopes mix conservatively along the length of the 

lagoon from the northern enclosed terminus, where much of the groundwater 

discharges, to the southern lagoon, where most seawater enters (Figure 3.1). Closer 

inspection of the metal and isotope distributions reveals variable [Sr] and δ
18

Ow of the 

groundwater which indicates that the two groundwater types (aquifers) discharging 

into the lagoon, previously described (Young et al., 2008; Stalker et al., 2014;), differ 

in their Sr and O isotope ratios (Table 3.3, Figure 3.7a). Fresh groundwater (FW) 
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δ
18

O of -3.70 ‰ best represents meteoric water with short residence time in the 

carbonate aquifer. Brackish groundwater (BW) δ
18

O of 4.27 ‰ suggests interaction 

with evaporites (high [Sr]) and evaporation in the Ring of Cenotes (enriched δ18O, 

Stalker et al., 2014, Figure 3.11) and possibly mixing with some seawater prior to 

discharge (Figure 3.3). Stalker et al. (2014) suggest that 80% of the fresh and 

brackish water in Celestun is derived from the springs and that runoff from rainwater 

is not an important contributor in this system. Indeed, monthly monitoring of salinity 

indicates that the salinity in Celestun lagoon varies seasonally and between years in 

response to rain events (Figure 3.1b, Bauer-Gottwein et al., 2011; Herrera-Silveira, 

1994; Perry et al., 2003) yet the salinity gradient of low salinities at the northern 

lagoon terminus and near-seawater salinity at the mouth in the south persists 

(Herrera-Silveira, 1994). Accordingly, changes in salinity at any location in the 

lagoon over time may be indicative of changes in the relative contribution of saline 

seawater and lower salinity groundwater. Furthermore, several of the geochemical 

parameters measured here correlate well with salinity, with correlation coefficients (r) 

ranging from 0.98 (for Mg) to 0.72 (for Sr) at a significance level of << 0.01 (Figure 

3.3). Thus if any of these parameters is recorded in carbonate shells without 

modification by other environmental or vital effects, it may be possible to reconstruct 

past salinity changes in at different locations in the lagoon (where cores are available) 

and evaluate the causes of salinity change, e.g., climate-induced change in 

precipitation and hence groundwater discharge. 
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3.5.2 Mid-Holocene salinity reconstructions 

 

Of the suite of potential salinity proxies recorded in A. parkinsoniana carbonate tests 

examined here (Mg/Ca, Sr/Ca, Ba/Ca, 
87

Sr/
86

Sr, and δ
18

Oc) Ba/Ca and Sr/Ca in the 

tests have the best correspondence to salinity (Figure 3.4) while 
87

Sr/
86

Sr, and δ
18

Oc 

most clearly differentiate endmember water sources (Figure 3.7b). Accordingly, we 

use the relation between present-day Ba/Ca in foraminifera and salinity (Ba/Ca 

equation in Figure 3.4) to reconstruct Celestun paleo-salinity over the last 5,300 years 

(Figures 3.5 and 3.6) and assess changes in water inputs from the different 

endmembers (SW, FW, BW) (Figure 3.7c) to the lagoon. We also compare our data 

to other Yucatan hydroclimatic records (Figure 3.8).  

 

At 5,300 BP, the Ba/Ca and Sr/Ca records (Core 4A) indicate a salinity between 3 

and 20 (Figure 3.6) which suggests substantial groundwater influence and limited 

marine influence. This is consistent with the δ
18

Oc value of -2.89‰ and the 
87

Sr/
86

Sr 

value of 0.70804. Mean sea level at that time was -2.6 m below the current level for 

this region (Khan et al., 2017), placing the coastline about 5 km to the northwest of 

the core site (Appendini et al., 2012). Mangrove peat deposits and foraminiferal 

assemblages of Discorinopsis aguayoi at the bottom of the core (2.59-2.3 m) further 

suggest the study site in the northern lagoon was within an inland mangrove-

dominated freshwater pond suggesting that the narrow lagoon had not developed at 

that time (Chapter 2). Several hundred years later (at ~4,900 BP), Ba/Ca of 2.4 
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µmol/mol suggests salinity in the northern lagoon increased dramatically to ~30, and 

contribution form seawater was substantial. Indeed an increase in δ
18

Oc to -0.85 ‰ 

and near-seawater values of 
87

Sr/
86

Sr are consistent with increased contribution from 

seawater (Figure 3.5). As sea level rose (Toscano and Macintyre, 2003; Khan et al., 

2017), the coastline approached the location of the current northern lagoon and the 

freshwater inland mangrove ponds became inundated with seawater. Indeed, the 

presence of the marine seagrass foraminifera Archaias and Laevipeneroplis is 

indicative of a predominantly marine coastal environment (Chapter 2). It is possible 

that at the same time dry conditions between 5,000 and 4,500 BP as reported for the 

central and southwestern peninsula by Mueller et al. (2009) and Wahl et al. (2014) 

resulted in lower groundwater discharge to Celestun Lagoon also contributing to the 

observed increase in salinity. 

 

From 4,900 BP to present, the northern part of Celestun Lagoon (cores 3A, 4A, and 

UL-5, Figures 3.1, 3.5) generally exhibits a long term increase in foraminiferal Ba/Ca 

and Sr/Ca, indicating freshening in the northern lagoon from a salinity of about 30 to 

salinity of 14 (Figure 3.6) while 
87

Sr/
86

Sr and δ
18

Oc indicate increasing proportions of 

the freshwater endmember (Figure 3.7d). These data suggest decrease in salinity at 

the site which has been attributed to reduced mixing between seawater and 

groundwater as barrier island accretion formed the lagoon(Chapter 2). Notably, this 

long-term trend is not observed in the middle (8A) and lower lagoon (7A) (Figures 
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3.5, 3.6) cores as these sites were closer to the lagoon mouth and seawater input was 

not yet restricted.  

 

3.5.3 Climate driven barrier island formation and associated change in salinity 

 

The relatively consistent decrease in salinity (i.e., reduction in seawater influence) 

beginning at 4,900 BP to the present day (Figures 3.6, 3.7) is best explained by 

accretion of barrier islands along the coast, restricting seawater input to the lagoon, 

rather than a continuous increase in freshwater input due to increased precipitation 

during the Late Holocene (see Figure 2.7 for conceptual diagram). Precessionally-

driven decrease in insolation of the northern hemisphere over the last 8,000 years 

progressively shifted the ITCZ south of the Caribbean region (Douglas, et al., 2016b; 

Giddings & Soto, 2003; Haug et al., 2001) and caused a long-term decrease in 

average precipitation, as indicated by paleoclimate records in lakes and speleothems 

of the Yucatan (Akers et al., 2016; Douglas, et al., 2016a). Decreased precipitation 

and related decrease in groundwater discharge to Celestun would be accompanied by 

a long-term decrease in Ba concentration in the lagoon and a reduction in Ba/Ca and 

an increase in 
87

Sr/
86

Sr toward seawater values, contrary to our observations (Figure 

3.5). Because sea level also rose in this region during this time (and should increase 

salinity), freshening in the lagoon, indicate some other mechanism for the observed 

decrease is salinity and influence of seawater in the lagoon. 
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Regional reorganization of climate patterns in the tropics of the Americas at ~4,000 

BP moved the ITCZ south, causing the Loop Current to experience less incursion into 

the Gulf of Mexico (Poore et al., 2004). In turn, Gulf of Mexico sea surface 

temperatures decreased and reduced moisture flow from the Gulf of Mexico, 

weakening the North American Monsoon around 4,000 BP (Metcalfe et al., 2015). 

The combined effects of a truncated Loop Current path and reduced easterly wind 

flow reduced wave energy that drives longshore drift along the Yucatan Peninsula 

north coast (Enriquez et al., 2010; Appendini et al., 2012) causing sediments to 

accumulate at abrupt changes in shoreline orientation (Cuevas et al., 2013) (Figure 

3.11). Thus, the northwest corner of the Peninsula became a prime location for barrier 

island aggradation during this climate transition period. Other lagoons in the southern 

and western Gulf of Mexico also exhibit decreased input of seawater 

contemporaneously with Celestun Lagoon (Phleger and Ayala-Castanares, 1971; 

Arellano-Torres et al., 2019), suggesting that barrier island development was 

widespread along the southern half of the Gulf of Mexico and therefore a response to 

regional climate and/or sea-level forcing (e.g., change in circulation patterns). Today, 

barrier island-dune complexes are observed accumulating along the Celestun 

coastline (Appendini et al., 2012; Lowery and Rankey, 2017) at a rate (~200 m/yr) 

consistent with forming the 25 km barrier-dune complexes bounding the western side 

of Celestun lagoon in about 5,000 years. This coincides with the peat layer and low 

salinity (based on Sr/Ca and foraminifera assemblage) at that time, which indicate the 

site being a coastal pond several kilometers away from ocean influence prior to the 
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initiation of barrier island-dune. As sea level increased, the location transformed into 

a coastal setting impacted by seawater and spring water; not yet an isolated lagoon, 

which became more and more isolated from the ocean gradually as the barrier island-

dune complex grew. 

 

Aerial imagery of Celestun Lagoon shows the barrier islands accumulate from 

northeast to southwest (Lowery and Rankey, 2017). It is therefore expected that 

northern lagoon will become restricted and receive less seawater before such 

conditions are manifested in the lower reaches of the lagoon. Indeed, we note the 

divergence of salinity among lagoon sections beginning around 3,000 BP (Figure 3.6) 

in which the northern lagoon trends toward fresher values while the southern lagoon 

remains with brackish-marine salinity values (~30). Assuming a constant rate of 

accretion beginning at 4,900 BP near core 4A, barrier islands would reach from the 

northern lagoon terminus to site 8A (Figure 3.1a) by approximately 2,000 BP 

(Supplemental Figure S3.3). Adjacent to site 8A is the largest spring source of the 

FW endmember (Figure 3.1a, Table 3.3). Barrier island extension south of 8A would 

effectively change the northern lagoon from a three endmember system of SW, BW, 

and FW to a two endmember-mixing system (FW and BW) while the southern lagoon 

(still open coastline at this time) would be expected to continue to be dominated by 

SW. Core 4A in the northern lagoon exhibits water source proportions that appears to 

fall along the mixing line between FW and BW beginning at 2,000 BP (Figure 3.7c) 

while core 7A is comprised primarily of seawater as expected from their respective 
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location along the lagoon (Figure 3.7f). Thus, greater FW contribution to core 4A in 

the upper lagoon between 2,000 BP and 1,600 BP may be related to the timing that 

the FW mid-lagoon springs were incorporated into the expanding lagoon. 

Importantly, the first agglutinated foraminiferal assemblages associated with 

protected, low-salinity, fine-substrate lagoon conditions emerge in Celestun Lagoon 

around 1,800 BP (Chapter 2), coincident with a brief doubling of long-term 

sedimentation rates in the northern lagoon (Figure 3.2d). High sedimentation rates 

would be expected in a protected lagoon with limited wave induced washout of 

sediment, yet the high sedimentation rate is not sustained.  

 

Interestingly, higher sedimentation rates also occur during the first rapid increase of 

the FW endmember at 3,200 BP (Figures 3.2d, 3.8d), suggesting a link between 

periods of rapid sediment accumulation and proportions of the FW endmember in the 

lagoon. Though groundwater here is elevated in total inorganic carbonate ( > 6,000 

µmol/kg, Gonneea et al., 2014) relative to seawater, it is also undersaturated with 

respect to calcite and facilitates dissolution of carbonates when mixing with seawater 

(Perry et al., 2002; Perry et al., 2003). Reduction in corrosive mixing between FW 

and SW (via less SW) combined with a dry, evaporative environment associated with 

drought may facilitate rapid sedimentation of authigenic carbonates during such 

periods, returning to long-term sedimentation rates when average conditions resume. 

The timing of these FW and sedimentation rate increases in Celestun Lagoon at 3,200 

and 1,900 BP seem to coincide with Bond cooling events in the North Atlantic during 
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the Holocene (Bond et al., 2001). These events have been linked to decreased solar 

output resulting in cool periods in the North Atlantic that effectively push the ITCZ 

and thus Loop Current farther south in the Gulf of Mexico with particular excursions 

centered on 5,200, 4,200, 3,200, and 1,900 BP (Poore et al., 2003; Poore et al., 2004). 

Reduced Loop Current penetration in the Gulf of Mexico and associated decrease in 

ocean energy may increase sedimentation along the Yucatan Peninsula north coast 

while the southward shift in the ITCZ results in less precipitation falling on the 

Yucatan Peninsula. Climatically, Bond events appear to manifest as drought, with 

some authors referring to the period ca. 1,900 BP as a megadrought after observing 

the lowest precipitation levels of the last 2,000 years during this time (Carrillo-Bastos 

et al., 2013; Medina-Elizalde et al., 2016). Between 2,000 and 1,500 BP there is a 

drastic drop in humid jungle taxa with a shift to open forest upland species in Los 

Petenes south of Celestun Lagoon (Roy et al., 2017) and in Ria Lagartos east of 

Celestun Lagoon (Aragón-Moreno et al., 2012). Pollen analysis also suggests 

substantial drought ca. 1,800 BP in Cenote San Jose 22 km east of Celestun Lagoon 

(B. W. Leyden et al., 1996), ca. 1,900-1,700 BP in Lake Peten Itza in the southern 

peninsula (Wahl et al., 2006), and ca. 1,700 BP in Belize (Akers et al., 2016). The 

slight salinity increase noted in core 8A near the FW source (Figures 3.1, 3.5) and 

increase in SW contribution in the northern lagoon (Figure 3.7d) suggest a decrease in 

groundwater input possibly in response to these dry events (Figure 3.7d). While the 

interpretation of paleosalinity controls in Celestun lagoon is complicated for the time 

period around 1,900 BP, our results suggest that in Yucatan coastal lagoons, changes 
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in barrier island geomorphology (affecting seawater contributions) and inland 

precipitation (absolute freshwater input) may respond simultaneously to the same 

atmospheric/oceanic forcing with opposing effects on lagoon salinity reducing the 

expression of drought events in lagoon records (Figure 3.9). 

 

To be able to observe any climate induced changes in lagoon salinity it is necessary to 

removes the expression of geomorphic barrier-sand dune buildup influence on 

salinity. To do that we have detrended the long-term record of decreasing salinity and 

investigate excursions about the long-term trend that would indicate climate-induced 

dry or wet periods (Figure 3.8b). 

 

3.5.4 Climate expression in detrended salinity of Celestun Lagoon 

  

Though long-term salinity decrease is driven by geomorphic change, change in 

precipitation over the Yucatan Peninsula changes groundwater discharge to Celestun 

Lagoon (Herrera-Silveira, 1994), resulting in excursions from the decreasing trend. 

The general east-west divide of groundwater flow in the peninsula (Bauer-Gottwein 

et al., 2011) implies two main atmospheric patterns that decrease lagoon salinity: 

southward shift of the average ITCZ position reducing precipitation over the north 

peninsula lowlands, or eastward shift in rainfall from El Nino Southern Oscillation 

and Walker Circulation reducing rainfall over the western catchment (Metcalfe et al., 

2015). Detrending paleosalinity in Celestun lagoon removes the geomorphic 
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influence in order to directly compare climatic influence with other paleoclimate 

archives (Figure 3.9). 

 

The sand-dune barrier buildup started limiting seawater input to the lagoon at around 

4,000 BP and as the barrier length increased with time from 4,000 BP to the present 

seawater input to the upper lagoon gradually decreased resulting in a trend towards 

lower salinity over time as seen in the Sr/Ca and Ba/Ca records (Figure 3.5). The 

detrending was a fifth-order polynomial and residuals were plotted in Figure 3.8. In 

general, changes in freshwater input (hence precipitation) at Celestun can occur due 

to (1) changes in the average placement of the ITCZ (ITCZ displacements farther 

south towards Guatemala would reduce groundwater input), or (2) shift of rainfall to 

movement of ENSO/Hadley cells across the groundwater divide so most of the rain 

falls on the eastern Peninsula and over the Caribbean and does not feed the 

groundwater system discharging at Celestun (Figure 3.11; Méndez & Magaña, 2010; 

Metcalfe et al., 2015). These processes are considered in context with other existing 

climate records for the region when interpreting the detrended record from 4,000 BP 

to the present. Prior to 4,000 BP, before the initiation of the barrier islands, seawater 

fraction increases, coincident with sea-level rise. Data at 4,900 and 5,300 BP fall 

outside of the tolerance interval over the ternary diagram (Figure 3.7c). At 5,300 BP 

87
Sr/

86
Sr is 0.70804, lower than the FW endmember which indicates no seawater 

component. At 4,900 BP, 
87

Sr/
86

Sr is 0.70906 and δ
18

O is -0.86 ‰, suggesting nearly 

all seawater and possibly warmer temperature or evaporation. These values are 
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consistent with environments determined from assemblages that suggest the site was 

an inland freshwater mangrove pond around 5,300 BP and an open marine coast 

beginning at 4,900 BP (Chapter 2). 

 

From 4,000 to 3,200 BP, Celestun Lagoon average salinity is about 2 salinity units 

higher than the mean (detrended) conditions (Figure 3.8c) and indicates drier-than-

average conditions. Regional climate reorganization around 4,000 BP increased the 

importance of the Pacific Decadal Oscillation relative to the Atlantic Multidecadal 

Oscillation (Metcalfe et al., 2015) and strengthened El Nino Southern Oscillation 

(ENSO) (Wahl et al., 2014; Jones et al., 2015). The result was a relatively wet 

southeastern region of the Yucatan Peninsula including Belize and the Caribbean 

during this time (Higuera-Gundy et al., 1999; Webster et al., 2007; Mueller et al., 

2009; Akers et al., 2016), while the west and southwest region of the peninsula 

(which recharge Celestun lagoon) exhibited dry forest conditions between 4,200 and 

3,600 BP (Figure 3.10) (Díaz et al., 2017; Vela-Pelaez et al., 2018). This decrease in 

precipitation, and expected decrease in groundwater discharge, is manifested as rapid 

increase of salt-tolerant taxa and increased carbonate precipitation in the Los Petenes 

mangrove region 80 km south of Celestun Lagoon from 4,000 to 3,100 BP (Roy et 

al., 2017). The dry conditions reversed and between 3,200 and 2,800 BP Lagoon 

salinity decreased by about 2 units indicating greater input of groundwater. Cooler 

conditions prevailed in the region at that time as evidenced by a weaker Loop current 

and reduced evapotranspiration in the south-central Yucatan Peninsula (Poore et al., 
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2003; Wahl et al., 2014). Wet conditions also prevail at Ria Lagartos on the north-

central Yucatan coast (Carrillo-Bastos et al., 2013). 

