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MULTI-PHASE HYPOGENE SPELEOGENESIS: THE BOPPER CAVE SYSTEM,
GRAND CANYON, USA

Sierra Heimel'2¢, Benjamin Tobin?3, and Georgina Lukoczki?

Abstract

The Bopper Cave System (BCS) in the Grand Canyon, USA, offers a unique case study in multi-phase hypogene spe-
leogenesis. The BCS, discovered in 2006, presents distinct features differing from other hypogene caves regionally
yet sharing similarities with sulfuric acid caves globally. We hypothesize that the formation of the BCS involves multiple
hypogene fluids varying in origin, composition, and timing. Field observations and mineralogical analyses support this,
revealing four stages of speleogenesis: dissolution of the network maze cave (likely by CO,-rich waters), fluctuation in
the water table and subsequent fluid chemistry change resulting in deposition of Fe—Mn oxides, lowering of the water
table and subsequent speleogenetic (replacement) gypsum rind deposition and speleogen development (likely by SO, -
rich waters), and a transition to vadose conditions followed by secondary sulfate and carbonate deposition. These
stages, driven by shifting hydrogeologic conditions, have resulted in the diverse morphology and mineralogy observed
in the BCS. Our findings, when added to regional cave development models, suggest localized variability in speleoge-
netic processes driven by hypogene fluids that led to the formation of the BCS. This study underscores the complexity
of hypogene speleogenesis and the need for more nuanced models to account for spatial and temporal variability in
fluid chemistry.

INTRODUCTION

In the United States, the understanding of hypogene speleogenesis has grown as studies have begun applying the
concept of speleogenesis to karst regions across diverse physiographic provinces (Hill, 1990; Palmer et al., 2016). As
recognition of the widespread influence of hypogene processes on karst systems has evolved, the broader need to doc-
ument hypogene fluid behaviors and complexities in karst literature has become more evident (DuChene et al., 2017;
Gulley and Polk, 2017; Tennyson et al., 2017; Burgess, 2021; Hose et al., 2021).

While the dominant models in hypogene speleogenesis describe cave formation via fluids rich in sulfate (SO,) (De
Waele et al., 2024) or carbon dioxide (CO,) (Spétl et al., 2016), these models often assume a single, stable fluid source
throughout the cave-forming process. This simplification may overlook the dynamic and potentially variable nature of
fluid contributions over time, including shifts in geochemical composition, tectonic processes, or hydrological connec-
tivity. As a result, such models might not fully capture the complexity of subsurface environments, where fluids derived
from different sources, each with distinct chemical signatures, can alternate or interact with bedrock in deep con-
fined aquifers, influencing dissolution patterns and overprinting mineral deposits in more intricate ways than previously
accounted for. Previous studies of Grand Canyon hypogene caves included smaller caves, which were likely dissected
components of larger systems unknown at the time (Polyak et al., 2008). The Bopper Cave System (BCS) allows for the
study of a large and more complete cave system.

This focus on a singular fluid origin overlooks the dynamic nature of fluid interactions across spatial and temporal
scales, which has been well-documented in geologic research outside karst environments (e.g., Bucher and Stober,
2010; Pegler et al., 2014). Research has demonstrated that the spatial and temporal heterogeneity of speleogenetic
fluids is intrinsically linked to regionally variable tectonic processes, highlighting how shifts in geological dynamics influ-
ence fluid migration and chemistry over time (Huntoon, 1996). Such variability, observed from diagenesis to present-day
hydrological patterns, underscores the complexity inherent in cave development (Klimchouk et al., 2017) and chal-
lenges the assumption of uniform fluid sources in hypogene systems. Notably, research from the Colorado Plateau
physiographic region has emphasized the complexity of tectonic evolution in the region and the interaction of multiple
fluids with differing chemistries moving through confined aquifers and permeable strata over time (Wenrich and Sutphin,
1989; Huntoon, 1996; Crossey et al., 2006).

Despite significant advancements in the identification and interpretation of hypogene cave systems over the last half
century, critical gaps remain in understanding the role of these varying fluid chemistries in cave development, especially
as they relate to regionally variable tectonic processes. Only recently in the karst literature have spatially and temporally
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heterogeneous fluids been considered to play a major role in speleogenesis (Columbu et al., 2021). This is particularly
applicable within hypogene systems with polygenetic origins, inactive hypogene caves, or those obscured by secondary
epigenetic features, which often complicate interpretations (Farrant and Harrison, 2017; Klimchouk et al., 2017; Spotl
etal., 2017).

Previous hypogene speleogenesis models have suggested a relatively uniform speleogenetic framework dominated
by CO,-rich fluids for hypogenic karst in the Grand Canyon. Observations from the BCS, an inactive hypogene cave
in the Grand Canyon, suggest that this model is incomplete. Using evidence from cave mineralogy and morphologic
features, we assess the hypothesis that hypogene speleogenesis in the Grand Canyon reflects spatial and temporal
heterogeneity in the origin and composition of hypogene fluids and processes.

STUDY SITE

The Grand Canyon of northwestern Arizona is located on the western edge of the Colorado Plateau physiographic
region of the United States (Fig. 1), a tectonically active region characterized by thick continental crust (Karlstrom et al.,
2022). The term hypogene speleogenesis was first applied to the phreatic caves in the Grand Canyon by Hill and Polyak
(2010) and was also the first mention of hypogene speleogenesis on the Colorado Plateau. Huntoon (2000a) referred
to these caves as artesian. The BCS was discovered in 2006 and was recognized as an inactive hypogene cave with
unique minerals and cave formations that had never been described in hypogene caves before (Tobin et al., 2021).

Geologic Setting

The Grand Canyon showcases over 1.6 billion years of geological history, most of which is exposed by stratigraphic
units from the lower Proterozoic Vishnu Basement Rocks to the upper Permian Kaibab Formation. Key stratigraphic
units include the Cambrian Tapeats Sandstone and Bright Angel Shale, which represent the base of the Paleozoic
section and indicate ancient marine environments. These are overlain by the regionally important carbonate sequence
of the Redwall-Muav (RM) aquifer, comprising the Cambrian Muav Limestone, the Devonian Temple Butte Formation,
and the Mississippian Redwall Limestone (Huntoon, 1974). The sedimentary units were deposited in shallow marine
and fluvial environments, which laid the groundwork for fluid interactions influencing the formation of the region’s exten-
sive cave systems (Kent and Rawson, 1980). The stratigraphic units above the Redwall Limestone comprise a suite
of sedimentary layers, representing a variety of marine and terrestrial environments deposited through the end of the
Paleozoic era.

The tectonic evolution of the Colorado Plateau has dramatically influenced its geology and hydrology. The uplift of
the Mogollon Highlands during the Triassic period redirected fluid pathways and altered the chemistry of infiltrating
waters (Huntoon, 1996). Uplift during the Laramide Orogeny, approximately 60 million years ago, elevated the land-
scape and modified groundwater flow patterns. Uplift of the Colorado Plateau is debated and poorly constrained, but it
is generally described as occurring in three phases since the Cretaceous, with rates increasing through time (Roberts
et al., 2012). Incision rates of the Colorado River in the Grand Canyon are used to estimate uplift and indicate steady
long-term incision that varies spatially from east to west, consistent with migrating mantle buoyancy and uplift from
Neogene volcanism (Roberts et al., 2012; Crow et al., 2014).

