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USING HIGH-RESOLUTION X-RAY COMPUTED TOMOGRAPHY TO TEST THE
SUITABILITY AND GUIDE THE PREPARATION OF STALAGMITES FOR PALEO-
CLIMATE RECONSTRUCTION

Natasha Sekhon,"?¢ Jay L. Banner,'® Dan O. Breecker,' and Darrel M. Tremaine'*

Abstract

Stalagmites being prepared for paleoclimate analysis should typically be slabbed along the central growth axis. This is
an important first step because it allows for the highest resolution of sampling with minimal over- or under-sampling of
the growth layers. Further, stable isotope ratios and trace element concentrations along the central growth axis most
closely record climate variability. Choosing how to slab to best expose the central growth axis for geochemical sampling
is challenging based on external morphology alone. High-resolution X-ray computed tomography (XRCT) can provide
the ability to discern the internal growth morphology of stalagmites non-destructively, inexpensively, and rapidly. These
data can inform selection of optimal slabbing plane(s) and can help identify locations for preliminary U-series dating.
We develop a conceptual screening model to assess rapidly the internal morphologies of uncut stalagmites. The spe-
cifics of screening the internal morphologies through XRCT scans include investigating the internal porosity of the
sample, the number and size of voids and hiatuses, and the presence and absence of growth layers and growth axes.
We demonstrate that XRCT scans capture the migration of center of growth in uncut stalagmites of both simple and
complex internal morphologies. XRCT scanning facilitates the investigation of stalagmites with complex internal growth
banding, opening up avenues to work on such samples when stalagmites with simpler internal morphologies are not
available. Further, screening stalagmites for paleoclimate reconstructions using XRCT improves the sustainability of
speleothem science by helping researchers select which stalagmites should be returned to caves without destructive
slabbing, thereby minimizing impact on caves.

INTRODUCTION

Speleothems (i.e., stalagmites, flowstones) are important terrestrial archives of paleoclimate data. They form in
caves and can be used to reconstruct paleoclimate trends over seasonal to orbital timescales (Atsawawaranunt et al.,
2018; Comas-Bru et al., 2020). Paleoclimate reconstructions are typically performed by milling or ablating material from
the central growth axis of a speleothem, then measuring time-resolved variations in oxygen isotope ratios (proxies for
rainfall amount and for moisture source), carbon isotope ratios (proxies for vegetation type/productivity and for phys-
io-chemical process involved in carbon transport through karst), trace-element concentrations (proxies for dissolution
and for precipitation systematics in the epikarst), and growth rates (proxies for water availability) (McDermott, 2004;
Lachniet, 2009; Fairchild and Treble, 2009; Wong and Breecker, 2015). Within caves, drip rates, hydrologic flow paths
on cave ceilings, drip water chemistry, ventilation, geomorphology, and bedrock mineralogy can each influence the
morphology of stalagmite growth layers as evidenced by numerous proxy calibration studies (e.g., Spétl et al., 2005;
Banner et al., 2007; Wong et al., 2011; Tremaine et al., 2016; Czuppon et al., 2018; Carlson et al., 2020). The multitude
of environmental controls makes choosing a stalagmite for paleoenvironmental reconstruction a challenging endeavor.

Stalagmites with an external morphology that promotes flat growth layers with minimal additional precipitation down
the flanks (from the central growth axis) are preferred for paleoclimate reconstructions, as this architecture is thought to
limit the effects of kinetic fractionation on stable isotope values (8"*C and $'®0) (Mickler et al., 2006). Through first prin-
ciples, it is also shown that stalagmite growth layers tend to pinch further away from the central growth axis (Romanov
et al., 2008). Thus, stalagmite samples require slabbing close to the central growth axis such that subsequent drilling
to retrieve the climate signal is not aliased through under- or over-sampling by drilling through multiple growth layers. In
addition to the importance of cutting close to the central growth axis, examples of desirable internal morphology include
the following characteristics: columnar calcite crystallization, limited internal porosity, and limited growth hiatuses (Fri-
sia, 2015). Columnar calcite crystallization and its variants (open and elongated columnar calcite) suggest that minimal
diagenetic alteration has occurred. Similarly, limited internal porosity suggests lower detritus contamination of calcite,
and therefore, a smaller detritus-related age error.

A stalagmite with an external candlestick morphology forms when the lateral migration of the incoming drip is mini-
mal and when the drip rate is in the correct range to promote vertical crystal extension (Baldini, 2001). These conditions
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give rise to a singular, uniform growth axis with symmetric growth layers around the central growth axis, and they favor
calcite deposition approaching oxygen- and carbon-isotope equilibrium. Here, a stalagmite containing these character-
istics is also referred to as a stalagmite with simple internal growth morphologies. For this reason, candlestick-shaped
stalagmites are often targeted for paleoclimate reconstruction (Dreybrodt et al., 2016; Fairchild and Baker, 2012). How-
ever, candlestick-shaped stalagmites are not always available to speleothem scientists. External morphologies that
deviate from candlestick architecture, though not always ideal, can also provide useful contextual information about
depositional processes (Kaufmann and Dreybrodt, 2004; Dreybrodt and Gabrovsek, 2009; Martin-Chivelet et al., 2017).
Itis, therefore, important to develop tools that can rapidly, non-destructively, and inexpensively interrogate the suitabil-
ity of all types of stalagmites for paleoclimate reconstruction.

Here we use high-resolution X-ray computed tomography (XRCT) scans to evaluate the internal morphology (stra-
tigraphy) of stalagmites prior to sampling. XRCT scanning of uncut stalagmites prior to slabbing/cutting is a procedure
that should be implemented routinely. Not only does it provide invaluable insight into the internal morphology of sta-
lagmite samples, but it also does so non-destructively and rapidly. Less-than-ideal samples, such as stalagmites with
complex internal morphologies or those that greatly deviate from candlestick morphology, are often the only stalag-
mites available to address scientific questions. For such stalagmites, XRCT scans provide invaluable data that informs
both the optimal slabbing plane and drilling sites for geochemical analyses. We detail important internal morphological
features and establish a framework of growth characteristics through XRCT scans to evaluate the quality, and thus, the
suitability of stalagmites for paleoclimate reconstruction from a morphologic perspective.

BACKGROUND

XRCT in Speleothem Science

Initially developed in the medical sciences, XRCT is an imaging technique that allows the user to view the internal
structure of an object without destructive sampling. The technique stitches together multiple X-ray images taken from
different angles and at different times to produce a comprehensive, three-dimensional view (in slices) of the object.
In addition to its common use in the medical sciences, it is now widely used in the field of geosciences (Ketcham and
Carlson, 2001; Carlson et al., 2003; Cnudde and Boone, 2013). XRCT has been employed in speleothem studies to
investigate density gradients in calcite (Walczak et al., 2015), fluid inclusions (Wortham et al., 2019), textures and dia-
genetic alteration of calcite crystals (Vanghi et al., 2015; Bajo et al., 2016; du Preez et al., 2018), and impacts of wildfires
through varying opacity signals (Miller et al., 2020). Walczak et al. (2015) further use XRCT scans to identify drilling
sites on uncut stalagmites for U-series dating. Studies that use XRCT as a preliminary filter to assess the suitability
of stalagmites for multi-proxy geochemical reconstructions are, however, limited (Mickler et al., 2004; Chawchai et al.,
2018). To our knowledge, XRCT scans investigating stalagmites with complex internal morphologies and growths are
currently not present in the literature.

Here, we use XRCT to investigate and compare the internal morphologies of two candlestick-shaped stalagmites
from Florida (designated BC5 and HRC2) and one stalagmite core with more complex internal and external morphol-
ogies from New Mexico (designated SBFC9). Specifically, we analyze the changes through time in the orientation and
position of growth axes on the apex of the stalagmite, in the lateral continuity in growth layers, in the spatial distribution
of voids, and in the presence or absence of hiatuses to determine the best plane for slabbing these stalagmites. We
slabbed the speleothem sample from New Mexico along planes guided by XRCT scans and compare the longitudinal
XRCT scans and plane light (PL) images to identify drilling sites for U-series dating. This was done by identifying growth
layers that were laterally continuous, contained minimal voids, and exhibited high-opacity XRCT bands. The identified
sites were drilled to gather preliminary U and Th concentrations. Similarly, the XRCT scans and PL images of the sam-
ples from Florida were investigated to reconstruct their growth axes history (variability in growth axes) through time.
However, preliminarily “C ages were drilled before the application of XRCT scans. XRCT scans results subsequently
helped in identifying multiple voids, hiatuses, flanking of younger growth over older growth, and variability in the position
of the growth axes.

SUSTAINABILITY OF SPELEOTHEM PALEOCLIMATE RESEARCH

Speleothems have historically been extracted from caves as complete pieces using rock hammers and chisels for
paleoclimate investigation. The extraction of entire stalagmites greatly reduces the aesthetics of a cave, and if the
stalagmite was actively precipitating calcite, the stalagmite extraction interferes with the loci of active growth. Further,
reconstructing a paleoclimate record from a stalagmite is a destructive process such that replacement of the entire sta-
lagmite after developing a paleoclimate record is very rare. A more sustainable approach of collecting stalagmites with
minimal removal of entire pieces and minimum damage to the cave aesthetics is achieved through coring stalagmites
using battery powered drills (Spétl and Mattey, 2012). In addition, the core hole left behind is often plugged with cave
host rock to ensure the continuity of active calcite precipitation and minimum disturbance to the loci of active growth.
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A recent study proposed an additional sustainable method of coring (mini-coring) the base of stalagmites to discern
speleothem growth rate frequency (Scroxton et al., 2016).

XRCT scans on the retrieved core provide a non-destructive, rapid, and cheap assessment of the internal morphol-
ogies and history of migration of growth axes of the uncut, cored stalagmites. The results from XRCT scans can test
the suitability and guide the preparation of stalagmites for paleoclimate reconstructions. If the internal morphology as
discerned through XRCT scans of the retrieved core is deemed too complex such that a time-continuous paleoclimate
record might not be possible, the uncut cored stalagmite can be returned to the cave. Further, our results demonstrate
the importance of XRCT scans in their ability to capture the center of growth through depth of stalagmites that are
morphologically very diverse. Speleothem Architecture Analysis provides an approach to aid in the characterization of
the internal and external morphologies of stalagmites (Martin-Chivelet et al., 2017). We use the terminology provided
in Speleothem Architecture Analysis to characterize the internal morphologies and history of migration of growth axes
of stalagmites.

METHODS AND MATERIALS

Stalagmite Samples

Sitting Bull Falls

Sitting Bull Falls (SBF) Cave is in the Guadalupe Mountains of southeastern New Mexico, within the Permian back-
reef facies (Hill, 2000). The entrance to SBF Cave is behind a 45 m waterfall, and the surrounding rock precipitates as
tufa. The tufa is dated to the Quaternary (Hayes, 1964). Multiple stalactites and stalagmites were removed when the
cave was vandalized during the 1930s and 1940s (Nymeyer, 1978), and it is likely that undocumented vandalism has
occurred since then. In many cases, the removal of stalactite tips influenced the drip location, and therefore, the axis
of vertical central growth in underlying stalagmites. Following a study of trace element concentration variability in two
previously cored stalagmites (Sekhon et al., 2019), a third core was retrieved from SBF Cave. The two previously cored
stalagmites grew for approximately 100—150 years before 2009 CE and are each approximately 2.5 cm in length. The
aim was to drill a third core that had older growth than the two previously studied.

