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Rapid growth of caves and speleothems: part 2—growth 
rate variables
Michael J. Oard

The variables needed for speleothem growth

Many variables and complex processes determine the 
growth or dissolution of speleothems.1,2 Research has 

been conducted on stalagmites because stalactites, being 
located on the cave roof, are difficult to study (for obvious 
reasons). The main variables for the growth of a stalagmite 
are: (1) concentration of the drip water Ca2+ ion; (2) cave 
temperature; (3) cave atmospheric partial pressure of CO2; 
(4) drip water flow rate; and (5) the thickness of the thin film 
of water flowing over stalagmites (table 1).3,4 In addition to 
these five variables, another will be briefly discussed and that 
is evaporation, which for most caves is now insignificant, but 
could have been significant during the Ice Age. All of these 
variables depend upon many other variables, which makes 
the use of stalagmites as records of paleoclimate difficult. 
However, this is a major reason why so much research and 
literature exist on cave speleothems.5–9 

Researchers also measure many trace elements, such as 
Mg and Sr, and isotope ratios, such as δ18O and δ13C, within 
the stalagmites. They believe these trace elements give them 
more information about the conditions for carbonate deposi-
tion.10 Nonetheless, there are many other variables involved11 
that can cause misinterpretation. Impurities within the drip 
water can inhibit calcite deposition,46 such as Mg, which can 
be common in carbonate that contains a fair proportion of 
dolostone. Moreover, aragonite commonly forms instead of 
calcite in carbonates that have a higher proportion of dolos-
tone,12 and aragonite, since it is metastable, can transform 
into calcite with time.

Isotope ratios are thought to be related to the paleocli-
mate, such as glacial/interglacial oscillations in the unifor-
mitarian ice age paradigm. However, both δ13C and δ18O in 

speleothems can result from many variables, which makes 
paleoclimate interpretations difficult.13 Cheng et al. write:

“Although the speleothem δ18O signatures can be 
influenced by numerous and complex factors … . 
However, the climate interpretation of δ18O records 
remains a subject of considerable debate, particularly 
in the EASM [East Asian summer monsoon] domain.”14

I will discuss the five main variables, and some of their 
related variables. We need to understand how speleothems 
grow in order to show in part 315 that the very slow calcite 
deposition rates today would have been greatly accelerated 
during the post-Flood Ice Age.

The drip Ca2+ ion

Of the variables above, the concentration of the Ca2+ ion 
in the drip water is the most important for calcite deposition 
on speleothems.16 This depends primarily upon the partial 
pressure of the soil CO2 and any changes in the water that 
percolates through the top of the carbonate before entering 
the cave (figure 1). The partial pressure of soil CO2 in turn 
depends upon more variables.17 The carbonate layer just 
below the soil is generally called the epikarst and is typically 
15 to 30 m (50 to 100 ft) thick. The rest of the carbonate 
above the cave is called the vadose zone in which air fills 
the cracks and voids. It is the zone above the water table, 
which includes the epikarst. The phreatic zone is the zone 
below the water table, which is normally below cave level.

The following are the basic equations in the conversion 
of atmospheric CO2 to carbonic acid in the soil or epikarst:18

CO2(g) ↔ CO2(aq)  (1)

H2O + CO2(aq)↔ H2CO3(aq)  (2)

Although growth rates depend on many variables, there are five main ones that determine the rate of carbonate growth 
of speleothems. First, the most significant variable is the concentration of calcium ions in the drip water and the resulting 
supersaturation that occurs when the drip water enters the cave. This depends upon the amount of soil carbon dioxide 
that is dissolved into the soil water. As the soil water percolates through the carbonate, carbonic acid slowly dissolves 
the rock. Second, cave temperature has a major effect, and depends largely upon the surface air temperature. Third, 
cave air ventilation is also an important factor. Better ventilation increases the growth rate of a speleothem. Fourth, rapid 
speleothem growth generally requires a higher drip rate. Fifth, the thickness of the water film on top of the stalagmite 
(which is increased by a higher drip rate) is another major variable. In addition to these five generally recognized variables, 
evaporation is a significant variable at Carlsbad Caverns, which is well ventilated. It could have been a significant variable 
for other caves, as well. 
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H2CO3(aq) ↔ H+ + HCO3(aq)
-  (3)