Moreover, the volcanic history of the Grand Canyon region is marked by episodes of volcanic activity that have
contributed to its geological complexity. Quaternary volcanic features, including composite lava dams, indicate recent
volcanic processes occurring in the Grand Canyon region (Crow et al., 2008). Today, evidence of neotectonic activ-
ity and mantle-derived gases can be seen in the geochemical signatures of modern springs (Crossey et al., 2009).
Breccia pipes, which are vertical, cylindrical features formed from the collapse of overlying sediments into the underlying
Redwall Limestone, serve as crucial conduits for both hydrothermal fluids and groundwater and were likely mineralized
by fluids that interacted with eroding volcanic and Precambrian crystalline rocks in the Triassic Mogollon highlands to
the south (Wenrich and Sutphin, 1989).

The combined impact of tectonic uplift and volcanic activity has led to varied spatial and temporal fluid contributions
within the Colorado Plateau. This interaction of diverse hydrochemical processes has resulted in a heterogeneous dis-
tribution of hypogene fluid contributions to the groundwater, which, in turn, plays a significant role in cave development.
The variability in fluid sources and compositions, profoundly influenced by tectonic forces and volcanic activity, under-
scores the intricate relationships shaping the karst systems of the Grand Canyon.

Karst Development in the Grand Canyon

During the late Mississippian, a regionally widespread karst developed in the newly emergent Redwall Limestone
(McKee and Gutschick, 1969; Beus, 1990). Since its formation, this karst has been infilled with sediments, breccias, and
cements and is recognized today as a paleokarst system. The Redwall Limestone was reportedly buried to a maximum
depth of 5km (Karlstrom et al., 2014) approximately 250 million years ago and remained deeply buried from the end of
the Paleozoic through the beginning of the Cenozoic (Sylvia, 1985). Fractures and faults from the Laramide Orogeny,
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Figure 1. Location of the Bopper Cave System (star) and Grand Canyon National Park (dark gray) within the greater context of the Colorado
Plateau, USA.

which uplifted the region approximately 60 million years ago to its current elevation, play a significant role in enhancing
permeability within the RM aquifer, especially in the Redwall Limestone (Blakey and Ranney, 2008). Well before the
establishment of the BCS, large-scale faults displaced the Redwall Limestone by hundreds of meters, creating zones
of increased permeability and cavern development in areas of groundwater circulation (Huntoon, 1974). Recent studies
highlight the importance of preferential dissolution of the dolomitic facies in the Mooney Falls Member of the Redwall
Limestone, which leads to increased porosity, permeability, and large groundwater storage potential (Dohm, 2017;
Heimel, 2019).

Today, an extensive karst system exists in the Redwall and Muav Limestones, with over 500 caves documented
and 150km of surveyed cave passage (Tobin et al., 2021). There are two distinct morphologies of caves in the Grand
Canyon: confined (phreatic origin) and unconfined (vadose origin) caves (Huntoon, 2000b). Confined caves were
formed in the phreatic zone, below the water table, and are generally found in the Mooney Falls member of the Redwall
Limestone (Fig. 2) (McKee, 1963). Prior to the incision of the Grand Canyon and a related drop in the water table,
these caves were fully saturated and developed into 2- and 3-dimensional maze caves with generally low hydraulic
gradients (Palmer, 1975; Hill and Polyak, 2010) that tend to follow regional structural patterns (Heimel and Tobin, 2022).
Unconfined caves have formed since the incision of the canyon and are fed by recharge from precipitation on the rims
of the canyon (Jones, 2017). These caves are typically simpler in morphology with steeper hydraulic gradients than con-
fined caves and are often associated with major springs in the canyon (Huntoon, 2000b). Both confined and unconfined
systems are associated with regional faults (Tobin et al., 2021).

Journal of Cave and Karst Studies, June 2026 * 3
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Figure 2. Stratigraphic and speleogenetic setting for cave development in the Redwall-Muav
aquifer (shown in dark blue) of the Grand Canyon. Faults and fractures serve as conduits
for fluid migration. Epigenic fluids (blue arrows) migrate downward from the rims of the
Grand Canyon, and hypogenic fluids (red arrows) migrate upward from deep sources. The
inset image is a photograph modified from Dohm (2017) showing the exposed members
of the Redwall Limestone in the eastern Grand Canyon; from bottom to top: the Thunder
Springs Member at river level, the dolomite-banded Mooney Falls Member, and the overlying
Horseshoe Mesa Member. The Mooney Falls Member is approximately 96 m thick in this part
of Grand Canyon.
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Figure 3. Map of the Bopper Cave System (BCS) including Double Bopper Cave and Leandras
Cave along with many other smaller caves (names not shown) that comprise the BCS. Faults
are shown in purple.
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The Bopper Cave System

The BCS is located in a remote
alcove in the upper reaches of the
Redwall Limestone on the Kaibab
Plateau. The BCS is composed of
several distinct caves, including
large caves such as Double Bopper
and Leandras Caves in addition to
many smaller caves (Fig. 3). These
caves are crosscut and separated by
major side canyons that indicate the
caves were once connected before
the incision of the Grand Canyon
bisected the BCS. The primary cave
of focus for this study is Double
Bopper. With over 64km (40mi) of
mapped passage, Double Bopper
is the longest cave in the Grand
Canyon and, as of 2026, the 13th
longest cave in the United States.

The BCS is not associated with
modern water flow and is a hypo-
gene network maze cave with a high
density of caves and large natural
cave entrances (Tobin et al., 2021;
Heimel and Tobin, 2022). Passages
do not converge as tributaries but
instead branch outward from fracture
networks (Fig. 3). The network maze
of passages in the BCS includes
both spongework-type and rectilin-
ear passages as defined by Palmer
(1991). The BCS has a large horizon-
tal extent, and the sizes of cave pas-
sages vary widely, ranging from tens
of meters in diameter to passage
widths impassable by humans. The
largest passages in the BCS are in
the Leandras portion of the BCS and
along the trace of the Double Bopper
Faultin Double Bopper Cave, with the
largest passages having widths over
38m and lengths of up to 1km. The
smallest passages in the BCS are
located at the distal ends of Double
Bopper Cave, with large passages
narrowing to eventually become too
tight for human exploration. Many of
the large rooms are zones of break-
down and collapse, with less break-
down present in smaller passages.

