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Abstract Three-dimensional X-ray micro-computed

tomography permits to investigate the internal structure of

objects at a high resolution without altering its original

form. It also facilitates the rendering and visualization of a

virtual replica, which can be subjected to rigorous and

complex analyses. In the present study, micro-computed

tomography was used to investigate a unique and fragile

speleothem (cave formation) named a ‘‘Hairy Stalagmite’’.

Non-destructive analyses have revealed the calcareous

internal structure of this speleothem, which consists of

hollow, interconnected tubes. Rendered two-dimensional

cross-sections also clearly revealed the outline of a once

dense root nest that formed part of the speleothem’s bio-

genic origin. The internal structure was further visualized

using an image sequence of two-dimensional cross-sections

to create a video that ‘‘brings the speleothem to life’’, also

illustrating its complexity and variability. Statistical anal-

yses revealed structural variability in void fraction, which

is likely related to changing environmental conditions. In

addition, the micro-computed tomography data were used

as input for additive manufacturing (three-dimensional

printing) in order to produce an enlarged replica of the

Hairy Stalagmite sample, which made physical inspection

possible. This combined approach represents the first of its

kind and provides much benefit for future studies.
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Introduction

In 2008, a new and rare biogenic root speleothem was

discovered in a previously sealed cave of Botswana (Du

Preez et al. 2015). This speleothem was named a ‘‘Hairy

Stalagmite’’ and includes a nest of fine, living roots asso-

ciated with the growing point (top) of the structure. This

‘‘root nest’’ captures and absorbs water from the cave

necessary for the survival of Namaqua fig (Ficus cordata)

trees in the Kalahari Desert (Du Preez et al. 2015).

According to Du Preez et al. (2015), the Hairy Stalagmites

are known from Dimapo and Diviner’s Caves, which were

both discovered and opened using geophysical and drilling

techniques, respectively. These underground systems form

part of the Gcwihaba Cave series located in Ngamiland,

north-western Botswana.

The development of Hairy Stalagmites is uniquely

linked and completely dependent on the presence of fig tree

roots (Du Preez et al. 2015). The latter authors used stereo-

and scanning electron microscopy (SEM) to provide evi-

dence of the speleothem’s fragility and biogenic origin,
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which involves encrusting individual roots with a layer of

calcite (CaCO3). However, due to its organic nature, the

root system itself either calcifies or decomposes over time,

giving rise to a complex network of hollow and intercon-

nected calcite tubes (Fig. 1). Although Du Preez et al.

(2015) were able to discuss the developmental mechanism

of this speleothem in detail, information relating to its

internal structure remained limited since conventional 2D-

sectioning is not only challenging and time consuming, but

also destructive. Fortunately, modern technological

advances, such as the application of three-dimensional

(3D) X-ray micro-computed tomography (micro-CT),

facilitate the in-depth study of objects in a reasonable

amount of time without compromising its structural

integrity.

X-ray CT (not to be confused with micro-CT) has pre-

viously been used to study the structure of larger spe-

leothems (ranging between 20 cm and 36 cm in length),

which generally presented high densities with variation in

internal porosity (Mickler et al. 2004; Konečný et al. 2015;

Walczak et al. 2015). Furthermore, a combination of X-ray

CT and magnetic resonance imaging (MRI) has been used

to study fluid inclusions, trapped within pores of calcite

deposits (Zisu et al. 2012; Shtober-Zisu et al. 2014).

Although computed tomography has been rarely applied in

the study of speleothems (Vanghi et al. 2015), it pre-

sents great potential.

A more advanced approach is X-ray micro-CT, which

has the added benefit of non-destructively studying the

structural details of smaller objects at a high resolution (Du

Plessis et al. 2016). Furthermore, with the additional

application of virtual 3D rendering and visualization, dif-

ferent analyses can be undertaken and include determining

feature directionality and connectivity, volumetric mea-

surements, and advanced dimensional analysis of hidden

internal features. Recent reviews on the application of this

approach in geosciences (Cnudde and Boone 2013), food

sciences (Schoeman et al. 2016), and material sciences

(Maire and Withers 2014) are available for further reading.

Micro-CT can also be used in conjunction with additive

manufacturing (AM), also known as 3D-printing, to pro-

duce physical 3D replicas of the original objects (Du

Plessis et al. 2014). However, although the advantages of

AM are increasingly used in various fields of science, e.g.

medicine (Booysen et al. 2011) and engineering (Krakh-

malev et al. 2016), a literature study revealed no evidence

of it ever being used to visually study the structure of a

speleothem. Replicas of speleothems have, however, pre-

viously been created using moulds (Baeza and Durán

2015).

