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Abstract

This thesis is a collection of three investigations into the hydrodynamics and hydrogeol-
ogy of the Yucatan Peninsula, Mexico. The first investigation models potential mangrove-
groundwater interactions as a box model. We use field sensor data to calculate various
parameters and use the model to show that the proposed mangrove flooding mechanism
can reproduce the observed effects. The second investigation reports on tidal oscillations
detected within far inland water bodies of the Yucatan Peninsula. The tidal records were
verified using null hypothesis testing. This result has major implications for the region as it
indicates that previously thought to be isolated water bodies are in fact directly connected
to the grater aquifer and thus the ocean. The proposed mechanism to allow such far in
land oscillations is the presence of large fracture zones in the rock throughout the peninsula
which may allow the pressure wave to easily propagate. The third investigation simulates
a potential mixing event within the Yucatan aquifer, specifically within one of the many
cave passages throughout the region. Parameters (Sc, ‘fudge factor’) were varied to better
understand the dynamics of this system and how common approximations made for the
sake of computational efficiency affect the dynamics. We found that while there is some
leeway with the numerical choice of Schmidt number and ‘fudge’ factor (constant factor
increasing all diffusivities), making large changes to these values leads to growing differ-
ences in energy calculations which are particularly important for mixing. Reductions in
initial density difference (i.e. temperature profile) showed a significant dynamical difference
compared to the base case. Particularly, differences in how the instability manifests and
its effects on the density beyond the initial range created were observed. Together these
studies help build a better understanding of the dynamics within the Yucatan aquifer par-
ticularly within the large caves and conduits where traditional porous media theory does
not apply.
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Chapter 1

Introduction

Through increasing human development (Pelas, 2011; Garcia-Flores et al., 2008) and usage
(i.e, consumption, pollution, alteration of catchments; (Novelo et al., 2009; Metcalfe et al.,
2011; Mutchler et al., 2007; Herrera-Silveira et al.,, 2004)), the groundwater systems of
the Yucatan Peninsula have come under increased stain. It is expected that in the coming
decades further challenges will stem from anthropogenic climate change, including sea level
rise and increased hurricane intensity and incidence (Werner and Simmons, 2009; Mendoza-
Gonalez et al., 2013). Thus understanding the past and present dynamics of these coastal
groundwater systems is of the utmost importance to ensure proper planning and protection
of important natural resources such as drinking water. Modeling the groundwater system
in the Yucatan Peninsula must account for a diversity of local conditions (e.g. vegetation
types) and is further complicated by to the presence of large conduits within the subsurface
(Bauer-Gottwein et al., 2011; Smart et al., 2006) as well as the vertical density strati cation
(due to variations in temperature and salinity) of the water column (Gonzalez-Herrera

et al., 2002; Gondwe et al., 2010; Kambesis and Coke, 2013; Werner et al., 2013). The
dimensions of these conduits are on the order of meters to tens of meters (Bauer-Gottwein
et al., 2011; Marin, 1990; Gonalez-Herrera et al., 2002; Charvet, 2009). At this scale,
the ow is no longer in the low Reynolds number regime thereby breaking one of the
foundational assumptions of Darcy's Law (Bair, 2016). Since the equations that govern
both saturated and unsaturated ow are based on Darcy's Law (Pachepsky et al., 2003;
Bair, 2016) they thus can not fully capture the dynamics within these regions. The full
set of incompressible, stratied Navier-Stokes equations is necessary to correctly model
the dynamics (Kundu et al., 2011). It is not computationally feasible to simulate the
Navier-Stokes equations at the landscape scale due to the range of length scales that need
to be resolved (Kundu et al., 2011). For these reasons methods other than traditional
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groundwater modeling must be used to elucidate the dynamics of the groundwater system
in this region. Three such approaches will be explored in this thesis.

1.1 Primary Science Questions

This thesis is what is what is commonly referred to as a “sandwich' thesis, it is primarily
composed of three publications: one which has been published, one which is currently in
the nal stages of revision, and one which is nearly ready to submit for publication.