The BCS displays no spatial rela-
tionship with surface topography
on the Kaibab Plateau of the North
Rim of the Grand Canyon but has
important relationships with the local
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fracture network and surrounding faults (Heimel and Tobin, 2022). The joint-controlled nature of the cave system is likely a
result of tectonic forces and erosional unloading of overburden (Mandl, 2005; Klimchouk, 2009). Thus, the BCS has devel-
oped within a complex structural setting with well-developed fracture networks in the Redwall Limestone and four major
documented faults proximal to the BCS: the Halogen, Alkaline, Leandras, and Double Bopper Faults (Fig. 3). The Halogen
Fault is a high angle normal fault 15km long with 6—24 m of offset (Billingsley and Hampton, 2000) located over a kilo-
meter away from the BCS, the Leandras fault is a high angle normal fault 4 km long (Billingsley and Hampton, 2000) that
intersects major passages of the BCS, the Double Bopper fault sits adjacent to terminating passages in the BCS, and the
Alkaline Fault is located between the Leandras and Double Bopper Caves and sits adjacent to smaller caves in the BCS.
Passage size statistically decreases with increasing distance from the Halogen and Leandras faults, suggesting their role
as conduits for aggressive hypogene fluids that enhanced dissolution near the faults, while the inverse relationship with
the Double Bopper fault suggests it acted as a barrier to speleogenetic fluids (Heimel and Tobin, 2022). These relation-
ships, however, are complex, and additional controls such as fracture permeability and lithologic variability also influence
passage size. Additionally, there are smaller faults expressed and documented more recently from within the BCS, such
as the Green Door Fault (Heimel, 2022) (Fig. 4).

METHODS

Field Observations

We documented geologic field obser-
Alkaline Fault vations to describe the occurrence and
(\ types of cave morphologies, speleo-
gens, sediments, secondary deposits,
and cave-related structural features.
Secondary deposits refer to speleo-
thems and sediments formed after the
initial dissolution of the cave system.
For each identified feature, we recorded
descriptive characteristics and spatial
locations using a combination of notes
and photographs. For spatial reference,
we documented features’ locations to the
nearest cave survey station. We used
photographs to document the scales of
features, though some features were
photographed occurring in the ceiling of

the cave and have no scale.

Other

Laminated

Bedrock

Powders

e

oonmilk -

Double Bopper
Fault

Sample Collection

Our team spent 4 days underground
from October 26 through 29, 2021, col-
lecting 13 bedrock and 85 secondary
deposit samples. The collection loca-
tions of secondary deposits, intended for
broad spatial coverage within the cave,
were determined by our travel routes. We
selected previously unidentified mineral
specimens based on documentation from
previous cave resource inventory surveys
conducted by citizen scientists. These
notes detailed the colors and morphol-
ogies of unidentified minerals relative to
specific cave survey stations. In our sam-

DL27

0 0.13 0.25 0.5 Miles
L 1 1 L=l = ) 1

>
0 0.13 025 0.5 Kilometers

Esri, NASA, NGA, USGS, FEMA

Figure 4. Sampling locations for X-ray diffraction analysis in the Double Bopper portion
of the Bopper Cave System. The colored circles represent the types of samples ana-
lyzed: powdered deposits are orange, bedrock samples are green, laminated deposits are
pink, and samples that do not fall into the preceding categories are labeled as “other” and
are marked with blue. Three zones mentioned in the text include the Land of NOD, a.k.a
Noxious Orange Dust, the Green Door (located at station DO257), and the Moonmilk Zone.

pling approach, we focused on obtaining
at least one specimen of each type of
unidentified mineral. To minimize impact
to the cave, mineral and speleothem sam-
ples were limited to those that had fallen
to the cave floor whenever possible.
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X-Ray Diffraction

Of the nearly 100 samples we collected, 22 were ana-
lyzed for mineral composition (Fig. 4) by powder X-ray dif-
fraction (XRD) using a Bruker D8 DISCOVER equipped
with a Bruker scintillation counter detector with CuKa
radiation (X-ray tube operated at 40kV and 40 mA) at the
Kentucky Geological Survey, University of Kentucky. Data
were collected in the angular range of 2°-70° 26 with a
0.02° step size and <1s counting time per step. We iden-
tified mineral phases using the Bruker DIFFRAC.EVA soft-
ware version 5.2 with powder diffraction database version
PDF 2-2021.

RESULTS

Morphology

The BCS exhibits a variety of phreatic morphologies,
including large lens-shaped and circular passages (Fig.
5). Extensive post-speleogenetic breakdown and col-
lapse are evident in large passages, obscuring the lower
half of the cave passages. This may conceal rift-shaped
floors, which are a common morphology associated with
hypogene speleogenesis. Passages in the BCS are gen-
erally horizontal, with an average dip of 2° to the south,
matching the regional dip of the Mooney Falls Member
of the Redwall Limestone. Smaller cave passages
and passages in close proximity to faults are irreg-
ular in shape. The vertical extent of the cave reaches
30m due to one fissure passage in Double Bopper that
breaches down into the Thunder Springs Member of

Figure 5. (a) Circular passage morphology with post-speleogenetic
breakdown and collapse. Caver in the center of the photo for scale.
Photo by Stephen Eginoire. (b) Lens-shaped morphology with
post-speleogenetic breakdown and collapse. Prominent iron-red,
stratiform, block-like breccia on the left side of the photo. The extent

the Redwall Limestone. This is the only reported occur-
rence of cave development in the chert-banded Thunder
Springs Member in Grand Canyon. Morphologies typi-
cal of vadose caves, such as shafts, canyons, or dome

of the breakdown is unknown. Photo by James Hunter.

and pit complexes, have not been documented in
Double Bopper.

Speleogens

Speleogens found in the BCS consist of cupolas, air scallops, solution domes, pendants, ceiling half tubes, and acid
pool basins with rillenkarren. Variously sized cupolas dot the ceiling and adjacent walls in many passages and do not
follow visible fractures (Fig. 6). Air scallops are micro cupolas and are abundant in the BCS. Pendants are found in the
BCS in many locations and are likely either breccia or other insoluble bedrock residues left behind after selective disso-
lution in the cave passage (Fig. 7). Ceiling half tubes are not as common as phreatic tubes in the BCS but are seen at
several locations (Fig. 8). Solution domes are larger than cupolas and are found in the ceiling of many larger passages
in the BCS, with some ceiling domes reaching over 15m high (Fig. 9). Wall channels with rillenkarren are found in iso-
lated locations and may represent relic acid pool basins with rillenkarren marking the top edge of a pool in the BCS.
There are no speleogens typical of vadose caves documented in the BCS, such as solution scallops or anastomoses.

Secondary Deposits and Speleothems

Colorful secondary deposits are abundant throughout the cave and include a diverse range of speleothems and sed-
iments. These deposits consist of various minerals, including sulfates, carbonates, Fe—Mn oxides, a phosphate mineral,
and quartz (Table 1).

The largest passages in the cave are associated with the main entrance series near the Double Bopper Fault and
are predominantly filled with buff-colored breakdown boulders. Stalagmites and stalactites have only been documented
in the BCS proximal to this fault. Moving away from the Double Bopper Fault, passages become drier and coated
in gypsum occurring as corkscrew-shaped “flowers,” “swords,” “chandeliers,” “grass,” and “hair” (Figs. 10-12, DG34
and DB90 in Table 1). In those areas of the BCS where the cave walls are not decorated with secondary deposits or
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Figure 6. Extensive cupola and air scallop development on the “pock-  Figure 7. A large, isolated ceiling pendant speleogen impregnated
eted” cave walls in a fissure passage. Photo by Stephen Eginoire. with Fe—Mn oxides. Photo by James Hunter.

