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Abstract

Geomorphic patterns are abundant in nature, however the mechanisms that drive the
formation and the evolution of these structures are not well understood. In this thesis, we
focus on one such pattern. On the surface of stalactites, we find centimetre scale ripples,
called crenulations. Stalactites grow as a result of a thin film flowing down the outside,
which deposits calcium on the surface. This deposition changes the shape of the wall,
which will in turn affect the flow. As the stalactite grows at a much slower rate than the
fluid flows, we can model these separately. In this thesis, we will first look at modelling
the thin film flow in the appropriate geometries. For this problem, we will consider the
radius and the wavelength to be of similar sizes. These will be much larger than the fluid
thickness. For this model, we consider the crenulation amplitude to be a similar size to the
fluid thickness. We will then look to see how the crenulation wavelength and amplitude
affects the flow. Using these flows, we then look at modelling the evolution of the stalactite
wall. We examine under what conditions we would expect the crenulations to form and

how they evolve once they do.
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Chapter 1

Introduction

This thesis is motivated by the morphological instabilities, called crenulations, that form

on calcite surfaces. These instabilities can be seen on owstones, draperies, and stalagmites
(Meakin and Jamtveit, 2010), but here we will focus on the crenulations that occur on the
surface of stalactites. Stalactites grow as a result of a thin liquid Im that is saturated
with calcium, and this calcium is deposited on the wall (Short et al., 2005b). The shape of
the stalactite will a ect the ow of the uid. This in turn will a ect how the calcium is
deposited, which again changes the shape. We will therefore be looking into modelling the
ow based on a stalactite with crenulations, and then we will look at seeing how this ow

will a ect the growth.

1.1 The Origins of Stalactites

In order to model the problem, we must rst understand how stalactites form. We will
be looking at limestone stalactites that form in caves, however stalactites can also form
from other minerals being deposited (Hicks, 1950). Stalactites can also form from the
solidi cation of lava (Allred and Allred, 1998) and water, however, these have di erent
boundary conditions. Icicles, for example, have a growth rate depending on the temperature

gradient (Ueno, 2007), rather than a concentration gradient, which is the case for limestone
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(Bertagni and Camporeale, 2017).

The overall process is described in more detail in Fairchild et al. (2012), and the main

points are summarised below. In the karst environment, the process begins with rainwater.

Figure 1.1: Conceptual model of karst system. Here we have the rainwater travel through
the soil zone, where it reacts with carbon dioxide. This then travels through the carbonate
bedrock, where dissolution occurs. The water then reaches the caves through fractures
to enter the cave environment, which has a channel to the surface, so the carbon dioxide
pressure is lower. In the cave, precipitation occurs, allowing for speleothems to grow Tooth
(2000).

As the water percolates through soil, it absorbs carbon dioxide that has been released by
microorganisms, plants, and animals through respiration (Raich and Schlesinger, 1992).
This carbon dioxide mixed in the water forms carbonic acid. Under the soil layer we have
a bedrock of limestone. Limestone is very porous and contains joints and fractures that
the water can ow through. As the water is now acidic, it dissolves the calcium from
the limestone, which in turn causes the fractures to grow. The calcium rich water then

enters a cave environment, a large cavity in the bedrock. The cave may have an opening
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and where there is good ventilation, then the cave will have @O, pressure similar to
that of the atmosphere. As theCO, concentration is much higher in the water than the
atmosphere, it is outgassed until it attains equilibrium with that of the cave atmosphere.
This in turn increases the pH of the water, resulting in it becoming supersaturated with
calcium carbonate. Stalactites form as this calcium carbonate is deposited (Dreybrodt,
2012; Meakin and Jamtveit, 2010). Initially, the water forms pendant drops on the cave's
ceiling. These droplets may form directly under the ssure that fed the water onto the
ceiling, however where there is a gradient on the ceiling the pendant drop may travel
towards a local minimum (Maltsev, 1999). The initial drop deposits a ring of calcite
around the outside in a manner similar to that found by Kumar et al. (2021). This ring
builds up and acts as a channel for water to ow down the middle of (Moore, 1962). These

channels are known as tubular or soda straw stalactites.

Soda straws fed from a fracture clearly have the water owing down the inside. Maltsev
(1999) suggests that soda straws can still appear when they are not under a feeding fracture,
as a large pressure di erence can cause water to be sucked through the cleavage in the

calcite crystals into the inner channel.

Curl (1972) looked into the growth of soda straw stalactites and found that they must
have a minimum radius of around 2.5 mm, which is a result of the surface tension of
the drop. Moore (1962) and Paul et al. (2013) noted that soda straws stalactites grow
seasonally due to increased pressure @D, in the soil during summer months, causing
a uctuation of the pH across a year. Additionally, the ow rate can change with Arbel
et al. (2010) noting the groundwater is linked with rainfall in the area. This results in
seasonal di erences in the groundwater as well as shorter term increases after storms,
which also would a ect the growth rate. This results in the soda straw stalactites having
visible growth layers. Conical stalactites form when water starts owing down the outside
of soda straw stalactites. This may be due to leakage from the walls if the ow rate is
large enough (Ford and Williams, 2013). Conical stalactites can have both internal and

external feeding, however the inner channel may get blocked, resulting in growth only
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Figure 1.2: The growth of stalactites. (a) shows a drop hanging on the ceiling after water
has entered the cave from a fracture. This drop deposits calcium in a ring around its edge.
In (b) we see that eventually the drop drips, leaving behind this deposit. (c) shows after
some time this ring around the edge has grown downwards, forming a channel in which
the water is contained. (d) shows that water now also ows down the outside walls. Now
the stalactite is thickening and becoming a conical shape (Moore, 1962).

coming from the uid owing down the outer walls. Conical stalactites tend to have higher

ow rates than soda straw stalactites (Fairchild and Baker, 2012). Therefore, an increase
in the volume of water should occur for the soda straws to transition. Kim and Sanderson
(2010) provides a possible transition event with changes in rock fractures. Here they note
that the size of the fractures or intersection between two fractures can increase the ow,

which in turn results in bigger stalactites.

The e ect of the external ow was looked at by Short et al. (2005b). Here they were
able to model the overall conical shape of stalactites. As the calcite crystals grow with their
long axis perpendicular to the calcite surface (Moore, 1962), we can determine whether the
growth was due to internal or external feeding. Here, internal feeding results in crystals
orientated parallel to the ow, as the stalactite lengthens from the bottom. External ow
causes the radius of the stalactite to increase, and so the calcite crystals are perpendicular

to the ow direction (Moore, 1962; Forti and Springer, 2020).
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