 

From 2,400 to 2,100 BP, a relative increase in Ba/Ca suggests salinity rose from 23 to 

28 indicating drier than average conditions (Figure 3.8a). From Equation 3.7, a 5 unit 

rise in salinity in Celestun Lagoon equals a decrease in precipitation of ~100 ± 25 mm 

which is on the order of a 10% precipitation decline over the western half of the 

Yucatan Peninsula. A decrease of about 15% in precipitation is noted in Ria Lagartos 

(Carrillo-Bastos et al., 2013), however, in contrast a 20% increase in precipitation is 

reported based on speleothem records of the same time for the north-eastern Yucatan 

(Medina-Elizalde et al., 2016). This suggests spatial variability between the eastern 

and western halves of the peninsula and is consistent with reconstructed climate 

patterns and drivers (Metcalfe et al., 2015). This period coincides with warm sea 

surface temperatures in the Gulf of Mexico (Poore et al., 2003) and dry conditions 

noted around the western Peninsula, including speleothem and pollen records in 

Belize (Aragón-Moreno et al., 2012; Kennett et al., 2012), lake records in the central 

peninsula (Hodell et al., 1995; Wahl et al., 2014), and mangrove pollen records of the 

northeastern coast (Islebe and Sánchez, 2002) and western Los Petenes region (Roy et 

al., 2017). Wet conditions occur farther south and east in the Peninsula (Rosenmeier 

et al., 2002; Díaz et al., 2017), suggesting a general shift in atmospheric delivery of 

precipitation due to some combination of southward shift of the ITCZ, enhanced 
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ENSO activity, and dry polar air mass migration from North America (Pérez-Cruz, 

2013; Wahl et al., 2014; Metcalfe et al., 2015; Roy et al., 2017).  

 

From 2,100 to 1,600 BP, salinity in the northern lagoon did not deviate appreciably 

from average conditions, though a slight decrease of 1 to 2 salinity units occurs 

between 1,800 and 1,700 BP, indicating a wet period which is also noted in the 

central-north Yucatan (Lakes Chichancanab and Punta Laguna, Hodell et al. 1995). 

Dry conditions are noted in the southeastern Peninsula and southern Mayan Lowlands 

at Lakes Salpeten and Puerto Arturo (Rosenmeier et al., 2002; Wahl et al., 2014), 

which is consistent with the east-west and north-south rain variability resulting from 

atmospheric circulation (Douglas, et al., 2016b). 

 

From 1,600 to 1,300 BP, the Ba/Ca record suggests salinity increased slightly from 21 

to 23, particularly in core 8A near the FW spring (Figure 3.6), which was 

accompanied by a decrease in the FW endmember in the northern lagoon (Figure 

3.8e). Higher salinity and decreased groundwater indicate the onset of dry conditions 

(leading up to the Classic Mayan droughts of this time). The relative increase of δ
18

O 

from -2.7 to -1.8 ‰ at this time suggests either less precipitation inland or enhanced 

local evaporation, though both effects may be expected during drought. Just east of 

Celestun, speleothem records in Tecoh Cave indicate notable decreases in rainfall 

around 1,400 BP (Medina-Elizalde et al., 2010) and south of Celestun Lagoon, wet-

forest taxa nearly vanish in the Los Petenes forest (Roy et al., 2017).The western 
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Yucatan coast vegetation trended toward dry conditions at the same time of this 

salinity increase in Celestun Lagoon (Carrillo-Bastos et al., 2013). Dry conditions 

implied by our record are also consistent with the series of droughts noted in other 

lacustrine and speleothem records across the Yucatan Peninsula culminating the 

Terminal Mayan droughts (Alejandro A. Aragón-Moreno et al., 2018; Bhattacharya et 

al., 2017; Douglas, et al., 2016b, and references therein). These conditions were 

attributed to a southward shift in the ITCZ that coincides with a Bond event (Figure 

3.9). 

 

For the last 500 years, salinity in the northern lagoon has been variable and ranged 

from around 20 to 14, the same as today’s modern range between wet and dry seasons 

(Herrera-Silveira, 1994). A slight salinity increase between 1 and 2 salinity units is 

noted between 450 and 400 BP, or about 1500 to 1550 CE. Other authors note dry 

conditions in the central Yucatan during the Little Ice Age (~500 to 300 BP / 1450 to 

1800 CE), although the magnitude of drought was less severe than at the collapse of 

Mayan civilization (Hodell et al., 2005; Medina-Elizalde et al., 2010; Wahl et al., 

2014; Douglas et al., 2016b; Roy et al., 2017). Change in lagoon salinity during the 

Little Ice Age may thus be smaller than the natural variability imposed by regional 

climatic processes prominent during prior periods of rapid change caused by Bond 

Events (Bond et al., 2001). Despite this more recent variability, the 5,000-year 

paleosalinity record of Celestun Lagoon offers a regionally integrated record of 

rainfall provided that local coastal geomorphology is well-constrained. Future work at 
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Celestun Lagoon should include higher resolution sampling of intervals of rapid 

change in both climate and ocean currents (e.g., Bond events and ENSO activity), and 

modeling efforts may consider coupling changes in circulation of atmospheric and 

ocean currents with longshore drift and rates of sediment deposition, as highlighted 

by (Méndez and Magaña, 2010). More broadly, coastal lagoon paleoenvironmental 

records around the Caribbean region and Yucatan Peninsula especially should be 

reassessed for local barrier island effects on salinity and sedimentation rate, and flux 

of proxies of interest while new lagoon records can be evaluated with these coastal 

processes in mind. 

 

3.6 Conclusion 

 

The paleosalinity record of the last 5,300 years in Celestun Lagoon, developed from 

Ba/Ca and Sr/Ca of the benthic foraminifera Ammonia parkinsoniana, indicates that 

this lagoon in the northwestern region of the Yucatan Peninsula, Mexico, developed 

from a low salinity inland pond dominated by spring water to an open saline coastline 

to a brackish protected lagoon where groundwater springs discharge and mix with 

seawater. The marginal marine environment of the lagoon was initiated by sea-level 

rise while subsequent barrier island accretion gradually restricted seawater input to 

the lagoon inducing a long-term freshening trend. Detrending the record reveals 

several periods of increases or decreases in salinity that may be linked to reginal 

climate trends. Some of the recorded trends in Celestun suggest differences in 
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regional precipitation patterns with the east and west parts of the Yucatan showing 

opposites trends (for example at Rio Hondo). In addition, we also show that coastal 

and inland paleoclimate records may respond to the same atmospheric forcing with 

opposite expected effects on the paleosalinity of coastal lagoons. For example, cool 

air masses moving from North America toward the tropics (indicated by Bond events 

in the North Atlantic) push the moisture band of the ITCZ south resulting in drought 

over the Yucatan Peninsula while also weakening the Loop Current, causing coastal 

sediment accumulation and reduced mixing between seawater and groundwater. This 

suggests that coastal estuarine systems common to the Yucatan region, like Celestun 

Lagoon, provide complex archives of climate change, but both sea-level rise and 

geomorphic histories must be known to interpret the paleohydrologic data from these 

systems. 
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Figure 3.1 
(a) Map of Celestun field site showing sample stations for water and sediment. (b) Northern 

lagoon (north of 8A) salinity response to monthly rainfall from wet and dry seasons (“nortes” 

months of October-December excluded) (Herrera-Silveira 1994). (c) Top and side view of the 

benthic foraminifera Ammonia parkinsoniana (molecular type T9, Hayward et al., 2004) used 

in geochemical analyses. See Figure 3.9 for additional regional context. 
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Figure 3.2 
Bayesian accumulation age-depth models for (a) core 3A in the northern lagoon, (b) core 8A 

in the central lagoon, (c) core 6A in the southern lagoon which was used as the age-depth 

model in core 7A. Vertical lines mark apparent hiatus (Chapter 2). (d) Modeled sediment 

accumulation rate in core 4A (valid after 5 kyr BP), derived from age-depth model of 4A 

presented in Chapter 2. Upper dashed line is the 95% confidence interval, red dashed line 

(near bottom axis) is the mean accumulation, and black shading represents Monte Carlo 

simulations of accretion rates over time (Blaauw and Christen, 2011). 
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Figure 3.3 
Isotope ratios, trace metal concentrations, and parameters of water samples taken along the 

lagoon, including at spring sites and at the ocean. Pearson’s correlation r and associated p 

values are given in the corner of each graph. [Ca] concentrations (not shown) follow a nearly 

identical pattern to [Mg] and range from 5.6 to 11.4 mmolar. 
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Figure 3.4 
Linear regressions between isotope or metal ratios of coretop foraminiferal calcite and 

salinity of the nearest water column sample.  
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Figure 3.5 
Downcore trace metal and isotope records for cores (a) 4A (b) 8A (c) and 7A which provide 

the most extensive datasets for the northern, central, and southern lagoon, respectively. Note 

the y-scale changes between each panel. Ba/Ca records for three additional cores (d) UL-5 (e) 

3A and (f) 2A which are located in the northern lagoon (Figure 3.1a).  
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Figure 3.6 
(a) Lagoon salinity reconstructed from the Ba/Ca records in Figure 3.5 using the equation in 

Figure 3.4 for salinity and Ba/Ca in foraminifera. Dashed lines represent 95% confidence 

intervals. (b) Salinity reconstructions from (a) plotted together and colored by distance from 

north (0 km) to south (max 21 km). Curves are LOESS smoothing functions for each region 

of the lagoon, and 95% confidence intervals have been removed for clarity. (c) The same 

analyses were applied using Sr/Ca for each core and (d) plotted together. Note change in y 

axis in each panel.  
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Figure 3.7 
Ternary diagrams for δ18O and 87Sr/86Sr values in (a) lagoon water samples, (b) coretop 

foraminifera samples, and (c) downcore samples. SW = seawater, BW = brackish water, and 

FW = freshwater, and the subscript c signifies each endmember as recorded in foraminiferal 

calcite collected closest to the source water. Distance is measured from the north (0 km) to 

the south (21 km) of the lagoon. Relative proportions of each endmember, derived from data 

in (c) and calculated using Equations 5, 6, and 7, are plotted against calibrated age in (d) core 

4A, (e) core 8A, and (f) core 7A. Only cores with paired δ18O and 87Sr/86Sr data are shown. 

White boxes represent hiatus length inferred from age models (Figure 3.2).  
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Figure 3.8 
(a) Fifth-order polynomial fit to the Ba/Ca-derived salinity shown in Figure 3.6 of core 4A, 

and (b) residuals about the polynomial fit in (a). (c) Fifth-order polynomial fit to the Ba/Ca-

derived salinity in core 8A, and (d) residuals about the polynomial fit in (c). Age uncertainty 

is the 95% confidence intervals derived from the Bacon age model Monte Carlo simulations. 

Residual salinity uncertainty is the standard error of fitted values of the polynomial. 
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Figure 3.9 
Celestun Lagoon paleosalinity and sediment accumulation rate (gray box) compared to 

regional records of the Yucatan Peninsula. Lake and Ocean records (left panel) taken within 

continental interior or in the open ocean are interpreted to primarily represent climate 

variability (ocean and atmospheric circulation). Coastal records (right panel) taken within 10 

km of shoreline are interpreted to represent a combination of variability in climate, sea level 

rise, and coastal geomorphic evolution. Site locations are given in Figure 3.10. Orange boxes 

mark dry periods over the Yucatan region. Blue boxes mark wetter conditions noted in 

Celestun Lagoon based on residuals of paleosalinity fifth-order polynomial fit in Figure 3.8. 
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Figure 3.10 
Regional records presented in Figure 3.9. 1 Celestun Lagoon, 2 Los Petenes, 3 Ria Lagartos, 

4 Punta Laguna, 5 Lake Chichancanab, 6 Rio Hondo, 7 Lake Puerto Arturo, 8 Lake Peten 

Itza, 9 Manchon Swamp, 10 La Mancha Lagoon, 11 Pygmy Basin (core MD02-2553), 12 

Cariaco Basin (ODP site 1002), 13 El Junco Lagoon, 14 (out of frame) North Atlantic drift 

ice records near Greenland. See Figure 3.9 for references.  
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Figure 3.11 
Schematic diagram (after Metcalfe et al., 2015) of important atmospheric and oceanic 

currents around the Gulf of Mexico Region. (a) Normal conditions of summer circulation in 

the region and (b) over the Yucatan Peninsula. (c) Bond event influence on summer 

circulation, represented by the large black arrow pushing circulation farther south over the 

region and (d) over the Yucatan Peninsula. Star marks Celestun Lagoon. Enhanced coastal 

deposition (d) via barrier islands or dunes restricts mixing between groundwater discharge 

and seawater, decreasing lagoon salinity despite decreased rainfall over spring catchment area 

denoted by Drought. BE = Bond Event, BH = Bermuda High, ITCZ = Intertropical 

Convergence Zone, JS = Jet Stream, LC = Loop Current, LLJ = Low-level Jet, NPH = North 

Pacific High, RC = Ring of Cenotes, YC = Yucatan Current.  

 

 

  



 

156 

 

 

Figure S3.1 
Tie-points of radiocarbon ages from cores 4A and 4B to core 2A visually matched by patterns 

in x-ray fluorescence (XRF) of scandium which presented the best signal-to-noise ratio of the 

elements measured. Red lines are a 4-point moving average. 
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Figure S3.2 
No correlation is noted between coretop A. parkinsoniana calcite Mg/Ca ratios (left panel) with water 

column temperature or between δ18O of the same calcite samples and water temperature (right panel). 
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Figure S3.3 
Map of Celestun Lagoon with large spring complexes marked by asterisks and accreted 

barrier-island-dune complexes marked in gray lines, as presented in Lowery and Rankey 

(2017), who observe modern barrier island accretion rates of 200 m/ 33 years. Assuming a 

constant, more conservative rate of accretion of 0.5 km / 100 years, the largest spring at 10 

km (near 8A) would reside at the lagoon mouth beginning at about 2,500 BP and likely 

within the lagoon by 2,000 BP. 
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Chapter 4 

Investigating δ
11

B variability in shallow benthic foraminifera Ammonia 

parkinsoniana and potential application as a paleospring discharge proxy of low-

pH springs in the Yucatan Peninsula, Mexico 

 

4.1 Abstract 

The boron isotope system (δ
11

B) has been used to reconstruct the pH of ocean surface 

and deep water on a variety of timescales and as an isotope tracer in groundwater 

studies but has not been utilized for tracing the input of low-pH water sources, such 

as groundwater springs, into coastal water. Here, we investigate the utility of δ
11

B in 

the benthic foraminifera Ammonia parkinsoniana as a spring paleo-discharge proxy 

into a coastal lagoon system. Samples were collected from surface sediments and 

down core from the spring-dominated tropical estuary Celestun Lagoon, Yucatan, 

Mexico and analysed for δ
11

B, δ
13

C, 
87

Sr/
86

Sr, B/Ca, and Mg/Ca. Isotope ratios were 

compared to ratios in samples of source-waters to the lagoon. No significant 

difference was found between the δ
11

B values of lagoon (38.82 ± 0.16‰) and spring-

water (38.24 ± 0.45‰) samples, suggesting groundwater discharging at this site does 

not have a unique isotopic signature influencing δ
11

B of lagoon water. A. 

parkinsoniana B isotope ratios (δ
11

Bcalcite) in surface (0-2 cm) sediments ranged from 

8.06 to 18.53 ‰ and demonstrated greater variability near springs compared to 

seawater-dominated sample sites and near beds of seagrass. Over at least the past 

3,000 years, δ
11

Bcalcite also exhibits greater variability in down core samples collected 
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near springs compared to down core samples located further away from springs. 

Long-term decrease in B/Ca ratios measured in the same samples as δ
11

Bcalcite 

correlate with Ba/Ca and 
87

Sr/
86

Sr, indicating lagoon total B concentration [BT] 

(which is derived from mixing of spring water and seawater) controls B/Ca ratios of 

foraminifera. The low-pH spring discharge also affects δ
11

Bcalcite. Respiration of 

sediment organic matter traced using δ
13

Corganic and δ
13

Ccalcite suggests respired CO2 

(and hence total dissolved inorganic carbon) is a secondary control on B/Ca of 

benthic foraminifera. No relation between δ
13

Ccalcite and δ
11

Bcalcite is observed, likely 

due to the loss of sensitivity of the δ
11

B below pH 6.7. Despite the large variability, 

mean δ
11

Bcalcite of benthic A. parkinsoniana agrees well with published data of other 

symbiont-barren benthic specimens, bolstering the overall framework of δ
11

Bcalcite 

dependence on pH, even in marginal marine environments dominated by carbonate. 

When combined with other proxy data, δ
11

Bcalcite in coastal systems may provide 

insight into coastal groundwater discharge and improve understanding of pH and 

equilibrium controls on δ
11

Bcalcite in shallow marine carbonate records available in 

deep time sedimentary archives. 

 

4.2 Introduction 

 

4.2.1 Ocean acidification and paleoclimate 
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As ocean acidification progresses with anthropogenic CO2 emissions, greater 

attention has been devoted to reconstructing past periods of ocean acidification and 

understanding the implications for mortality and extinction of calcareous fauna 

(Wootton et al., 2008; Hönisch et al., 2012; Babila et al., 2016; Foster and Rae, 

2016). A promising proxy for reconstructing carbonate system systematics has 

emerged in boron (B), both for its relation with carbonate ions and its stable isotopes 

in dissolved polyatomic ions. However, several recent reviews of the B isotope (δ
11

B) 

proxy (Henehan et al., 2015; Foster and Rae, 2016; Branson, 2018; Rae, 2018; 

Hönisch et al., 2019) demonstrate that there are several important unknowns 

regarding the proxy, including temperature effects on the fractionation factor α, 

mechanism of incorporation into calcite versus aragonite, fractionation effects in the 

conversion of trigonal to tetrahedral borate, magnitude and controls on species-

specific vital effects in foraminifera (including planktic and benthic, symbiont-

bearing and symbiont-barren), and the influence of calcite saturation state. While lab 

culture studies are instrumental for providing greater understanding of specific 

processes that control the final preserved δ
11

B, field calibration studies have the 

advantage of best reflecting calcifying conditions foraminifera experience prior to 

sediment deposition and have proven to be a useful method of understanding the total 

effect of carbonate chemistry on foraminifera B isotopes (δ
11

Bcalcite) (Rae et al., 2011; 

Rae, 2018; Hönisch et al., 2019) and on boron to calcium ratios (B/Ca) (Yu and 

Elderfield, 2007; Yu et al., 2010; Quintana Krupinski et al., 2017). 
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Field studies have focused primarily on open-ocean surface and deep environmental 

conditions because these best reflect interactions with the atmosphere and bottom 

water circulation, respectively (Foster and Rae, 2016; Hönisch et al., 2019). Much 

less work has occurred in shallow coastal ecosystems, particularly in carbonate 

environments (Zhang et al., 2017). Although variability in the carbonate system 

parameters in these shallow coastal systems is much higher than in the deep ocean 

due to greater physical mixing (upwelling, riverine inputs) and biogeochemical 

cycling (e.g., carbon cycling, sulfate reduction, methanogenesis), such systems can 

provide insight to δ
11

B behavior in shallow habitats ubiquitous in present and past 

oceans. Improved understanding δ
11

B systematics in these environments is 

particularly important in order to apply δ
11

B in deep time where shallow marine 

settings are more abundant in the geological record. In addition, study of δ
11

B in 

carbonate sedimentary environments can provide information about the sensitivity of 

δ
11

B to unique environmental variables characteristic of these systems and assess the 

limitations of applying the δ
11

B proxy. 