Figure 8. Ceiling half tube in a lens-shaped passage with gypsum  Figure 9. Vertical ceiling dome with cupola and air scallops outlining
flowers extruding from the walls and ceiling. Photo by Stephen the dome. Photo by Stephen Eginoire.
Eginoire.

speleothems, the bedrock is highly friable and bleached white with hues of orange and red (Fig. 14). Laterally contin-
uous breccia layers are common in the BCS and consist of brecciated blocks of limestone embedded in yellow and
red clays (Figs. 10 and 11). Gypsum also preferentially extrudes from some of these breccia layers, often highlighting
alternating layers of the bedrock (Fig. 11).

Journal of Cave and Karst Studies, June 2026 * 7
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Table 1. Description and mineralogy of samples analyzed by X-ray diffraction.

Sample ID Sample Type Sample Description Minerals Identified
C4 Powder Brown powder Goethite—Fe(OH)O
C26 Powder White powder Hydromagnesite—Mg,(CO,),(OH),-4H,0
DM94 Powder Orange powder Hematite—Fe, O,
DO231 Powder Black powder Manganese oxide—Mn,O,
B63 Other Green translucent coating around boxwork Gypsum—CaS0,-2H,0, brushite—CaPO,(OH)-2H,0
DL27-1 Powder White powder Thenardite—Na,SO,
DD4 Powder Yellow powder Jarosite—KFe,(SO,),(OH),, natrojarosite—NaFe,(SO,),(OH);
DL22-2 Other Gypsum foam Gypsum
DL7 Other Flower on gypsum foam Gypsum
DG34 Other Yellow nodule Gypsum, calcite—CaCO,, epsomite—MgSO,-7H,0
DG42-1 Powder Yellow-brown powder Quartz—SiO,, gypsum
M4 Bedrock Purple fine-grained laminated sedimentary  Quartz, hematite
rock
DB90-2 Other Gypsum foam and coating Anhydrite—CaSO,, quartz
D0O257-1 Other Green-blue botryoidal mineral Malachite—Cu,CO,(OH),, calcite
DG15 Powder Yellow powder Gypsum, jarosite
DB20-3 Bedrock Red bedrock limestone Calcite, quartz
DO257 Other Gypsum foam Calcite, gypsum
FJ54 Powder White powder Epsomite, mirabilite—Na,SO,-10H,0
DJ43 Bedrock Crystalized bedrock Gypsum, dolomite—CaMg(CO,),
DO230 Laminated Brown-yellow powder Goethite
M16-2 Laminated Red powder Hematite
DN4 Bedrock Green fine-grained bedrock sedimentary Dolomite, calcite

rock

Throughout the cave there are also crusts, rinds, and powder deposits. Crusts occur as coatings up to a few centime-
ters thick around the rims on breakdown rocks, bedrock, and other secondary deposits. Crusts are typically white and
were identified as gypsum and dolomite. Massive, somewhat botryoidal white rinds of 5—10 cm thickness coat the walls,
floor, and ceiling in the BCS and were identified as gypsum (DB90-2, Table 1). A small but vibrant green-yellow crusty
nodule was observed in one locality in the cave and was identified as epsomite (DG34, Table 1 and Fig. 12).

The sampled powders are fine-grained, porous, lightweight, varied in color, and found as piles or layers on the floor.
Piles of white powder are common near gypsum speleothems in the BCS and were identified as thenardite, epsomite,
and mirabilite (FJ54 and DL27-1, Table 1). Bright yellow piles of powder found coating a cluster of red breakdown blocks
on the floor were identified as jarosite and natrojarosite (DD4, Table 1). The source of this deposit appears to be a 5¢cm
diameter mineralized zone in the ceiling. Another pile of yellow-brown powder was identified as quartz and gypsum
(DG42-1, Table 1). One cave passage, designated as the Moonmilk Zone (Fig. 4), spans approximately 15m in width
and 40m in length and was found to be blanketed with a 25-30cm thick layer of white powder, identified as hydromag-
nesite (C26, Table 1). The source of this deposit appears to be an irregular fracture network of white mineralized veins
in the ceiling directly above this passage.

The central portions of the BCS, furthest from entrances and near the center of the network maze cave, display
increasing amounts of red, orange, yellow, brown, and black consolidated powders, identified as hematite, goethite,
and manganese oxides hereinafter referred to as Fe—Mn oxides (C4, DM94, DO230, DO231, M16-2 in Table 1). Fe and
Mn oxides are found primarily in lightweight deposits up to 25cm thick on the floors and as porous, multicolored coat-
ings on walls and breakdown. Some of the powders form semi-rectangular or circular blocks, and some are laminated
(Fig. 13). Disturbance of the consolidated powders results in aerosolization of the fine sediments, thus a section of the
BCS is satirically named “The Land of NOD,” a.k.a Noxious Orange Dust. There are some passages where the Fe—Mn
oxides and sulfate deposits have peeled away from the cave walls, exposing the friable and bleached bedrock (Fig. 14).
A green clayey-looking material was also documented in the exposed bedrock in this section of the cave, which was
identified as dolomite and calcite (DN4, Table 1).
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Figure 11. Gypsum flowers preferentially extruding from horizontal breccia lay-
ers in the Mooney Falls Member. Photo by Dave Bunnell.

Figure 10. A corkscrew-shaped gypsum flower (approxi-
mately 25cm long) extruding from a breccia layer in the
Bopper Cave System. Photo by Sierra Heimel.

Passages near the Green Door zone (Fig. 4)
occur along an unmapped fault. A zone of miner-
alization with botryoidal green and blue minerals
is found here. A sample collected here was iden-
tified as mala,Ch'te (DO257-1 in Tablle 1and F!g. Figure 12. Light green sulfate minerals, likely a combination of epsomite and
15). Azurite is commonly found with malachite  gyhsum. Photo by Paul Burger.
and is likely the blue mineral found in association
with malachite but was not differentiated by our
XRD analysis. The malachite mineralization was found in association with massive calcite and Fe—Mn oxides in the
fault plane. Large, approximately 10cm long scalenohedral dogtooth calcite spar crystals were found in a cavity in the
Green Door zone but not in the fault plane (Fig. 16). Mammillary calcite formations have not been documented in Double
Bopper; however, Leandras is documented to contain localized mammillary formations.

The most unique secondary deposits found in the BCS are lightweight, froth- or foam-like deposits made up of gypsum,
calcite, and anhydrite (sample DL22-2, Table 1) and are henceforth referred to as gypsum foam. These deposits are found
in abundance on the walls and floors of select portions of the BCS. Gypsum foam is extremely delicate; however, a hard
secondary coating or encasing was observed around a gypsum foam sample, and this coating was identified as quartz
with XRD (Fig. 17). A soft green coating on a gypsum foam sample was identified as brushite (sample B63 in Table 1).