As a result of the clear benefits that X-ray micro-CT and

AM provide, we decided to further investigate the internal

structure of a Hairy Stalagmite using these techniques. This

study was thus aimed at creating a high-quality, virtual

replica of the original Hairy Stalagmite and subjecting it to

an array of non-destructive analyses. Furthermore, a

physical replica was also manufactured, which allowed

visual inspection. This paper is the first to report on the

utilization of advanced visualization and AM tools to

produce 3D virtual and physical replicas of a speleothem,

which serves as an example of how modern technological

advances can help us gain insight into the structural details

of nature’s unique and fragile creations.

Sampling in Dimapo Cave (Ngamiland, north-western

Botswana) occurred during September 2013. The analysis

of this speleothem was commenced in 2016 at Stellenbosch

University (South Africa).

Materials and methods

Micro-computed tomography scan

A dead Hairy Stalagmite (i.e. no living roots) sample was

collected from Dimapo as described by Du Preez et al.

(2015). The sample, sizing 86 mm in length with an

average diameter of 20 mm, was subjected to micro-CT

scans at the Stellenbosch University (South Africa) CT

Scanner using a General Electric VTomex L240 system.

Scans reported here were undertaken at the highest possible

isotropic voxel resolution (18.6 lm) for this specific sam-

ple size. Sample preparation and scanning procedures were

based on ASTM standards (ASTM 2011) and executed as

Fig. 1 A photograph of a dead Hairy Stalagmite sample collected from Dimapo Cave (Ngamiland, Botswana)
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follows: the sample was mounted in a vertical position after

which multiple scans were performed along the longitudi-

nal axis. Basic scan settings were as follows: X-ray volt-

age = 150 kV, current = 100 lA, and duration = 250 ms

per image acquisition. A full 360-degree rotation was

successfully completed in 2400 steps (0.15� per step) with

a total scan time of 180 min. At each step, the first image

was discarded in order to minimize movement blur, while

the subsequent two images were averaged to provide a

higher signal-to-noise ratio. Furthermore, with detector

sensitivity set to maximum, detector shift was activated to

minimize ring artefacts, which are sometimes present as

artificial rings in the top view of CT slice images.

Reconstruction and stitching of the seven-part multiscan

was achieved using Datos|9 2.0 software package (GE

Measurement and Control, Germany). A multiscan

involves scanning subsections of the studied object to

obtain a higher resolution. In this case, the elongated shape

of the speleothem required seven subsection scans, which

were subsequently stitched together into one large volume

(22 Gb).

Image processing

Image processing was completed using VGStudioMax 2.2

software package (Volume Graphics, Germany) by apply-

ing an advanced surface determination function to identify

the internal edge between material (calcite structure) and

void (both within the calcite tubes and that surrounding it).

This process is similar to thresholding, however, it includes

local optimization. This segmentation process was

demonstrated in supplementary material. It is important to

note that the interest was to visualize the larger pore spaces

(network of tubes) and although some micro-porosity

within white calcite-rich areas might have remained, this is

not relevant to the present study. The white colour indi-

cates denser material, with calcified material expected to be

the densest material in the speleothem. Less dense material

(e.g. any remaining organic material) was thus visualized

as void (black in colour). Once the internal edge was

identified, a combination of opening and closing morpho-

logical operations was applied to determine the external

edge of the virtual sample. By doing so, all further analyses

could be applied to only the internal structure of the virtual

sample (thus excluding the space surrounding it). It should

be noted that none of the image processing steps modified

the data in any way; the executed steps allowed different

selections to be made for visualization and analysis pur-

poses only. Visualization (of a virtual Hairy Stalagmite

replica) was accomplished through standard 2D contrasting

and 3D thresholding operations.

Applied analyses

The performed analyses included (1) volumetric assess-

ment of material and void, (2) defect analysis (assessment

of the volume of each unconnected and separated internal

pore), (3) fibre orientation analysis (directionality analysis

of the selected component), and (4) wall thickness analysis

(measurement of the thickness distribution of the cavities

and calcite tube walls). Relative volumetric measurements

were applied on well-defined regions as described in the

segmentation step, i.e. selecting the edge between material

and void in the 3D data set. Similar to 2D image analysis,

thresholding was applied, however, with an additional

localized refinement, which improves the final result

compared to a global threshold. Void fraction data were

plotted, tested for normality, and subjected to a nonpara-

metric Spearman’s correlation analysis using GraphPad

Prism 6 software package (https://www.graphpad.com/

scientific-software/prism). A Kruskal–Wallis analysis of

variance (ANOVA) by ranks and multiple comparisons

tests were performed using Statistica software package

(http://www.statsoft.com). Effect sizes were calculated

following Ellis and Steyn (2003).