   

Here we present a field study of δ
11

B and B/Ca behavior in the symbiont-barren 

benthic foraminifera Ammonia parkinsoniana from an estuary with a broad range of 

pH values in the Yucatan Peninsula, Mexico, a marine carbonate platform renowned 

for abundant low-pH (< 7.5) groundwater discharge (Pope et al., 1993; Perry et al., 

2003; Bauer-Gottwein et al., 2011). The infaunal Ammonia genus was identified by 

Rae et al. (2011) as a possible specimen that has promise for use in paleo pH studies. 
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Lack of symbionts in this genus removes one source of variability while its large 

geographical range around tropical and temperate coasts provides diverse sites for 

comparison (Poag, 2015). Ammonia is also the most abundant foraminifera for this 

field site, providing ample calcite for a multi-proxy geochemical approach. To better 

understand B measurements in this species at this field site, we review below the 

currently known biogeochemical and geologic context in which A. parkinsoniana 

produces calcite tests and provide a summary of terms in Table 4.1. 

 

4.2.2 B incorporation into benthic foraminifera 

 

The δ
11

B and B/Ca proxies in marine biogenic calcite (δ
11

Bcalcite and B/Ca) are 

modified from the composition of B in the ambient calcifying fluid, typically 

seawater (δ
11

Bsw). In seawater, B is partitioned primarily between two aqueous 

molecules, borate and boric acid (B(OH)4
-
 and B(OH)3, respectively, (Zeebe et al., 

2001)), which are in equilibrium following the equations:  

 

 𝐵(𝑂𝐻)3 +  𝐻2𝑂 ↔  𝐵(𝑂𝐻)4
− +  𝐻+ (4.1) 

 𝐾𝐵 =  
[𝐵(𝑂𝐻)4

−][𝐻+]

[𝐵(𝑂𝐻)3]
 , 𝑝𝐾𝐵 ≈ 8.6 (4.2) 

 

where pKB is the equilibrium constant for boric acid dissociation. Thus the 

proportions of B(OH)3 (trigonal structure) and B(OH)4
-
 (tetrahedral structure) 

(Hemming and Hanson, 1992; Hemming and Hönisch, 2007) in a solution are 
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determined by ambient pH. For the pH range common in the present day ocean (7.8 

to 8.1), boron is present dominantly as boric acid (~80%) with ~20% borate (Rae, 

2018). At lower pH (6.5 to 7.5), B is found almost exclusively as boric acid (Zeebe 

and Wolf-Gladrow, 2001). In addition, the isotope 
11

B is preferentially incorporated 

into B(OH)3, when compared to B(OH)4
-
, due to thermodynamic bonding energy 

differences (Zeebe and Wolf-Gladrow, 2001). The fractionation value has been 

determined to be 27.2 ‰ (αB = 1.0272, (Klochko et al., 2006)), in agreement with 

recent measurements made by Nir et al. (2015). The δ
11

Bcalcite proxy works on the 

assumption that only B(OH)4
- 
is incorporated into marine carbonate with no further 

fractionation (Hemming and Hanson, 1992, but see recent reviews by Foster and Rae 

(2017), Rae (2018) and Hönisch et al., (2019)). The isotopic composition of aqueous 

borate is described by the equation after Foster and Rae (2016): 

 
𝛿11𝐵𝑏𝑜𝑟𝑎𝑡𝑒 =

𝛿11𝐵𝑠𝑤 + (𝛿11𝐵𝑠𝑤 − 𝜀𝐵) × 10𝑝𝐾𝐵
∗ −𝑝𝐻

1 + 𝛼𝐵 × 10𝑝𝐾𝐵
∗ −𝑝𝐻

 (4.3) 

where δ
11

Bborate is the isotopic composition of aqueous borate, αB = 1.0272 is the 

fractionation factor of B isotopes into each borate and boric acid species (Klochko et 

al., 2006), ε = (αB – 1)*1,000 is the fractionation factor in per mille units (27.2 ‰), 

and pK
*

B is the conditional equilibrium constant for boric acid dissociation (which is 

dependent on temperature, salinity, pressure, and ion activity). Note that pH must be 

on the total scale which is the scale for which the constants αB and pK
*

B are defined 

(Hönisch et al., 2019). 
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The B/Ca proxy is based on the observation that B/Ca increases with the B(OH)4
-

/HCO3
-
 ratio in water, however research results are controversial on whether 

borate/carbonate ratios or carbonate saturation state are more important for planktic 

or benthic foraminifera (Henehan et al., 2015; Hönisch et al., 2019). 

 

Reviews of specific mechanisms of B incorporation into biogenic and inorganic 

calcite can be found elsewhere (Balan et al., 2016; Uchikawa et al., 2017; Branson, 

2018; Rae, 2018), but the important point is that mechanisms incorporating both 

[B(OH)4
-
] and [B(OH)3] and rate of calcification may influence the final δ

11
Bcalcite, 

resulting in variability between species and within a species when calcifying 

conditions change. In synthetic calcite lab studies, δ
11

Bcalcite depends only on the 

solution pH and mineralogy of the phase precipitated, either calcite or aragonite 

(Noireaux et al., 2015). B/Ca depends only on the total B concentration, [BT], and on 

the total dissolved inorganic carbonate (TIC), were [BT]/TIC best predicts calcite 

B/Ca at high precipitation rates (Uchikawa et al., 2015). 

    

In foraminifera, B incorporation mechanisms are not fully known but have been 

studied under lab culture. Foraminifera calcify from seawater by transporting [Ca] 

and [CO3
2-

] needed for calcification, possibly to internal reservoirs (Erez, 2003; de 

Nooijer et al., 2014), while [B(OH)4
-
] (and maybe [B(OH)3]) diffuse across the 

calcifying zone or they may be actively transported (Zeebe and Wolf-Gladrow, 2001). 

Species-specific offsets occur between different species of planktic foraminifera (Rae 
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et al., 2011; Hönisch et al., 2019). In planktic foraminifera, B/Ca is more sensitive to 

the increase of borate via [BT] (at constant pH, TIC) than to pH-driven [B(OH)4
-

]/[CO3
2-

] (Hönisch et al., 2019). Planktic culture studies and field observations also 

show that B/Ca is related to [HCO3
-
] independent of pH via [B(OH)4

-
]/[HCO3

-
] ratios 

(Henehan et al., 2015; Howes et al., 2017; Quintana Krupinski et al., 2017).  

    

For deep sea benthic foraminifera, lab calibrations have so far been unsuccessful, so 

field studies have been employed instead. Some deep see epifaunal benthic 

foraminifera show a linear relationship between B/Ca and degree of saturation, or 

Δ[CO3
2-

] (Yu and Elderfield, 2007), but other deep sea foraminifera also show a 

relationship between B/Ca and [B(OH)4
-
]/[CO3

2-
] of deep seawater (Rae et al., 2011). 

The δ
11

Bcalcite of deep sea specimens appear directly related to pH rather than any 

other parameter (Yu et al., 2010). Furthermore, differences are noted between 

epifaunal and infaunal taxa where infaunal specimens are about 2 ‰ lower than 

expected δ
11

Bborate of the overlying water column (Rae et al., 2011), suggesting lower 

pH of porewater and thus some influence of biogeochemical cycling within sediments 

(e.g., respiration, remineralization of organic matter, or sulfate reduction). For 

Ammonia beccarii, a δ
11

Bcalcite = 14.56 ‰ was measured which is offset from 

δ
11

Bborate in the seawater by 1.68 ‰ (Rae et al., 2011). This is the only δ
11

B 

measurement in the genus Ammonia of which we are aware. 
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Much of the variability of δ
11

Bcalcite and B/Ca in planktic and benthic foraminifera has 

been ascribed to "vital effects," or biological influences in the process of calcification 

particular to each species. These may also be thought of as microenvironmental 

effects and specifically refer to conditions within a few hundred micrometers of the 

foraminifera test, including photosynthesis (CO2 consumption), respiration (CO2 

production), and calcification (proton acidification) effects on pH (Zeebe et al., 

2003). These vital effects contribute to the observed variability in the open ocean 

where they are the main source of variability on short time scales. For estuaries and 

coasts, the range of environmental conditions may be much greater than the range of 

variability attributed to vital effects and thus provide insight into additional first order 

environmental controls of δ
11

Bcalcite and B/Ca in coastal benthic foraminifera. This 

adds insight to otherwise scarce literature on environmental conditions that affect B 

systematics in shallow benthic calcifying taxa (Rollion-Bard and Erez, 2010). 

 

4.2.3 Geologic influence on ambient δ
11

B of water 

 

Assuming αB (and thus ε) is constant in equation 4.3 (see Klochko et al., 2006 and 

Hönisch et al., 2019), the two parameters that affect δ
11

Bborate independent of pH are 

δ
11

Bsw and pK
*

B (Table 4.1). These two parameters vary with B source signature and 

ion complexation effects, and while changes in the these parameters in the open ocean 

occur on timescales of millions of years, in coastal settings they may change 
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seasonally or interannually, substantially impacting the δ
11

Bcalite, as summarized 

below. 

 

4.2.3.1 Evolution of seawater δ
11

B 

 

Most studies focus on the pH control of δ
11

B in foraminifera, but the final δ
11

Bcalcite 

also depends on the initial δ
11

B of the calcifying fluid, typically seawater (δ
11

Bsw). 

Modern seawater δ
11

Bsw is 39.61 ‰ (Foster et al., 2010). Long-term changes in 

δ
11

Bsw and [BT] depend on weathering of continental crust and hydrothermal 

alteration of ocean crust (Lemarchand et al., 2000). The 10 million years residence 

time of B in the oceans means δ
11

Bsw is relatively invariant in the open ocean on time 

periods less than this scale, thus change in δ
11

Bcalcite generally reflects change in pH 

(with superimposed vital effects). For these longer time scales, studies suggest that 

the δ
11

Bsw (and [BT]) exhibit small but significant change in the ocean with a range of 

estimates generally between 36 ‰ and 40 ‰ for the Cenozoic (Hönisch et al., 2019 

and references therein). For example the Miocene, δ
11

Bsw is estimated at 37.6 ‰ 

(Raitzsch and Hönisch, 2013). Precipitation of marine carbonates in the Miocene will 

thus occur in water with δ
11

Bsw typically lower than today, resulting in final 

δ
11

Bcarbonate that is also lower relative to carbonates precipitating today (Perry et al., 

2009b; Zhang et al., 2017). 

 

4.2.3.2 Marine carbonate and groundwater δ
11

B 



 

194 

 

 

Most analyzed marine carbonates of Cenozoic age (66 Ma to present) fall in a 

relatively small range of δ
11

Bcarbonate between 15 and 25 ‰ (Hemming and Hanson, 

1992; Hemming and Hönisch, 2007). Typical modern marine carbonate δ
11

Bcarbonate of 

~22 ‰ (Branson, 2018), recording an offset of about 17 ‰ from δ
11

Bsw representing 

primarily the incorporation of δ
11

Bborate into marine carbonates, including limestone. 

Dissolving limestone bedrock would thus impart a signature of δ
11

Bcarbonate between 

15 ‰ and 25 ‰ to groundwaters running through such bedrock, assuming no 

additional fractionation these values will characterize the groundwater δ
11

Bgw. Indeed 

groundwater δ
11

Bgw derived from marine sandstones exhibit δ
11

Bgw values of 10 to 22 

‰, based on the carbonate cements within the sandstone (Mather and Porteous, 2001; 

Négrel et al., 2012). For coastal estuaries, δ
11

Bwater of estuarine water will reflect 

some mixing between δ
11

Bsw and δ
11

Bgw (groundwater in this study, but also riverine 

water where rivers exist). Mixing carbonate-derived groundwater with modern 

seawater would thus result in bulk δ
11

Bwater between 10 and 39.61 ‰ with the final 

value skewed toward the source contributing the most [BT]. 

 

4.2.3.3 Evaporite δ
11

B 

 

Marine carbonates may be accompanied by marine evaporites which have their own 

δ
11

Bevaporite signatures derived from δ
11

Bsw. The range reported for δ
11

Bevaporite is larger 

than for marine carbonates, in part because δ
11

Bevaporite can reflect both δ
11

Bborate in the 
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precipitated minerals and δ
11

Bboric acid in residual fluids (Vengosh et al., 1992; Paris et 

al., 2010; Liu et al., 2014). In general, δ
11

Bevaporite ranges between 11 and 36 ‰, with 

values closer to δ
11

Bsw of 39.61‰ indicating primarily a trapped fluid signature (Paris 

et al., 2010). As with marine carbonates, where evaporites are dissolved into 

groundwater, they will impart a δ
11

Bevaporite signature to δ
11

Bgw which, when 

discharged into a lagoon, results in the final mixed δ
11

Bwater reflecting the sources 

based on their relative [BT]. 

 

4.2.3.4 [Mg] and [Ca] impact on B acid-base equilibria 

 

Seawater δ
11

Bsw directly affects δ
11

Bcarbonate, but changes in concentration of [Mg] and 

[Ca] also affect δ
11

Bcarbonate by changing the equilibrium constants of acid-base 

chemistry for the B and carbon systems (Hain et al., 2015). [Mg] and [Ca] in seawater 

change over the10 million year timescale similar to [BT] (Berner and Berner, 1996; 

Lemarchand et al., 2002), and increases in these two elements affect ion pairing with 

[CO3
2-

]and thus the buffering capacity of the ocean. Changes to carbonate buffering 

system also impact the buffering capacity of the borate system. K
*

B is the conditional 

equilibrium constant for boric acid dissociation, one of the primary variables 

influencing δ
11

Bborate through B speciation (the other primary variable being αB), and 

is expressed on the log scale as pK
*

B (Farmer et al., 2019). For modern surface 

seawater at 25 °C, 35 salinity, 10.3 mmolar [Ca], and 52.8 mmolar [Mg], pK
*

B has 

been experimentally determined as 8.5975 (DOE, 1994). For comparison, for Eocene 
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seas (~56 Ma) at the same temperature and salinity but with 20 mmolar [Ca] and 30 

mmolar [Mg], pK
*

B is 8.722 (Rae, 2018). The difference in pK
*

B for these two time 

periods results in a δ
11

Bcalcite difference of about 2 ‰ which can translate to a pH 

difference of up to 0.27 units (Hain et al., 2015; Rae, 2018). 

     

Ocean [Mg] and [Ca], and thus borate-boric acid equilibrium constants, change on 

long timescales, but these dissolved metal concentrations can change over diurnal, 

seasonal, or interannual timescales in estuaries, particularly where fresh surface and 

groundwaters low in [Ca] and [Mg] mix with modern seawater. Short-term variations 

in [Mg] and [Ca] may occur on the timescale of foraminifera lifecycle and 

calcification of about 2 months (Murray, 2006). Therefore, if [Mg] and [Ca] dissolved 

from carbonate bedrock and mixed with seawater produces a range of concentration 

on par with the range between Eocene and the modern ocean, the impact of [Mg] and 

[Ca] on pK
*

B will need to be accounted for using the MyAMI model of Hain et al. 

(2015), providing an opportunity to further test behavior of δ
11

Bcalcite in shallow 

coastal and estuarine ecosystems. Typically in such environments, the salinity of the 

mixed water is also impacted by the amount of groundwater discharge with lower 

salinity coinciding with greater proportions of fresh meteoric groundwater present in 

the estuary.  

 

4.2.4 Geologic context for this study 
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The Yucatan Peninsula of Mexico is a karst terrain composed of carbonates of 

Eocene, Miocene, and Pliocene age (Perry et al., 2003; Perry et al., 2009b). No major 

rivers or lakes occur on the peninsula, as most precipitation seeps through the highly 

permeable bedrock directly into the extensive limestone and dolostone karst lithology 

of the platform (Perry et al., 2003). Evaporites are also common (celestite, anhydrite) 

and dissolution provides favorable flow paths and elevated concentrations of [Sr], 

[K], and [SO4
-
], and high alkalinity to groundwaters (Perry et al., 2002; Gonneea et 

al., 2014). Radiogenic strontium isotopes (
87

Sr/
86

Sr) provide chemostratigraphy of the 

aquifer rocks and a serve as a tracer for groundwater flow paths, with Miocene 

limestones having 
87

Sr/
86

Sr signatures of 0.70830 (Perry et al., 2009b) compared to 

modern seawater (and modern limestone) value of 0.70916 (Beck et al., 2013). 

    

An extensive cave network in the carbonate bedrock directs groundwater toward the 

coastal plains where a thin (10 to 100s of meters) freshwater lens is underlain by 

seawater intrusion. Around the east, north, and west coasts, groundwater discharges 

from seeps and springs, locally known as "ojos" (eyes), with discharge rates ranging 

between 26 to 45 m
3
 /m /d (Bauer-Gottwein et al., 2011; Null et al., 2014; Gonneea et 

al., 2014). Groundwater is persistently low in pH due to respiration of plants and 

detrital carbon farther inland (Gonneea et al., 2014), and these coastal discharge sites 

have been used as natural laboratories for ocean acidification (Martinez et al., 2018; 

Wall et al., 2019). On the eastern Caribbean side, spring pH has been observed to be 

7.65 ± 0.24 (Hofmann et al., 2011) and on the northwestern side to be 7.25 ± 0.56 
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(Gonneea et al., 2014). Wall et al. (2019) measured groundwater discharge δ
11

Bgw as 

38.85 ± 0.17 ‰, indicating the contribution of δ
11

Bcarbonate and δ
11

Bevaporite to δ
11

Bgw 

although the groundwater has mixed with the seawater intrusion (based on salinity) 

hence δ
11

Bsw is also contributing to the mixture. The δ
11

Bgw of groundwater not mixed 

with seawater within the interior of the peninsula is currently unknown. 

    

In the northwestern corner of the peninsula, the biosphere reserve Celestun Lagoon 

sits between the carbonate platform and a Holocene-age barrier island dune complex 

(Chapter 2; Lowery and Rankey, 2017). The lagoon is surrounded by a highly 

productive mangrove ecosystem and waters with abundant calcareous fauna and 

primary producer communities (Herrera-Silveira et al., 1998, p.199; Gonneea et al., 

2004; Pech et al., 2007). Groundwater discharge into the lagoon results in seasonally 

persistent salinity gradients (Herrera-Silveira, 1994) which in turn provide 

persistently low pHtot conditions close to the springs (6.69-6.82) and a large pHtot 

range over the lagoon length (7.26-8.06). Several studies have quantified geochemical 

fluxes for this lagoon, including nutrient fluxes, sulfate reduction, methanogenesis, 

dissolved and particulate organic carbon export, radium sources, and spring-sourced 

trace metal concentrations (Chapter 3; Herrera-Silveira, 1996; Young, 2005; Young et 

al., 2008; Stalker et al., 2014; Gonneea et al., 2014; Chuang et al., 2016; Chuang et 

al., 2017). 