DISCUSSION

The wide variety of speleogens, speleothems, and secondary cave deposits observed in the BCS suggests a com-
plex origin, likely resulting from multiple fluids moving through the Redwall Limestone at different times, dissolving the
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Figure 13. Autochthonous cave sediments Figure 14. An exposed section of bleached  Figure 15. Botryoidal malachite and cal-
composed of bright yellow, fine-grained, and friable bedrock (orange and yellow) cite mineralization found near the Green
laminated Fe-oxide sediments. Photo by underneath a layer of Fe—Mn oxides (brown  Door mineralized fault zone. Photo by
Sierra Heimel. and black) underneath a botryoidal white  Sierra Heimel.

gypsum rind. Photo by Sierra Heimel.

bedrock and depositing hypogene speleothems in the process. Our observations suggest four distinct stages of spe-
leogenetic development that led to the formation of the BCS (Table 2). Consequently, we propose a modified model of
hypogene cave development in the Grand Canyon, building on the previous work by Polyak et al. (2017).

Stage 1 of speleogenesis commenced sometime prior to 4 million years ago, predating the incision of the Grand
Canyon, when the Redwall Limestone existed within the deep phreatic zone of the ancient RM aquifer (Polyak et al.,
2008) (Table 2, Stage 1). We interpret that the horizontal tube passages in the BCS were formed deep in the ancient RM
aquifer during a time when hypogene fluid contributions were present. The spatial patterns of maze caves suggest they
were created through the simultaneous widening of passages in low-gradient environments (Klimchouk and Ford, 2000;
Klimchouk, 2012). Additionally, the spatial patterns of passage size decreasing in relation to distance from faults sug-
gest that large contributions of hypogene fluids may have been episodically sourced from nearby faults, flowing at low
gradients toward Double Bopper Cave, further aiding passage development (Heimel and Tobin, 2022). During this initial
phase, acidic hypogene fluids altered the cave walls, bleaching and corroding them to a friable texture at depths of sev-
eral tens of centimeters. These fluids were likely rich in carbonic acid, as previously proposed (Hill and Polyak, 2010),
evidenced by locally preserved dogtooth calcite spar mineralization. The presence of this large euhedral dogtooth cal-
cite spar suggests that it could have formed 500+ 250 m beneath the water table in the deep phreatic zone, where the
transition from superecritical to subcritical CO, drives both limestone dissolution and calcite precipitation (Decker et al.,
2016) with respect to depth, temperature, and the solubility of CaCO, during the descent of the potentiometric surface
as the cave shifts from the solutional zone into the depositional zone (Hill and Polyak, 2010).

Following the initial dissolution processes, Stage 2 initiated as the water chemistry of the fluids in the conduits
changed with the gradual lowering and fluctuation of the potentiometric surface in the ancient RM aquifer (Table 2,
Stage 2). This transition is evidenced by the presence of large quantities of Fe—Mn oxides coating the bleached and
altered bedrock, along with laminated Fe—Mn oxides in the BCS. Hematite, an iron oxide mineral commonly deposited
in caves from thermal waters and under oxidizing conditions, may convert into goethite (Hill and Forti, 1997). Iron and
manganese oxides and hydroxides serve as redox indicators (Levy, 2007), favoring transport in fluids in their reduced
form at low pH and Eh, and precipitating as Fe—Mn oxides when these variables increase (Palmer and Palmer, 2012).
Fluctuations in the pH and Eh of the ancient RM aquifer, likely influenced by changes in the potentiometric surface
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Figure 17. Gypsum foam, made up of anhydrite, gypsum, and quartz (see text
for further details). Photo by Stephen Eginoire.

and limestone dissolution, could have led to rising pH levels, pro-
moting the subsequent precipitation of previously soluble iron and
manganese as Fe—Mn oxide minerals (Palmer and Palmer, 2012).
However, Fe—Mn oxides can also precipitate without a change in
pH, particularly when aided by microbial processes (Carmichael et
Figure 16. Scalenohedral dogtooth calcite spar near the 5| ' 2013). The fine-grained and laminated nature of these sedi-
Green Door zone. Photo by Sierra Heimel. ments indicates that they settled slowly out of the water column in

a low-energy environment. The formation of goethite and hematite
Liesegang banding likely occurred during Stage 2, with bands representing precipitation lines of iron-rich minerals along
groundwater chemical interfaces. These processes are typically the result of numerous precipitation events over long
periods of time, with moving groundwater under oxic conditions (Wells et al., 2003).

Additional evidence for Stage 2 is observed in the co-occurrence of Fe—Mn oxides with malachite deposits at the
Green Door fault plane, which likely served as a significant fluid pathway. Malachite is typically found in the oxidized
upper zones of copper sulfide deposits (Melchiorre and Enders, 2003), where copper-bearing minerals are exposed
to groundwater and hydrothermal fluids (Hill and Polyak, 2010). The most likely source of copper in the BCS region
is from copper sulfide deposits in breccia pipes (Wenrich, 1985). The carbonate component is likely acquired from
CO, dissolved in groundwater due to the dissolution of the Paleozoic carbonate bedrock. Therefore, the formation of

Table 2. Speleogenetic stages of the Bopper Cave System.

Stage Description Evidence

Stage 1 Initial phreatic conditions with carbonic acid hypogene fluid Abundance of horizontal tube passages, bleached bedrock,
contributions and early dissolution of limestone. and dogtooth calcite.

Stage 2 Changes in water chemistry, rise in pH, and precipitation of Coating and laminations of Fe—Mn oxides, malachite deposit
Fe—Mn oxides. in fault.

Stage 3 Transition to sulfate-dominated fluids, leading to sulfuric acid Presence of speleogenetic gypsum rinds, distinctive cupolas,
speleogenesis dominated by dissolution and the formation air scallops, solution domes, and other features.
of replacement gypsum.

Stage 4 Evaporative vadose conditions resulting from water table Prolific gypsum deposits, hydromagnesite, and other evaporite
incision, leading to the deposition of sulfate minerals. minerals.
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Table 3. Comparison of conceptual models for hypogene speleogenesis in the Grand Canyon.

Aspect

Polyak et al. (2017) Conceptual Model

BCS Conceptual Model (This Study)

Speleogenetic agents

Role of sulfuric acid
speleogenesis (SAS)

Fluid types

Hydrologic controls

Predicted speleogenetic
sequence

Calcite spar linings

Mammillary calcite

Gypsum occurrence

Cave size vs. completeness
of sequence

Dominantly CO,-rich hypogene fluids; H,S
considered a minor contributor based on
limited gypsum abundance.

Secondary or limited; inferred from a limited
gypsum rind and sulfate deposits.

Deep-seated hypogene fluids linked to magmatic
and/or tectonic activity.

Regional water table fluctuations control
dissolution and mineral paragenesis.

Fe and Mn oxides — calcite spar linings —
mammillary calcite — folia — cave rafts —
gypsum rinds.

Common and widespread in phreatic passages;
used as indicators of formation depth.