The entrance to SBF Cave is currently restricted and monitored by the Lincoln National Forest Service to keep the
cave environment pristine. Following cave preservation guidelines set by the Forest Service, a drill-mounted core barrel
with an overall length of 38 cm, diamond-embedded teeth, and an external diameter of 10.14 cm was used to extract a
core (Fig. 1A—C). The custom core barrel was attached to a battery powered Milwaukee M18 Rotary Hammer tool. Water
was hand-pumped through the barrel during the drilling process for lubrication, to remove fine stalagmite material from
the point of cutting contact, and to cool the barrel. The retrieved core (SBFC9) was extracted approximately 20 meters
from the cave entrance. It was extracted in situ from the center of the stalagmite (Fig. 1C) assuming symmetrical stalag-
mite growth, with a single central growth axis. The initial stalactite feeding the stalagmite was plausibly broken during
the period of vandalism. The current active drip location is marked by the yellow stain in Fig. 1B. The active drip location
is markedly different than when the unbroken stalactite was feeding SBFC9. Therefore, we expect a rapid, monotonous
spatial migration in the growth axis at minimum 80 years prior to coring. The hole left after coring and removing SBFC9 was
plugged with loose cave floor sediments. Finally, the hole was filled with quick-setting concrete (Quikrete). Our research
group has also used a cored piece of cave host rock as a thin cap on the drill hole when the core drill bit has a smaller ex-

— e ternal diameter.
a) Sitting Bull Falls Cave b) Sitting Bull Falls Cave c) Sitting Bull Falls Cave

Stalagmite (SBFC9) Planar View 1 Stalagmite (SBFC9) Planar View 2 Stalagmite Axial View with core (SBFC9) location in-situ The restoration
, methods de-

scribed here al-
low the stalag-
mite to retain its
aesthetic appeal
and external mor-
phology. Further,
the stalagmite
continues to pre-
cipitate calcite on
: the restored sur-
WAL Tl face.
Figure 1. External views of stalagmite in situ within Sitting Bull Falls Cave. (A and B) Planar Views 1 and 2 priorto Hollow Ridge
coring highlight the conical nature of the external morphology. (B) Focus of active drip location (black arrow). (C) Cave
Stalagmite axial view with core in situ. A diamond-embedded drill bit with an outer diameter of 10.14 cm was used Hollow Ridge

to drill a core (SBFC9) out of this stalagmite. The circular hole in shows the drilled core prior to its extraction. The .
core was drilled close to the perceived central growth axis of the stalagmite. (HR) Cave is a
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well ventilated, flat-lying, phreatic-zone cave in Marianna, Florida, that formed within the Ocala, Bumpnose, and Mari-
anna Members of the Oligocene-aged Ocala Limestone. The base passages in HR Cave are formed at the floodplain
of the nearby Chipola River and are subject to flood deposition during extreme rainfall events such as atmospheric
rivers and tropical storms. Regional atmospheric and cave microclimatic conditions are described in Kowalzck (2009)
and Tremaine (2010).

Stalagmite sample 2 from HR Cave (HRC2) was extracted from the Smith and Jones Room, which is approximately
200 m from the cave entrance, is poorly ventilated, and exhibits maximum seasonal-temperature fluctuations of +1 °C.
HRC2 formed three meters above the cave floor atop a large slab of breakdown that hosts a cluster of stalagmites aged
approximately 4000 years to the present. Farmed calcite collected under the soda straw feeding HRC2 indicates that
it was actively growing at the time of collection. HRC2 is a stalagmite with a candlestick external morphology and is 28
cm in length and 5 cm in diameter at the base. It is comprised of alternating sections of fast-growing, opaque, porous
calcite (averaging 75—150 um y~') and slow-growing, clear, dense calcite that is free of voids (averaging 35—60 um y™).
After slabbing, HRC2 was subsampled at 1cm intervals for C dating at the National Ocean Sciences Accelerator Mass
Spectrometry facility. Although ™C has well-understood limitations as a chronometer in speleothems, it was employed
in this study because caves in Marianna, Florida, are plagued with detrital Thorium, rendering the U-Th disequilibrium
dating method ineffective. Results from “C dating suggest that HRC2 grew from around 3,200 yrs BP until it was ex-
tracted in 2010 (Tremaine, 2015).

Brooks Quarry Cave

Brooks Quarry Cave (BC), located 5 km west of HR Cave, is housed within the same geologic units. A speleothem
from BC, dated by U-series, suggests that the cave has been above the water table for at least 70,000 + 5000 yrs BP
(Froelich et al., 2007). BC stalagmite 5 (BC5) was extracted in 2011 during a rescue mission after the cave owner no-
tified the Florida Geological Survey that the cave may be in danger of collapsing due to quarrying activity. BC5 is also
a candlestick specimen and is 43 cm in length and 5 cm in diameter. Assuming that the candlestick shape engendered
internal morphology with flat growth layers and minimal tapering toward the flanks, reconnaissance ages were obtained
by sampling from the exterior using a 6mm drill bit prior to making the decision to utilize limited financial resources
to continue developing BC5. Results obtained from National Ocean Sciences Accelerator Mass Spectrometry facility
suggested BC5 had grown from >50,000 yrs BP through 2000 yrs BP. Also, "C dates obtained from the central growth
axis after slabbing suggest that the bottom 30 cm of BC5 is older than 43,000 yrs BP and that the top 130 cm grew
between 10,800 yrs BP and 2,000 a.

CT Scanning

SBFC9 was scanned at the University of Texas High-Resolution X-Ray Computed Tomography Facility using the
450-kV GE Titan X-ray source on their custom-built NorthStar Imaging, Inc. scanner. The X-ray energy was set at 300
kV and 0.85 mA, and three brass filters were used to reduce beam-hardening artifacts. The resultant CT data com-
prises 1,921 image slices having a voxel size/spatial resolution of 82.9 um. The data acquisition took two hours. CT
scan images were transferred as 512 x 512 8-bit JPG and 16-bit TIFF files. The adjust, orthogonal view, and transform
functions in Imaged software (Abramoff et al., 2004) were utilized to view, process, and stack image slices. The range
of 8-bit grayscale values was produced and all the scans were contrasted using Imaged version 1.50i.

HRC2 and BC5 stalagmites were scanned at Capital Regional Medical Center in Tallahassee, Florida, using a GE
Lightspeed VCT XRCT scanner. The X-ray energy was set at the machine-maximum 140 kV and 575 mA, with a spatial
resolution of 600 ym per slice. A total of 481 and 721 image slices were acquired for HRC2 and BC5, respectively. The
total scanning time was approximately seven hours for both specimens.

The scans allowed an in-depth 3D reconstruction of the history of migration of growth axes and internal morphology
for each speleothem. Here, the vertical depth axis was set as the z axis. Further, the axial (x-y plane) and longitudinal
(x-z plane) cross section views were used to investigate changes in growth history (spatial migration of growth axes or
center of growth) through different vantage points. Visualization of changing growth axes in the uncut stalagmites was
achieved through animating the scans using QuickTime software. Animations for the three stalagmites can be found in
the supplementary files. Here, we refer to growth history moving forward with time. As such, the bottom of each stalag-
mite is termed as the first/earliest growth (oldest calcite precipitation in time) and the top of each stalagmite details the
last/latest growth (youngest calcite precipitation in time).

RESULTS

XRCT Scan of SBFC9

Continuous to noncontinuous growth layering was observable prior to slabbing SBFC9 throughout the length of the
retrieved core (Fig. 2A—E). The layers vary in thickness, coloration, and orientation of depositional surface. SBFC9’s
XRCT animation exhibits two major shifts in the growth phases, which correspond to three growth sections (Fig.
3A-C). The earliest growth (at the bottom) (Fig. 3C, yellow dashed circle) occurs at an approximate depth of 12 cm
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Figure 2. (A—E) Sequential views showing the clockwise rotation of core SBFC9 removed from the stalagmite shown in Fig. 1. The se-
ries of images depicts a complex internal growth morphology for SBFC9. Continuous and noncontinuous laminated bands are present
throughout the entire length (14 cm) of SBFC9. The laminated bands are characterized by varying thicknesses, colors, and geometries.
High-resolution XRCT scanning of this sample (Fig. 3) allows rapid, inexpensive, and non-destructive imaging to reveal the internal growth

morphologies and growth history.

a) Blue
CT Scan No:=544 /-~ Y| Nz

b) Pink - ) Yellow
CT Scan ho:=937 7 CT ScanNo:= 1405

CT Scan No. - 544 CT Scan No. - 937 CT Scan No. - 1405

Figure 3. Three pairs of XRCT scan images of SBFC9, from sections near the top (image 544, A), middle
(image 937, B), and bottom (image 1405, C). The image numbers relate to the depth from the top of the stalag-
mite core. The resolution through depth of each image is 82.9 ym; see Table 1 for more details regarding the
relationship between scan image number and the depth from the top of the stalagmite. In the upper image of
each pair, colored dashed circles are drawn based on the dominant ring of voids, which is more clearly visible
in the otherwise-identical lower image of the pair. The changes from the top (dashed blue circle) to the middle
(dashed pink circle) to the bottom (dashed yellow circle) highlight the spatial movement of the growth through
depth. The horizontal, vertical, and depth axes (lines X, Y, and Z, respectively) define planes at 0° (black line
XZ) and 90° (black line YZ) that are examples of typical cuts made on stalagmites in the absence of XRCT
scan imagery.

(Table 1). To note,
approximately 3 cm
of the core broke
during the core re-
moval procedure
(Fig. 2). This growth
is labeled Remain-
ing Growth in Ta-
ble 1. The remain-
ing growth is not
discussed further.
After growing for
approximately 3.87
cm, a change in the
spatial  orientation
of growth deposi-
tion begins (Fig. 3B,
pink dashed circle)
at around a depth
of 7.74 cm from the
top of the stalagmite.
The second growth
section is about 3.23
cm in vertical depo-
sition with a lateral
shift of approximate-
ly 2.7 cm from the
earliest growth. This
leads into the third
and last growth sec-
tion (Fig. 3A, blue
dashed circle) at a

depth of approximately 4.51 cm from the top of the stalagmite. The center of the migrating growth section is the center
of the circle characterized by a cluster of dark points (low contrast in the XRCT scans) that depict either void spaces or
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Table 1. Major growth sections for SBFC9.

Growth Section 1 2 3 4
Colorin Figs. 3—4 Blue Pink Yellow Remaining Growth?
Relative Age Youngest Older Older Oldest
CT Scan Numbers 1-544 545-937 948-1405 1406-1921
Thickness (z axis) (cm) 4.51 3.23 3.87 4.26
Depth from top® (cm) 0-4.51 4.51-7.74 7.74-11.61 11.61-15.87

@ During the removal of SBFC9 from the stalagmite, the core broke off at an angle. From Fig. 2, remaining growth covers the angular section (approximately 3 cm) toward the bottom.
> Depth from top is the range from the top of the growth section to the bottom of the section, measured from the top of the stalagmite.

crystallographic features (Fig. 3A—C, dashed circles). The spatially large shifts in growth deposition (Table 1) are a

feature of the complex internal growth morphology of SBFC9.

As outlined above, the primary aim of slabbing a stalagmite is to cut as close to its central growth axis as possible to
optimize stable isotope and trace element geochemical analyses. A simple internal growth morphology with a singular
central growth axis with minimal spatial migration increases confidence in slabbing an uncut stalagmite along a central
growth axis. However, a stalagmite with a relatively complex internal growth morphology, such as SBFC9, requires a
more thorough investigation. The characterization of the complex internal morphology as inferred from XRCT scans
was used to develop a strategy to slab stalagmite SBFC9 through the center of the colored circles (Fig. 4, black dashed
lines), assuming the center of the colored circles to be the center of a growth axis.