. 
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4.2.5 Multi-proxy approach 

 

Few coretop calibration studies span a large enough pH range to constrain the limits 

and sensitivities of the δ
11

B proxy (Rae, 2018). The wide range of pH occurring at 

groundwater discharge sites in the Yucatan, accompanied by variation in TIC , [BT], 

[Mg], and [Ca], provide a natural laboratory to observe extreme (relative to open 

ocean) carbonate chemistry effects on [B(OH)4
-
] and δ

11
Bborate. However, marginal 

marine settings have additional variability absent or less prominent in surface or deep 

ocean settings, such as extensive mixing from wind and bioturbation, high rates of 

macro-vegetation photosynthesis, high rates of respiration and carbon 

remineralization, and active biogeochemical cycling from microbes within sediment 

porewaters (Chuang et al., 2016; Chuang et al., 2017). 

    

Some of these processes can be quantified by using additional proxies in conjunction 

with δ
11

Bcalcite and B/Ca and by comparing to measured modern parameters. Recent 

work in Chapters 2 and 3 provides a body of proxy work against which to compare 

the B data. Elemental ratios of Ba/Ca and Sr/Ca in lagoon water follow the salinity 

trend with high ratios in freshwater, hence we expect that low salinity (low pH) 

conditions will correlate with high Ba/Ca and Sr/Ca in calcite and low δ
11

Bcalcite. 

Mg/Ca and δ
18

O of the calcite provide insight into changes in temperature and 

evaporation which both impact degassing of CO2 and thus TIC of water. The 
87

Sr/
86

Sr 

ratio also correlates to salinity but more specifically signifies aquifer source, 
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indicating the age of rocks (Perry et al., 2009) and constraining expected δ
11

Bgw 

signatures. Bulk sediment weight percent carbon (wt% C), organic carbon isotopes 

(δ
13

Corganic), and foraminifera calcite carbon isotopes (δ
13

Ccalcite) track respiration of 

terrestrial vegetation and thus relative changes of porewater TIC, and these should 

correlate with B/Ca of foraminiferal calcite. 

     

This study provides new δ
11

Bcalcite, B/Ca and Mg/Ca data of foraminifera to compare 

to proxies presented in Chapter 3 and to compare to abiotic δ
11

Bcarbonate in shallow 

marine carbonate environments of the Bahamas (Zhang et al., 2017). In addition to 

expanding understanding of the limitations of δ
11

Bcalcite and B/Ca in general, this 

study also provides the first look at δ
11

Bcalcite as a paleospring discharge proxy. 

Coastal spring discharge may have substantial impact on baseline pH of coastal 

waters where calcareous fauna of interest reside and hence baseline δ
11

Bcalcite or 

δ
11

Baragonite recorded in biogenic carbonates of shallow marine communities. In deep 

time, prior to the evolution of foraminifera or extant corals, many carbonate 

organisms such as sponges, corals, and brachiopods have lived in shallow carbonate 

environments (Benton and Harper, 2009). As we observe the effect of CO2 emissions 

on modern carbonate reefs and reconstruct past ocean acidification, it is important to 

consider the hydrogeologic processes that may also impact δ
11

Bborate and thus 

δ
11

Bcalcite in shallow/shelf environments adjacent to coastal groundwater discharge of 

the past. 
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4.3 Materials and methods 

 

4.3.1 Field site 

 

Celestun Lagoon is a long, narrow (21 km by 2 km) shallow (0.5 to 3 m depth) semi-

protected mangrove estuary on the northwestern corner of the Yucatan Peninsula 

(Figure 4.1) (Herrera-Silveira, 1994). Sediments are ~ 95% calcium carbonate and 

consist of fine authigenic carbonate mud, moderate siliceous ooze, and abundant 

calcareous fauna including bivalves, gastropods, and foraminifera (Lowery and 

Rankey, 2017). Remaining sediment composition consists of organic carbon derived 

from mangroves that are fringing the lagoon banks, beds of seagrass in the northern 

lagoon and lagoon shallow banks, and marine particulate matter from the southern 

opening to the ocean (Gonneea et al., 2004), and minor amounts of clay and biogenic 

silica (Lowery and Rankey, 2017). Groundwater springs and seeps populate the 

northern lagoon, discharging fresh and brackish groundwater resulting in a seasonally 

variable but persistent salinity gradient that responds to rainfall inland (Herrera-

Silveira, 1994; Young et al., 2008). There are at least two different source aquifers 

discharging groundwater into Celestun Lagoon, characterized by distinct 
87

Sr/
86

Sr 

values and enriched in metal and ion concentrations (normalized to salinity) of 

strontium, barium, and sulfate relative to seawater (Young et al., 2008; Perry et al., 

2009b; Stalker et al., 2014), resulting from carbonate and evaporite dissolution in the 

aquifer. Groundwater in this system has high dissolved inorganic carbon (6630 ± 
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1230 µmol /kg), total alkalinity (6460 ± 1210 µeq /kg), dissolved calcium (when 

normalized to chlorine) (3.8 ± 0.9 mmol/kg), and has low pH (7.25 ± 0.56) (Gonneea 

et al., 2014). 

 

Climate in the region is humid tropical with daily temperatures between 25 and 35 °C 

and annual precipitation between 600 and 1500 mm /yr divided between a dry season 

from January to May, a wet season from June to October, and a variable windy 

season from October to December (Herrera-Silveira, 1994; Giddings and Soto, 2003; 

Bauer-Gottwein et al., 2011). Evapotranspiration rates are high for the northwestern 

region of the Yucatan Peninsula (Bauer-Gottwein et al., 2011). 

 

4.3.2 Field methods 

 

Three field expeditions recovered sediment samples from Celestun Lagoon (June 

2006, June 2009 and May 2015) and included short (30 cm) and long (262 cm) cores 

(Table 4.2, Figure 4.1). Short cores were immediately extruded and sectioned in 2 cm 

intervals. Long cores collected in 2006 and 2009 were recovered with piston, Bolivia, 

and Livingstone corers provided by the National Lacustrine Core Facility 

(Minneapolis, Minnesota, USA), split into working and archive halves for cold 

storage, and subsampled in 1 cm intervals and analyzed at 5 cm resolution. From each 

subsample of 2 g aliquot of bulk sediment was removed for bulk C and N 

concentrations and isotope analysis. The remaining sediment was wet-sieved to 63 
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µm, shaken in 15 mL 1% sodium hexametaphosphate for 6 hours to deflocculate fine 

sediment, thoroughly rinsed with deionized water, and air-dried. The dried coarse 

fraction was sieved to 250-500 µm from which approximately 3 mg (~100 

individuals) of the foraminifera Ammonia parkinsoniana were picked and gently 

crushed in an agate mortar and pestle to open chambers for cleaning and analysis. 

From each sediment interval, an additional 300 µg of A. parkinsoniana was sampled 

for trace metal analysis and another 60 µg for inorganic carbon and oxygen isotope 

analysis. 

    

Between 2001 and 2015, water salinity was measured in situ with a Yellow Springs 

Instrument Model 63 handheld sonde. In 2015, temperature and pH (NBS scale, error 

= 0.03 units) also were measured in situ with the same sonde. In May 2015, water 

samples were filtered through a 0.2 µm filters, collected in acid-washed (10% HCl for 

3 hours) low density polyethylene vials, and acidified with 1 N ultra-pure nitric acid 

(Optima
®

 grade), and were analyzed for trace metals and isotopes of B and oxygen, 

and water samples collected in ashed (400 °C for 3 hours) glass vials poisoned with 

100 µL saturated mercuric (II) chloride were analyzed for nutrients, total alkalinity, 

and dissolved inorganic carbon. 

    

Water and sediment data are presented on a distance transect to convert latitude to 

kilometers from the north lagoon central bank (0 km) to the south lagoon opening to 

the ocean (21km). 
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4.3.3 Geochemical analysis 

 

4.3.3.1 TIC and TA 

 

Total inorganic carbon (TIC) was measured on a UIC Carbon Coulometer Analyzer 

by acidifying 5 mL water samples with 2 N sulfuric acid. Instrument precision is ± 

0.4%, and reproducibility was determined from repeated analysis of Dickson 

Standard Batch 121 (n = 6, sd = ± 95.3 µmol/kg). Total alkalinity (TA) was measured 

on an Orion 950 Titrator by adding 0.03 N hydrochloric acid to 15 mL of sample, and 

reproducibility was determined from repeated measurements of Dickson Standard 

Batch 121 (n = 5, sd = ± 45.1 µmol/kg). 

 

4.3.3.2 Trace metal concentrations 

 

[Ca], [Sr], and [Ba] concentrations in water in this study are the same as in Chapter 3 

but presented together with [BT] and [Mg] data of the same samples. An acidified (1 

M nitric acid, Optima-grade) aliquot of water was diluted by a factor of 100 and 

analyzed for [BT] and [Mg] concentrations on a Thermo Scientific Element XR using 

lab-prepared solution standards. Reproducibility was assessed with repeated 

measurements of a lab-prepared standard and is reported as ±1 standard deviation of 

each element measured, on the order of ±5% for [BT] and < 1% for [Mg]. 
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4.3.3.3 Water δ
18

O and δ
11

B 

 

Water oxygen isotopes were determined by equilibrium exchange of the water 

oxygen with 0.3% carbon dioxide gas analyzed on a ThermoFinnigan Delta Plus XP 

isotope ratio mass spectrometer. Lab-calibrated standards yield precision of ±0.06‰, 

and results are reported relative to Vienna Standard Mean Ocean Water. 

 

Water B isotopes were determined using the microsublimation technique of Wang et 

al. (2010). Approximately 20 µL of lagoon water was diluted with B-free water to 1 

mL for ~50 ppb [BT], then 20 µL of this dilution was acidified with 10µL 

concentrated pure nitric acid and sublimated in conical Savillex vials for 12 hours. 

Condensate was diluted with 0.1 N pure nitric acid to 1 mL of solution for analysis on 

a Neptune multicollector inductively coupled plasma mass spectrometer. 

 

4.3.3.4 Foraminifera used 

 

Most analyses were performed on Ammonia parkinsoniana, and some δ
11

B data was 

collected on Elphidium poeyanum. A. parkinsoniana is infaunal, inhabiting silty sand 

estuaries and coasts throughout the Gulf of Mexico in salinity ranges 4-31 (Murray 

2006, Poag 2015). Elphidium poeyanum is epifaunal, inhabiting warm-temperate silty 

lagoons and estuaries around Gulf of Mexico in salinity ranges 25-35 (Sen Gupta, 

1999; Murray, 2006). 



 

206 

 

 

4.3.3.5 δ11Bcalcite and element/calcium ratios 

 

Approximately 3 mg of foraminifera sample and 9 mg of coral standards (JCp-1, JCt-

1) were transferred into acid-washed (3 N HCl at 75 °C overnight) 1.5 mL conical 

centrifuge tubes and cleaned as follows: 1 mL B-free Milli-Q water (18.2 MΩ) was 

added to each vial, sonicated for 10 minutes at 65 °C, centrifuged at 7000 RPM for 10 

minutes, and siphoned with a new acid-washed pipette tip for each vial, which was 

repeated three times; 1 mL 10% NaOCl was added to each vial, capped, allowed to 

react overnight to remove organics, then sonicated for 10 minutes at 65 °C, 

centrifuged for 10 minutes, and siphoned with a clean acid-washed pipette tip 

between each vial. The milli-Q cleaning step above was repeated again five times. 

Samples were acid-leached with 1 mL 0.0005 N HNO3 (Optima grade), sonicated for 

10 minutes, centrifuged for 10 minutes, and siphoned with a new acid-washed pipette 

tip for each vial. The milli-Q cleaning was then repeated 3 times.  

       

Following the microsublimation technique of Wang et al. (2010), samples were 

dissolved in 50 µL 1 N HNO3 with additional increments of 5 µL added until calcite 

was completely dissolved and no effervescence was observed. Samples were 

sonicated for 10 minutes and then centrifuged at 10,000 RPM. 50 µL of dissolved 

sample was added to the lid of acid-washed conical PFA vials (Savillex brand) and 
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heated cap-side down for 14 hours on a Teflon hotplate at 98 °C to sublimate B. Vials 

were then allowed to cool to 25 °C before dilution for analysis. 

      

The sublimated B droplet of each was diluted in 350 µL 0.1 N HNO3 and poured into 

a new acid-washed 1 mL centrifuge tube. Samples were analyzed on a Neptune multi-

collector inductively coupled mass spectrometer using the standard-sample-standard 

bracketing technique (Wang et al., 2010). The boric acid standard NBS 951 (National 

Institute of Standards and Technology, Maryland, USA) was used to determine δ
11

B 

of forams and coral standards, and reproducibility determined from JCp-1 (0.43 ‰) 

and JCt-1 (0.51 ‰). Remaining dissolved sample solution was analyzed for B/Ca, 

Mg/Ca, Sr/Ca, and Ba/Ca on a Thermo Scientific Element XR using lab-prepared 

standard gravimetric solutions, and additional foraminiferal samples of 300 µg were 

cleaned and analyzed following the methods of Barker et al. (2003) and Chapter 3. 

 

4.3.3.6 Calcite δ
18

Ocalcite, δ
13

Ccalcite 

 

Approximately 60 µg of foraminiferal calcite was used to measure δ
18

Ocalcite and 

δ
13

Ccalcite on a Kiel IV Carbonate Device connected to a ThermoScientific MAT-253 

dual-inlet isotope ratio mass spectrometer. Results are reported relative to Vienna 

PeeDee Belemnite, and long-term reproducibility was determined with repeated 

measurements of standard reference material NBS-19 limestone (±0.08‰). 
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4.3.3.7 
87

Sr/
86

Sr 

 

The 
87

Sr/
86

Sr results reported here are the same samples (and method) presented in 

Chapter 3. Briefly, foraminiferal samples dissolved in 3 M nitric acid were passed 

through Sr-specific Eichrom resin and analyzed on a Neptune multi-collector 

inductively coupled plasm mass spectrometer. Reproducibility was determined from 

IAPSO seawater standard (±0.00007) and NIST 987 strontium carbonate standard 

(±0.00006). Average NIST 987 during the analyses was 0.71025 and IAPSO was 

0.70919. 

 

4.3.3.8 Bulk sediment organic carbon δ
13

C, wt% C 

 

Bulk sediment organic matter δ
13

Corganic and atomic weight percent organic carbon 

(wt% C) were analyzed simultaneously via gas-sourced Carlo Erba elemental 

analyzer isotope ratio mass spectrometry. Some data were originally presented in 

Chapter 3 and additional data presented here was obtained by taking a 2 mg bulk 

sediment sample from each sediment interval, acidifying with chilled 6% sulphurous 

acid following Verardo et al. (1990), and sonicating between acidifications to 

promote complete decarbonation. Values are reported in reference to VPDB with 

instrumental reproducibility of δ
13

Corganic = 0.2‰ and wt%C = 1%, determined from 

Pugel bovine collagen standard. 
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4.3.4 B and carbonate speciation and pH calculations 

 

The speciation of borate and boric acid, and the δ
11

Bborate thereof (Table 4.3), was 

calculated for each water sample using the spreadsheet calculator provided in Rae 

(2018) with the following parameters: depth = 0 m, in situ temperature, salinity, and 

[BT] (Table 4.3), in situ lagoon water δ
11

Blw = 38.51 ‰ (Table 4.3), αB = 1.0272 

(Klochko et al. 2006), and pK
*

B using in situ [Mg] and [Ca] after Hain et al. (2015), 

as implemented in MATLAB code from Rae (2018). The measured pHNBS was 

corrected using pHtot = pHNBS – 0.14 (Foster and Rae, 2016), and the pH probe error 

0.03 was propagated to determine the lower and upper bounds of δ
11

Bborate (Figure 

4.3). In addition, curves of δ
11

Bborate over the pH range 6.5 to 8.5 were generated for 

the north lagoon (<10.8 km), south lagoon (>10.8 km), and mean lagoon using the 

mean temperature, salinity, [Mg], and [Ca] of each region and the aforementioned 

values of αB and δ
11

Blw. The 10.8 km divide is based on biogeographic distribution of 

benthic foraminifera at this field site (Chapter 2). 

    

Dissolved carbonate [CO3
2-

] was calculated using CO2 SYS spreadsheet (Pierrot et 

al., 2011) using in situ temperature, salinity, phosphate, silicate, and total pH (Table 

4.3), K1 and K2 from Lueker et al. 2000, KSO4- from Dickson (1990), and total B [BT] 

from Lee et al. (2010), which are the same constants applied in Hönisch et al. (2019). 

The parameters TIC and pH were used to calculate [CO3
2-

] rather than using TIC and 

TA to calculate [CO3
2-

] (or pH) because dissolved sulfate and dissolved organic 
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carbon measured in Celestun lagoon do not meet the spreadsheet's assumption of 

typical oceanic values scaled to salinity (Young, 2005; Young et al., 2008) and thus 

cause uncertainty in calculated pH values exceeding pH probe error of 0.03.  

 

The pH of lagoon water was calculated from coretop foraminifera for comparison to 

measured pH values. The equation used is equation 23 from Foster and Rae (2016): 

 

 
𝑝𝐻 = 𝑝𝐾𝐵

∗ − 𝑙𝑜𝑔 (
𝛿11𝐵𝐿𝑤 − 𝛿11𝐵𝑐𝑎𝑙𝑐𝑖𝑡𝑒

𝛿11𝐵𝐿𝑤 − 𝛼𝐵𝛿11𝐵𝑐𝑎𝑙𝑐𝑖𝑡𝑒 − 𝜀𝐵
) (4.4) 

 

where lagoon water δ
11

Blw =38.51 ‰ (as opposed to δ
11

Bsw = 39.61 ‰). The same 

equation was applied to downcore samples to calculate past lagoon pH. Calculated 

pH uncertainty was determined from the upper and lower bounds of δ
11

Bborate (Table 

4.3). 

 

4.3.5 Statistical analysis 

 

Principal component analysis was performed for water samples and foraminiferal 

calcite samples using a correlation matrix to account for different units of parameters. 

Pearson's correlation assessed relationships between variables, and linear least-

squares regression determined predictive relationships between lagoon salinity and 

values of isotopes or trace metals. Hoteling T
2
 test assessed difference in multi-
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variate parameters between the northern and southern lagoon and between pairs of 

cores in each lagoon region. Welch t-tests and F-tests assessed statistical differences 

for δ
11

Bcarbonate mean and variability. 

 

4.4 Results 

 

4.4.1 Sediment descriptions 

 

Coretop and downcore sediment of Celestun Lagoon consist of >95% carbonate 

sediment, primarily authigenic carbonate mud and calcareous bivalves, gastropods, 

and foraminifera. Greater abundance of fine mud was observed in the northern lagoon 

compared to the southern lagoon. Images of sediment cores can be found in Chapter 

2. Within sediments from coretop and downcore samples, fossils appeared pristine 

with no noted dissolution, pitting, or discoloration, and calcite walls of Ammonia 

parkinsoniana were notably thick, exhibiting a mean mass and standard deviation of 

38.2 ± 15.4 µg for the size fraction 250-500 µg (Table S4.5). 