Common component of the hypogene mineral
assemblage.

Present mainly as late-stage rinds.

Larger caves are more likely to preserve the full
sequence of hypogene subevents.

Multiple hypogene fluids, including CO,, H,S, and Cu-rich
fluids; sulfuric acid plays a major role during at least one
speleogenetic phase.

Abundant and locally dominant, evidenced by common
gypsum rinds and sulfate mineral assemblages.

Diverse types of hypogene fluids, including magmatic,
tectonic, copper-bearing fluids; contribution of various fluid
types varies spatially.

Water table position important; episodic interplay with fault-
controlled flow paths creates locally unique geochemical
conditions and mineral paragenesis.

Incomplete or altered sequence with potential overprinting;
Fe and Mn oxides — calcite spar linings — mammillary
calcite — overprinting and dissolution of most calcite —
gypsum rinds — secondary sulfate deposits.

Largely absent, suggesting depth estimates based on spar
may not apply universally.

Limited or absent in major portions of the BCS.

Abundant and diverse gypsum formations, indicating
sustained sulfuric acid influence.

The largest cave in the Grand Canyon yet lacks the full
predicted sequence.

Conceptual implication Hypogene caves broadly follow a common

evolutionary pathway in the Grand Canyon.

Hypogene speleogenesis is highly heterogeneous; no single
model or sequence applies to all Grand Canyon caves.

malachite at the Green Door fault plane likely arises from groundwater interacting with these copper sulfides, migrating
upward through the fault structure, and redepositing them as malachite near faults. Although Stage 2 provides suitable
conditions for malachite formation, it is also feasible for malachite to precipitate during later stages of speleogenesis
as fluid migration patterns evolve, highlighting the complex interactions between geochemical processes and mineral
deposition in the Grand Canyon.

Stage 3 (Table 2, Stage 3) subaqueous and subaerial processes took place in a mixed phreatic and vadose envi-
ronment when the potentiometric surface was at the level of the BCS following a transition to sulfate (SO,)-dominated
fluids at some point, likely prior to the onset of Stage 3, as indicated by the formation of sulfuric acid speleogens
(replacement gypsum) in the subaerial zone, just above the water table (Polyak et al., 2017). Speleogenetic (replace-
ment gypsum), a direct product of hypogene processes in the Grand Canyon (Hill and Polyak, 2010), results from
the dissolution of limestone by sulfuric acid, accompanied by gypsum co-precipitation (Polyak and Provencio, 2001).
Unlike evaporative gypsum, speleogenetic (replacement gypsum) forms thick rinds that are denser and more mas-
sive. Observations of massive white rinds, 5-10cm thick, in combination with XRD analyses, suggest that sample
DJ43 contains this type of gypsum, which is common throughout the BCS. This process would have occurred as H,S
migrated upward from deep sources along faults and fractures, interacting with oxygenated water near the BCS sub-
aerial zone, thus producing sulfuric acid and vapor. The resulting sulfate accumulation, along with the calcium from the
limestone, would cause gypsum to precipitate on cave surfaces (Palmer, 2007). The sulfuric vapors likely generated
buoyant convection currents, with condensation corrosion inducing localized dissolution at the water table interface,
resulting in distinctive features such as cupolas, air scallops, solution domes, pendants, ceiling half tubes, and wall
channels with rillenkarren (Figs. 6-9). These speleogens are not structurally controlled and do not follow joints or frac-
tures, a trait shared with other large hypogene systems (Galdenzi et al., 2014; De Waele et al., 2024). Some hypogene
caves have documented these speleogens forming above structurally controlled feeders (De Waele et al., 2016), but
definitive feeders have not been identified in the BCS.

During Stage 4 (Table 2, Stage 4), as the Colorado River incised the Grand Canyon, the potentiometric surface of the
ancient RM aquifer dropped below the level of the BCS, transitioning the cave environment to an entirely evaporative
vadose system. This shift resulted in decreased pressure on the cave walls, leading to significant collapse and break-
down of larger conduits. Additional breakdown may also be due to gypsum crystal wedging (White and White, 2003;
Gasquez et al., 2019). In this environment, residual sulfate-bearing fluids were stored in the pore spaces of the altered
bedrock, facilitating the precipitation of various sulfate minerals, including prolific gypsum deposits, gypsum foam, and
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additional varieties such as epsomite, thenardite, mirabilite, jarosite, and natrojarosite (Figs. 14—16). Gypsum flowers,
common speleothems, exhibit unique curved or spiral forms driven by episodic variations in CaSO, solution flow rate
and concentration during fibrous or prismatic crystal growth (Ghergari and Onac, 1995). The unusual gypsum foam, not
previously documented in other cave systems, displays vibrant colors that may be caused by small amounts of Fe—-Mn
oxide coatings; however, these oxides were not detected by powder XRD. Epsomite appears as bright green-yellow
nodules, whereas mirabilite and thenardite are white powders. These are highly soluble sulfate minerals that are com-
mon in sulfuric acid caves and are sensitive to humidity and temperature, with mirabilite altering to thenardite upon
exposure to dry air (Hill and Forti, 1997). Sodium and magnesium may have been sourced from evaporite deposits
interbedded with gypsum and dolomite in the Toroweap Formation located above the Redwall Limestone (Sorauf and
Billingsley, 1991) or, alternatively, could have been sourced from Precambrian felsic igneous and metamorphic rocks
located below the Redwall Limestone (Brown et al., 1979; lig et al., 1996). Magnesium may have additionally been
sourced from interbedded dolomite in the Mooney Falls Member of the Redwall Limestone (Dohm, 2017).

Additionally, other less common minerals, such as jarosite and natrojarosite, precipitated after sulfate-rich waters
ceased following the drop in the potentiometric surface, further evidencing this evaporative stage of speleogenesis.
These hydroxysulfate minerals, forming in sulfuric acid-rich environments (Kawano and Tomita, 2001), can form directly
from the interaction of H,SO, with K, Al, and Fe clays (Polyak and Provencio, 2001; D’Angeli et al., 2018) or can originate
from pyrite oxidation or sulfate-rich solutions found in other caves (Hill and Forti, 1997; Audra et al., 2013). The sodium
in natrojarosite may derive from halite-bearing Precambrian sedimentary rocks or from igneous rocks with Na-varieties
of feldspar (Karlstrom et al., 2012), while potassium sources could include Precambrian sedimentary rocks and clays
from the Cambrian Bright Angel Shale (Baldwin et al., 2004). Furthermore, both potassium and sodium are common in
breccia pipes with concentrations above average for host formations (Wenrich, 1985). We interpret that the formation of
the hydromagnesite deposits also occurred during Stage 4, likely resulting from the dissolution of dolomitic rocks (Hill
and Forti, 1997). As groundwater interacts with dolomitic rocks, the Mg/Ca ratio rises, allowing magnesium-rich minerals
such as hydromagnesite and magnesite to form (Columbu et al., 2021). Lastly, brushite, a hydrated calcium phosphate,
can form via the alteration of bat guano (e.g., Marincea et al., 2004; Audra et al., 2019). The presence of thousands of
mummified bats is a unique feature of the BCS (Mead et al., 2021; Chambers et al., 2024), potentially explaining the
presence of brushite in this cave system.