The primary science questions motivating each chapter are as follows:

1. Can the observed lag between temperature response in the cave and the mangrove
following signi cant rainfall be quanti ed? Does this support previous hypotheses?

2. How far inland does a signi cant tidal signal propagate?

3. How accurately can mixing in the cave passages be reasonably simulated? What
approximations can be made without substantially changing the dynamics relevant
to mixing?

These make contributions to

1. The representation of landscape variations in hydrological models.

2. Fundamental questions concerning the connectivity of the peninsula, and the as-
sumption of the hydrological isolation of the inland waters used for paleoclimate
reconstructions.

3. The ability of modern numerical models to represent mixing in the cave networks.

We will revisit exactly how much progress was achieved in the Conclusions and Future
Work Chapter.



1.2 The Yucatan Peninsula

1.2.1 Geology and Geography

The heavily karsti ed limestone geology of the Yucatan Peninsula has a high permeability
and porosity (14-23%) due to dissolution processes enhanced by sea level change associated
with natural climate variability (Beddows et al., 2007; Smatrt et al., 2006; Bauer-Gottwein

et al., 2011). As marine water (MaWM: marine water mass) intrudes from the coast and
ows under the meteoric freshwater aquifer (MeWM: meteoric water mass), an interface
forms between these water masses called the halocline. As the interface mixes it allows
for enhanced dissolution of carbonate (Smart et al., 2006, 1988; Stoessell et al., 1989;
Back et al., 1979) which over time creates conduits or caves. These processes have given
rise to extensive coastal cave systems including the world's largest single cavéepG:
/Ilcaves.org/project/qrss/ ). Close to the coast, these caves are the primary control on
the ow allowing for increased transport orthogonal to the coast (Beddows et al., 2007;
Beddows, 2004; Smart et al., 2006).

On a regional scale, fracture zones create areas of preferential groundwater ow and
increased permeability (Bauer-Gottwein et al., 2011; Perry et al., 2003; Gonzalez-Herrera
et al., 2002). These fracture zones are presented in Figure 1.1. The 'Ring of Cenotes' is
a regional fracture zone along the north-western coast of the peninsula formed along the
Chicxulub impact site. The Sierrita de Ticul fracture zone is a north-east facing escarpment
that bisects the peninsula from the Ring of Cenotes in the north-west to the Rio Hondo
fracture zone in the south-east. The Holbox fracture zone runs roughly parallel to the coast
from Cancun in the north to Tulum in the south. The Rio Hondo fracture zone located
south of Holbox, forms parallel lines that connect Holbox and Sierrita de Ticul.

There are two dominant types of passage morphology: ssure passages and elliptical
tubular passages. Fissure passages are generally taller than wider and form along a fracture
line (Smart et al., 2006; Bauer-Gottwein et al., 2011). Elliptical tubular passages are
generally wider than taller, and form through mixing zone dissolution (Smart et al., 2006).
Currently, more than 1400 km of explored cave passagesiip://caves.org/project/
grss/qrss.htm ) are known within the state of Quintana Roo, with more being mapped
and discovered every year (Kambesis and Coke, 2013).

A prominent feature of karstic landforms are sinkholes, regionally called "cenotes', which
are created when the roof of a cavern or cave passage breaks down to expose the subsurface
(Smart et al., 2006; Guterrez et al., 2014).



Figure 1.1: A map of the Yucatan Peninsula illustrating the dierent fracture zones
throughout the region. The fracture zones have been taken from (Bauer-Gottwein et al.,
2011).

1.2.2 Hydrology

The high porosity of the limestone (14-23%) (Beddows et al., 2007) results in very few
sur cial bodies of water, as rainfall quickly in ltrates to the aquifer and ows towards the
coast (Emblanch et al., 2003; Stoessell, 1995; Beddows et al., 2007). Measurements of ow
velocity in the cave passages typically yield values of 7 cm/s during the dry season and
10 cm/s during the rainy season, with peaks up to 30 cm/s during heavy rainfall events
(Brankovits et al., 2018). The hydraulic conductivity (K) varies widely from 7 10 °

m/s within the limestone matrix, to 4 10 ! m/s in large conduits (Beddows et al., 2007;
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Worthington et al., 2001).