 

4.4.2 Hydrographic properties 

 

4.4.2.1 Salinity, pH, TIC, TA, and trace metals 
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For samples measured in 2015, groundwater discharge had low salinity (6.1 ± 3.9, n = 

2) compared to seawater in the Gulf of Mexico (salinity of 36.3), with a mean lagoon 

salinity of 22.5 ± 8.5, n = 16 (Table 4.3). Lagoon salinity measured between 2001 and 

2015 has a mean of 24.8 ± 7.6 (n = 169, Supplemental Table S4.3), exhibits a 

gradient from low to high salinity from the north to the south of the lagoon, and 

varies with precipitation by a lag of one to two months (Figure 4.2a, 4.2b). Mean and 

standard deviations of measured [BT], [Mg], [Ca], TIC and pHtot are given in Table 

4.3. Significant linear relationships between salinity and [BT], [Mg], [Ca], TIC, and 

pHtot are shown in Figure 4.2d-4.2i left panels (R
2
 provided therein). Figure 4.2d-4.2i 

middle panels show predicted seasonal gradients in [B], [Mg], [Ca], TIC, pH, and 

δ
11

Bborate along the lagoon based on the respective salinity regressions in Figure 4.2, 

and right panels show histograms of calculated annual values for these parameters. In 

comparison to measured values in Table 4.3, the calculated values for annual mean ± 

standard deviation (and range) predicted from regressions with salinity (Figure 4.2d-

4.2h) for northern lagoon samples (Distance < 10.8 km, n = 76) where most 

groundwater discharge occurs are: [BT] 255.7 ± 63.8 (117.9 - 395.8) µmolar, [Mg] 

22.1 ± 6.4 (8.3 - 36.1) mmolar, [Ca] 8.9 ± 0.7 (7.3 - 10.5) mmolar, TIC 4324 ± 447 

(3342 – 5289) µmol/kg, pHtot 7.43 ± 0.13 (7.15 - 7.72). Distribution of measured total 

alkalinity (TA) values are nearly identical to measured TIC with a northern lagoon 

mean ± sd and range of 4486 ± 376 (3659 - 5299) µmol/kg. Groundwater discharge 

form spring and well samples is associated with low pH (6.69 ± 0.03, total scale), low 

salinity (3.4), low absolute values of [Ca], [Mg], and [B], and elevated TIC and TA 
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(>6600 µmol /kg for both) compared to seawater (Table 4.3). The range of pH and 

TIC is consistent with water samples previously measured at this site (Gonneea et al., 

2014). 

 

4.4.2.2 δ
11

B of [BT] and borate in water 

 

Mean lagoon water B isotope ratio (δ
11

Blw) of total B is 38.51 ± 0.26 ‰ (Table 4.3). 

A welch t-test suggests a significant difference between groundwater δ
11

Bgw (38.24 

‰) and lagoon water (38.62 ‰) (Welch t-test: t = 3.64, p = 0.016), although all 

values are within analytical uncertainty of each other (Table 4.3). There was no 

significant difference in variability between δ
11

Bgw (sd = 0.05 ‰) and δ
11

Blw (0.22 

‰) (F(4,1) = 16.4, p = 0.37). The seawater sample (salinity 36.3) collected 1 km 

beyond the lagoon mouth has a δ
11

Bsw of 38.26 ± 0.26 ‰ which is 1.35 ‰ below 

mean ocean δ
11

Bsw of 39.61‰ (Foster et al., 2010). 

    

Calculated δ
11

Bborate is given in Table 4.3 and plotted against pH in Figure 4.4a. The 

δ
11

Bborate values show notable divergence between the northern and southern lagoon 

(Figure 4.4a) resulting from divergent pK
*

B values calculated from temperature, 

salinity, [Mg], [Ca], and δ
11

Blw (Table 4.3). Mean and sd δ
11

Bborate = 13.41 ± 1.42 ‰ 

(Table 4.3). 
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In Figure 4.4a we show δ
11

Bborate that represents water samples from May 2015. To 

estimate seasonal changes in δ
11

Bborate, we use the ranges of salinity and calculated 

[B], [Mg], [Ca], and pH based on the relations shown in Figure 4.2 to calculate 

seasonal change in pK
*

B (Hain 2015, Rae 2018), producing a range of δ
11

Bborate 

between 11.40 and 17.70 ‰ for the whole lagoon with a mean and standard deviation 

of 13.35 ± 1.49 ‰, n = 147 (Figure 4.2i middle panel). 

 

4.4.2.3 Carbonate system parameters 

 

Carbonate species concentrations calculated from CO2SYS are given in Table 4.3. 

Water is undersaturated with respect to calcite in well water, spring water, and one 

lagoon water sample collected adjacent to the spring water sample (Ωcalcite 0.4 to 0.6, 

Table 4.3). Elevated pCO2 in groundwater samples indicate substantial respiration 

and dissolution of carbonate bedrock, consistent with previous observations (Perry et 

al., 2003; Gonneea et al., 2014). 

 

4.4.3 Foraminiferal calcite isotopes and trace metals 

 

4.4.3.1 δ
11

B of calcite 

 

The δ
11

Bcalcite in coretop samples of the infaunal Ammonia parkinsoniana ranged 

between 8.06 to 18.53 ‰ (Table 4.4). δ
11

Bcalcite is significantly different between the 
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northern (mean = 14.54 ‰) and southern (mean = 11.21 ‰) lagoon (Welch t-test: t = 

2.3, df = 11.3, p = 0.04). There was no significant difference in variability between 

the northern (sd = 2.62 ‰) and southern (sd = 3.62 ‰) lagoon (F(13,7) = 0.52, p = 

0.3), and high variability characterizes all coretop δ
11

Bcalcite values (Figure 4.4a, 4.4b). 

The values for the mean and standard deviation of δ
11

Bcalcite for all coretop samples of 

A. parkinsoniana was 13.33 ± 3.36 ‰ (Figure 4.4c), a value derived from a 

cumulative amount of 71,500 µg of foraminiferal calcite representing approximately 

3,000 foraminiferal specimens. For the epifaunal Elphidium poeyanum, δ
11

Bcalcite 

variability was also high (sd = 2.80 ‰, Figure 4.4a, 4b) with a mean δ
11

Bcalcite (16.12 

‰, n = 4) higher than that of A. parkinsoniana samples (Figure 4.4c). Neither species 

follows any trend between δ
11

Bcalcite and δ
11

Bborate of the nearest water samples 

(Figure 4.4b), and the 2 ‰ offset for infaunal species noted by Rae (2018) is smaller 

than the full range of variability. However, both species have a δ
11

Bcalcite about 3 ‰ 

lower than benthic and planktic specimens from the open ocean (Figure 4.4c), 

qualitatively consistent with the lower than seawater pH measured in the lagoon 

(mean = 7.55, Table 4.3). 

     

In downcore samples A. parkinsoniana, δ
11

Bcalcite ranged between 10.98 and 19.50 ‰ 

(Table 4.5). The mean δ
11

Bcalcite between downcore samples of the northern lagoon 

(4A and UL-1, 16.22 ‰) and the southern lagoon (8Aand ML-3-1, 14.55 ‰) was 

significantly different (Welch t-test: t = 2.4, df = 29, p = 0.02). There was no 

significant difference in variance between the northern (sd = 1.84 ‰) and southern 
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(sd = 2.87 ‰; F test, F(18,15) = 0.71, p = 0.48) regions. For individual cores in each 

region, there was no significant difference in δ
11

Bcalcite between 4A (mean = 16.39 ‰) 

and UL-1 (mean = 15.98 ‰) (Welch t-test: t = 0.41, df = 8.7, p = 0.7). However, 

there was a significant difference in variance between 4A (1.08 ‰) and UL-1 (2.64 

‰) (F(10,7) = 0.17, p = 0.01). There was a significant difference in mean δ
11

Bcalcite 

between 8A (13.81 ‰) and ML-3-1 (16.18 ‰) (t - -3.3, df = 8.6, p = 0.009), and 

there was a significant difference in variance between 8A (1.90 ‰) and ML-3-1 (0.56 

‰) (F(7,5,) = 11, p = 0.02). For replicate standards, JCp-1 (n = 10) values are mean = 

24.32 ‰, sd = 0.43 ‰ compared to accepted value of 24.19 ‰ (Okai et al., 2002), 

and for JCt-1 (n = 5) the mean = 15.99 ‰ and sd = 0.51‰, also similar to accepted 

value of 16.17 ‰ (Inoue et al., 2004). Alfa-boron lab standard (n = 45) had a mean = 

-5.21‰, sd = 0.25 ‰, compared to measured value of -5.61‰ ± 0.37 ‰ of Wang et 

al. (2010). 

 

4.4.3.2 B/Ca of calcite 

 

Coretop sediment B/Ca ratios range between 18.78 and 37.47 µmol/mol (Table 4.4). 

There was a significant difference in B/Ca between the northern lagoon (20.48 

µmol/mol) and southern lagoon (24.88 µmol/mol) (Welch t-test: t = -2.5, df = 76, p = 

0.01) and no significant difference in variance between the northern lagoon (7.20 

µmol/mol) and southern lagoon (9.45 µmol/mol) (F(54,42) = 0.58 p = 0.06). No 
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correlation was noted between B/Ca and [B(OH)4
-
]/[HCO3

-
] (Pearson r = 0.10, p = 

0.31) or between B/Ca and Δ[CO3
2-

] (Pearson r = 0.15, p = 0.13). 

     

For downcore sediments, there is a significant difference in mean B/Ca between the 

northern lagoon (27.10 µmol/mol) and southern lagoon (17.25 µmol/mol) (Welch t-

test: t= 8.1, df = 88, p < 0.01) and a significant difference in variance between the 

northern lagoon (12.65) and southern lagoon (5.17)(F(70,88) = 5.9, p < 0.01). For the 

combined all sample data (coretop and downcore), there is no significant correlation 

between foraminifera B/Ca and δ
11

Bcalcite A. parkinsoniana samples (Pearson r = 0.12, 

p = 0.45).  

 

4.4.3.3 B versus temperature proxies (Mg/Ca) 

 

No significant correlation is noted between δ
11

Bcalcite and Mg/Ca (r = -0.18, p = 0.24) 

(Figure 4.5e) for all sample data (coretop and downcore). B/Ca is significantly 

correlated with Mg/Ca (r = 0.63, p < 0.001) (Figure 4.5j) for all coretop and 

downcore data. In coretop samples, there is no significant difference in Mg/Ca 

between the northern lagoon (5.22 mmol/mol) and southern lagoon (5.14 mmol/mol) 

(Welch t-test: t = 0.34, p = 0.73). There was a significant difference in variance 

between the northern lagoon (1.01 mmol/mol) and southern lagoon (1.49 mmol/mol) 

(F(59,44) =0.46, p = 0.05). For downcore samples, Mg/Ca did not differ significantly 

between the northern lagoon (5.35 mmol/mol) and southern lagoon (5.10 mmol/mol) 
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(Welch t test: t = 1.60, df = 151, p = 0.11), and there was a significant difference in 

Mg/Ca variance between the northern lagoon (0.84 mmol/mol) and southern (1.08 

mmol/mol) lagoon (F(72,79) = 0.61, p = 0.03 ). 

 

4.4.3.4 B versus salinity proxies (Ba/Ca, Sr/Ca, 
87

Sr/
86

Sr, δ
18

O) 

 

δ
11

Bcalcite is significantly correlated with Ba/Ca (r = 0.26, p = 0.05) and inversely 

correlated with 
87

Sr/
86

Sr (r = -0.32, p - 0.02) (Figure 4.5) while no significant 

correlation is noted between δ
11

Bcalcite and δ
18

Ocalcite, Sr/Ca, or Mg/Ca. High 
87

Sr/
86

Sr 

values (0.7090) derive from seawater while low values (0.7082) derive from 

groundwater, and the grayscale coloration identifies the northern lagoon (< 10.8 km) 

as the source of low-
87

Sr/
86

Sr (and thus low salinity) water. Low salinity water is 

associated with low pH (Figure 4.2), yet δ
11

Bcalcite increases towards the springs in the 

northern lagoon (Figure 4.5a), a trend corroborated by increasing δ
11

Bcalcite with 

increasing Ba/Ca (salinity tracer without respect to aquifer type, Figure 4.5c). No 

clear pattern is observed between δ
11

Bcalcite and Sr/Ca (Figure 4.5d). Between cores, 

there was a significant difference in Mg/Ca between core 4A (5.23mmol/mol) and 

UL-1 (5.77 mmol/mol) (Welch t-test: t = -2.59, df = 34.8, p = 0.01 and no significant 

difference in variance between the core 4A (0.85 mmol/mol) and UL-1(0.76 

mmol/mol) (f(53,18) = 1.24, - = 0.64). For the southern lagoon, there was a 

significant difference in Mg/Ca between core 8A (4.99 mmol/mol) and ML-3-1 (7.76 

mmol/mol) (Welch t: t = -4.20, p = 0.05). There was not a significant difference in 
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variance between 8A (0.85 mmol/mol) and ML-3-1(0.76 mmol/mol) (F(79,2) = 0.41, 

p = 0.18). Epifaunal Elphidium poeyanum has a mean δ
11

Bcalcite (16.12 ‰) higher than 

that of A. parkinsoniana samples (Figure 4.4a, 4.4b). 

 

B/Ca correlates significantly with 
87

Sr/
86

Sr, Ba/Ca, and Sr/Ca (Figure 4.5, Pearson r 

given therein). Grayscale coloration highlights the significant differences between the 

northern and southern lagoon. B/Ca was not significantly correlated with δ
18

Ocalcite (r 

= 0.15, p = 0.09), though δ
18

Ocalcite values plot in two distinct clusters indicating the 

brackish (~-1.5 ‰) and fresh (~-3.0 ‰) groundwater endmembers determined in 

Chapter 3.   

 

4.4.3.5 B versus respiration proxies (δ
13

C of calcite and of organic carbon) 

 

δ
13

Ccalcite for all sample data ranged between -8.50 ‰ and -3.02 ‰ with a mean of -

6.39 ‰ and sd of 0.96 ‰. δ
13

Corganic of organic carbon for all sample data ranged 

between -28.98 ‰ and -17.7 ‰ with a mean of -22.59 ‰ and sd of 1.80 ‰. δ
13

C of 

calcite and organic carbon are significantly correlated (r = 0.70, p < 0.01) (Fig 6a.) 

indicating a clear relationship between the two. Weight percent of organic carbon 

(wt%C) ranged between 0.7 % and 9.9 % with a mean of 2.7 % and sd of 1.5 %. 

 

There was no significant correlation between δ
11

Bcalcite and δ
13

Ccalcite or δ
11

Bcalcite and 

atomic weight % organic carbon (Figure 4.6b, 4.6c) for all sample data (coretop and 
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downcore). B/Ca exhibited the highest correlation with bulk sediment weight % 

organic carbon (r = -0.36, p = 0.004) in which B/Ca trends lower with increasing wt% 

C upcore (e.g., with time) (Figure 4.6f). B/Ca also significantly correlates with 

δ
13

Ccalcite (r = 0.36, p < 0.01), and B/Ca decreases with decreasing δ
13

Ccalcite of calcite 

up core (Figure 4.6e). Lastly, B/Ca correlates with δ
13

C of organics (r = 0.26, p = 

0.02) with B/Ca decreasing as δ
13

Corganic decreases over time (Figure 4.6d). δ
13

Ccalcite 

of significantly correlates with δ
18

Ocalcite (Pearson r = 0.289, p = 0.04), and there is a 

significant but weak predictive relationship between δ
13

Ccalcite and δ
18

Ocalcite following 

approximately a 1:2 ratio (Supplemental Material Figure S4.4) which is expected if 

species vital effects are not important to the final test carbon isotopic composition 

(Ravelo and Hillaire-Marcel, 2007). 

 

4.4.3.6 Multivariate statistical relationships and water and calcite samples (Hotelling, 

PCA) 

 

Principal component analysis of measured water parameters from Table 4.3 are given 

in Figure 4.3a. Geochemical gradients observed in Figure 4.2 are again observed in 

Figure 4.3a, shown as arrows against samples colored by distance. Total pH is 

significantly correlated with δ
18

Ocalcite (Pearson r = 0.89, p <0.001), significantly but 

more weakly correlated with salinity (r = 0.50, p = 0.03), and inversely correlated 

with TA and TIC (rTIC = -0.94, rTA = -0.95, p < 0.001 for both). The northern lagoon 

is characterized by greater spread (variability) along component 2 compared to the 

lower lagoon indicating that the second principal component explaining 19% of 
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variability has stronger influence in the northern lagoon compared to southern lagoon. 

For the parameters shown in Figure 4.3a, a multivariate Hotelling T
2
 test indicates 

significant difference between the northern lagoon (<10.8 km, n = 9) and southern 

lagoon (>10.8 km, n= 10) (Hotelling T
2
 = 4.38, F(7,11) = , p = 0.015). Means are 

given in Table 4.3. 

 

For calcite, downcore plots indicate variability has been a feature of the lagoon for 

the 150 cm δ
11

Bcalcite record (Figure 4.7) which represents approximately the last 

3,000 years (Chapters 2, 3).To increase sample size and produce a more robust 

dataset for analysis, all A. parkinsoniana coretop and downcore data are combined in 

principal component analysis. 

 

Principal components 1 and 2 and 1 and 3 are shown in Figure 4.3. The greatest rates 

of change in δ
11

Bcalcite occur in direct relationship to Ba/Ca and inverse relationship to 

87
Sr/

86
Sr, both of which are salinity tracers. The gradient in salinity is represented by 

the gray color along the lagoon, and the northern and southern lagoon data fall along 

principal component 1 (Figure 4.3b). δ
11

Bcalcite is roughly orthogonal to B/Ca in both 

Figure 4.3b and 3c, reflecting lack of correlation. There is variability in rates of 

change between δ
11

Bcalcite, Mg/Ca, and δ
13

C calcite. The distribution of northern and 

southern lagoon points along PC1, combined with the gradients in Ba/Ca, Sr/Ca, and 

87
Sr/

86
Sr suggest PC1 represents the salinity gradient from north lagoon to south. The 

long arrows of B/Ca and δ
13

C calcite in Figure 4.3b suggest processes impacting δ
13

C 
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of TIC (e.g. carbon respiration) fall along PC2, and the arrows of Mg/Ca, B/Ca, and 

δ
11

Bcalcite arrow in Figure 4.3c suggest PC3 to be either temperature or pH, similar to 

the water PCA in Figure 4.3a. Changes in temperature would directly affect changes 

in pH and subsequent equilibria in borate and carbonate parameters. 

 

In addition to the geochemical gradients indicated by PCA, the parameters in Figure 

4.3b and 4.3c (δ
11

Bcalcite, δ
18

Ocalcite, δ
13

Ccalcite, 
87

Sr/
86

Sr, B/Ca, Mg/Ca, Sr/Ca, and 

Ba/Ca) were significantly different between the northern and southern lagoon 

(Hotelling T
2
 test: T

2
 = 3.34, F(8,25), p = 0.009). 

 

For the downcore parameters (δ
11

Bcalcite, δ
18

Ocalcite, δ
13

Ccalcite, B/Ca, and Ba/Ca, n = 

35) which have the most complete data set when excluding strontium data, there was 

no significant difference between downcore samples of 4A and UL-1 ((Hotelling T
2
 

test: T
2
 = 1.45, F(5,12), p = 0.27) (Table 4.5), and there was a significant difference 

for these parameters between 8A and ML-3-1 (Hotelling T
2
 test: T

2
 = 6.627, F(5,7), p 

= 0.01). Means for all calcite geochemical variables are provided in Tables 4.3 and 

4.4. 