APPROXIMATE AGE AND TIMING OF THE BCS STAGES

The BCS currently sits 6.6 km away and 940 m above the Colorado River and is a relict feature of the ancient RM
aquifer, which existed before the formation of the Grand Canyon, adding complexity to our understanding of its speleo-
genetic history. New numerical modeling using multivariate statistical analysis by Ashjari et al. (2024) estimates that it
could have taken between 4 and 10 million years for the BCS to develop at depth beneath the water table, which would
coincide with the timing of our stages 1 and 2.

Previous hypogene speleogenesis models for Grand Canyon caves have provided important information on the can-
yon’s age and evolution, specifically by Polyak et al. (2008), who dated mammillary formations in Leandras, indicating
that the water table was at the elevation of the BCS around 3.5 + 1.2 Ma. This timeframe suggests that the first two stages
of BCS speleogenesis occurred in the phreatic zone before 3.5 + 1.2 Ma, which is broadly in alignment with the timing
inferred from Ashjari et al. (2024), while the third stage began after the water table descended to the level of the BCS.

Modern incision rates from the eastern Grand Canyon of 160m/Ma (Crow et al., 2014) are temporally stable but
spatially variable and indicate it could have taken approximately 5.9 Ma for the water table to drop from the elevation of
the BCS to its current level, suggesting that stages 3 and 4 took place during the last 5.9 Ma. However, based on the
variable nature of incision rates in the Grand Canyon region, in addition to the U/Pb dates of mammillary formations in
Leandras (Polyak et al., 2008), we conclude that stages 3 and 4 likely happened over the past ~4.7 Ma. The stage 4
processes were initiated when the water table dropped completely below the level of the BCS when incision and denu-
dation carved side canyons around the BCS, creating multiple new entrances exposed on opposite sides of canyons,
suggesting that previously these would have been throughgoing cave passages that are now crosscut by side canyons.
Chambers et al. (2024) radiocarbon dated 67 well-preserved bat specimens from the BCS and found that ages range
from modern to >45,800cal BP, near the practical upper limit of radiocarbon dating; this indicates that the caves were
accessible to bats (and therefore open to the surface) for at least ~46ka. Although stage 4 was likely initiated much
earlier than the radiocarbon window, the >45,800 cal BP result provides a minimum age constraint on stage 4 initiation.

HYPOGENE FLUID HETEROGENEITY AND MULTI-PHASE SPELEOGENESIS IN THE GRAND
CANYON

The formation of the BCS reflects a complex interplay of tectonic evolution, hydrogeological conditions, and the
migration of chemically diverse hypogene fluids. The existing conceptual model for hypogene cave formation in the
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Grand Canyon developed by Polyak et al. (2017) provides a valuable framework in which caves formed primarily
through the ascent of CO,-rich fluids under deep phreatic conditions, with sulfuric acid playing a minor role. In this
model, speleogenetic byproducts record an ordered sequence of subevents related to regional water table fluctuations
and episodic tectonic or magmatic activity.

The BCS shares key elements of this framework, notably the hypogene origin linked to deep-seated fluid ascent
in relation to the position of the descending water table. Early phreatic dissolution in the BCS likely occurred under
CO,-rich conditions at depth, consistent with hypogene cave development elsewhere in the Grand Canyon. However,
the mineralogical record of the BCS indicates important departures from the existing conceptual model (Table 3).

Most notably, the BCS contains abundant sulfate minerals, including extensive speleogenetic gypsum rinds, indicat-
ing that sulfuric acid likely played a major role during one of the later phases of cave development. This contrasts with
many previously documented hypogene caves in the Grand Canyon, where limited gypsum abundance suggested a
minor role of H,S. The dominance of sulfate minerals in addition to copper mineralization in the BCS highlights substan-
tial spatial variability in hypogene fluid chemistry across the Grand Canyon.

Additional divergence is evident in the speleogenetic byproducts and secondary mineral deposits preserved in the
BCS. Although Polyak et al. (2017) described a progression that includes cave dissolution, Fe and Mn oxides, calcite
spar linings, mammillary calcite, folia, cave rafts, and late-stage gypsum rinds, the BCS exhibits some components of
this suite, but others have not been identified to date. Calcite spar linings are largely absent (other than locally preserved
spar near the Green Door Fault zone), mammillary calcite formations are limited in Leandras and not documented in
Double Bopper, and folia and cave rafts are not widely documented, despite the BCS being the largest cave system
in the Grand Canyon. Instead, sulfate deposits dominate the secondary mineral assemblage, indicating an altered or
incomplete speleogenetic sequence with the potential for overprinting.

The absence of widespread calcite spar linings also bears on estimates of speleogenetic depth. Previous estimates
placing cave spar formation at approximately 500+250m below the water table are based on observations from the
unconfined karst system of the Guadalupe Mountains (Decker et al., 2016). In contrast, hypogene cave development in
the Grand Canyon likely occurred under initially confined conditions, followed by progressive water table lowering with
transition to an unconfined system. As a result, depth estimates derived from unconfined settings may not be directly
transferable, and more site-specific hydrogeologic and geochemical modeling is required to constrain speleogenetic
depths in the Grand Canyon.

These observations indicate that hypogene speleogenesis in the Grand Canyon is controlled not only by the position
of the water table and the contribution of hypogene fluids but also by the pronounced spatial and temporal heteroge-
neity in fluid sources and migration pathways via faults. Building on the framework of Polyak et al. (2017), our model
emphasizes that multiple hypogene fluids of varying origins can mix and react in complex, location-dependent ways,
as the evolving fault and fracture network at BCS taps distinct reservoirs and flow paths during magmatic and tectonic
events. The BCS demonstrates that no single speleogenetic sequence applies regionally, underscoring the need for a
more flexible conceptual model for hypogene cave development in the Grand Canyon.

CONCLUSIONS

The formation of the BCS occurred through the complex interplay of geological and hydrological processes over
millions of years. Initially, acidic hypogene fluids circulated through the Redwall Limestone in the deep phreatic zone, dis-
solving bedrock and creating horizontal passageways. As the environment evolved, fluctuating potentiometric surfaces
and changing water chemistries led to the deposition of various minerals, including iron and manganese oxides. The tran-
sition to an unconfined evaporative vadose system further contributed to the mineral diversity within the cave, producing
speleothems such as gypsum flowers and unique gypsum foam. Subsequent mineral formations, including stalagmites,
stalactites, and phosphates from bat guano, reflect the ongoing modern vadose processes within the cave system. This
multistage speleogenesis highlights the dynamic interactions between groundwater movement, mineral precipitation, and
the geological framework of the Grand Canyon region, ultimately shaping the BCS into the complex cave observed today.