The rainwater that percolates through the limestone forms a distinct freshwater mass
(or MeWM) which is strati ed on top of the marine water mass (MaWM) that intrudes
from the coast and ows under the MeWM (Gonzalez-Herrera et al., 2002; Gondwe et al.,
2010; Kambesis and Coke, 2013; Werner et al., 2013). This marine ow is called seawater
intrusion (SWI) and commonly occurs in coastal aquifers (Werner et al., 2013; Sebben et al.,
2015). Where the two water masses meet an interface of mixed brackish water forms, called
the halocline. This interface is generally thin (1-3 m), though it increases in vertical extent
as it approaches the coast (Bauer-Gottwein et al., 2011). This is illustrated in Figure 1.2
which presents a schematic view of the the water masses. The vertical position of the
halocline can change based on tides, seasonal dry periods, periods of intense rainfall or
human activity. On longer time scales sea level changes may alter the geographic location
of the coast. While the groundwater dynamics of relatively homogeneous geologies has
been well studied, fractured and karstic aquifers remain a formidable challenge (Bakalowicz,
2005; Berkowitz, 2002). Numerical studies (Sebben et al., 2015) on fractured geology SWI
have shown that the in uence of fractures is likely mixed, with certain heterogeneities
enhancing the extent of SWI while others act to reduce it. The authors found that vertical
fractures in contact with the MaWM increase the width of the mixing zone as they allow
mixing to not be constrained vertically, whereas inland in the MeWM vertical fractures have
minimal impact on the seawater. This is because there is little vertical motion occurring.
Horizontal fractures in the lower part of the aquifer force the MaWM seaward, whereas
horizontal fractures in the MeWM enhance the wedge. Inclined fractures roughly parallel to
the seawater-freshwater interface increase the landward extent of the MaWM and fractures
perpendicular to the interface inhibit the wedge.

During intense rainfall events the halocline can increase in extent by mixing the sur-
rounding MeWM and MaWM, terbey creating a mixed intermediate water mass (Coutino
et al., 2017; Kovacs et al., 2017). Coutino et al. (2017), Kovacs et al. (2017) and Kovacs
et al. (2018) showed that strong rainfall events (such as those due to hurricanes) result
in mixing of the meteoric water mass (MeWM) with the marine water mass (MaWM),
with subsequent re-strati cation taking days to weeks to occur. Brankovits et al. (2018)
examined water column mixing with regards to methane dynamics. They also reported
increased mixing during the wet season compared to the dry season. Despite these pre-
liminary streps, there are still many unknowns in regards to the dynamics of mixing, for
example less intense storms have not been investigated. Since the cave networks span long
distances, the terrain-type and land cover-type is expected to sign cantly in uence the hy-
drology. Given the prevalence of open cenotes with mangrove coverage in the coastal zone,
it is expected that the mangroves may play a role in the dynamics of the upper aquifer
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Figure 1.2: A schematic of the strati ed aquifer. Due to the porosity of the limestone the
marine water mass in ltrates under the meteoric water mass creating a strati ed aquifer.
The interface between the two water masses is generally thin inland but thickens as it
approaches the coast.

(Collins et al., 2015; McNeill-Jewer et al., 2019). On a smaller scale, it is well known that
rough walls will increase mixing within canonical pipe ow (Kundu et al., 2011), however
the extent to which this e ect occurs within the cave conduits has not been investigated.