- - Relatively younger part of stalagmite

- - Relatively older part of stalagmite

— Proposed Cuts before CT Scan
- - Proposed Cuts after CT Scan

Figure 4. The complex growth history of SBFC9 recorded by XRCT scans. XRCT
scans reconstruct in great detail the position and orientation of growth over time
for SBFC9. Proposed cuts before XRCT scans (solid black lines) were along the
0° and 90° planes. However, the spatially shifting growth of SBFC9 through depth
is discerned through careful investigation of XRCT. Updated planes for slabbing
the core for usable geochemical sample transects are indicated by dashed black
lines. The first cut (dashed black line YZ) is positioned to best capture the cen-
ter of growth of the 2 oldest (yellow and pink) growth sections. The second cut
(dashed black line XZ) is positioned to capture the center of growth of the young-
est (blue) growth section. The assumed position of center of growth (blue and
pink and cross hairs within their respectively colored circles) is based on scan
results from different depths. Arrows indicate the migration of center of growth
from older (first growth) to younger (last growth) parts of a growth section.
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The proposed cuts guided by XRCT scans
(Fig. 4, black dashed lines) differ substantially
from the slabbing planes identified solely on
the sample’s external morphology, i.e., prior to
analyzing the XRCT scans (Fig. 4, solid black
lines). Typical slabbing planes based solely
on external morphology, the x-z or y-z planes,
completely miscaptured the center of the
growth section, as the center of growth spa-
tially migrated through time. The proposed first
cut based on the XRCT results (Fig. 4, First
Cut (YZ)), however, is aligned to cut through
the center of the colored circles as growth mi-
grates from the earlier (yellow) to older (pink)
areas. The second proposed cut (Fig. 4, Sec-
ond Cut (X2)) is then aligned to cut through
the center of the youngest growth (blue) area.
The XRCT scans, therefore, informed the
strategy followed to slab and section SBFC9.
However, the cross-sectional assessment of
XRCT scan, reinforced by the cross-section of
the slabbed sample through PL imaging, sug-
gests that the growth sections and the cross
hairs do not reflect the center of a migrating
growth axis (Fig. 4) but instead the center of
growth of a rimmed micro-terrace (discussed
in detail below). The spatial migration of the
center growth (Fig. 4, colored arrows) visible
through XRCT scans is a robust result that
provides insight into the internal morphology
of the uncut stalagmite core.

XRCT Scans of HRC2 and BC5

The XRCT scans of the Florida stalagmites,
HRC2 (Fig. 5) and BC5 (Fig. 6), illustrate com-
paratively modest lateral migration of growth
(about 1 cm) and, by extension, drip migration



-Axial View of HR - C2— |- Longitudinal View of HR - C2 —
a) CT Scan c) PL Image
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Figure 5. HRC2 from Hollow Ridge Cave. (A) XRCT scan axial view of
HRC2. Clear concentric dark and light circles suggest a typical stalag-
mite growth structure with minimal growth migration. Lines X, Y, and Z
signify horizontal, vertical, and depth planes, respectively. (B) Longitu-
dinal XRCT scan along the XZ plane showing migration of growth axes
(white arrows). (C) PL image corresponding to the XRCT scan in B.
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Figure 6. BC5 sample from Brooks Quarry Cave. (A) XRCT scan axial
view of BC5. Clear concentric dark and light circles suggest a typical
stalagmite growth structure. Lines X, Y, and Z signify horizontal, vertical,
and depth planes, respectively. (B) XRCT scan longitudinal view along
the XZ plane showing migration of growth axes (arrows) and locations
where samples were drilled for radiocarbon dating before slabbing (black
circles 1, 2, and 3). (C) PL image corresponding to the XRCT scan in B.
One drill location (solid black circle 2 in B and C, and white arrow in A) is
a younger date than expected.
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histories. The axial view of the XRCT scan for HRC2
(Fig. 5A) exhibits concentric circles, which increased
in circumference as HRC2 continued to grow. Voids
(darker spaces on the XRCT scan) are noted through
the entire length of HRC2 in the longitudinal plane
(Fig. 5B). Minor changes in the central growth axis
are also recorded by the XRCT scan of HRC2 (Fig.
5B, white arrows). PL images replicate the changes in
growth axes post-slabbing (Fig. 5C, black arrows). A
crystallographic anomaly in the XRCT scan is visible
in plain light as an orange-colored rind (Fig. 5B-C,
dashed red line).

The axial (Fig. 6A) and longitudinal (Fig. 6B) views
of BC5 indicate 3 significant changes in growth axis
demarcated as dark bands in the XRCT scans. Over
the latest 60 mm of growth, the central growth axis
of this stalagmite oscillated approximately 20 mm to
the right and then approximately 30 mm to the left
(Fig. 6B). The change in growth direction of the center
of stalagmite deposition (Fig. 6B, white arrows) was
reconstructed with XRCT imagery. Internal growth
layers are visible as low and high opacity bands in
the XRCT scans (Fig. 6B). Post-slabbing PL images
indicate that crystallographic features associated with
low opacity (darker) in the XRCT scan are visible as
an orange-colored rind (Fig. 6B—C, dashed red line).

DISCUSSION

Reconstructing Deposition Processes Using
XRCT Scans

Each XRCT scan was stitched together as an an-
imation that spanned the entire length from the bot-
tom (earliest growth) to the top (latest growth) of every
stalagmite sample. The animations were then studied
for multiple features: distribution of voids, consistency
of growth layers characterized as contrasts in XRCT
opacity, and the change in orientation and position
of growth axis through depth. These three features
exert a strong influence on the likelihood of produc-
ing a robust, high-fidelity paleoclimatic record using
just 1 cut to slab the speleothem. The presence of
voids increases the porosity of the sample, which in-
creases the chance of sampling diagenetically altered
calcite in contact with inclusion water of variable age
(van Bruekelen et al., 2008), and hence may reduce
the quality for paleoclimatic reconstruction. Calcite
laminae density is a function of crystal morphology
and affects the opacity viewed in XRCT scans. More
porous columnar calcite suggests faster growth, high
porosity, and abundant fluid inclusions. Conversely,
dense compact calcite suggests slow growth, low po-
rosity, and minimal fluid inclusions (Frisia, 2015; Boch
et al., 2011). Calcite density has also been shown to
decrease during hiatuses (Webster et al., 2007). The
presence of hiatuses provides insight into changes
in the depositional environment that may include
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decreased drip water volumetric input, changes in cave ventilation, a rise in water table height, or migration of the
drip site on the cave ceiling. As previously discussed, sampling nearest the central growth axis of an uncut stalagmite
is necessary to avoid the added uncertainties imparted onto stable isotope ratios and trace element concentrations
through kinetic fractionation.

The following sections discuss stalagmite-specific deposition processes in each cave. Axial and longitudinal (pla-
nar) views of the XRCT scans reveal a range of depositional processes and the history of migration of growth axes.

Hollow Ridge Cave, Florida (HRC2)

HRC2 has a relatively consistent and singular central growth axis that exhibits only a handful of minor directional
variations. The internal morphology of HRC2 includes both aggradational and retractional patterns as defined in the
Speleothem Architecture Analysis (Martin-Chivelet et al., 2017). Briefly, aggradational stacking patterns detail uniform
vertical growth that is fed by constant and regular drips, indicative of a constant volumetric supply and a regular drip
rate with a low coefficient of variation. Retractional stacking patterns detail nonuniform growth that is fed by irregular
drips under a changing volume supply. Under similar hydrochemical conditions of CaCO, saturation, aggradational and
retractional patterns are formed by constant and decreasing drip rates, respectively (Dreybrodt 1999; Dreybrodt et al.,
2016; Munoz-Garcia et al., 2016; Martin-Chivelet et al., 2017). The transition from aggradational to retractional is no-
ticeable in Fig. 5B—C as the diameter of the stalagmite narrows towards the later part of growth with minimum change
in drip site location.

The internal morphology of HRC2 is characterized by an abundance of voids cutting vertically through growth layers
(Fig. 5A-B). It is unknown whether these voids contained fluid inclusions prior to slabbing. These voids vary between
1-5 mm in vertical length in the direction of the growth axis, are approximately ellipsoidal in shape, and are present
in four discrete sections throughout the vertical length of HRC2. It is possible that the voids were formed erosively,
post-calcite deposition (e.g., Zisu et al., 2012). Calcite was actively farmed atop HRC2 for three years prior to removal,
and dripwaters in the Smith and Jones Room were observed to be supersaturated with respect to calcite (Q ranged from
approximately 5.5 to 26.9) over a four-month period during the winter of 2009-2010 (Tremaine et al., 2011). Together,
these characteristics suggest that modern dripwater is non-corrosive to speleothems, but that does not rule out the pos-
sibility that ancient drips became undersaturated and eroded the speleothem from the tip down over certain intervals.

Isotopic and trace element behavior in HRC2 suggest that the voids occur during dry or drying intervals (Tremaine,
2015). The voids are likely a result of decreased rainfall and drip rates, increased prior calcite precipitation, and a resul-
tant drip that was slightly undersaturated with respect to calcite. XRCT scan and density analyses that investigate the
migration of void spaces through depth proved useful because most void spaces were smoothed away in the slabbing
and polishing process and would not have otherwise been considered in the paleoclimate reconstruction as the void
spaces. Therefore, investigating the internal morphology through XRCT scans provides a first order estimation on the
drip water supply.

Brooks Quarry Cave, Florida (BC5)

BC5’s axial (Fig. 6A) and longitudinal (Fig. 6B) XRCT scans depict stable deposition processes for the earliest ap-
proximately 140 mm of stalagmite growth, followed by a change in drip location and subsequent growth deposition of
approximately 60 mm. The next approximately 200 mm of growth roughly followed a similar change in drip location.
The change in drip location is demarcated as a thin, low-density segment that cascades down the side of the stalag-
mite (Fig. 6B—C, dashed red line). Radiocarbon dates suggest that this low-density section is a hiatus separating the
earlier-growth segment (>50,000 a) from the Holocene-aged segment beginning at 10,800 yrs BP (Tremaine, 2015).
The growth axis exhibits a marked shift at the beginning of the Holocene section that persists for approximately 80
mm before another marked shift in the opposite direction. This shift in growth direction is associated with another thin
low-density segment (Fig. 6B—C, dashed red line) that may indicate a hiatus. BC5 is characterized by dense calcite
growth throughout as inferred by the brighter (high opacity) XRCT scans and minimal voids.

Perhaps the most important aspect of the XRCT scan of BC5 is that of dating the stalagmite. Reconnaissance “C
dating of BC5 suggested ages that were suitable for further analysis (approximately 48,000 a at the bottom, 10,800 a
in the middle, and 2000 a at the top of the stalagmite in Fig. 6). BC5 was then slabbed and polished. Subsamples were
collected and analyzed for '*C, a costly and time-consuming process. However, thorough investigation of XRCT scans
later revealed that the middle pilot date (drilled from the outside) of 10,800 yrs BP (Fig. 6A, white arrow; Fig. 6B—C,
2) had been primarily collected from a thick layer of overgrowth that had precipitated down the flank on one side. This
overgrowth represented calcite deposited after a hiatus and was approximately 30,000 yrs BP younger than the target-
ed section. Fig. 6A shows that the tip of the drill barely encountered the ancient portion of the stalagmite, indicating that
10,800 yrs BP is the date of the material precipitated after the first hiatus. A closer inspection of the XRCT scans prior
to slabbing, sectioning, and subsampling for additional *C dates would have identified the dating error and paused the
development of BC5, saving substantial time and money.