HCO3(aq)
- ↔ H+ + CO3(aq)

2-  (4)

where the “(g)” means the gaseous state and “(aq)” means 
dissolved in the water. Equation (1) is the rate limiting pro-
cess that slows down the other conversions in equations (2) 
to (4), which proceed rapidly to equilibrium.19 Equation 
(3) represents the dominant end process with equation (4) 
a minor variant. Only a small proportion of the CO2 is con-
verted to carbonic acid.20 Much CO2(g) escapes the soil into 
the air, which interestingly is 10 times the emission of CO2 to 
the air as from fossil fuels.21 Moreover, all these reactions are 
reversible and go in the direction from the high-concentration 
species to the low-concentration species until equilibrium is 
reached. In other words, if the groundwater is high in CO2(aq), 
the reaction will go towards H2CO3(aq) and finally to H+ + 
HCO3(aq)

-. So, the groundwater becomes mildly acidic form-
ing carbonic acid when CO2 is added to the groundwater. 

When this water begins to seep down through the cracks 
in the epikarst, it dissolves the calcite (CaCO3) and gives off 
CO2 to the water or air in the vadose zone. The downward-
seeping water quickly becomes saturated with Ca(aq)

2+. 
When the water enters the cave chamber with lower partial 

pressure of CO2 than the drip water, CO2 escapes from the 
water according to the following reaction:

Ca(aq)
2+ + 2HCO3(aq)

- ↔ CaCO3 + CO2(g) + H2O (5)

The drip water is generally neutral upon entering the cave, 
but quickly becomes supersaturated upon the degassing of 
CO2 (figure 2). Nonetheless, this reaction is also reversible, 
as equation 5 shows. When a lot of calcium and carbonic acid 
is in the drip water, the reaction goes to the right and speleo-
thems grow, proportional to the concentration of Ca2+. But, 
if there is little Ca2+ in the water (undersaturated), the reac-
tion goes to the left, dissolving calcite on the speleothems. 
In carbonate caves, the reaction almost always goes to the 
right. As such, it is the degree of Ca2+ supersaturation upon 
CO2 degassing that determines the growth of speleothems.

However, the excavation of the cave opening would 
require undersaturation, if it were really dissolved by car-
bonic acid (which it was not22), while deposition requires 
supersaturation. As more CO2 is liberated into the cave air, 
the drip water becomes progressively more supersaturated. 
Thus, the greater the supersaturation, the faster the speleo-
them growth. Still, deposition of calcite does not automati-
cally happen when supersaturation first occurs. It must first 
reach a threshold of about 10% before calcium carbonate can 
be deposited on speleothems.23 However, if other elements 
such as Mg are present, CaCO3 deposition will be inhibited. 
In equation (5), the evaporation of CO2 from the drip water 
is the rate-limiting step and slows the reaction going toward 
the right. All the other reactions are much faster.

Figure 1. Drawing of soil and vegetation, epikarst, vadose zone, cave with 
speleothems forming from drip water (by Melanie Richard)
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The importance of the soil carbon dioxide

The drip water calcium ion concentration in the cave 
depends upon the amount of carbonic acid formed in reac-
tions (1) to (4) in the soil. Then, as the carbonic acid seeps 
down through cracks in the carbonate, calcium is dissolved 
by reaction (5) going to the left. The amount of calcium 
liberated to the seeping water depends upon the amount of 
soil CO2(aq)—the main variable that controls the growth of 
speleothems.

Soil water carbon dioxide is a product of soil respira-
tion when oxygen in the soil is converted to gaseous carbon 
dioxide and then to soil water carbon dioxide by reaction 
(1). Much is still unknown about soil respiration.24,25 There 
are five types of soil respiration: (1) root respiration; (2) 
rhizomicrobial respiration; (3) decomposition of plant resi-
dues; (4) the priming effect induced by root exudation or by 
addition of plant residues; and (5) the basal respiration by 
microbial decomposition of soil organic matter (SOM) (table 
2).26 Two minor abiotic sources for soil CO2(aq) are dissolution 
of carbonate in the soil and chemical oxidation,27 which will 
be ignored. The first four mechanisms are related to the exis-
tence of trees and plants, whose soil effects can last several 
years, and is called autotrophic respiration. The fifth is called 
heterotrophic respiration. It also depends upon the time of 
day, the season, the root type, the root size, and the nitrogen 
content.28 If all vegetation dies out, heterotrophic respiration 
would continue as long as there is SOM, which can last for 
centuries before being used up.29 SOM respiration depends 
upon the quality and quantity of SOM.27 Considering all 
of the above caveats, estimating the soil CO2(aq) is difficult.