The Volume Graphics fibre orientation analysis module

was used to study the directionality of the calcite tubes.

Using the reference orientation mode, the algorithm was

applied on the air fraction of the speleothem sample. This

was accomplished by using the advanced surface deter-

mination function and inverting the selected calcite region

of interest. Furthermore, a wall thickness analysis mod-

ule was executed and applied to the full 3D data set by

selecting a maximum thickness of 1 mm and searching in

a 30� angle.

3D-printing

The physical replica of the speleothem was created by

selective laser sintering using polyamide PA2200 material.

This was undertaken at the Vaal University of Technol-

ogy’s (South Africa) additive manufacturing facilities.

Results and discussion

After subjecting the Hairy Stalagmite sample (Fig. 1) to the

above-described micro-CT and visualization procedures, a

3D virtual replica (Fig. 2a) was produced of which a

10-mm subsection (axial view) was enlarged (Fig. 2b).

Furthermore, the internal structure of the entire speleothem

sample was, for the first time, visualized as a virtual cross-

section along the longitudinal axis (Fig. 3). As can be

expected, what remains of the growing point (root nest)

takes the form of a receptacle (cup) that traps water. From
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Fig. 3, it is also evident that the structure is heterogenous

with varying void fraction (internal porosity), diameter,

and external features. Evidently, the internal structure of a

Hairy Stalagmite is complex, which is consistent with the

original findings of Du Preez et al. (2015).

Two axial cross-sections of low-porosity (Fig. 4a) and

high-porosity (Fig. 4b) regions were also compared, which

revealed structural differences. The low-porosity cross-

section presents greater structural stability as calcite

deposition is more evenly distributed and extends further

inwards. On the contrary, the high-porosity cross-section

clearly presents a larger void fraction with only the outer

edges appearing to be substantially calcified. According to

Du Preez et al. (2015), the visibly weaker calcified core is

the result of constant introduction of water (from drips)

during this stage of development, which inhibits supersat-

uration of CaCO3 and thus calcite deposition. Other con-

tributing factors may include (1) the droplet size and travel

distance (kinetic energy), which can influence the outwards

travel distance upon impact and (2) varying levels of root

nest density. However, deviations from this general struc-

tural design (i.e. high-porosity core and calcified outer

edge) were also discovered (Fig. 4c, d). Such examples

include the lack of a visible core region (Fig. 4c) and

increased calcite deposition in only one region of the cross-

section (Fig. 4d). While the former might be the result of

less frequent water drips during dry periods, the cause for

the latter structural deviation remains unknown.

Also clearly visible are the comparatively larger (and

somewhat circular) voids (Figs. 4 a, b) that likely represent the

remnants of the decayed core root system from which smaller,

lateral roots diverged (Du Preez et al. 2015). According to Du

Preez et al. (2015), the larger roots are predominantly asso-

ciated with the core of the speleothem likely as a result of it

being the weakest part of the structure. As mentioned previ-

ously, calcite deposition is inhibited, while the impact of the

water drops breaks apart already deposited calcite. On the

contrary, the outer edge of the speleothem is subjected to high

calcite deposition rates as a result of evaporation, CO2 diffu-

sion, and water uptake by roots. This also results in roots being

encrusted with calcite before being able to substantially grow

in size (Du Preez et al. 2015).

This intriguing root system was further visualized by

creating a short (21 s) video clip (supplementary material)

that consists of a sequence of 525 axial cross-section

images. As this image sequence (of a 10-mm portion of the

speleothem) plays from the base to the top, the root system

itself ‘‘comes to life’’. The abundant fine roots are spread

out across the speleothem and appear to extend in all

directions. The larger roots, on the other hand, run

Fig. 2 Three-dimensional

micro-computed tomography

visualized image of a Hairy

Stalagmite (a) with the yellow

region indicating a selected area

for close-up view (b)

Fig. 3 Visualized micro-computed tomography slice image of a virtual cross-section in the longitudinal plane
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predominantly along the longitudinal axis with occasional

diagonal or transverse extensions. As the image sequence

approaches the top of the selected portion, it appears as if

the core roots become more clustered.

However, the cross-sections and image sequence studied

only specific regions of the Hairy Stalagmite sample.