8 * Journal of Cave and Karst Studies, March 2023



Sekhon, Banner, Breecker, and Tremaine

Like HRC2, BC5’s internal growth morphology trends from aggradational in the earlier portion to retractional in the
later growth sections of BC5. A probable explanation for this shift in the internal architecture is an increased rate of
post-splashdown CO, degassing with minimal change in drip rate. As such, calcite precipitation would be faster with
minimal change in drip rate, leading to a flattened top with a larger surface area of horizontally aligned growth layers.
The increased rate of CO, degassing while maintaining other calcite precipitation controls constant could be attributed
to changes in the ventilation regime or to biogeochemical variability in the soil above the epikarst. Alternatively, chang-
es in drip rate, to saturation level of calcite, and in drip path in the epikarst might be responsible for the change from
aggradational to retractional in BC5.

Sitting Bull Falls Cave, New Mexico (SBFC9)

Stalagmite SBFC9 was scanned at a much higher spatial resolution than HRC2 or BC5 (82.9 uym versus 600 pm per
scan, respectively), resulting in 1,921 individual slices. SBFC9’s axial and longitudinal XRCT scans (Fig. 7A—B) reveal
an internal growth morphology that is more complex than that of HRC and BC stalagmites. XRCT scans of SBFC9
suggest significant change in position and orientation of its growth axes, multiple apices of calcite growth, an absence
of consistent and continuous growth bands around a central drip point, and clusters of small (1 mm) voids.

————Axiai View of SBFC9 e  |—————— Longitudinal View of SBFCY o] Typically, a
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Figure 7. First cut of SBFC9 using XRCT scan information. (A) Axial view of SBFC9 with first cut (dashed black line
YZ) through the 2 oldest (yellow and pink) growth sections from Figure 4. (B) XRCT longitudinal view of the first cut -
detailing the complex internal morphology that is absent of continuous growth bands, showing visible growth bands Seco_nqar}’ CaIC'Fe
(black dashed lines), void spaces with an 8-bit grayscale value of 0 (red triangles), the local apex of growth over ~ precipitation n
the 3 main growth sections (yellow, pink, and blue slashes), and growth bands that were sampled for preliminary  voids could affect
the U-series analysis in Table 2 (green lines top A-D, middle A-D, and bottom A-D). (C) PL image corresponding the precision of

to the XRCT scan in B and showing growth layers (gray lines) and highlighting multiple growth peaks or highpoints . .
(white circles). U-series dating.

And an absence
of a central and singular growth axis complicates identifying continuous milling tracks for geochemical analyses. How-
ever, careful tracking of growth sections as achieved via XRCT scans provides planes for optimal slabbing to retrieve
sites for radiometric dating and geochemical analyses. The axial view of SBFC9 (Fig. 3) highlights the growth sections.
The XRCT longitudinal view of SBFC9 (Fig. 7B) along proposed cuts does not reflect the clear spatial migrations of the
growth sections that are visible in the axial view (animation in supplementary files). The internal growth morphology of
SBFC9 follows progradational patterns that are generated by increasing drip rates (Munoz-Garcia et al., 2016). How-
ever, the absence of a central and singular growth axis through the entire length of the core further suggests multiple
changes in the position of drip onto the stalagmite surface. Nonetheless, the inferred continual and spatially dramatic
changes in drip rates would suggest a more conduit- or fracture-fed drip than a diffuse-fed drip.

Comparing XRCT Scans with PL Images

Following an investigation of the XRCT scans and using the reconstructed growth history (the history of the migra-
tion of growth) as a guide to slab and section, subsequent high-resolution PL imaging detailed information on central
growth axis and continuity of growth layers. Concurrent use of XRCT scans and PL images on the same cut-plane can
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aid in developing tracks for geochemical (stable-isotope and trace-element) and geochronological (radiocarbon and
U-series) analyses. PL images for HRC2 and BC5 are generally reflective of the growth information contained in XRCT
scans. XRCT scans as animations were clearly able to delineate crystal morphology and voids through depth beneath
the surface. The orange-colored feature in the PL image of HRC2 is observed to be a low-density (opacity) layer in the
XRCT scan. Similar features are observed in BC5. In this study, HRC2 and BC5 are characterized by simple growth.

SBFC9’s PL images reveal a complicated growth history that provides complementary information to the XRCT
scans. For SBFC9’s cut, void spaces with an 8-bit grayscale value of 0 (Fig. 7B, red triangles) are not clearly captured
through either the corresponding PL image (Fig. 7C) or through visual hand inspection. Further, animation through
depth of XRCT scans suggest that the void spaces are at least 0.5 mm in depth. This is not possible to discern through
two-dimensional PL images or visual inspection. PL images capture the growth bands seen in XRCT scans (Fig. 7B,
dashed black lines).

Tracking growth layers in the longitudinal PL image (Fig. 7C, gray lines) elicits two possible depositional processes
that were not clearly visible through XRCT scans alone. The first possible process is that SBFC9 was fed by two sta-
lactites or soda straws, which led to the growth of two independent stalagmites. If the two stalagmites were growing
next to each other, the growth layers at the local low-point would overlap and cut each other. The growth layers would
further pinch out towards the flanks of the two stalagmites, which is not observed through XRCT scans or PL images.
Conversely, the growth layers are continuous at the local low-points between the possible two growing stalagmites. A
more likely cause of the complex internal morphology of SBFC9 is the presence of micro-terrace-like structures. Mi-
cro-terrace-like structures akin to rimstone pools and travertine terraces have been observed on stalagmite surfaces
and on a much larger scale of tens of centimeters (Jettestuen et al., 2006; Dreybrodt and Gabrovsek, 2009; Shtober-Zi-
su et al., 2014).

Speleothem Architecture Analysis defines a rimmed stalagmite unit as a small basin (pool) surrounded (rimmed)
by an upward bulge (Martin-Chivelet et al., 2017). Hammer et al. (2010) suggests that turbulent flow along the rimmed
dams preferentially deposits calcite in the upward structure of micro-terraces leading to a low-lying pool of water sur-
rounded by relatively high-calcite terraces. The longitudinal PL image of SBFC9 suggests a basin with corresponding
high-points (Fig. 7C, white circles). The positions where the slab path cuts the inferred growth circles in SBFC9 are
close to the apex of these localized high points (Fig. 7B—C, slash symbols). As such, the XRCT scans of SBFC9 record
the center of growth for the micro-terraces similar to the macro-scale rimstone dams where the rim of the dam, due to
more turbulent flow, gets more agitated, grows faster, and as a result plausibly has more voids (Hammer et al., 2007;
Hammer et al., 2010). Absent exceedingly strong airflow in the back of the cave, which is unlikely to have occurred,
SBFC9 being precipitated from a single soda straw can be ruled out. In conclusion, the proposed cuts for SBFC9 fol-
lowing XRCT scans slabbed the core along the center of growth, which is the pool surrounded by micro-terraces.

The growth layers in XRCT scans reflected by low-density bands (i.e., 8-bit grayscale values ranging between
10-70) correspond to the darkest orange-colored bands in the PL images. High density sections (8-bit grayscale
values close to 150) in XRCT scans are reflected as clear white bands in PL images. A possible explanation is that
the high-density sections reflect dense calcite fabrics. Conversely, the low-density growth bands either reflect porous
calcite fabrics or reflect organic matter inclusions in calcite growth layers that could explain the orange-colored bands.
Lastly, sampling locations for U-series dating (Fig. 7B, green lines top A-D, middle A-D, and bottom A-D) were
informed following insights gained through comparing XRCT scans and PL images. Preliminary tracks were drilled
along growth layers that had high-density calcite, did not have any void spaces, had continuous growth layers that
were optimal drilling tracks for U-series as post-depositional diagenesis, and had considerably-reduced contamination
through detrital material (Fairchild and Baker, 2012). The first two characteristics were informed through XRCT scans
and PL images that helped to identify sections with continuity in growth layers. Preliminary tracks acted as testbeds to
quantify the concentrations of U and Th before drilling the approximately 600 mg of calcite that is required for thermal
ionization mass spectrometry U-series dating. The drilled samples were analyzed for U and Th concentrations using a
quadrupole inductively-coupled plasma mass spectrometer. Adequate concentrations of U (500-600 ppb) and below
detection limit concentration of Th (10 ppt, Table 2) confirm that the layers selected using XRCT scans and PL images
optimize slab selection to retrieve ages through thermal ionization mass spectrometry U-series dating even in a com-
plex-growth stalagmite. A similar approach comparing XRCT scans and PL images can be used to find the best-suited
tracks for geochemical (stable-isotope-ratio, fluid-inclusion, and trace-element) analyses.

Investigating Suitability for Paleoclimate Reconstructions

As dripwater falls from the cave ceiling onto the surface of a stalagmite, it encapsulates a snapshot of multiple
hydroclimate proxies. Through time, the stalagmite archives the data in its vertically growing layers. Thus, to best
reconstruct paleoclimate data, it is important to determine the central growth axis and its flanks (reflecting a singu-
lar dripwater), because that is where the proxy signal is least affected by in-cave processes that enhance kinetic
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Table 2. U and Th concentrations for SBFC9 at the
sampling locations shown in Figure 7B.
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fractionation on stable-isotope values and PCP effects on
trace-element ratios. Growth rates calculated via count-
ing laminae couplets are another proxy used to investi-

Tracks U (ppb) Th (ppt)?
Top A 610 BDL gate the rate of calcite precipitation and water availapility.
Top B 508 BDL Growth rates calculated along the central growth axis are
more robust than those calculated farther away and closer
TopC 552 BDL to the flanks. This is because growth layers tend to thin
TopD 482 BDL and pinch further away from the central growth axis and
Middle A 558 BDL the probability of over- or underestimating growth rate is
Middle B 546 BDL heightened. However, there are many times where speleo-
Middle C 500 BDL them samples with complex intern.al morphologies are the
Middle D 550 BDL only sgmples avgllable for paleoclimate research. o
Bottom A 532 BDL Varl_oulsl §tudle§ have been performed for |dent_|fy|ng
and prioritizing suitable speleothems (from a collection of
Bottom B 543 BDL candidates) for extracting specific kinds of paleoclimate
Bottom C 537 BDL data. Frappier (2008) provides a stepwise screening strat-
Bottom D 569 BDL egy to select stalagmites that may be sensitive to individu-

2 BDL = below detection limit (10 ppt).

al storms and thus may preserve a record of such events.
Another study used a portable, energy-dispersive X-ray

fluorescence probe as a fast and non-destructive in situ trace-element screener of speleothems to provide mineralogical
information (Perrin et al., 2019). Recent studies from caves in Thailand have used XRCT specifically to discern the suit-
ability of uncut speleothems as records of paleoclimate data based on assessing the internal growth history (Chawchai et

Axial View

Longitudinal View

HR-C2 BC-5

Simple Growth

Figure 8. Suitability of stalagmite samples for paleoclimate reconstructions based on XRCT scans. Rapid,
non-destructive, and relatively inexpensive XRCT scan imagery allows for constructing the growth history of
stalagmite samples before destructive sampling. XRCT scans can reconstruct in detail the position and orien-
tation of the growth axis for complex and simple speleothem morphologies over time. The non-destructively
retrieved growth history can be used to (1) include more samples as candidates for paleoclimate analysis, (2)
determine where they sit on the suitability spectrum, and (3) investigate proxies of shifting growth axis over
time to capture changing paleoenvironment conditions. HRC2 and BC5 lie closer to the simple speleothem
morphology. SBFC9 lies closer to the complex speleothem morphology. However, careful tracking of growth
history of SBFC9 through XRCT scan imagery, we discern optimal locations for geochemical analyses that
follows the migration of the growth axis. By demonstrating the utility of XRCT to track the complex internal
morphology of an uncut sample, we increase the possibility of using such samples for paleoclimate recon-
structions. Nonetheless, the task to retrieve a time-continuous paleoclimate record from the Complex Growth
suitability section is relatively low.