 

4.4.4 Calculated pH 

 

For coretop samples (Figure 4.8a), the total-scale pH values calculated from δ
11

Bcalcite 

(pHcal) range between 7.26 and 8.31 with a mean of 7.94 and sd of 0.34. This 
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compares to the measured pH (pHmeas) range of lagoon water samples from 6.76 to 

8.06 with a mean of 7.65 and sd of 0.30. The mean values of pHcal and pHmeas are 

significantly different (Welch t test: t= ,2.72 df = 34.0, p = 0.01), but there was no 

difference in variance between pHcal (sd = 0.34) and pHmeas (sd = 0.30) 

(F(18,16)=1.31, p = 0.59). 

 

For downcore samples (Figure 4.8b), pHcal ranged from 6.94 to 8.38 with a mean of 

8.00 and sd of 0.28. There was no significant difference between northern lagoon 

samples (mean 8.06) and southern lagoon samples (7.92) (Welch t test: t = 1.40, df = 

13 p = 0.18, nor was there significant difference in the variance between the northern 

(sd = 0.24) and southern lagoon (sd = 0.32)(F(18,13)=0.56, p = 0.25). Within each 

site, there was no significant difference in long-term pHcal between core 4A (8.10) 

and core UL-1 (8.00) (Welch t: t = 0.81, df = 8.2, p = 0.44), and there was a 

significant difference in variance between core 4A (sd = 0.12) and core UL-1 (sd = 

0.35)(F(10,7) = 0.11, p = 0.003). For the southern region, there was no significant 

difference in pHcal between 8A (7.79) and core ML-3-1 (8.09)(Welch t test: t = -2.19, 

df = 7.5, p = 0.06), and there was a significant difference in variance between core 8A 

(sd = 0.38) and core ML-3-1 (sd = 0.06)(F(7,5) = 40.9, p < 0.001). 

 

4.5 Discussion 
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The goal of this work is to consider the various controls on δ
11

Bborate in complex 

shallow coastal lagoon settings dominated by carbonate rocks and groundwater to 

improve the understanding of pH and equilibrium controls on δ
11

Bcalcite in these 

settings and to assess the utility of δ
11

Bcalcite as a proxy for low-pH groundwater 

discharge in these environments. Below we compare the data from Celestun Lagoon 

to records from open ocean settings and focus on interpreting the source of variability 

in shallow coastal waters. These may include abiotic factors (groundwater discharge 

and associated bulk δ
11

Bwater and salinity, pH, TIC, [Mg], [Ca]) and biotic factors 

(vital effects, calcification rates, proximal photosynthesis, organic matter respiration, 

dissolved organic carbon, sulfate reduction and B mechanisms of incorporation into 

biogenic carbonate), all of which will vary with seasonality in coastal settings. 

 

4.5.1 Comparison with published B/Ca and δ
11

B foraminifera values 

 

The mean δ
11

Bcalcite of the shallow water benthic, symbiont-barren foraminifera 

Ammonia parkinsoniana in Celestun Lagoon reflects the mean δ
11

Bborate for the water 

in the Lagoon (Figure 4.4c) while mean δ
11

Bcalcite of Elphidium poeyanum is 2.79 ‰ 

higher than A. parkinsoniana, possibly indicating differences in life habit or/and vital 

effects between the two species. When compared to other (deep sea) benthic or 

planktic foraminifera field studies, these data plot at lower δ
11

B values for calcite, as 

expected based on the lower mean lagoon pH of 7.55 (Table 4.3) and in broad 

agreement with current understanding of the δ
11

B proxy. The variance for both 
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δ
11

Bcalcite is higher than reported in other studies, with a δ
11

Bcalcite range of about 10 ‰ 

(Figure 4.4c), reflecting the variability in the shallow coastal lagoon. High variability 

of δ
11

Bcalcite may be common for other coastal margins with large changes in pH. 

Indeed, a recent field study using sediment trap samples noted a 10 ‰ change in 

δ
11

Bcalcite for planktic foraminifera off the upwelling-influenced coast of California 

(Mayk et al., 2020), a field site with a pH range of at least 0.7 units (Hofmann and 

Washburn, 2018) compared to the range of 1.37 pH units in Celestun Lagoon. 

 

 We note that our calculated δ
11

Bborate values represent only a snapshot in time (two 

days where samples were collected only during the daytime) while A. parkinsoniana 

calcifies over a lifespan of about two months (Murray, 2006) and will experience 

more variable δ
11

Bborate in response to the onset of wet and dry seasons and change in 

pH and pK
*

B (Figure 4.2i). At the same time, lagoon surface sediments are mixed in 

the top 5 cm by storms and bioturbation, accumulating at rates between 1.5 and 2.5 

mm/yr (Chapter 2; Gonneea et al., 2004). Sediment mixing averages seasonal 

variation of lagoon pH and associated parameters, resulting in mean sediment 

chemistry values over the upper 2 cm representing about 10 years. Although our 

record is of relatively course age resolution, surface sediment geochemistry 

represents intermediate-term averages of hydrologic conditions, including average 

groundwater discharge volume, that is one of the major controls on the average 

δ
11

Bcalcite and the average calculated pHtot of 7.70 for the lagoon based on data from A. 
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parkinsoniana reflects the average δ
11

Bborate and measured pHtot of the lagoon over the 

represented timescale. 

 

In contrast to δ
11

Bcalcite, B/Ca did not show the expected strong relationship with 

[B(OH)4
-
]/TIC or Δ[CO3

2-
] (Supplemental Material) but did show significant 

correlation with several salinity tracers including Ba/Ca, Sr/Ca, and 
87

Sr/
86

Sr (Figure 

4.5) and with organic carbon respiration tracers (Figure 4.6). Low salinity 

groundwater discharge is high in TIC and low [BT] and in the metals [Ba] and [Sr] 

relative to seawater (Figure 4.2 and Chapter 3), thus a relationship between B/Ca and 

TIC likely exists but is obscured by the conservative properties of [BT] and salinity 

and thus appears to be related to salinity tracers Ba/Ca and Sr/Ca and is also affected 

by the overall variability of this system (Figure 4.7). 

  

B/Ca and δ
11

Bcalcite thus appear to be controlled primarily by spring discharge, 

represented by PC1 in Figure 4.3a-c. Despite high variability in δ
11

Bcalcite, it is striking 

that the mean value of δ
11

Bcalcite of A. parkinsoniana falls close to the 1:1 line with 

δ
11

Bborate, similar to deep sea benthic specimens from Rae et al. (2011) (Figure 4.4c 

open circles), and warrants a close look at each likely source of variability mentioned 

in the beginning of Section 4 above. To understand the broad findings for δ
11

Bcalcite 

and B/Ca ratios in A. parkinsoniana at this site, we consider the sources of B to the 

lagoon and triggers of change in pH and corresponding carbonate chemistry both as a 

result of seasonal change in the environment and specific biogeochemical processes. 
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4.5.2 Abiotic causes of variation in B/Ca and δ
11

Bcalcite of A. parkinsoniana 

 

4.5.2.1 B sources and water mixing 

 

The two primary sources of dissolved B to Celestun lagoon come from the springs 

(30 µmolar) and from the ocean (435 µmolar global average; Lemarchand et al., 

2000), with atmospheric contributions playing a minimal role (Lemarchand et al., 

2002). The initial [BT] and δ
11

Bwater would necessarily set the values ultimately 

recorded in carbonates precipitate, as observed in synthetic calcite precipitation 

studies and foraminifera culture studies (Uchikawa et al., 2015; Noireaux et al., 2015; 

Howes et al., 2017; Farmer et al., 2019). Groundwater discharge contributes about 

80% of the water to Celestun northern lagoon (Young et al., 2008; Stalker et al., 

2014), while water [BT] concentrations average 313 µmolar (Table 4.3), with simple 

mass balance indicating that the vast majority of B in Celestun Lagoon is contributed 

by seawater (~70%). The significant linear relationship between [BT] and salinity in 

water samples from the lagoon is consistent with the endmember mixing and is also 

manifested in foraminiferal calcite samples as a strong correlation between B/Ca and 

all of the salinity tracers except δ
18

O (Figure 4.5). Water δ
18

O is distinct between the 

two groundwater sources to the system, despite similar pH in both groundwater 

sources, and is also affected by evaporation in the northern lagoon (Chapter 3), thus it 

may be decoupled from [BT], particularly at sites further away from spring discharge 
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locations. These results suggest that [BT] is a major control for the B/Ca of 

foraminiferal calcite, consistent with precipitation observations by Uchikawa et al. 

(2015) (implications for TIC discussed below). 

 

Because groundwater is a source of about 30% of B to this system, there remains the 

possibility that it is also a source of δ
11

Bgw values that are distinct from the present 

day seawater value of 39.61‰ (Foster et al., 2010). Indeed, δ
11

Bgw signatures in 

groundwater have previously been used to trace sources of B in coastal aquifers 

(Vengosh et al., 1998; Vengosh, 1998). Groundwater B can be divided into natural 

and anthropogenic sources. Anthropogenic sources for this region are typically waste 

water, particularly sewage effluents or household water (Tapia González et al., 2008), 

which are expected to have high [BT] and low δ
11

Bgw values of -0.9 to 10 ‰, if 

sodium perborate detergents are present (Vengosh et al., 1994; Barth, 1998). No 

elevated B concentrations of such low δ
11

B value were observed in our water or 

calcite samples. Elevated nitrogen in groundwater may indicate agricultural pollution 

entering the water table (Table 4.3, Tapia González et al., 2008), but we see no 

evidence of anthropogenic impact on the δ
11

Bgw signature at our site. Natural sources 

of groundwater δ
11

Bgw in the Yucatan derive from dissolution of Eocene- to Miocene-

age marine carbonate (δ
11

Bsw ~ 37.6 ‰ at time of deposition, Raitzsch and Hönisch, 

2013) which would have a δ
11

Bcarbonate value of ~22.1‰ (Hemming and Hanson, 

1992; Perry et al., 2009b) and from marine evaporites with δ
11

Bevaporite values similar 

to those of seawater at time of deposition (Vengosh et al., 1992) . Assuming no 
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fractionation during carbonate dissolution, groundwater δ
11

Bgw mixing with seawater 

δ
11

Bsw in the aquifer prior to discharge would results in a δ
11

Bwater value between 22 

and 39.61 ‰, depending on the [BT] of each endmember and the actual δ
11

Bgw in this 

system.  

 

The samples of well water (salinity of 3, representing nearly exclusively 

groundwater) and spring water (salinity 9, representing some mixing with seawater, 

Chapter 3; Young et al., 2008) exhibit δ
11

Bgw values of 38.21± 0.39 and 38.28 ±0.22 

‰, respectively, which were significantly lower than lagoon mean δ
11

Blw value of 

38.51±0.26 ‰ (see Section 3.2.2). These groundwater and lagoon water values are 

about 1.3 ‰ lower than mean global seawater which is a significant difference 

compared to the δ
11

B measurement precision using the MC-ICP-MS method (~0.25 

‰, Hönisch et al., 2019). In addition, there are two sources of groundwater (fresh and 

brackish) to Celestun lagoon indicated by isotopes of radiogenic strontium, radium, 

and stable oxygen, as well as distinct [Sr], [Cl
-
], [SO4

-
], and salinity data (Chapter 3; 

Young et al., 2008; Stalker et al., 2014), although [BT] does not differ between these 

endmembers when normalized to salinity. The difference in the dissolved ions in the 

two groundwater sources is likely from variable contribution of evaporites, 

particularly celestite and anhydrite (Perry et al., 2002; Perry et al., 2003), which can 

also be sources of B with distinct δ
11

Bgw (Vengosh et al., 1994). Fortunately, we 

observe minimal difference in δ
11

Bgw from the northern or middle lagoon springs 

(Table 4.3) that represent the two groundwater sources of discharge, suggesting that 
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the δ
11

Bevaporite signature may be similar to the δ
11

Blimestone and that [BT] of both 

sources is similar, an intuitive result if the two lithologies precipitated during the 

same time period and from the same seawater chemistry. These observations based on 

isotope mass balance (38.21*X + [39.61* (1-X)] = 38.51) suggest that groundwater 

contributes ~79% of B to the system, consistent with previous estimates of discharge 

and salinity in the lagoon (Stalker et al., 2014) and in general agreement with mass 

balance of [BT] alone. The measured groundwater δ
11

Bgw of 38.21 ‰ may indicate 

some degree of seawater mixing with the freshwater lens within the aquifer, 

consistent with other geochemical evidence of shallow aquifer-seawater mixing on 

the coastal Yucatan (Perry et al., 2003; Gonneea et al., 2014). On the eastern coast of 

the Yucatan peninsula in the Caribbean, groundwater discharge δ
11

B was measured to 

be 38.85 ±0.17 ‰ (Wall et al., 2019), suggesting that limestone and evaporite B 

sources contribution is smaller there but that it is pervasive around the Yucatan 

Peninsula coast. Values of δ
11

Bborate lower than expected for seawater may explain 

discrepancies observed in δ
11

Baragonite of aragonitic reef cements (17.68 ‰) compared 

to expected δ
11

Bborate of seawater (19.95 ‰) off the coast of Belize (Zhang et al., 

2017). Zhang et al. (2017) used δ
11

Bsw of 39.61 to calculate δ
11

Bborate, whereas a value 

of ~38.5 ‰ would result in δ
11

Bborate of 18.84‰, which is closer to the observed 

δ
11

Baragonite. The actual δ
11

Bborate value should be directly measured for more precise 

calculations around the reefs which are affected by groundwater discharge. 
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For Celestun Lagoon, all else being equal, changes in groundwater discharge can 

potentially alter δ
11

Bborate by about 1.4 ‰ on a seasonal basis (calculated based on 

seasonal variability in pK
*

B derived from seasonal change in pH, salinity, [Mg], and 

[Ca]) and to reach that range of variability (that is a δ
11

Bborate of 38.21 to 39.61‰) 

would require contribution of 100% groundwater in the lagoon in the wet season and 

0% during the dry season, which is not the case for Celestun based on salinity and 

other proxies (Herrera-Silveira, 1994). However, the observed range in δ
11

Bcalcite in 

the A. parkinsoniana coretop samples is much larger (10 ‰), accordingly, 

fluctuations in water source mixing alone do not fully the range of δ
11

Bcalcite (Figure 

4.4c), thus variations in δ
11

Bcalcite and B/Ca are affected by other factors, specifically, 

changes in acid-base equilibria due to seasonal change to equilibrium conditions. 

 

4.5.3 Seasonally-induced variation in lagoon hydrochemistry 

 

4.5.3.1 Salinity, TIC, TA, pH, and temperature 

 

Precipitation over the Yucatan Peninsula is seasonal with a distinct wet season (June-

October) and dry season (January-May, Figure 4.2a, Bauer-Gottwein et al., 2011). 

Rainfall percolates through the karst landscape and discharges at springs and seeps in 

Celestun lagoon with a one to two month lag (Chapter 3; Perry et al., 2003), resulting 

in a persistent but seasonally variable salinity gradient (Figure 4.2b). Seasonal salinity 

variability is particularly high in the northern lagoon where most springs are located 
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(Herrera-Silveira, 1994; Young et al., 2008). This seasonal variability in salinity at 

any one location is larger than the variability throughout the lagoon recorded in a 

single sampling campaign (Table 4.3). Salinity is highly correlated with dissolved 

major and trace elements (Ca, Mg, B, Sr, Ba), TIC, TA, and pH (Figures 4.2d-4.2i). 

Assuming these linear relationships remain relatively constant between the wet and 

dry seasons, we can calculate the expected seasonal changes in select parameters 

important to the B proxy system (Figure 4.2d-4.2i). 

  

The mean and standard deviation demonstrating total annual variability in these 

calculated parameters are shown as histograms in Figure 4.2, and variability in these 

parameters may impact B/Ca and δ
11

Bcalcite directly or indirectly (change in 

equilibrium constant). Salinity correlates with strontium isotopes and dissolved Sr 

and Ba in Celestun Lagoon (Chapter 3), thus 
87

Sr/
86

Sr, Sr/Ca and Ba/Ca are salinity 

tracers for this system. B/Ca correlates well with these three parameters in 

foraminiferal calcite (Figure 4.5), yet salinity has been observed to directly affect 

planktic foraminifera B/Ca (Allen et al., 2011; Henehan et al., 2015), although impact 

on benthic foraminifera is unknown. Given that [BT] correlates with salinity and 

dissolved [Sr] and [Ba], correlations observed in Figure 4.5 between B/Ca and 

salinity are likely related directly to variation in [BT] rather than salinity itself 

(Uchikawa et al., 2017). 
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TIC is inversely related to salinity with the highest TIC values observed in 

groundwater samples (Table 4.3, Figure 4.2g). The linear relationship between [BT] 

and salinity (Figure 4.2d) and the low [BT] (31 µmolar) in groundwater compared to 

seawater we measured in the waters adjacent to this site (439 to 478 µmolar, Table 

4.3), in conjunction with the high groundwater TIC (> 6500 µmol /kg) compared to 

seawater (~ 2,400 µmol /kg), this results in a [BT]/TIC ratio of 0.0046 for 

groundwater and 0.197 for seawater entering the southern lagoon. The measured ratio 

in the northern lagoon is 0.070 (consistent with our previous mass balance calculation 

of ~80% contribution of groundwater). Though seasonal variability in both [BT] and 

TIC are high, the strong correlation with salinity nevertheless imply that the [BT]/TIC 

ratio will oscillate with seasonal or interannual spring discharge, yet as long as there 

is some discharge it will be persistently low compared to seawater values for this 

groundwater dominated system. Changing [BT]/TIC as a control of B/Ca variability is 

consistent with the observations of Uchikawa et al. (2015) in which synthetic calcite 

B/Ca increased with increasing [BT]/TIC. However, since the groundwater we 

sampled is slightly undersaturated with respect to calcite due to elevated TIC (Table 

4.3), and the lowest B/Ca ratios of foraminifera occur near the largest sources of 

groundwater discharge (Table 4.4, distance 10.7 km), an impact of Δ[CO3
2-

] on B/Ca 

(Table 4.3) ( Yu and Elderfield, 2007) in A. parkinsoniana cannot be ruled out. It has 

been shown that δ
11

Bcalcite correlates with TIC in inorganic calcite precipitation 

(Farmer et al., 2019). Mean annual TIC of Celestun is calculated to be about 3700 

µmol/kg (Figure 4.2g), 33% higher than typical seawater values (2,400 µmol/kg) and 
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is consistent with in the low mean annual pH of the lagoon water (7.6, Figure 4.2h). 

Carbonate precipitation rates may be rapid in sediments in this environment, 

evidenced by the authigenic carbonate mud sedimentation rates between 1.5 and 2.5 

mm/yr (despite water column undersaturation). Rates of calcification for A. 

parkinsoniana are unknown, but the thick calcite walls produced over the 2 months 

lifespan for this infaunal species suggest biogenic calcification rates are also high. 