Of particular relevance to the current research are coastal groundwater models that al-
low for seawater intrusion. While several groundwater models exist for coastal geographies
(Jones et al., 2000; Sanford and Konikow, 1989), they typically assume that the region of
interest has a homogeneous porosity (Hubbert, 1940; Wilson, 2005). One recent example
of this approach is Levanon et al. (2017) who modeled sea-water intrusions in Israel. Their
model used a combination of saturated ow and unsaturated ow to model the saline in-
trusion and freshwater lens respectively. However, due to the presence of fractures, and
large scale cave networks, this model type is not directly applicable in the Yucatan Penin-
sula (Kambesis and Coke, 2013). One model which has shown promise within this region
is MODFLOW-CFP (Conduit Flow Process) (Shoemaker et al., 2005). This extension of
MODFLOW couples the groundwater model with a pipe network that represents the con-
duits. The coupling is a linear relationship between exchange ow rate and the di erence
in head between the MODFLOW cell and the pipe cell (Shoemaker et al., 2005). The
model has previously been used for sub-regional scales within the Florida aquifer (Gal-
legos et al., 2013) which has a similar geology to the Yucatan Peninsula. More recently
Martnez-Salvador et al. (2019) used MODFLOW-CFP to estimate pollutant residence
time in the vicinity of Merida, Mexico. According to the authors this is the rst time that
a groundwater model has been applied to that region. It remains to be seen how well the
model works in other parts of the peninsula.



1.2.3 Climate

The climate in the Yucatan Peninsula exhibits a bi-modal distribution of precipitation with
peaks in June and September-October. The period between these peaks is a midsummer
drought that is related to Sea Surface Temperature (SST) uxes over the tropical Pacic
(Magana et al., 1999; Mendez and Magana, 2010). During the rainy season, regional rainfall
maxima can reach rates of up to 1500 mm/y, (Giannini et al., 2001; Bauer-Gottwein et al.,
2011). Many climate phenomena have exhibited some level of in uence on the Yucatan
climate such as the Intertropical Convergence Zone (ITCZ), El Nino Southern Oscillation
(ENSO), North Atlantic Oscillation (NAO), and Atlantic Multidecadal Oscillation (AMO)

as well as changes in tropical North Atlantic SST and Sea Surface Salinity (Giannini et al.,
2000; Magana et al., 2003; Wu et al., 2017). The ITCZ is a low pressure band along the
trade winds that is composed of deep convective clouds (Lechleitner et al., 2017) located
around 5 to 15 degrees above the equator (Gill, 1976). The southward migration of the
ITCZ during El Nino years has been shown to be correlated to periods of drought in the
Yucatan Peninsula (Magana et al., 1999).

1.2.4 Field Sites

Six locations were studied as part of the current investigations. These locations have been
highlighted in Figure 1.3. These locations were chosen either based on previous scienti ¢
work (i.e. Pac Chen, Chichancanab, Yax Chen (Krywy-Janzen et al., 2019; McNeill-Jewer
et al., 2019; Hodell et al., 2005a)) or ease of access through El Centro Investigador del
Sistema Acufero de Quintana Roo A.C. (CINDAQ), our partner organization.

Yax Chen

Yax Chen (207'45.37"N, 87 28'7.86"W) is a 2.7 km long subsection of cave passage which
is part of the larger Ox Bel Ha cave system. It is located approximately 9 km south of the
city of Tulum, Quintana Roo (Figure 1.3) near the southern end of the Holbox fracture
zone. The primary entrance to the cave is located within cenote Yax Chen, 200 m from
the coast. At approximately 270 km long, Ox Bel Ha is the second largest underwater
cave system in the world. The cave passages generally trend in a NW to SE in direction
(https://caves.org/project/qrss/grss.htm ). Seven cenotes open along the primary
cave passage. The passage is relatively shallow with a depth of approximately 8 m in the
downstream portion and 10 m to 11 m in the upstream section. Flow within the passage



Figure 1.3: A satellite image of the Yucatan Peninsula with the eld sites labeled.

is coast-wards with an average velocity of 10 cm/s increasing to 25 cm/s during heavy
rainfall (Moore et al., 1992; Brankovits et al., 2018).

Pac Chen

Pac Chen (2038'9.89"N, 87 35'12.55"W) Lake has an average depth of 16 m with an area of
0.04 kn?. Itis located approximately 40 km inland from the Caribbean coast (Figure 1.3).
The surface salinity of Pac Chen is 0.5 ppt, the limit of freshwater. Within the cenote,
there is a minor vertical density change associated with the thermocline. The base of the
lake contains a thick drape of organic sediment. Krywy-Janzen et al. (2019) reconstructed
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