Complex Growth

al., 2018; Chawchai et
al., 2020). Here, we
build on these stud-
ies by incorporating
the use of XRCT as a
non-invasive and sus-
tainable way of iden-
tifying and mapping
simple, as well as
complex, speleothem
samples.

By closely ana-
lyzing the axial and
longitudinal XRCT
views of the three
speleothem samples
(BC5, HRC2, and
SBFC9), we recon-
structed the history of
migration of growth.
SBFC9 growth dis-
plays significant lat-
eral displacements,
whereas in the other
two samples, the lat-
eral displacement is
minimal. In addition
to reconstructing the
migration of growth,
XRCT scans help
characterize and
identify internal mor-
phological structures.
These include growth
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sections with (1) symmetrical and continuous growth along a singular apex of calcite precipitation, (2) uniform crystal
morphology with a low number of hiatus features, and (3) spatial distribution of voids (Fig. 8).

In addition to internal growth structures, there are several other criteria that may influence speleothem sample
selection. These include (1) inferred depositional processes such as hydrologic flow pathways (diffuse versus conduit
flow feeding the stalagmite), (2) whether the speleothem is actively precipitating calcite, (3) calcite versus aragonite
mineralogy of growth layers, (4) active cave flooding, and (5) cave ventilation regime. Briefly, hydrologic flow pathways,
i.e., diffuse and conduit feeding drips, impact the amount of calcite precipitation and thereby the temporal resolution of
the paleoclimate signal encapsulated in growth layers. Cave ventilation regimes can provide information on seasonal
biases in calcite precipitation (James et al., 2015; Khazmutdinova et al., 2019). Cave ventilation and hydrological flow
pathways can be discerned through continual monitoring of the cave environment. Active cave flooding further impacts
the utility of speleothems as recorders of paleo-hydrology (Feinberg et al., 2020). Further, active calcite precipita-
tion provides an age anchor for reconstructing the chronology and performing modern calcite growth experiments
(Tremaine et al., 2011).

Based on the internal morphological characteristics identified above, we present a conceptual screening method
that can be used by speleothem researchers to optimize paleoclimate reconstructions. We use two end-members as
complex and simple stalagmite growth (Fig. 8). Simple endmember characteristics include (1) symmetrical growth
along a singular apex of calcite precipitation with consistent growth layers, (2) continuous growth, (3) high-density cal-
cite, and (4) minimum voids and hiatuses. Conversely, complex end-member characteristics include (1) multiple growth
apices with complex growth sections, (2) an absence of consistent growth layers, (3) growth layers that are crosscutting
and laterally noncontinuous, and (4) multiple voids and hiatuses.

Historically, samples that follow simple end-member characteristics have been easier to work with because geo-
chemical sampling tracks are a single line drawn perpendicular to the growth axis (Fig. 8, gray lines). Such samples
are ideal to reconstruct a temporally-continuous paleoclimate record. However, the simple end-member sample is not
always available. For example, in SBF Cave most of the stalagmites have been vandalized; the cave is only left with
samples that have complex internal morphologies. XRCT scans in such cases can optimize characterization of the
internal growth history before slabbing stalagmites that are architecturally not simple but may be able to provide longer
and continuous paleoclimate records from a climate-sensitive region that has a scarcity in stalagmite records.

As such, the utility of XRCT scans is expanded in this study by incorporating typically understudied complex sta-
lagmites. Despite the complexities of SBFC9, XRCT scans helped locate the optimal slabbing planes for geochemical
analyses. Nonetheless, determining transverse tracks (for radiometric dating) and perpendicular tracks (for stable iso-
tope ratios and trace element concentrations) to retrieve hydroclimate data in such samples remains a challenge that
requires additional scientific attention.

CONCLUSIONS

We build on the application of XRCT in speleothem science by reconstructing and comparing the growth histories of
uncut stalagmites with both simple and complex internal morphologies. There are many occasions where speleothem
scientists have access to a limited number of potential stalagmite samples for paleoclimate reconstructions. In such
cases, using XRCT to appraise the internal morphology is crucial if the end goal is to retrieve a paleoclimate record.
In this study, we show that careful investigation of XRCT scans can track the position and orientation of the growth
sections of stalagmite samples that have complex morphologies. We demonstrate that XRCT scans capture the center
of growth of stalagmites with simple internal morphologies by tracking the migration of concentric rings. Further, XRCT
scans track the rims of micro-terraces as a cluster of low opacity points surrounding high opacity sections as calcite
depositing basins in an uncut stalagmite sample. As such, samples that are low on the proposed suitability spectrum do
not necessarily equate to unsuitable samples for paleoclimate reconstructions. XRCT scans can, in fact, be a guide in
providing usable, albeit more complicated, sample transects along the center of growth. The information gained using
XRCT further helps strategize the optimum plane(s) to perform the destructive and irreversible procedure of sectioning
prior to geochemical analyses or retrieval of powders for radiometric dating. Additionally, if an uncut speleothem sample
is deemed unsuitable for scientific purposes through XRCT scanning prior to destructively slabbing, it can easily be
placed back in the cave.

For stalagmite SBFC9 from New Mexico, XRCT scans and PL images of the same slabbed face are used to locate
growth layers for preliminary U-series dating. The criteria of subsampling sites with low porosity, visible and laterally
continual growth layers, and minimum voids achieved through comparing XRCT scans with PL images provided ade-
quate U and Th concentrations. Similarly, for stalagmite BC5 from Florida, XRCT scans and preliminary “C ages show
that a thick layer of calcite overgrowth had precipitated down the flank on one side and resulted in miscalculation of
targeted reconnaissance ages. Lastly, 3-dimensional visualization through XRCT scans of HRC2 from Florida high-
lights the presence of multiple voids. The voids are not present in the PL images, and the 3-dimensional visualization
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suggests that voids persist deeper than just the surface. Therefore, comparison between PL images and XRCT scans
can be a guide in avoiding voids, which impact geochemical analyses through detrital contamination and the presence
of diagenetically altered calcite.
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SUPPLEMENTARY FILES

Animations for the 3 analyzed speleothems (HRC2, BC5, and SBFC9) are found at https://github.com/nsekhon91/
XRCT_Animations. The folder contains 3 XRCT scans in the respective speleothems axial planes:

Stalagmite from Hollow Ridge Cave, Florida: HRC2 Axial Animation.mov

Stalagmite from Brooks Quarry Cave, Florida: BC5 Axial Animation.mov

Stalagmite from SBF Cave, New Mexico: SBFC9 Axial Animation.mov

To view the animations, the reader has to download the files.
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STIMULATION OF AQUATIC BACTERIA FROM MAMMOTH CAVE, KENTUCKY,
BY SUBLETHAL CONCENTRATIONS OF ANTIBIOTICS

Thomas D. Byl,'¢ Petra K. Byl,? Jacob Byl,? and Rickard Toomey IlI*

Abstract

Many microorganisms secrete secondary metabolites with antibiotic properties; however, there is debate whether the
secretions evolved as a means to gain a competitive edge or as a chemical signal to coordinate community growth. The
objective of this research was to investigate if select antibiotics acted as a weapon or as a chemical signal by exposing
communities of aquatic cave bacteria to increasing concentrations of antibiotics. Water samples were collected from
six cave locations where actinobacterial mats appeared to be plentiful. Bacterial growth was measured using colony
counts on 10 % tryptic soy agar augmented with increasing concentrations of erythromycin, tetracycline, kanamycin,
gentamicin, or quaternary ammonia compounds (QAC). Colony counts generally decreased as the gentamicin, kana-
mycin and QAC dose increased. In contrast, the colony numbers increased on agar plates supplemented with 0.01 mg
", 0.10 mg L™* and 1.00 mg L™ erythromycin or tetracycline. A 10.00 mg L™ dose of each antibiotic treatment reduced
bacteria colonies by 98 % or more. Community-level physiological capabilities were evaluated using Ecolog plates
inoculated with cave water dosed with either 0.00 mg L™ or 0.10 mg L™ of erythromycin. Incubation with the antibiotic
almost doubled the number of food substrates used in the first 24 hours. There was a significant increase in the use
of acetyl glucosamine, arginine, and putrescine when bacteria were exposed to 0.10 mg L™ erythromycin triggered by
the antibiotic acting as a chemical messenger. Principal component analysis confirmed a shift in substrate preferences
when erythromycin was added. A conceptual ecological model is proposed based on the response of aquatic cave
bacteria to sublethal antibiotics.

INTRODUCTION

Bioactive secondary metabolites, such as antibiotics, are low molecular-weight compounds, often produced by one
microorganism and harmful to other microorganisms at high concentrations. Escalating use of these compounds in
medicine and agriculture has resulted in the increased occurrence of antibiotics in sludge, soils, surface water, ground-
water, and a concomitant increase in antibiotic-resistant bacteria (Pruden et al., 2012; Rinsky et al., 2013; Amos et al.,
2014; Perry and Wright, 2014). Yet, for all the concern surrounding increased antibiotic use and growing resistance,
there is almost no information regarding natural background concentrations or the ecological function of secondary
metabolites in the environment.

Many antibiotics are small bioactive molecules that are naturally produced as secondary metabolites of microorgan-
isms such as bacteria and fungi (Davies, 2006; Davies and Davies, 2010; Bibb, 2005). The majority of antibiotics were
discovered by subjecting isolated soil microorganisms to extremely unnatural laboratory environments, resulting in the
elevated production of secondary metabolites. The soil bacteria phylum Actinobacteria, previously referred to as Acti-
nomycetes, accounts for approximately 40—60 % of the known 23,000 bioactive secondary metabolites (Berdy, 2005).
Secondary metabolites with antibiotic properties have been the subject of intense research for the past 70 years and
form the foundation of modern antimicrobial therapy (Sengupta et al., 2013). Despite their usage for medical purposes,
the ecological role of secondary metabolites is not clear. Antibiotic-producing microorganisms such as actinobacteria
and fungi are common in cave microbial communities (Lavoie and Northup, 1994; Cheeptham et al., 2013). The an-
tibiotics produced by actinobacteria are categorized into several major structural classes including amino glycosides
(e.g., streptomycin and kanamycin), ansamycins (e.g., rifampin), anthracyclines (e.g., doxorubicin), B-lactam (cephalo-
sporins), macrolides (e.g., erythromycin), and tetracyclines (Chaudhary et al., 2013). Traditionally, it has been thought
that these secondary metabolites contributed to microbial defense, species fitness, interference, and competitiveness,
hence their designation as antibiotics (Oliveira et al., 2015).