  

Alkalinity may also play a role because it is one of the controls of speciation of 

[HCO3
-
], [CO3

2-
], and [B(OH)4

-
]. Dickson formulated TA as follows, presented in 

DOE (1994): 

 

 𝑇𝐴 =  [𝐻𝐶𝑂3
−] + 2[𝐶𝑂3

2−] + [𝐵(𝑂𝐻)4
−] + [𝑂𝐻−] + [𝐻𝑃𝑂4

2−] + 2[𝑃𝑂4
3−] +  

            [𝐻3𝑆𝑖𝑂4
−] + [𝑁𝐻3 ] + [𝐻𝑆−] + [𝐻+]𝐹 + [𝐻𝑆𝑂4

−] + [𝐻𝐹] + [𝐻3𝑃𝑂4] 
(4.5) 

 

In Celestun, alkalinity is closely correlated with TIC (Pearson r = 0.94, p < 0.001), 

thus its relationship with salinity and seasonal range look nearly identical to that of 

TIC (Figure 4.2g, Table 4.3, Supplemental Material), suggesting that carbonate and 

bicarbonate provide most of the alkalinity in this lagoon. However, sulfur sources of 

alkalinity may also be important (SO4
-
, HS

-
) in this system complicating 

interpretation. Groundwater in Celestun Lagoon is enriched in sulfate relative to 

seawater due to the dissolution of evaporites (celestite, anhydrite) (Perry et al., 2003; 

Young et al., 2008; Gonneea et al., 2014). Springs are more variable in sulfate 
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concentration between the wet and dry season compared to the lagoon as a whole 

(Young et al., 2008, Supplemental Figure S4.1). Culturing studies will be needed to 

directly determine the impact of sulfate on δ
11

Bcalcite and B/Ca. We note that B/Ca has 

been linked to PO4
-
 concentrations in the planktic foraminifera Globigerinoides ruber 

(Henehan et al., 2015), which may be an expression of the impact of phosphate on 

TA, thus a similar impact by sulfate may occur. Note that the Dickson formulation of 

TA in equation 4.5 also contains reduced sulfide [HS-], which is abundant in 

sediment porewaters of Celestun Lagoon due to microbially-mediated sulfate 

reduction (Chuang et al., 2016, 2017). 

  

In addition, dissolved organic matter (DOM) and specifically dissolved organic 

carbon (DOC) in estuarine systems is observed to significantly affect total alkalinity 

of these systems (Kim and Lee, 2009). DOM in Celestun northern lagoon (12 to 26 

mg/L and as high as 52 mg/L) is about double that of the southern lagoon (4- 9 mg/L) 

and higher than typical seawater surrounding the western Yucatan (~3 mg/L, Young 

et al., 2005). Average annual values are 20.69 mg/L for the northern lagoon, 9.01 

mg/L for the southern lagoon, 3.53 mg/L for the coast, and 3.13 mg/L for 

groundwater (Young et al., 2005). The total effect of DOM on TA in Celestun lagoon 

is observable (Gonneea et al., 2014) but unknown on seasonal scales, and because of 

the uncertainty introduced by DOM and sulfate, we prefer to use measured pH values 

in conjunction with TIC to calculate carbonate speciation, rather than using TIC and 
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TA to calculate pH and carbonate species, as is generally preferred in open ocean 

sites (Rae, 2018). 

  

The most important parameter, pHtot, varied similarly to TIC and TA. The calculated 

mean and range of annual pHtot (based regression between pH and salinity, Figure 

4.2h) is 7.6 ± 0.2 with greater variability in the northern lagoon, roughly 0.5 units 

(Figure 4.2h). The measured mean and range of pHtot for Celestun Lagoon was 7.55 

with a total range of 1.01, though excluding spring values brings the range down to 

0.8. Our calculated and measured results compare well with pHtot values reported 

from springs in the Eastern Yucatan Puerto Morelos (mean = 7.65 with range from 

7.143 to 8.048 and sd = 0.241) (Hofmann et al., 2011) and the springs in the northern 

Yucatan Coast (mean and sd 7.25 ± 0.56) (Gonneea et al., 2014). In the springs at 

Puerto Morelos, pH was extremely variable and lacked detectable periodicity over a 

30 day period with rates of pH change as high as 0.3 pH units/hr (Hofmann et al., 

2011). The standard deviation of calculated seasonal pH in Celestun (0.23) is nearly 

identical to that of Puerto Morelos (0.24), thus variable pH from springs is likely a 

first-order control of δ
11

Bcalcite variability in foraminifera in Celestun Lagoon (Figure 

4.4c). With such variability it is possible that a much larger number of individual tests 

is needed to capture average conditions and reduce the variability in the data. Our 

data range between approximately 40 and 160 individuals per δ
11

Bcalcite measurement 

while the sum of individual foraminiferal tests in all coretop measurements (whose 

mean δ
11

Bcalcite approaches δ
11

Bborate) is approximately 3,000 individuals, a high value 
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for any sediment sample. An optimal value likely lies in between, and for coastal B 

isotope studies we suggest a target of 300 individuals used conventionally in 

assemblage studies to assess statistical significance (Schönfeld et al., 2012). 

 

Temperature indirectly impacts B/Ca and δ
11

Bcalcite through changes in calcite 

precipitation rate based on experimental work (Mavromatis et al., 2015; Uchikawa et 

al., 2017), although in these experiments the temperature range is large (5 to 25 °C) 

relative to the temperature range of Celestun Lagoon (24 to 33 °C) with most samples 

between 27 and 30 °C (Table 4.3). The tropics have relatively small temperature 

variations relative to temperature latitudes (Haug et al., 2001), thus direct temperature 

influence on δ
11

Bcalcite and B/Ca is likely small. Temperature does impact equilibrium 

constant pK
*

B, however, and there is evidence that the B fractionation factor αB may 

be temperature dependent (Hönisch et al., 2019), but additional field studies are 

needed to elucidate the precise impact of temperature on δ
11

Bcalcite in our system and 

in other natural settings. 

 

4.5.3.2 [Mg], [Ca], and pK
*

B equilibrium 

 

The concentrations of [Mg] and [Ca] correlate well with salinity (Figures 4.2e, 4.2f), 

and because these are considered conservative ions, seasonal change in salinity would 

result in a large calculated range of [Mg] (8.3 to 36.1 mmolar) and of [Ca] (7.3 to 

10.5 mmolar) (based on extrapolations from salinity). Both [Mg] and [Ca] complex 
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with [CO3
2-

], altering the saturation state of and effective alkalinity of seawater (Hain 

et al., 2015), and thus are factors controlling the conditional equilibrium speciation of 

carbonate and borate. While the study of Hain et al. (2015) focused on deep time 

changes between the Eocene (56 Ma, [Ca] = 20 mmolar, [Mg] = 30 mmolar) and the 

present ([Ca] = 10.3 mmolar, [Mg] = 52.8 mmolar), the range noted in the northern 

lagoon between wet and dry season, and between the north and south lagoon (Figure 

4.2e, 4.2f), are on par with ranges of concentration over the last 56 Ma and thus need 

to be accounted for in equilibrium chemistry of [CO3
2-

] and [B(OH)4
-
], particularly 

because low Mg concentrations increase pK
*

B and reduce the sensitivity of δ
11

Bcalcite 

to pH change (Rae, 2018). Because pK
*

B is formulated on ionic strength rather than 

concentration (Hain et al., 2015), and because lagoon water has a lower ionic strength 

than seawater, there may be additional unconstrained uncertainty in δ
11

Bborate curves 

presented in Figure 4.4a, although their effect on δ
11

Bborate is likely small for the 

relatively low concentrations of [Mg] and [Ca]. Overall, seasonal change in [Mg] and 

[Ca] translate to δ
11

Bborate variability of 1.3 ‰ along the length of the lagoon (Figure 

4.4a) and results in 2 ‰ variability between wet and dry seasons through their impact 

on δ
11

Bborate (Figure 4.2i).  

 

Change in [Mg] and [Ca] also influences Mg/Ca in A. parkinsoniana which has a 

range of 4.7 to 18.7 in coretop sediments (Table 4.4). Using the temperature equation 

determined by de Noojier et al. (2014): 
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 𝑀𝑔/𝐶𝑎𝑐𝑎𝑙𝑐𝑖𝑡𝑒 = 0.167𝑒0.121𝑇 (4.6) 

 

where T is temperature in °C, coretop Mg/Ca results in a mean and sd calculated 

temperature of 31.5 ± 4.05 with a min of 27.6 and max of 39.0. This overestimates 

observed mean lagoon temperatures by about 2 °C and suggests warmer temperature 

(>32 °C) near spring sites where we in fact observe cooler temperatures (< 25 °C, 

Table 4.3, Supplemental Figure S4.5). Mg/Ca increases near the largest spring site 

which discharges the coolest water (Table 4.3), giving the appearance of the warmest 

temperatures adjacent the spring (Supplemental Figure S4.5). This may be caused by 

a higher Mg/Ca is the spring water relative to seawater or possibly by low pH of the 

discharged groundwater. Recent work suggests pH may influence Mg/Ca by as much 

has 9% per 0.2 pH unit for planktic foraminifera (Gray and Evans, 2019), perhaps 

through the same complexation and change in effective alkalinity that affects pK
*

B. 

The pH is most variable in the central lagoon with measured variability of 0.2 to 0.3 

units (Table 4.3), suggesting an Mg/Ca-apparent temperature variability of about 3 

°C, (Supplemental Figure S4.5). This finding is also consistent with work by Raitzsch 

et al., (2010) that observed an increasing concentration of Mg/Ca with increasing 

saturation for A. tepida, although this should be accompanied by increase in B/Ca 

rather than decrease (Supplemental Figure S4.5). This finding conflicts with work by 

Dissard et al., (2010a) on A. tepida, however, that indicates that changes to [CO3
2-

] or 

TIC have no impacted on test Mg/Ca. Springs are sources of low [Mg] water and if 

[Ca] does not play a role, the increase of Mg/Ca of A. parkinsoniana may indeed be 
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related to pH or [CO3
2-

] for this field site. Significant correlation between Mg/Ca and 

B/Ca (Figure 4.5j) indicates possible similar underlying control of both proxies, in 

this case, either total amount of [BT] and [Mg], relative high TIC (which would drive 

relatively high [CO3
2-

]) provided by spring discharge sites, or relatively cold (24 °C) 

groundwater compared to mean lagoon conditions (29 °C) are at play. Mg/Ca 

decrease with temperature in the southern lagoon, as expected, but variability near 

groundwater discharge sites and increases in Mg/Ca despite cooler water temperature 

suggest that temperature is not the main control at the spring sites. 

  

In summary, for ambient lagoon waters in which benthic foraminifera calcify, 

primary influences on B/Ca appear to be relatively low [BT] discharged from springs 

(which happens to be a relatively low ratio of [BT]/TIC due to carbonate lithology), 

and primary influences of δ
11

Bborate appear to be δ
11

B of the sources (controlled by 

mixing between δ
11

Bsw and δ
11

Bgw), pH (controlled by flux of high TIC discharged 

from groundwater), and pK
*

B (controlled by salinity, temperature, [Mg], and [Ca]). 

Direct controls by temperature are unclear. On average, δ
11

Bcalcite of the symbiont-

barren benthic foraminifera A. parkinsoniana resembles δ
11

Bborate of the water 

column, similar to observations of other deep sea benthic foraminifera (Rae et al., 

2011). Because springs mediate the amount of δ
11

Bgw, TIC, [Mg], and [Ca] to this 

setting, the first order control of δ
11

Bcalcite of foraminifera is probably spring 

discharge, demonstrated by principal component 1 that explains nearly half of the 
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geochemical variability of this system (Figure 4.3b), and we interpret PC1 as 

proximity of samples to springs. 

 

4.5.4 Biotic causes of variation in B/Ca and δ
11

Bcalcite of A. parkinsoniana 

 

If half of the variability in δ
11

Bcalcite is explained by (abiotic) spring discharge 

controlling ambient conditions that affect δ
11

Bcalcite, the remaining variability may be 

explained by biological influences on precipitation conditions. Overprinting of 

environmental pH conditions can come from changes in [B(OH)4
-
] by altering pH due 

to photosynthesis (usually by symbionts), respiration, and calcification rates (Hönisch 

et al., 2003; Henehan et al., 2016; Rae, 2018), collectively termed "vital effects." 

 

4.5.4.1 Lagoon vegetation photosynthesis 

 

Symbiont-bearing foraminifera exhibit offsets between δ
11

Bcalcite and δ
11

Bborate as the 

process of photosynthesis utilizes dissolved CO2 with a concomitant increase in pH 

and an expected increase in δ
11

Bborate (Rollion-Bard and Erez, 2010; Foster and Rae, 

2016). Ammonia parkinsoniana lacks symbionts (Murray, 2006), but its habitat in the 

upper sediments of the lagoon places it in proximity to abundant primary producers. 

Seagrass and macroalgae cover approximately 65% of the lagoon floor (Herrera-

Silveira et al., 1998; Gonneea et al., 2004), while more than 100 algal species reside 

in the water column and sediment surface (Herrera-Silveira et al., 1998). High rates of 
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photosynthesis by micro and macroalgae and seagrass could have similar effects as 

that of photosynthesis by symbionts, which is to consume CO2 and raise the pH. 

Relatively high pH (7.79 to 8.06 compared to the spring values < 7) is observed in the 

northern lagoon where abundant seagrass beds exist, despite the low pH water 

supplied by springs in this area of the lagoon. Furthermore, all but one sample of 

δ
11

Bcalcite collected in the northern lagoon fall above the expected δ
11

Bborate (Figure 

4.4b), suggesting that seagrass and algae photosynthesis contributes to 

microenvironmental change in pH which is experienced by A. parkinsoniana, 

specifically photosynthesis is raising pH and thus δ
11

Bborate in the water in proximity 

to A. parkinsoniana (Zeebe et al., 2003). 

   

Variability in photosynthesis will contribute to variability in δ
11

Bborate. Macroalgae 

photosynthesis and respiration can change pH on diurnal cycle by 0.24 units during a 

typical day (Wootton et al., 2008). Local heterogeneity in distribution of macroalgae 

and seagrass beds likely also contribute to variable CO2 drawdown and pH increase, 

particularly in the absence of discrete spring discharge like the one in middle lagoon. 

Higher calcite saturation states typically also occur in seagrass-dominated coastal 

settings with estuarine input of [Ca] (Beckwith et al., 2019), and the highest 

saturation states (6.4 and 8.5) were observed in the northern lagoon (Table 4.3). 

Photosynthetic impacts on CO2 also plays a role in driving authigenic precipitation of 

micritic carbonate sediments (Zhang et al., 2017), and the highest sediment 

accumulation rates (2.5 mm/yr) occur in the protected northern lagoon (Chapter 2; 
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Gonneea et al., 2004), although overall physical energy is lower here. Authigenic 

precipitation would remove [Ca] and [CO3
2-

] from the water as well as [Mg] and 

B(OH)4
-
. The residual lagoon water TIC is unlikely to change much due to the large 

TIC reservoir (Table 4.3), but borate may decrease appreciably given that [BT] is 

already low in the northern lagoon relative to seawater values (Table 4.3). Authigenic 

precipitation of calcite or aragonite would incorporate [B(OH)4
-
] and decrease the 

remaining dissolved B and further contribute to the variability of B/Ca observed in 

the northern lagoon. 

 

4.5.4.2 Respiration and carbon remineralization in sediments  

 

Foraminifera respiration releases CO2, lowering pH of water surrounding the 

foraminifera test (Zeebe et al., 2003; Hönisch et al., 2003; Foster and Rae, 2016), and 

culture studies are needed to determine the significance of respiration for individual 

species. A more substantial source of CO2 in mangrove lagoon sediments would be 

microbial respiration during the remineralization of organic matter since the organic 

content of mangrove lagoon sediments is generally high (>5%, (Alongi, 2012)), as is 

the case for Celestun (Table 4.4). Microbial remineralization of organic matter 

releases CO2 into sediment, decreasing the pH and increasing TIC. The δ
13

CTIC value 

of TIC will reflect the δ
13

Corganic of the organic matter being respired plus some 

fractionation factor (Deines et al., 1974). Celestun Lagoon organic matter derives 

from mangroves (δ
13

C organic = -28 ‰), seagrasses (-16 ‰), and marine particulate 
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matter (-22 ‰) (Gonneea et al., 2004), with respiration resulting in a mean δ
13

CTIC of 

~ -5 ‰ for the lagoon (Pérez et al., 2011) compared to carbonate-derived δ
13

CTIC 

values which are typically in the range of 0 to +2 ‰ (Ravelo and Hillaire-Marcel, 

2007) and the foraminiferal δ
13

Ccalcite derives from δ
13

C of TIC. Respired CO2 results 

in a strong correlation between δ
13

Corganic and δ
13

Ccalcite for A. parkinsoniana (Figure 

4.6a), suggesting that microbial remineralization of carbon is an important process in 

the lagoon, but more specifically that the δ
13

CTIC fluid from which A. parkinsoniana 

calcifies is mediated by high rates of respiration of organic matter in the sediment, 

suggesting low pH and change in concentrations of carbonate and borate species. 

 

The B/Ca ratio of A. parkinsoniana significantly correlates with δ
13

Corganic, δ
13

Ccalcite, 

and weight % organic carbon of sediments (Figure 4.6). Respiration does not change 

[BT] but does change total TIC, thus driving the ratio of [BT]/TIC downward in favor 

of less borate incorporation. Indeed, the highest content of sediment bulk organic 

matter (4 to 6 %) is associated with the lowest values of δ
13

Corg and δ
13

CTIC, which in 

turn are associated with the lowest B/Ca values (10 to 20 µmol/mol). This strong 

relationship is demonstrated by the arrows corresponding to B/Ca and δ
13

C in Figure 

4.3b, suggesting that PC2, which explains 18.2% of lagoon variability, may represent 

sediment organic matter respiration. 

 

Respiration control over porewater pH suggests δ
11

Bcalcite should also correlate with 

δ
13

Ccalcite, δ
13

Corganic or wt%C, but no significant relationship is noted among these 
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parameters (Figure 4.6), despite the observed relationship between B/Ca and carbon 

isotope data. The reason is likely due to the limit of sensitivity of δ
11

B at the in situ 

conditions. Below pH of 6.7, nearly all B occurs as boric acid (Rae, 2018) with a 

δ
11

Bboric acid approaching that of the bulk fluid δ
11

B. B isotopes thus no longer record 

the fractionation between borate and boric acid species, but δ
13

CTIC values are still 

free to change, decoupling the expected relationship. 

 

A caveat to respiration-driven change in δ
13

Ccalcite and B/Ca is that, as with [BT] and 

δ
11

Bwater, a unique source of TIC with distinct δ
13

CTIC can alter δ
13

Ccalcite of 

foraminifera. For other carbonate bedrock geology in the region, δ
13

CTIC of 

groundwaters was recorded as -13.68 ‰ in Belize (Marfia et al., 2004) and ranges 

between -10.20 and -15.10 ‰ in the Upper Floridan Aquifer (Katz et al., 1997). In 

contrast, δ
13

CTIC of Celestun Lagoon is -5 ‰ (Pérez et al., 2011), in the range of 

δ
13

Ccalcite and thus indicating that δ
13

CTIC derives primarily from organic matter 

respiration in this system rather than from distinct δ
13

CTIC signatures from the 

groundwater aquifer supplying Celestun Lagoon. Measurements of δ
13

CTIC from the 

northwestern Yucatan aquifer are needed to confirm this. 