In general, researchers assume that autotrophic respiration 
accounts for 50% of soil carbon dioxide and heterotrophic 
respiration 50%. However, the proportion of soil carbon 
dioxide from autotrophic and heterotrophic respiration var-
ies considerably over the earth, with autotrophic respiration 
ranging from 10% to 90%.27 To determine the amount of 
autotrophic respiration, Hogberg et al. girdled (killed) trees 
and measured the change in soil respiration, which decreased 
54% in 1 to 2 months.30 

Soil respiration rates depend strongly on many environ-
mental variables: air and soil temperature, soil moisture, 
evaporation from the soil, seasonality, soil depth, vegeta-
tion type and density, type of vegetation cover, and oxygen 
concentration in the soil air.4,6,16,31 However, the vegetation 
type apparently does not matter much.32

Soil temperature is the most important factor controlling 
soil respiration rates. Some researchers believe soil respira-
tion increases exponentially with a rise in temperature.27 
However, the situation is much more complicated.33 The 
exponential increase with rising temperature is probably a 
short-term result since the SOM decreases, and therefore the 
effect of a temperature increase in the long term is small.34 
Nonetheless, the importance of soil temperature is reflected 
in the fact that forested tropical soils have the highest soil 
carbon dioxide.35 Still, other factors contribute, such as that 
they are thicker, warmer, and form soil carbon dioxide all 
year around, while at mid and high latitudes soil carbon 
dioxide decreases in winter because of cooler temperatures 
and/or frozen ground. This is also the reason why caves in 
tropical climates have great speleothem growth. The water 
content of the soil is probably the second most important 

Table 1. The five main variables that determine stalagmite growth

1) Concentration of the drip water Ca2+ ion

2) Cave temperature

3) Partial pressure of CO2 in the cave atmosphere

4) Drip water flow rate

5) The thickness of the water film on the stalagmite

Table 2. Five main soil respiration processes

1) Root respiration

2) Rhizomicrobial respiration

3) Decomposition of plant residues

4) Root exudation and plant residues

5) Microbial oxidation of SOM
Figure 2. Drop at end of a stalactite degassing CO2 (by Melanie Richard)
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variable. If it is too dry, soil respiration decreases substan-
tially, but if it is too wet, oxygen cannot be transferred fast 
enough for soil respiration.20 So, an intermediate amount of 
soil moisture is ideal.

The importance of vegetation was shown when the area 
above a mine in Wiltshire, England, was revegetated with 
a deciduous forest; the calcite deposition rate on a mine 
stalagmite increased fourfold.36 Under ideal conditions, the 
partial pressure of soil CO2(aq) can reach an incredible 100,000 
ppm or 1/10th of an atmosphere.6,37 However, measured CO2 
rarely reaches 100,000 ppm. The total amount of soil carbon 
dioxide theoretically could reach 210,000 ppm38 if all the soil 
oxygen were somehow all used up, but this is likely impos-
sible. These figures compare with an atmospheric CO2 partial 
pressure of 400 ppm. Regardless, soil CO2(aq) is usually about 
100 times that of the atmosphere. High soil CO2(aq) results in 
high Ca(aq)

2+ and HCO3(aq)
- in the cave drip water, which will 

result in a rapid growth of cave speleothems. 