Subsequently, the total area, calcite area, and void area

were calculated for each image stack and plotted on a xy

diagram (Fig. 5). Although a nonparametric Spearman’s

correlation analysis revealed a significant (p\ 0.001),

positive correlation between calcite area and void area

(r = 0.81), large deviations were still evident at 25 mm

and 53 mm along the longitudinal axis. Furthermore, the

void fraction percentage (Fig. 6) ranged from 15 to 40%

along the longitudinal axis. Subsequently, six different

subsections (Fig. 6) were selected for comparative analyses

(Kruskal–Wallis ANOVA by ranks and multiple compar-

ison tests), which showed that the means differed signifi-

cantly (p\ 0.001) with also significant (p\ 0.001)

differences between these subsections. Since these analyses

Fig. 4 Visualized micro-computed tomography axial cross-sections of low-porosity (a) and high-porosity (b) regions. Structural abnormalities

were also detected as the lack of a visible core region (c) and increased calcite deposition (d) in only one specific region (encircled in red)

Fig. 5 Xy scatter plot of the total, calcite only, and void only areas of

a Hairy Stalagmite sample as calculated from 2D micro-computed

tomography slice images
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were affected by sample size, it was decided to furthermore

test for practical significance of differences or standardized

differences (effect sizes). The results showed that all the

subsections differed in practice (effect size[0.8) from one

another. These findings suggest that variation in total sur-

face area, visible as indentations (dents) on the outer sur-

face of the speleothem, typically results in a related

increase or decrease in both calcite area and void area. This

and the observed variation in void area are likely the result

of changing environmental factors (atmospheric conditions

and water availability) and varying localized conditions

(root nest density and water uptake) (Du Preez et al. 2015).

The directionality of the calcite tube (root) network was

investigated by conducting a fibre orientation analysis

ranging from the reference direction at 0� (vertical) to 90�
(horizontal) (Fig. 7). This revealed that only a small por-

tion (1.46%) of the calcite tubes developed near vertically

(0�–9�), while a more even distribution of the calcite roots

(67.24% of total) were angled between 45� and 90�. A

recorded 13.99% of calcite tubes developed near horizon-

tally (81�–90�). This is consistent with the finding of Du

Preez et al. (2015), who studied 2D sections and revealed

that some tubes developed radially from the centre of the

stalagmite. Nevertheless, the fibre orientation analysis

provided proof that although horizontal directionality

might be favoured, the calcite roots developed in all of the

studied directions. The physical characteristics of the cal-

cite tubes were further studied with a wall thickness anal-

ysis function. This was applied to the void spaces in order

to calculate an average tube thickness. The average tube

thickness, as a function of height along the longitudinal

axis of the speleothem, mostly varied between 130 and

140 lm (±60 lm). The large deviation indicates substan-

tial variation in tube thickness and shows the complexity of

the structure. This was also evident in the cross-sections

(Fig. 4a–d), as well as the video clip (supplementary

material). Scanning electron microscopy images acquired

by Du Preez et al. (2015) also illustrate the variation in

calcite tube thickness.

Fig. 6 Variation in void fraction percentage along the longitudinal

axis of a Hairy Stalagmite sample. Red dotted lines indicate different

sections of the sample that were subjected to further statistical

analyses

Fig. 7 Fibre orientation

analysis illustrating the

directionality of the calcite

tubes. Each calcite tube (or tube

section) was colour-coded

according to its direction; for

example, the reference

directions at 0� (vertical) and

90� (horizontal) are represented

by red and blue, respectively

1848 Int. J. Environ. Sci. Technol. (2018) 15:1843–1850

123



The void space was visualized in order to reanimate

(illustrate) the original root network (Fig. 8), which more

clearly indicated the morphology of the intertwined roots.

Following, a physical replica of a portion of the scanned

Hairy Stalagmite was manufactured (3D-printed) (Fig. 9).

By printing the sample at 500% its original size, the

speleothem could, for the first time, be physically

inspected. Figure 9 clearly shows the complexity of its

outer structure with various indentations and protrusions

visible not only along the vertical axis, but across its

entire surface.

Conclusion

For the first time, the technic of 3D X-ray micro-tomog-

raphy was applied to an extraordinary complex and fragile

speleothem: a ‘‘Hairy Stalagmite’’. This approach allowed

for the visualization and physical inspection of the spe-

leothem’s microscopic structure with results supporting

previous findings from 2D sectioning (Du Preez et al.

2015). It is therefore likely that 3D X-ray micro-tomog-

raphy will become a commonly used analytic technic also

in speleothem studies when morphological structures of

second-order speleothems cannot be adequately studied

using conventional methods.
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