 

Although biologic controls affect δ
11

Bcalcite through changes in TIC, this may only 

represent about 18% of variability of all geochemical data measured in Celestun 

Lagoon, including δ
11

Bcalcite. Biologically-induced change in ambient water pH adds 
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variability about the mean pH which, for this system, appears to be controlled 

primarily by spring discharge. 

 

4.5.5 Application of δ
11

B as a paleospring discharge proxy 

 

The mean values of pH measured in situ (7.55) and calculated from δ
11

Bcalcite for 

coretop sediments (7.94) are significantly different from each other (Figure 4.8a) with 

no significant difference in variance, despite the similarity between δ
11

Bcalcite and 

δ
11

Bborate. Mean pH calculated for all downcore samples (8.00) was even higher. 

These results suggest δ
11

B is not reliable for determining absolute paleo-pH values 

for this lagoon system, but relative difference between the north and south lagoon and 

between cores in each area imply δ
11

Bcalcite may record changes in pH relative to 

spring discharge sites. 

 

Previous work with the conservative tracers, Ba/Ca and 
87

Sr/
86

Sr, establishes a well-

constrained paleosalinity record in Celestun Lagoon as well as the relative 

contributions from different groundwater sources (Chapter 3). For the northern 

lagoon (core 4A), the down-core record indicates increasing proportions of 

groundwater through time resulting in a trend toward higher Ba/Ca and lower 

87
Sr/

86
Sr (reproduced in Figure 4.7). The freshening trend is caused by continually 

reduced input of seawater as barrier island formation on the west bank progresses 

since about 5,000 years BP (263 cm core depth) to the present restricting seawater 
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input (Chapter 2; Lowery and Rankey, 2017). Seawater [BT] is expected to be 

constant over this relatively short time interval (Lemarchand et al., 2000), and 

assuming the groundwater sources did not change in composition over that time 

period (the aquifer rocks have not changed), the lagoon would also be characterized 

by rising TIC, decreasing [BT], a general shift toward lower pH, and thus decreasing 

δ
11

Bborate (and thus δ
11

Bcalcite) values from the past to present. Abundance of A. 

parkinsoniana was only sufficient (~ 3 mg calcite) for δ
11

Bcalcite analysis from the 

depth of 150 to 0 cm (about 60% of the sedimentary record, or the last 3,000 years), 

suggesting that the brackish (low pH) protected lagoon conditions in which Ammonia 

proliferate were established during this time interval (Chapter 2). Thus, the 

geochemical gradients observed in the modern lagoon would likely exist for the 

duration of our δ
11

Bcalcite record, manifested as a distinct geochemical differences 

between the northern (<10.8 km) and southern (> 10.8 km) parts of the lagoon. 

   

The significant correlations between B/Ca and Ba/Ca and 
87

Sr/
86

Sr (Figure 4.5) 

support the interpretation that groundwater discharge is a first-order control of B in A. 

parkinsoniana, either through direct control of [BT], control of TIC and thus [B(OH)4
-

], or both (Uchikawa et al., 2015). Over short timescales, variability imposed by TIC 

and mixing common in the coretop sediments (Chapter 2; Gonneea et al., 2004) may 

explain the lack of significant difference in B/Ca between the northern and southern 

lagoon despite the difference in [BT] from groundwater along the lagoon. On longer 

time scales (e.g. downcore), there is a significant difference in B/Ca between the 
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northern and southern lagoon (B/Ca = 26.22 and 17.07 µmol/mol, respectively). The 

difference in mean B/Ca can be observed most easily between cores 4A and 8A, and 

the long-term decrease in B/Ca is apparent in core 4A (Figure 4.7). The effect is less 

pronounced for core 8A which would have less time to experience isolation from the 

ocean given the unidirectional nature of barrier island accumulation at this site 

(Lowery and Rankey, 2017 and Supplemental Figure S4.6). 

   

The δ
11

Bcalcite for coretop samples was significantly different between the northern 

(14.59 ‰) and southern (10.98 ‰) lagoon both are impacted by groundwater 

discharge but differ in the abundance of seagrass vegetation (more in the north). 

Within each area, δ
11

Bcalcite varied significantly between core sites, and in the 

southern lagoon mean δ
11

Bcalcite differed significantly between site 8A and ML-3-1 

(Figure 4.7). Middle lagoon core 8A is within 1.3 km of a large point-source spring 

discharge compared to core ML-3-1 which is about 3 km away from the spring. Over 

this distance, values of the paleosalinity tracers Ba/Ca and 
87

Sr/
86

Sr are not 

significantly different in A. parkinsoniana (Table 4.5). While there is little difference 

in the spring water tracers Ba/Ca and 
87

Sr/
86

Sr between cores 8A and ML-3-1, yet 

significant difference in both mean δ
11

Bcalcite and δ
11

Bcalcite variance (Figure 4.7) when 

translated to pH, there is no significant difference in pH between 8A and ML-3-1, 

likely reflecting the myriad other dissolved ions and temperature that influence final 

pH values. Unlike dissolved [Ba] and 
87

Sr/
86

Sr, pH and TIC do not necessarily behave 

conservatively due to loss of CO2 to the atmosphere or photosynthesis or gain from 
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respiration. [BT] mixes conservatively in the lagoon over the course of our days-long 

sampling campaign (Figure 4.2d), but over month-long timescales, [B(OH)4
-
] likely 

does not behave conservatively because it is part of the total alkalinity system and 

related to equilibrium chemistry of TIC and to the pK
*

B from other dissolved 

constituents (Section 1.3.4). The δ
11

Bcalcite proxy, then, may only be sensitive to 

groundwater discharge in the very close vicinity of springs and become increasingly 

variable with distance from discharge as locally heterogeneous conditions (e.g. 

seagrass beds, organic matter respiration, CO2 off-gassing) that can alter pH become 

more prevalent.  

   

Overall, δ
11

Bcalcite measured in the benthic symbiont-barren foraminifera Ammonia 

parkinsoniana may be useful as indicator of low-pH spring discharge (particularly 

close to the discharge site) but lose some of the sensitivity when converted to pH 

measurements, so δ
11

Bcalcite may best be used in conjunction with other isotope 

systems (
87

Sr/
86

Sr, δ
13

C). It is clear, however, that low-pH conditions prevalent in 

groundwater discharge in Celestun Lagoon impose a first-order control over final 

δ
11

Bcalcite values despite the variability in a range of parameters affecting equilibrium 

constant pK
*

B. We note a high variability in δ
11

Bcalcite for this shallow marine 

carbonate environment was observed in others studies (Zhang et al., 2017) (Wall et 

al., 2019; Mayk et al., 2020), and the relative agreement between δ
11

Bcalcite of A. 

parkinsoniana and foraminifera measured in other studies of similar setting, despite 

the high variability, is encouraging. Future work should include more calibration 
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studies of benthic taxa common to shallow marine environments and particularly 

focus on multi-proxy analysis to better understand controls of final δ
11

Bcalcite 

composition. Similarly, a multi-proxy approach is needed for shallow carbonate field 

studies, and additional measurements of porewater geochemistry and micritic 

carbonate muds will be useful to understand δ
11

Bborate in situ and final δ
11

Bcalcite 

expression. 

 

4.6 Conclusion 

 

This study presents the first multi-proxy approach carried out with a goal of 

understanding boron isotopes in calcite (δ
11

Bcalcite) in the benthic shallow-infaunal 

symbiont-barren foraminifera Ammonia parkinsoniana in a carbonate sediment 

coastal lagoon affected by groundwater discharge. Despite high variability in 

parameters that control pH (salinity, temperature, [Mg], [Ca], TIC, TA), mean 

δ
11

Bborate is reflected by mean δ
11

Bcalcite and plots lower than δ
11

Bcalcite measured in 

other symbiont-barren foraminifera in deep sea settings with “normal” open ocean pH 

(Rae et al. 2011). Mean conditions determining δ
11

Bborate are set by low-pH springs 

discharging into Celestun lagoon, and spring discharge explains about 76% of 

variability seen across parameters measured in lagoon water and about 44% of 

variability in trace metal and isotope values measured in foraminiferal calcite. 

Another 18% of the variability in foraminiferal geochemistry is explained by 

respiration of organic matter in this productive mangrove estuary ecosystem, with 
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respiration impacting the δ
13

CTIC of foraminifera and B/Ca but with no impact on 

δ
11

Bcalcite, possibly due to the loss of sensitivity around pH 6.7. Applying the δ
11

B 

proxy downcore shows that pH at this shallow coastal site has likely been as variable 

over the last 3,000 years as is observed at present. Paleo-pH calculations over time 

are not clearly related to spring discharge or any other single process, but δ
11

Bcalcite 

measurements alone show greater sensitivity to spring discharge when within 1 km of 

large spring sites. This supports our hypothesis that low-pH spring discharge is a first-

order control of δ
11

Bcalcite of benthic foraminifera and suggests δ
11

Bcalcite may offer 

some utility as a tracer for paleospring discharge in coastal environments, provided 

that δ
11

Bcalcite measurements are paired with multiple proxies of other environmental 

factors to understand impacts of salinity, temperature, sources of B, photosynthesis, 

and microbially-mediated respiration of organic matter. In particular, variability of 

[Mg] and [Ca] in discharging terrestrial waters require correction of pK
*

B equilibrium 

constants using the MyAMI model of Hain et al. (2015), and additional data on [SO4
-
] 

and DOC may be needed to fully model changes in alkalinity and subsequent impacts 

on δ
11

Bborate in coastal systems. These results suggest that δ
11

Bcalcite may also be useful 

for understanding pH controls from microbially-mediated processes in sediments 

(e.g., sulfate reduction, methanogenesis) if used in tandem with isotopes specific to 

those elements. The lower than seawater pH setting of this study site illustrates the 

lower sensitivity of δ
11

Bcalcite at low pH but nevertheless suggests that even under 

extreme marginal marine conditions, the pH-δ
11

B relationship is robust, which may 

also be true for marginal marine carbonate environments in deep time.  
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Figure 4.1 
Map of Celestun Lagoon field site and sampling locations for water and sediment core 

samples from Table 4.1. Long sediment cores used for paleo-pH measurements are named. 

Inset: regional map with location of Celestun Lagoon (star) and other sites with δ11B data for 

water or calcite. 1) Bahamas (Zhang et al., 2017), 2) Belize (Zhang et al., 2017), 3) Puerto 

Morelos (Wall et al., 2019). 
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Figure 4.2 
(a) Ten-year average of monthly precipitation over the Yucatan Peninsula from TRMM-3B42 

project (Bauer-Gottwein et al. 2011). (b) Salinity measured along Celestun Lagoon during 

different months between 2001 and 2015, colored to match months sampled. (c) Histogram of 

salinity data from (b) with mean (dash) and standard deviation (dotted) given in the lower 

corner. Geochemistry and salinity measured in lagoon water sampled in 2015 (Table 4.2) 

show linear relationships between salinity and dissolved (d) total boron [BT] (e) magnesium 

[Mg] (f) calcium [Ca] (g) total inorganic carbon TIC (h) pH on the total scale, corrected from 

the NBS scale by -0.14 units (note 4 points above regression line which are from northern 

lagoon) (i) and δ11Bborate of lagoon water. Middle panels of (d) through (h) show predicted 

variability of each parameter using linear regressions of monthly salinity observations in (b), 

and right panels show the distribution and mean ± standard deviation of parameter estimates. 

Note that δ11Bborate regressions (i. middle panel) were calculated directly from salinity and 

predicted [B], [Ca], [Mg], and pHtot (at constant temperature 25 °C) using the code provided 

by Rae 2018. Total alkalinity is not shown but looks nearly identical to TIC (Supplemental 

Material). 
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Figure 4.3 
Principal component analysis of (a) water sample geochemistry (Table 4.2) excluding 

δ11Bwater. (b) Principal components 1 and 2 of all benthic foraminifera A. parkinsoniana data 

(coretop and downcore) and (c) principal components 1 and 3 of the same data. All panels are 

colored by distance sampled along the lagoon (Figure 4.1).  
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Figure 4.4 
(a) Coretop comparison between foraminiferal calcite δ11Bcalcite, calculated δ11Bborate, and total 

pH measured in situ (corrected using pHtot = pHNBS – 0.14 after Rae and Foster (2017)). 

Curves are theoretical δ11Bborate values at a given pHtot, calculated after Rae (2018) using 

measured δ11Blagoon = 38.51, αB = 1.0272, and [Mg] and [Ca] (Hain et al., 2015, as 

implemented by Rae (2018); Table 4.2) measured for the northern (Distance < 10.8 km) and 

southern (Distance > 10.8 km) lagoon. X marks δ11Baragonite of aragonitic cements measured in 

Belize (Zhang et al, 2017). Error bars for δ11B values of borate and calcite represent 95% 

confidence intervals. (b) δ11Bborate calculated from Rae (2018) versus measured δ11Bcalcite of 

coretop foraminifera. Symbols and X are as in (a). Dotted line represents expected infaunal 

offset δ11Bcalcite - δ
11Bborate = -2.0 ‰ (Rae et al., 2011). (c) Comparison of benthic Ammonia 

parkinsoniana and Elphidium poeyanum from this study with benthic (open circle) 

foraminifera (Rae et al., 2011), and planktic (closed diamonds) foraminifera (Foster, 2008; 

Yu et al. 2013; Martinez-Boti et al., 2015; Henehan et al., 2013, 2016). Note that δ11Bborate for 

this study was calculated as in (a) while δ
11

Bborate for other species uses ambient seawater 

δ11BSW = 39.61. Cross with dotted lines are the mean and standard deviation of values for A. 

parkinsoniana. All data was collected using MC-CIP-MS, thus minimizing instrument offsets 

(Hönisch 2019). 
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Figure 4.5 
Foraminiferal δ11Bcalcite (a-e) and B/Ca (f-j) of A. parkinsoniana compared to salinity and 

temperature proxies for coretop and downcore samples. Each panel is colored by sediment 

core distance along the lagoon. Pearson correlation coefficients and p-values are given in the 

upper corners. 
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Figure 4.6 
δ11Bcalcite and B/Ca of A. parkinsoniana compared to respiration proxies in combined coretop 

and downcore samples. (a) Carbon isotope data for bulk sediment organics and foraminiferal 

calcite. (b) Boron and carbon isotope data for foraminiferal calcite. (c) Boron and bulk 

sediment organic carbon. (d) Boron/calcium ratio of foraminiferal calcite and carbon isotope 

of bulk sediment organics. (e) Boron/calcium ratio and carbon isotopes of foraminiferal 

calcite. (f) Boron/calcium ratio of foraminiferal calcite and bulk sediment organic carbon. 

Each panel is colored by sediment core total depth and shows the Pearson correlation 

coefficient and p-value in the upper corner. 
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Figure 4.7 
Comparison of downcore data between the northern lagoon (UL-1, 4A) and southern lagoon 

(8A, ML-3-1), organized by distance along the lagoon (UL-1, 4A, 8A, ML-3-1Figure 4.1). 

Strontium, barium, and oxygen isotope date are from Chapter 3. 

  



 

261 

 

 

Figure 4.8 
(a) Measured and δ11Bcalicte -derived pHtot of coretop samples from the modern system (Table 

4.3). (b) δ11Bcalicte -derived pH for downcore samples (Table 4.4). Calculated pH uncertainty 

is propagated from δ11Bcalite uncertainty and change in pK*
B. Both panels are colored by 

distance sediment was sampled along the lagoon (Figure 4.1). 
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Figure 4.9 
Conceptual diagram of dominant controls of foraminiferal δ11Bcalcite in A. parkinsoniana. 

Thick black arrows mark direction of change in proxy value, for example, δ11Bcalcite decreases 

when seawater contribution decreases. Major fluxes are seawater and groundwater into the 

lagoon and CO2 from sediments into water and water into the atmosphere (and vice versa). 

Signatures refer to isotopic signatures distinct to each water source (seawater, groundwater) 

and geologic materials contributing to water signatures (evaporites, inorganic and organic 

carbon). Primary controls of δ11Bcalcite are the mixing of seawater (sw) and groundwater (gw) 

δ11B signatures (sources of δ11Bborate) and chemistry (TIC, [Mg], [Ca]) that impact pH (causes 

of change to pK*
B conditional equilibrium). Secondary controls are biologic photosynthesis 

and respiration altering TIC (and thus pH), and vital effects within A. parkinsoniana.  
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Figure S4.1 
Celestun Lagoon salinity and dissolved sulfate data from Young et al. (2008). (a) Data 

compared between coastal seawater, spring water, lagoon water along a transect, and well 

water. (b) Remove of the lagoon transect data to show only seawater, spring water, and well 

water. (c) Salinity and sulfate of spring water only. 
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Figure S4.2 
Calculated borate/carbonate of lagoon water compared to the nearest coretop foraminiferal 

calcite measurement of boron/calcium, colored by distance sampled along the lagoon (Figure 

4.1). 
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Figure S4.3 
Total-scale pH and oxygen isotope values for water sampled in the lagoon and at 

groundwater discharge sites (Table 2). Colored by distance sampled along the lagoon (Figure 

4.1). 
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Figure S4.4 
Carbon and oxygen isotopes for foraminiferal calcite in A. parkinsoniana coretop samples, 

colored by distance sampled along the lagoon (Figure 4.1). Regression equation is for least-

squares fit to the data. 
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Figure S4.5 
Comparison of foraminiferal δ11Bcalcite, B/Ca, δ18Ocalcite, Mg/Ca, and temperature calculated 

from Mg/Ca, plotted against distance sampled along the lagoon (Figure 4.1). Note that 

δ18Ocalcite is lowest adjacent to the spring while B/Ca and Mg/Ca values are not at the lowest 

until 2 to 3 km farther south (>10.2 km) toward the ocean. Open circles are measured 

temperatures of in situ water samples. 
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Figure S4.6 
Barrier island growth formation adapted from Lowery and Rankey (2017). Close-spaced gray 

and black lines are outlines of major island-dune complexes. Ages are from Chapter 2 and 

show that sites 4A and UL-1 developed in a protected lagoon before sites 8A and ML-3-1. 
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5 Data Repository 

All data presented in this dissertation are provided in the supplemental tables at the 

end of each chapter. In addition, all data have been deposited in the Paleoclimatology 

Database managed by the National Centers for Environmental Information (formerly 

the National Climatic Data Center), a division of the United States National Oceanic 

and Atmospheric Administration (NOAA). As of June 2020, data can be accessed 

from [ncdc.noaa.gov/paleo-search] using the search terms Broach, Yucatan, Celestun, 

or by searching for specific geochemical proxies mentioned in this text. Sediment 

cores are stored at the National Lacustrine Core Facility (LacCore, University of 

Minnesota, Minnesota, USA), and cores, core images, metadata, and bulk physical 

properties can be retrieved by using the project code FLAM-CEL09 when requesting 

materials archived by LacCore. 
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