Flow from soil to cave

Once the water leaves the soil and descends downward 
through the vadose zone, the carbonic acid dissolves the car-
bonate according to reaction (5). Dissolution normally occurs 
within the top 10 m (33 ft) of the epikarst, where the solution 
equilibrates and no more calcium carbonate is dissolved.39 

The amount of Ca2+ entering the water will depend not 
only upon the amount of carbonic acid in the water, but also 
whether the vadose zone is a closed or open system. A closed 
system is one in which the percolating water that seeps down 
into the vadose zone has little air in the interstices compared 
to the amount of water.40 An open system is one in which 
there is abundant air in the vadose zone. In an open system 
that can have a high amount of CO2 in the air (see below), 
the amount of CO2 absorbed and carbonic acid formed is 
significantly greater than in a closed system.41,42 In reality, 
vadose zone water percolation is usually neither totally closed 
nor totally open, but somewhere in between.40 

Besides the air in vadose zone joints and faults, water can 
obtain a little more carbonic acid from roots that can some-
times go deep into the epikarst, which also helps with the 
water flow.43,44 Moreover, organic matter can wash down into 
the karst to provide more air carbon dioxide for the water.45 
In fact, some researchers believe that the main source of the 
carbon in speleothems comes from SOM washed down into 
the vadose zone.9 Drilling on the Rock of Gibraltar discov-
ered that many caves and voids were penetrated with high 
carbon dioxide content.45 

As water flows from the soil down into the cave, it can 
also deposit calcite in air pockets, joints, faults, and cave 
ceilings, which is called prior calcite precipitation (PCP).46 
This can only happen if these air-filled voids are low in CO2, 

which normally does not occur. Of course, as the water issues 
from a crack in the ceiling of a cave, it will start depositing 
calcite on the roof before it reaches the tip of a stalactite. 
Since researchers are mostly focused on stalagmites, calcite 
deposition on the stalactite is also usually included in PCP.47 
It is also known that the faster the discharge, the less the PCP, 
and vice versa. So heavy precipitation would favour faster 
stalagmite growth with less PCP.46 

Temperature

Temperature is a significant variable. The warmer the 
cave temperature, the faster the deposition of CaCO3, espe-
cially if winters are mild. Many caves at mid and high lati-
tudes show a significant decrease in the generation of soil 
CO2(aq) and speleothem growth. The decrease in soil CO2(aq) 
in winter would be averaged with the summer increase, and 
such seasonal effects would diminish the average Ca(aq)

2+ 
and HCO3(aq)

- in the drip water, and hence slow speleothem 
growth rate. This however may not have an immediate effect. 
The drip water moves downward through the limestone at 
quite variable rates and mixes with water that may be a few 
years old. Alternatively, the drip water can reach the cave 
in a matter of days, weeks, or months, depending upon the 
particular path it takes through the vadose zone. 

Areas that became glaciated during the Ice Age would 
have produced little growth in speleothems during the time 
of ice coverage. There are a few exceptions, e.g. speleothems 
can form under glaciers and karst with no soil or vegeta-
tion.48,49 Several mechanisms have been suggested for this 
anomaly.

Since cave temperatures are generally similar to the aver-
age surface air temperature, cold winter temperatures will 
reduce the deposition rate of CaCO3 in the cave during winter. 
However, in some locations increasing winter ventilation 
(discussed next) due to storminess could actually cause an 
increase of CaCO3 deposition, despite cooler winter tempera-
tures. This is the case in central Texas caves where winters 
are mild and ventilation more than makes up for the cooler 
temperatures.50

Cave atmospheric partial pressure of CO2

As the drip water exits the carbonate rock above the 
cave, CO2(aq) leaves the water in the form of a gas, CO2(g).

17 
The speed of degassing CO2 depends upon the amount of 
CO2 within the cave atmosphere. The larger the difference 
between liquid and gaseous carbon dioxide, the faster CO2 in 
the water degasses and carbonate is added to the speleothem. 
As long as CO2(aq) is greater than CO2(g) within the cave, cal-
cite deposition will occur. But, as CO2 is added to the cave 
atmosphere during the above process, the rate of degassing 
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will decrease. CO2 can also be added to a cave if a stream 
runs through the cave.17 For every molecule of CO2 expelled 
from the water, one molecule of CaCO3 is deposited either 
on the cave wall or on speleothems.51 All reactions within 
the water proceed rapidly except the change of CO2(aq) to 
CO2(g), which becomes the rate limiting reaction.51 Therefore, 
speleothems will grow faster with lower partial pressure of 
CO2 in the cave.52,53

Cave air CO2 today can be quite high and variable, gen-
erally from about 800 ppm to over 8,000 ppm,17 which was 
added to the cave from CO2(aq) changing to CO2(g). Central 
Texas caves were measured to have a carbon dioxide content 
as high as 37,000 ppm.54 Therefore, the growth of speleo-
thems will strongly depend upon how well the cave is ven-
tilated (removing excess CO2 gas); the morphology of the 
cave passages; the size, number, and location of entrances; 
and the distance from an entrance. All these variables depend 
especially on the climate. 