Other researchers have proposed that these secondary compounds evolved as microbial communication mole-
cules, also called quorum sensors (Linares et al., 2006; Mlot, 2009; Davies, 2006; Davies and Davies, 2010; Burnier
and Surette, 2013), and that quorum sensor molecules coordinate the growth and establishment of microbial biofilm
communities. At high concentrations, the molecules exhibit lethal antimicrobial effects on susceptible species. The
same molecules at sublethal concentrations stimulate or induce diverse beneficial responses in bacteria. This biphasic
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dose-response to a chemical agent, characterized by low-dose stimulation and high-dose inhibition, is referred to as
hormesis (Mattson, 2008).

Scientists have used genetically modified microorganisms and molecular techniques to study the hormesis re-
sponse to secondary metabolites. The artificial test conditions can be rationalized because soil microbiology and
chemistry are complicated and teeming with extraneous, small, organic molecules that make it difficult to correlate
a particular physiological response to a single variable like a sublethal dose of antibiotics (Davies and Davies, 2010;
Milot, 2009). For example, Davies (2006) inserted bioluminescence genes into Salmonella sp. to verify that sublethal
concentrations of particular antibiotics can stimulate gene expression. Low, sublethal concentrations of the test anti-
biotics produced a strong stimulation of transcription from specific groups of promoters, resulting in bioluminescence.
At higher concentrations (near-inhibitory), the transcription and bioluminescence patterns changed again, indicating
a dose-dependent response. Other studies have also shown a connection between sublethal antibiotic dosages and
transcriptional regulation in Escherichia coli, leading to changes in bacterial growth patterns such as a shift to biofilm
development or swarming (Dietrich et al., 2008; Nadell et al., 2009). Gude et al. (2020) describe how maitility, reproduc-
tion rate and antibiotic compounds interact to influence biofilm development. One limitation of these studies is the use
of enteric bacteria, as opposed to bacteria from the cave or soil environment where actinobacteria flourish. Another
study exposed the soil actinobacteria, Streptomyces sp., isolated from nine different geographical areas, to sublethal
concentrations of antibiotics and observed a shift in substrate use (Vaz Jauri et al., 2013). The use of laboratory axenic
cultures, as opposed to complex microbial communities found in natural environments, limits the conclusions from the
Vaz Jauri et al. study. Despite the use of artificial test systems, these previous studies demonstrate that low dosages of
antibiotic compounds are inducing changes in gene expression, protein synthesis, and metabolism in bacterial cultures.

Antibiotic-producing bacteria are typically found in complex soil ecosystems, and chemical signals are hypothesized
to play a substantial role in bacterial community structure and function (Keller and Surette, 2006). Not surprisingly, the
vast majority of studies that examined soil microbial response to antibiotics have focused on human health-related is-
sues, such as the increasing occurrence of antibiotic resistance (Chee-Sanford et al., 2009; Bhullar et al., 2012; Rinsky
et al., 2013), and not on the changes in the microbial community function. Investigating the ecological role of these
secondary metabolites in their natural environment is hindered by the complexity of soil ecosystems. Only two studies
have been found in published literature that consider a soil microbial ecosystem response to antibiotics. Thiele-Bruhn
and Beck (2005) used concentrations of sulfonamides and tetracycline that approximated the dosage lethal to 50
percent of the microbial population. They reported a reduction in respiration rates after 24 hours of exposure and also
found that sulfonamides and tetracycline added to soil manure caused a shift in microbial community from bacteria to
fungi. A study by Underwood et al. (2011) found that trace concentrations of the synthetic antibiotic sulfamethoxazole,
commonly found in wastewater, significantly reduced microbial denitrificiation in a sandy aquifer. The findings from
Thiele-Bruhn and Beck (2005) and Underwood et al. (2011) substantiated that sublethal concentrations of anthropo-
genic antimicrobial compounds can adversely affect microbial communities and disrupt biogeochemical processes in
the environment. While important, these studies do not address the role of natural secondary metabolites as weapons
or signals in the soil ecosystem.

If the primary ecological role of secondary metabolites is to serve as a weapon for defense or competition, then
natural antibiotics should be present in subsurface environments, especially ecosystems rich in actinobacteria. For the
secondary metabolites to serve as competitive weapons, the metabolites must be present in toxic concentrations for
sufficient periods of time. Anything less than acute concentrations would result in natural selection for antibiotic resis-
tance. This premise is exemplified in clinical therapy where patients are told that failure to complete their prescription
as directed may result in increased antibiotic resistance of the pathogen (Washington, 1979). A rigorous review of the
literature did not yield a single study reporting the detection of natural antibiotics in pristine soils or waters (Haack,
2009; Alvarez et al., 2014; Barber et al., 2013). Perhaps this is because of a lack of examining natural sites under the
right conditions and the complexity of soil ecosystems. Alternatively, the secondary metabolites could have been pres-
ent below standard detection thresholds while serving a function other than as a weapon. Perhaps natural analogs of
the pharmaceutical antibiotics were released into the surrounding water but went undetected because most analytical
methods are very specific for anthropogenic antibiotics, and even minor structural changes in the molecule would pre-
clude them from being identified.

The present study examines how cave aquatic microbial communities respond to sublethal concentrations of sec-
ondary metabolites, some of which humans exploit as pharmaceutical antibiotics (Linares et al., 2006; Davies, 2009).
This study avoided many of the complications associated with soils by using water from cave passages in Mammoth
Cave National Park rich in actinobacterial mats (Northup and Lavoie, 2001; Rusterholtz and Mallory, 1994; Engel,
2010). Microbial assemblages adapted to wet cave passages maintain abundant diverse microbial communities that
function within a normal range and respond to changes in nutrition, moisture, or geochemistry (Engel, 2011; Byl et
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al., 2014). However, little research has been conducted on the response of aquatic microbial communities in caves to
sublethal concentrations of secondary metabolites. From 2012 to 2014, the U.S. Geological Survey, in cooperation with
Mammoth Cave National Park and Tennessee State University, conducted a study with two purposes: (1) to determine if
natural antibiotics could be detected in cave water directly in contact with actinobacteria and (2) to determine if subleth-
al levels of select antibiotics stimulated or inhibited growth and metabolite functions in aquatic cave bacteria. Aquatic
microbial communities at six locations in Mammoth Cave rich in actinobacterial mats were subjected to varying doses
of antibiotics, and colony growth and community-level physiological capabilities were quantified. This study attempts to
address whether secondary metabolic compounds (i.e., natural antibiotics) may have evolved as weapons or commu-
nication signals in cave microbial ecosystems. Improving our understanding of cave aquatic microbial ecology and the
role of natural antibiotics will provide a greater awareness of the consequences of releasing sublethal concentrations
of antibiotics into karst environments.

METHODS AND MATERIALS

Description of Study Sites

Water samples were collected from 6 locations in a small watershed contained within the boundaries of Mammoth
Cave National Park, Kentucky, in mid-level passages of the cave. All the sites are located in the Historic Section but have
not been part of show-cave tours for more than 40 years. Each sampling site had standing, seeping, or flowing water. A
selection criterion for sample sites was the presence of visible colonies of actinobacterial mats (Fig. 1) growing on the cave
surface adjacent
to each site (Rus-
terholtz and Mal-
lory, 1994; Barr,
1976). A large,
healthy actino-
bacterial commu-
nity might release
one or more of the
secondary metab-
olites into the sur-
rounding  water,
possibly exposing
some of the local
microbial com-
munity to trace
amounts of natu-
ral antibiotics.

Cave sites are

Figure 1. Photograph of white and gold actinobacteria colonies as described by Barr (1976) that were visible in  traditionally iden-
the vicinity of the sampling sites. White colony and Gold colony labels are below the colonies. The location shown  ified by names
here is a cave wall in the Shaler’s Brook area of Mammoth Cave. rather than lati-

tude-longitude coordinates because of overlapping cave passages and the time it takes to accurately survey three-di-
mensional coordinates into a cave. Following this tradition, the six sampling sites used in this study are Devil's Cooling
Tub (DCT), Stagnant Pool (SP; so named by the authors; also known as Lake Purity), Charlotte’s Dome (CD), and a
cave stream called Shaler’s Brook which flows through 3 sampling sites, from Annette’s Dome (AD) to Man Cave (MC;
so named by the authors) and then Lee’s Cistern (LC). Each site along Shaler’s Brook is composed of a modest room-
sized chamber, separated by 9—15 m of bedrock with Shaler’s Brook flowing through a 10—15 cm high bedding-plane
opening along the cave floor. The cave surfaces had water seeping down the sides or dripping from the ceiling. During
storms, the water volume in Shaler’s Brook increased due to storm runoff and rapid infiltration.

The other sites (DCT, SP, and CD) are in separate areas of the cave, away from Shaler’s Brook, and they represent
independent sampling sites with their own unique hydrology. DCT was formed by water flowing from an opening in the
cave ceiling (Fig. 2A), dropping 1.3 m, and eroding a pool in the floor. The ceiling hole was large enough to insert a
camera and capture images of the small conduit (Fig. 2B). SP is a small pool of water (4.5 m long X 2 m wide X 15
cm deep) in Gratz Avenue with a mean water residence time of 3.5 mo. (Solomon, 2015). The stable water level in the
pool is maintained by water slowly seeping in from a nearby breakdown pile. White colonies of actinobacteria (1-2 mm)
were floating on the surface at an approximate density of 1 colony ft? (Barr, 1976). CD is in Brigg’s Avenue, is a large
chamber with 30 m high ceilings and water persistently cascading down one corner and saturating adjacent walls.
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Water Sampling
and Laboratory
Analysis

Water samples
for geochemical
and microbiologi-
cal analysis were
collected two to
three times during
the summers of
2012, 2013, and
2014. Grab sam-
ples were collect-
ed using 250 mL,
sterile, clean bot-
Figure 2. (a) Water was collected as it flowed from the cave ceiling at the Devil's Cooling Tub. The area in the tles. The samples
photo is approximately 1 m wide. (b) A hand-held camera inserted into the opening captured this image of water Were stored at
flowing in a small conduit. Note the colonies thought to be actinobacteria on the walls (black arrow). The conduit 4—8 °C no Ionger
is approximately 13 cm wide. than 1-2 days un-
til analysis of microbial growth (Byl et al., 2013). In July 2014, seven water samples were collected for antibiotic analysis
at DCT, SP, AD, MC (duplicates), LC, and CD, and in August, 2014, three water samples were collected at DCT, SP,
and MC. Sampling for antibiotics included filtering 125 mL of water through a 0.7 pm glass fiber filter into pristine 125
mL amber glass bottles with Teflon-lined caps as described by Shelton (1994). Samples were shipped overnight on
ice to the U.S. Geological Survey Organic Geochemistry Research Laboratory in Lawrence, Kansas. The laboratory
used solid-phase extraction with liquid chromatography-electrospray ionization mass spectrometry capable of accu-
rately identifying and measuring 31 antibiotic compounds down to the nanogram-per-liter level (Meyer et al., 2007).
The analytes included chloramphenicol, lincomycin, ormetoprim, trimethoprim, five macrolides, six sulfonamides, six
quinolines, four tetracycline antibiotics, six antibiotic degradation products, and two pharmaceuticals, carbamezpine
and ibuprofen.