Cave air is ventilated especially by the surface wind that 
causes a sucking action. Pressure and temperature differ-
ences between the cave and the outside air also will cause 
air exchange. Even moisture differences can drive a circula-
tion.52,53 As a result, cave ventilation is subject to forcing by 
diurnal, seasonal, and weather pattern variations. As such, 
ventilation of most caves is relatively fast.55 Mid- and high-
latitude caves commonly have lower cave air carbon dioxide 
in winter than in summer.52 This is due to increased stormi-
ness, wind, and cooler air temperatures than the interior of 
the cave. Low cave air CO2 levels in winter is one reason 
why some stalagmites in Texas caves grow faster during the 
winters than summers.54 Cave CO2 also depends upon the 
location within the cave, with passageways farther from the 
exits having more cave air CO2.

4 When the entrance is higher 
than the cave, air convection in the winter causes cold air to 
sink into the cave and warm air to exit above the entering 

cold air (figure 3).56 It probably does 
not take much cave air exchange to 
keep the cave air CO2 relatively low, 
as winters in Texas, which are not all 
that stormy, demonstrate. 

Drip water flow rate

It is well known that percolating 
water from above follows different 
paths for different stalagmites—there 
is fast flow through cracks that arrives 
quickly after precipitation, and there 
is diffuse flow that may take a year or 
more. The characteristics of the drip 
also depend on the thickness of the 
carbonate above the cave; the porosity 

and permeability of the vadose zone carbonate; the purity 
of the bedrock; and the particular path of the groundwater, 
which can vary with time.4,16 So, each speleothem in each 
cave is unique with a unique drip rate. Moreover, the flow 
path can change, which is one reason why the drip rate can 
vary significantly at any one stalagmite. In general, however, 
the higher the drip rate, the faster a speleothem will grow,7,57 
although some researchers do not find a relationship.58

Cave water drip rate is also non-linearly related to effec-
tive precipitation. Effective precipitation is the precipitation 
minus any soil drying.3,6,36 So, the greater the precipitation 
and the less the soil evaporation, the greater the drip rate.7 
Faster drip rates increase stalagmite radius.59 The growth 
rate is also related to drop volume, which depends on several 
variables, such as the radius, surface curvature, and geom-
etry of the stalactite tip.60 Many studies of growth rates use 
conservative drip volumes.

Thickness of the water film on the stalagmite

The last variable, water film thickness on the stalagmite, 
is difficult to evaluate. But, the thicker the film, the faster 
CaCO3 deposition occurs on the stalagmite, which also 
depends upon the morphology of the apex, and deposition 
decreases linearly with increasing apex curvature.61 If the 
apex is nearly flat, the film thickness can be about 1 mm or 
more, resulting in high growth rate.61 The higher the drop 
fall, the thinner the film due to splashing, another important 
variable. However, high drop fall and splash also degasses 
CO2 faster, which causes more drip water calcium supersatu-
ration that can aid growth.

Film thickness is often assumed to be only 0.1 mm since 
stalagmites are usually convex up.31 But the deposition rate 
is not as fast as often assumed because of a kinetic effect, 
which is complicated. In the thin film of water that is either 

Figure 3. Illustration of convection circulation from Carlsbad Caverns
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stagnant or moving in laminar flow on top of the stalagmite, 
there is a very thin boundary layer next to the calcite (figure 
4). At the surface of the carbonate, one molecule of calcium 
carbonate is added, while one molecule of CO2 is liberated,51 
which causes concentration gradients within the thin film. 
The deposition rate depends upon the diffusion of Ca2+ and 

HCO3
- from the layer above through 

the boundary layer to the surface of the 
stalagmite. At the same time, CO2(aq) 
must diffuse from the carbonate surface 
upward into the layer above, where 
it degasses. It is degassing of CO2 at 
the top of the water film that is rate 
limiting and keeps the process rather 
slow.4,62 Concentration gradients build 
up in the thin film that must be relieved 
by diffusion, a slow process. 

The growth will of course depend 
upon the thickness of the boundary 
layer. A thick boundary layer will result 
in slower diffusion. But in turbulent 
flow, generally considered when the 
film thickness is 1 mm or greater, the 
boundary layer is much thinner, so that 
diffusion length is much less between 
the thin boundary layer and the thick 
film above, and so mixing between the 
layers occurs much faster (figure 5). In 
this case, deposition is about 10 times 
as fast.5,63 Moreover, the thicker the 
film, the more the ions are available 
above the boundary layer to diffuse 
downward into the boundary layer. 
However, turbulent flow is not expect-
ed on the top of a stalagmite, at least 
between drops, but it could occur brief-
ly during splashing of the next drop. 
Turbulent flow normally occurs when 
the water is flowing down a slope. This 
is why flowstone can form much faster 
than carbonate deposition on stalactites 
and stalagmites.

Evaporation

There is a sixth variable that could 
contribute to growth in the evaporation 
of water from the speleothem but rarely 
applies in caves today. As equation (5) 
shows, water loss means that CaCO3 
must be deposited. Evaporation is usu-
ally ignored since the relative humidity 

in most caves today is near 100% due to evaporation and 
underground streams.

However, if ventilation is significant with even a little 
wind in the cave, and even a slightly lower relative humid-
ity, speleothems can grow.64 At a relative humidity of 88%, 
10 times the evaporation occurs than at a relative humidity 

Figure 4. Schematic of the kinetic effect showing diffusion through a thin film of 0.1 mm on top of 
a convex upward stalagmite of 80 mm in diameter (by Melanie Richard). Carbonate deposition is 
slow in this situation because the boundary layer is relatively thick and diffusion slow.

Figure 5. Schematic of the kinetic effect showing deposition in turbulent flow in a film of 1 mm thick 
on a less-curved stalagmite of 20 cm in diameter (by Melanie Richard). Carbonate deposition is 
fast in this situation because the boundary layer is thin and diffusion length through the boundary 
layer is low.
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of 99%.65 The relatively low relative humidity, as well as 
low CO2, applies to Carlsbad Caverns, which does have 
good ventilation. However, this is mostly because very little 
water is dripping into the cave with few speleothems actually 
growing. Practically all speleothems in Carlsbad Caverns 
are considered relic, formed in some past climate that is not 
occurring today.65 For those speleothems that are growing, 
40% of the growth rate is attributed to evaporation. Evapo-
ration also strongly affects the oxygen and carbon isotope 
ratios and the paleoclimate inferences.66

Regardless, if ventilation is strong enough in the past, the 
reduced relative humidity could be another significant vari-
able for speleothem growth.67 

Summary

We have analyzed the five main variables that determine 
speleothem growth. It is the calcium ion concentration in the 
drip water that is the most important variable, which strongly 
depends upon the amount of soil carbon dioxide percolated 
downward through the vadose zone. This is where the car-
bonic acid from the soil quickly dissolves some of the CaCO3 
until equilibrium, a point reached where it is no longer an 
acid. But additional changes in the ion concentrations in the 
drip can occur on the way down to the cave. When the high 
partial pressure of carbon dioxide enters the cave in the drip 
water, it is rapidly degassed, inversely proportional to the 
partial pressure of the carbon dioxide in the cave. In general, 
speleothem growth is proportional to the temperature of the 
cave, the amount of drip water falling from the ceiling, and 
the thickness of the water film. Evaporation can also cause 
speleothem growth if cave ventilation is significant, such as 
observed at Carlsbad Caverns. All the relationships between 
these variables are usually too much to track effectively, so 
researchers often rely on empirical relationships between 
major variables, such as the Ca ion concentration and/or the 
supersaturation, to measure the relative impact of different 
factors on speleothem growth rates. 

In part 3, we will show that these variables, plus variables 
from the Flood, would maximize speleothem growth in the 
Ice Age, especially early in the Ice Age.
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