Bacteria Dose-Response Tests

Microbial analysis included bacterial plate counts using 2 % agar (2 g in 100 mL water) augmented with dilute tryptic
soy nutrients (10 % tryptic soy agar (TSA)). Previous work by Byl et al. (2014) found karst groundwater bacteria grew
better on 10% strength media than on full-strength TSA. Appropriate quantities of sterile-filtered stock solutions of qua-
ternary ammonia compounds (QAC mix composed of 60 % dodecyl dimethyl ammonium chloride and 40 % n-alkyl di-
methyl benzyl ammonium chloride), tetracycline, gentamicin, kanomycin, and erythromycin, (Sigma-Aldrich, Inc.) were
mixed into the 10 % TSA just prior to pouring the agar into 9 X 50 mm petri plates. Supplementing the 10 % TSA with
antibiotics resulted in final nominal concentrations of 0.00 mg L™!, 0.01 mg L'*, 0.10 mg L™*, 1.0 mg L™, and 10 mg L' of
agar media, with the exception of QAC having nominal concentrations of 0.00 g ™', 0.07 gL, 0.13gL", 0.67 gL, and
1.33 g L' of agar media. There were 3 replicate plates per treatment. Prior to inoculating the plates with 10 pL of raw
water from each site, the water samples were shaken for a minute to resuspend the bacteria. The bacteria were evenly
spread over the agar using a sterile, bent-glass rod. The plates were labeled, inverted, and placed in an incubator at 25
°C. The bacteria colonies were counted at 1 day, 2 days, and 3 days. The results are reported as colony-forming units
per 10 uL. A Student t-test was used to determine significant differences between the different antibiotic treatments
and the control (p < 0.05).

Community-Level Physiology Profiles (Ecolog Plates)

The metabolic capabilities of the microbial communities were characterized using Ecolog plates (Biolog, Inc.) to
determine community-level physiological profiles. Each plate had three sets of 31 different substrates and a reference
well, and three replicates of each treatment (Stefanowicz, 2006) for a total of 96 microtiter wells per plate. Metabolism
of a particular food substrate resulted in a color change of tetrazolium dye that was measured as absorbance readings
(Aggs ) @fter 24 h, 48 h, 72 h, 96 h, and 120 h. incubation at 25 °C. The bacteria inoculum densities were normalized
by diluting the individual site water with sterile distilled water to a standard turbidity of one nephelometric turbidity unit.
(The normal range of unfiltered cave water was 1-5 units.) Standardizing the inoculum concentration by turbidity, as
described in Haack et al. (1995), helped to ensure that observed differences in community-level physiological profiles
were primarily because of distinctions in cellular respiration, not differences in initial inoculum concentration (Byl et al.,
2013).
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Color change data (representative of metabolic capabilities) were interpreted using richness, Gini coefficients (Harch
et al., 1997), average well-color development (AWCD) (Stefanowicz, 2006), and principal component analysis (PCA)
(Preston-Mafham et al., 2002). Richness is a measure of how many substrates the bacterial communities use after a
specified incubation time. The Gini coefficient index is a measure of substrate use that takes into account the number
of substrates consumed and how evenly the substrates are used. On a scale of 0 to 1, a Gini coefficient of 0 indicates
equal use of all 31 substrates, and a value near 1 implies uneven consumption of a low number of substrates. Display-
ing the Gini coefficients through time provides a measure of substrate equitability as the microbial community matures.
AWCD is a simple way to assess the kinetics of substrate utilization by the microbial community (Stefanowicz, 2006)
and takes the average of the 93 substrate wells after compensating with the color in the three reference (blank) wells.
The objective of PCA is to reduce the 31 substrates (variables) for each microbial community to identify meaningful
variables that distinguish the community or treatment. It does this by identifying substrate-use patterns that distinguish
each site, by noting the presence or absence of erythromycin treatment, and by looking for maximum differences in
substrate use between the sites with and without erythromycin treatment.

To formally test whether the addition of antibiotics led to shifts in the consumption of particular substrates, multivar-
iate regression analysis was used to isolate the effect of the antibiotic in the 2013 samples. The 2013 Ecolog results
were used for the multivariate regression analyses because the timing between storms and sampling events was more
uniformly distributed than in the 2012 or 2014 sampling seasons, resulting in more stable results between sampling
events. The ordinary least-squares method of regression was used on the well-color development data from the 3
replicates of the 31 substrates both with 0.10 mg L' of erythromycin and without any erythromycin. For the ordinary
least-squares analysis, data from five sampling sites in the cave (AD, CD, DCT, LC, and SP) were used for a total of
930 observations. The statistical method modeled changes in consumption within each substrate (as opposed to be-
tween substrates) and modeled the difference between the control samples and the samples treated with 0.10 mg L™
erythromycin. Indicator variables for each sampling site were also included to control for ways in which consumption
may vary across areas in the cave. Statistical analysis was performed using Stata statistical software package version
13. Heteroscedasticity-robust standard errors were used and coefficient plots were created using the Coefplot plugin
(Jann, 2014). Data used to support the findings in this paper are available from Byl and Byl (2020).

RESULTS

Water Sampling and Laboratory Analysis

Although Mammoth Cave in Kentucky has a large population of actinobacteria growing on the cave walls, very few
antibiotic compounds were detected in water samples from each of the six sites. Trace amounts of azithromycin, which
is an analog of erythromycin, were detected twice at DCT (July and August 2014) and once at CD (July 2014). The
concentration detected in these waters ranged from 0.006 ug L™ to 0.014 pg L™ and was several orders of magnitude
lower than concentrations used in this study. Trace amounts of the quinolone antibiotics, ciprofloxacin, enrofloxacin,
and ofloxacin, were also detected in August 2014 at DCT (concentration range 0.006 ug L™" to 0.016 ug L™"). No ibupro-
fen or other analyzed compounds were detected in water samples from any of the six sites. Laboratory and trip blanks
had no detected antibiotics. The azithromycin and quinolones detected are each considered synthetic, and additional
studies are needed to determine the source of those antibiotics in the cave water.

Bacteria Dose-Response Tests

The number of bacteria colonies growing on the control (0.00 mg L") agar plates varied over the three-year sam-
pling period for each site, possibly because of varying meteorological influences during each sampling seasons. For
example, the three-year average colony count of SP water without any antibiotic augmentation was 291 colony-form-
ing units per 10 pL, with a standard deviation of 281. All of the sites experienced large standard deviations in bacteria
counts over the three-year study period. The large standard deviations in the three-year averages masked statistically
significant differences between treatments. However, there were significant differences between many treatments and
the controls within a single sampling event. Thus, dose-response figures (Fig. 3A—E) are shown as individual sam-
pling events, and significant differences are noted. To save space and avoid redundancy, we limit the figures to one
dose-response graph for each antibiotic. The figures are representative of the general pattern observed in the other
dose-response assays for the same antibiotic.

Increasing concentrations of QAC (Fig. 3A), gentamicin (Fig. 3B) and kanamycin (Fig. 3C) mixed into the agar me-
dia generally elicited a decrease in the number of colony-forming units as compared to the control treatment with no
antibiotic added. This response to QAC, gentamicin, and kanamycin was typical for all of the sites with the exception of
kanamycin occasionally stimulating colonies for samples collected in 2013. The microbial response to media augment-
ed with tetracycline and erythromycin was typically an increase in colony-forming units as concentrations increased to
0.1 mg L' or 1.0 mg L™" and then a significant drop at 10 mg L' (Fig. 3D—E). The exception to this pattern was observed
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Figure 3. Dose response of bacteria from 5 locations in Mammoth Cave, each plotting the num-
ber of colony-forming units per 10 pL against increasing doses of (a) QAC, (b) gentamicin, (c)
kanamycin, (d) tetracycline, (e) erythromycin. Different lines on each graph represent different
cave locations. The cave locations are the Devil's Cooling Tub (DCT), Stagnant Pool (SP), An-
nette’s Dome (AD), Lee’s Cistern (LC), and Charlotte’s Dome (CD). Asterisks indicate significant
differences from the control (p < .05, Student {-test).
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Figure 4. Richness of substrate use by the microbial communities from Mammoth Cave with
and without added erythromycin (dashed and solid lines, respectively) from five locations in
Mammoth Cave. The number of substrates used is plotted against time of incubation. The cave
locations are the Devil's Cooling Tub (DCT), Stagnant Pool (SP), Annette’s Dome (AD), Man

Cave (MC), and Lee’s Cistern (LC). +E indicates 0.1 mg L' erythromycin dose.
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for samples from the SP site. The
numbers of bacteria colonies from
SP were relatively unaffected by
0.01 mg L' to 1.0 mg L' doses of
tetracycline and erythromycin with
the rare exception when 0.01 mg
L' of erythromycin increased col-
ony-forming units in August 2014
(Fig. 3E).

Community-Level Physiology
Profiles (Ecolog Plates)

Based on the dose-response
studies, it was noted that eryth-
romycin, a macrolide secondary
metabolite produced by actino-
bacteria, gave the most consistent
hormesis response of the antibi-
otics tested. It was therefore se-
lected as the antibiotic treatment
for the Ecolog community-level
physiology profile studies. Bac-
teria exposed to 0.10 mg L' con-
centrations of erythromycin often
had a slight increase in richness
(mean number of substrates con-
sumed) over the untreated sam-
ples in the first 24 hours (Fig. 4).
The ability to use a larger number
of substrates in the first 24 hours
would provide a slight competi-
tive advantage at the beginning of
the growth phase. However, any
erythromycin-induced increase in
richness was no longer noticeable
after 24 hours when all the micro-
bial communities and treatments
generally used 27 or more of the
31 substrates (87 %).

Exposing the bacteria to 0.10
mg L' erythromycin resulted in
lower Gini coefficients than the
coefficients for the untreated
samples from AD, LC, and DCT
(Fig. 5). Erythromycin raised the
Gini coefficient for samples from
SP and CD. The lower Gini coef-
ficient values at AD, LC and DCT
implied a greater evenness of sub-
strate use for microbial communi-
ties upon exposure to 0.10 mg L’
erythromycin. Higher Gini coeffi-
cients for the erythromycin-treat-
ed samples from SP and CD indi-
cated that sublethal erythromycin
induces uneven consumption of a
lower number of substrates. The
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Figure 5. Gini coefficient through time for microbial communities from five locations in Mam-
moth Cave with and without erythromycin (dashed and solid lines, respectively). Gini coefficient
is plotted against time of incubation. The cave locations are the Devil's Cooling Tub (DCT),
Stagnant Pool (SP), Annette’s Dome (AD), Lee’s Cistern (LC), and Charlotte’s Dome (CD). +E

indicates 0.10 mg L™ erythromycin dose.
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Figure 6. Principal component analysis of bacteria from five locations in Mammoth Cave. The
Ecolog assay was run with and without 0.10 mg L™ erythromycin (solid circles and open trian-
gles, respectively). Scores for component 2 are plotted against scores for component 1. The
cave locations are the Devil's Cooling Tub (DCT), Stagnant Pool (SP), Annette’s Dome (AD),
Lee’s Cistern (LC), and Charlotte’s Dome (CD). +E indicates 0.10 mg L™ erythromycin dose.

tendency for Gini coefficients to
drop over the first three days in the
samples treated with 0.10 mg L™
erythromycin was consistent with-
in all the data with a few excep-
tions. Approximately a third of the
time, Gini coefficients would level
off after 96 hours (Byl et al., 2013).
Leveling off of the Gini coefficients
implied the microbial communities
reached a steady state for sub-
strate consumption. Here the term
steady state means the microbial
community settled upon which of
the 31 substrates they used and
which they did not use.

The presence of 0.10 mg L™
erythromycin in the inoculum
slightly increased or had no ef-
fect on the average well-color de-
velopment (AWCD) compared to
the untreated samples (Fig. 6). In
most cases, the rate of substrate
use as indicated by color devel-
opment through time was best
illustrated with a sigmoidal curve
that showed the lag phase (initial
portion of curve), growth phase
(steep slope of curve) and station-
ary phase (asymptote). However,
the difference in AWCD curves
between samples with and without
erythromycin treatments for each
cave site was minimal, making it
difficult to assign metabolic ben-
efits from sublethal erythromycin.
The apparent similarity may be
due to the oversimplification of the
AWCD plot, which averages all 31
substrates.

The richness, Gini coefficients,
and AWCD results indicate that
there is a change in substrate use
as a result of augmenting the cave
waters with 0.10 mg L™* erythromy-
cin. Principal component analysis
(PCA) was used to reduce the
multivariate data set, which in-
cluded multiple sites, 2 erythromy-
cin treatments, 31 substrates, and
5 absorbance readings through
time, into a small number of prin-
cipal components that in turn ac-

counted for the variation in substrate use between sites and by erythromycin treatment. The 24-hour absorbance
data were used for PCA (Fig. 6) because the antibiotic-induced colony stimulation occurred within 24—48 hours. Any
metabolic activity that contributed to the erythromycin-induced growth should manifest itself in the first 24 hours. The
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substrates were organized into categories (carbohydrates, carboxylic acids, polymers, and miscellaneous) for ease of
interpretation (Preston-Mafham et al., 2002). Organizing the substrates into categories provided a simple way to scan
the data for metabolic patterns associated with different food groups.

The x axis in Figure 6 represents the 1st principal components (PC1), accounting for 39 % of the variance in sub-
strate use. For PC1, there were positive loadings on xylose, glucosaminic acid, erithritol, and threonine, and negative
loadings on asparagine, glycerol phosphate, pyruvic acid, and malic acid. The y axis in Figure 6 represents the 2nd
principal components (PC2), accounting for 33 % of the variance in substrate use. For PC2, there were positive loadings
on hydroxybutric acid, pyruvic acid, asparagine, and serine. There were high negative loadings on phenylethyl-amine,
acetyl glucosamine, methyl glucoside, and polysorbate 80 (Tween 80). Closer proximity of the points on the x and y
axes indicates a tendency for comparable substrate use patterns. As indicated by their relative positions on the x and
y axes in Figure 6, there is a noticeable difference in substrate use between the sites and the presence or absence of
erythromycin treatment. For three of the five microbial communities incubated with 0.10 mg L™ erythromycin, there was
an increase in PC1 (x axis) relative to the untreated communities for each site. The erythromycin-induced shift on the x
axis was small for LC. The largest shift in response to erythromycin was for the DCT samples with a shift to the right on
the x axis, indicating a greater difference in substrate preferences. The unique metabolic response by each microbial
community with or without erythromycin noted in the PCA results is probably a reflection of unique microbial popula-
tions at each sampling site. Other studies using a single species (as opposed to the community level used in this study)
found sublethal concentrations of antibiotics influenced gene expression or stimulated certain metabolic functions (Di-
etrich et al., 2008; Dandekar et al., 2012; Oslizlo et al., 2014; Vaz Jauri et al., 2013). Likewise, erythromycin stimulated
or inhibited biochemical processes within the different microbial populations from each cave sampling site community.
Although PCA was useful in showing there were differences in substrate use, additional statistics were needed to as-
sess substrate-use similarities in response to exposing the microbial communities to 0.10 mg L' erythromycin.

The Ecolog data from each site were combined to compare the use of 31 substrates between the control and
0.10 mg L erythromycin treatment using the ordinary least-squares regression model. The absorbance readings
(Asgs o) Of the un-
treated controls are
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Figure 7. Regression coefficient plot showing the change in substrate consumption at 24 hours due to eryth- the controls with-
romycin after controlling for the different sampling sites (AD, CD, DCT, SP, and LC) and fixed effects for each oyt erythromycin
substrate. The coefficients (dots with 95 % horizontal confidence interval bars) show the estimated change in (control average
each substrate use from adding 0.10 mg L™ erythromycin compared with the control of no added erythromycin
(center line at 0); n = 930; R? = 0.33. Asgs o = 0.047, stan-
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dard deviation 0.104). Absorbance values of the arginine wells increased by 0.017 (A, = 0.056, standard error 0.010)
when exposed to erythromycin relative to a control mean of 0.039 A, . (standard deviation 0.038). Absorbance values
for putrescine increased by 0.026 absorbance units (standard error 0.013) when exposed to erythromycin relative to a
control mean of 0.044 A . (standard deviation 0.042). Based on the absorbance values, erythromycin is estimated
to have had positive and negative effects on consumption of other substrates (Fig. 7), but these other effects were
not statistically significant (p > .05). Sampling sites tended to have statistically significant differences from each other
with consumption lower at CD (p < .01) and SP (p < .01) than at AD, and consumption was higher at DCT (p = .04) than

at AD. There was no statistical difference in consumption between LC and AD.

CONCEPTUAL MODEL AND CONCLUSIONS

The goals of this investigation were to determine if natural antibiotics could be detected in cave water and to eval-
uate the effect of sublethal concentrations of antibiotics on growth and metabolism of cave bacteria. Cave sampling
sites were selected based on the visual presence of water and microbial communities including actinobacterial mats.
Analysis of the cave water found trace amounts of antibiotics that appear to be from an unknown anthropogenic source.
Antibiotic dose-response assays show that bacteria collected from certain sites exposed to increasing concentrations
of erythromycin elicited a classic hormesis growth response. Metabolic studies using Ecolog plates found cave bacteria
incubated in water containing 0.10 mg L™" erythromycin increased the number of substrates (richness) metabolized by
the indigenous microbial communities in the first 24 hours. This increase in substrate richness agrees with the findings
of Vaz Jauri et al. (2013), where they noted use of more substrates by soil Streptomyces after exposure to sublethal
concentrations of antibiotics. The community-level physiological profile varied from site to site indicating variations in
the microbial communities at different sampling locations in the cave, which agrees with the diversity found by Ruster-
holtz and Mallory (1994) in their Mammoth Cave study. Antibiotic stimulation of gene expression observed in previous
molecular studies (Anderson and Hughes, 2014; Davies, 2006; Linares et al., 2006) may include some of the enhanced
catabolic pathways we observed in the first 24 hours.

Our study suggests that natural antibiotics may play multiple roles in cave microbial ecosystems as a response
to evolutionary pressure. For example, erythromycin might function as both a growth signal and a weapon for cave
microorganisms. In laboratory studies, production of erythromycin and other secondary metabolites by actinobacteria
is triggered once the colonies have matured and start to form spores (Bibb, 2005). The production of toxic secondary
metabolites during spore development may have evolved as a weapon to prevent predation of the spores by other
microorganisms, to inhibit competitive growth of the spores in close proximity to the parent colony, to prevent other
microorganisms from utilizing the same resources, or as a way to kill susceptible bacteria in close proximity for food.
These antibiotics-as-weapons theories explain why high concentrations (10.00 mg L") of erythromycin inhibited growth
but do not explain the observed stimulation effect at low concentrations.

We propose a conceptual model that combines three microbial ecology models, the cue model, the anticipatory
regulation model, and the intermediate antibiotic production model (Fig. 8). The cue model, proposed by Oliveira et al.
(2015), describes how antibiotics stimulate biofilm development. In the cue model, antibiotics are not secreted to signal
coordinated  growth,
rather, they are se-
creted to attack com-
petition but inadver-
tently serve as a cue
to other microorgan-
isms at low concen-
trations. The anticipa-
tory regulation model
proposed by Mitchell
et al. (2009) states
that microorganisms
can associate an en-
vironmental stimulus
with an appropriate
response to prepare

o for the future environ-
Figurg 8. Conceptua] quel (Ieft) and photo depicting model growth on agar plate (right). Seqqndary me-  ment. In this particular
tabolites (natural antibiotics, @) diffuse from the parent colony (PC) and the concentration transitions from a blethal th
high, biostatic/lethal concentration (Kill zone) to a low, sublethal concentration (Stimulation zone). Stimulated case, _Su ethal eryin-
growth includes microbial biofilm (bf) and swarming (sw). romycin would be the

\
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cue or stimulus, and the anticipated response would be stimulation of cell division and certain metabolic pathways in
the preparation of substrates released from dying microorganisms. In the anticipatory regulation model, the release
of substrates by dying susceptible microorganisms in the antibiotic kill zone is anticipated by bacteria in the sublethal
zone before the substrates reach them, thus stimulating growth in the sublethal zone. Evolutionary selection for this
genetic trait would provide an advantage because bacteria that were primed by the cue would be ready to metabolize
the substrates released by dying bacteria and avoid the lag time characteristic of waiting to encounter the substrates
before activating the metabolic genes (Cooper, 2009). The intermediate antibiotic production model developed by Ge-
rardin et al. (2016) shows that optimum antibiotic production is achieved by selection for moderate antibiotic production.
They demonstrate how bacteria cells capable of releasing intermediate concentrations of antibiotic compounds may
maximize available nutrients for producers while reducing unintended benefits for antibiotic-resistant bacteria.

The proposed anticipation-cue conceptual model depicts sublethal concentrations of erythromycin as a cue, stimu-
lating specific metabolic pathways in anticipation of substrates released by dying bacteria and providing an ecological
advantage by reducing the response time. In our studies, multivariate regression analysis showed that exposure of cave
bacteria to sublethal erythromycin stimulated a significant increase in consumption of acetyl glucosamine, arginine,
and putrescine in the first 24 hours. Acetyl glucosamine is a major component of microbial cell walls, and its release
from dying microorganisms in the antibiotic kill zone would be typical. Arginine has been shown to revitalize non-cul-
turable bacteria by stimulating cell growth and division (Tonon and Lonvaud-Funel, 2000). The ability of non-culturable
(dormant) bacteria to activate the arginine metabolic pathways in anticipation of arginine release would provide a time
advantage over bacteria waiting until the nutrients appeared to initiate gene expression. Likewise, putrescine is a poly-
amine essential to cell growth and biofilm development (Wortham et al., 2010). Classic microbial responses to antibiot-
ics are biofilm development and swarming (Oliveira et al., 2015; Andersson and Hughes, 2014). If exposure to sublethal
erythromycin simply caused stress and higher metabolic rates, then an increase in use of other substrates in the Ecolog
test, like glucose-6-phosphate, pyruvate, and malate, which feed directly into the energy-producing tricarboxylic acid
cycle pathway, would be expected. However, that did not occur.

The significant increase in use of acetyl glucosamine, arginine, and putrescine 24 hours after exposure supports the
hypothesis that sublethal erythromycin served as a cue for the anticipated release of these substrates. Cave bacteria
that evolved a genetic link between the probable availability of these 3 substrates with sublethal antibiotics would have
an ecological advantage over bacteria that waited for the arrival of the released substrates to turn on their metabolic
pathways. Unfortunately, it was beyond the scope of this study to establish whether sublethal erythromycin elicited
the anticipatory response at the molecular level. Promotion of acetyl glucosamine-, arginine-, and putrescine-related
genes by sublethal erythromycin, especially in the absence of these three compounds, would provide strong molecular
support of the anticipatory model. Continued efforts to identify and characterize the distribution and concentration of
secondary metabolites (antibiotics) in natural habitats are also essential for determining the functions of antibiotics in
microbial ecology. In conclusion, the results provided in this paper suggest that the microbial community of Mammoth
Cave may have evolved concentration-dependent ecological roles associated with certain antibiotics.
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