The BCS, recognized as hosting the two largest caves in the Grand Canyon, offers compelling new evidence that
broadens existing models of hypogene speleogenesis in the region (Polyak et al., 2017). Our research highlights the
influential role of both regional-scale processes and localized geochemical variability in driving cave formation. A key
contribution of this study is the emphasis on multifluid interaction in the speleogenesis of the BCS. The cave’s devel-
opment was shaped by the interplay between various hypogenic fluids, specifically carbonic acid, sulfuric acid, and
copper-bearing fluids, contributing to remarkable mineralogical diversity, including distinct deposits of malachite, gyp-
sum, and jarosite.

Moreover, our findings underscore the critical importance of recognizing the heterogeneous sources of origin for
these fluids in hypogene speleogenesis. The observed variability in fluid contributions is essential for understanding
the mechanisms behind mineral deposition and cave morphology, as localized geochemical conditions can greatly
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influence the variety of unique features within the BCS, setting it apart from other hypogene systems documented in
the Grand Canyon. Finally, this study calls for a more integrated approach to hypogene karst research that considers
the episodic, regionally variable, and multifluid nature of speleogenesis. Future investigations should prioritize exploring
the interplay of multiple fluids and their evolving roles in shaping cave formation processes. This novel understanding of
the spatial and temporal heterogeneity of groundwater fluids observed in the BCS not only contributes unique insights
to karst literature but also serves as a vital component in advancing our understanding of hypogene caves in both con-
temporary and ancient systems.
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MONITORING SHALLOW GROUNDWATER QUALITY IN THE SPRINGFIELD
PLATEAU OF MISSOURI VIA KARST SPRINGS

Mélida Gutiérrez'¢, Claudia P. Colmenero-Chacoén’, and Kevin Mickus'

Abstract

Shallow groundwater plays an ever-important role in determining surface water quality and stream ecology. Since shal-
low groundwater is so readily affected by contaminants produced by human activities, its discharge to surface water
may contribute to stream contamination; therefore, its monitoring is critical for protecting water resources. Seven rural
karst springs from an area utilized for cattle grazing and pastureland in southwest Missouri, USA, were monitored for a
year. Shallow wells in the vicinity of the sampled springs, plus two urban springs, were included to appraise the effect of
land use on water quality. The study focused on NO,-N and Cl as indicators of pollution. The results show (a) a specific
pattern of concentrations for each spring and the season in which the concentration of pollutants peaked, (b) the under-
lying Ozark Aquifer was not significantly affected by leakage from the Springfield Plateau aquifer, and (¢) compared
with the urban springs, the rural springs had about the same NO,-N content but less Cl. Two rural springs reached
concentrations above 4 mg/L NO,-N during the spring months, a concentration that may lead to eutrophication. The
area experienced an abnormally dry period during this study, for which the results represent baseline conditions and
the springs’ response to an expected effect (longer droughts) of climate change.

INTRODUCTION

Compared to shallow aquifers, deep aquifers are commonly preferred as a drinking water source because they
commonly have a better water quality that results from being farther from surface-derived human contamination (agri-
cultural, sewage, and industrial), a distance that also allows for natural self-cleaning processes to take place (Zheng
et al., 2005; Li et al., 2021). The longer and more tortuous path of groundwater as it moves to deeper parts of the aquifer
cleanses contaminants by filtration as well as by chemical and biological processes (Gorelick and Zheng, 2015; Hare
et al., 2021). Thus, shallow aquifers are less frequently used for drinking purposes and, therefore, monitored less.

Recent advances in the study of near-surface water processes and their association with the decline and degra-
dation of water resources, such as the worldwide decline in the flow of streams and springs (Weissinger et al., 2016;
Ranjan and Pandey, 2019; Currell and Katz, 2022) and degraded groundwater and stream water quality (MacDonald
et al., 2016; Hare et al., 2021), have renewed the attention to shallow groundwater systems and the role these systems
play in surface water quality and stream ecology (Lewandowski et al., 2020; Hare et al., 2021). Degradation of the water
quality of streams has manifested predominantly in regions impacted by agricultural (Boumaiza et al., 2022; Jia and
Qian, 2025) or urban pollution (Popp et al., 2024).

Shallow aquifers readily reflect changes in land use and are more vulnerable to pollution (Knierim et al., 2015;
Lewandowski et al., 2020; Hare et al., 2021, Li et al., 2021). For example, changing forested land to agricultural land
can cause induced groundwater recharge but also an increase in salinity due to the leaching of surface salts, fer-
tilizer, and other surface contaminants (Scanlon et al., 2007; Bouselsal and Saibi, 2022). The degradation of water
quality is becoming a critical problem in many different groundwater systems worldwide, such as semi-arid areas and
overexploited aquifers (Bouselsal and Saibi, 2022). Currently, there are few environments where water resources are
not threatened (Currell and Katz, 2022). Karst areas are also highly vulnerable to groundwater contamination due to
groundwater flowing through large fractures and cave systems without natural filtration (Kresic, 2013; Maas et al., 2019,
Tobin et al., 2021). Hence, the monitoring of shallow aquifers is important for the potential input of contaminants to their
receiving streams and/or deeper aquifers and for the future availability of water resources (Weissinger et al., 2016;
Lewandowski et al., 2020; Ferencz et al., 2022; Currell and Katz, 2022).

In non-industrialized areas, groundwater contamination commonly comes from human activities, including sewage,
septic tanks, and urban runoff. This contamination can be toxic and long-lasting when persistent chemicals such as
pharmaceuticals and pesticides are present (Adamski, 1997; Pope et al., 2009; MacDonald et al., 2016). As the contam-
inants present in sewage and agricultural waste can be many, consisting of one or more different solutes, a particular
chemical is commonly utilized as an indicator. The choice of an indicator depends on the type of pollution expected in
a particular region. Chemical compounds commonly utilized as indicators of agricultural and human-related contamina-
tion include nitrate (NO,), total dissolved solids (TDS), and chloride (Cl). These chemical compounds are good water
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quality indicators because they are present in measurable concentrations, relatively soluble, stable under oxic condi-
tions, and are associated with pollutants such as pesticides, pharmaceuticals, and organic micropollutants (Panno and
Kelly, 2004).

Nitrate is a soluble, stable component under oxidizing conditions and has been labeled an anthropogenic contam-
inant because of its association with agricultural and domestic wastes (Jia and Qian, 2025). The nitrogen (N) cycle is
complex; in agricultural areas, N can take various forms depending on the redox conditions. Under oxidizing conditions,
it is mainly present as nitrate (NO,"), and under reduced conditions, NO," is reduced to nitrite (NO,"), N,O gas (nitrous
oxide), and dinitrogen gas (N,). Sources of N include the irrigation returns of overfertilized fields (either from synthetic
N-fertilizers or manure), septic tank effluents, and treated and non-treated wastewater (Boumaiza et al., 2022; Hamlin
et al., 2022). Nitrate is either expressed as NO, or the nitrogen in nitrate (NO,~N). The U.S. Environmental Protection
Agency drinking water guideline for nitrate is 10 mg/L NO,-N (44.3mg/L NO,) (USEPA, 2012). However, recent research
has found that even smaller concentrations, e.g., 4.0mg/L NO,-N may cause eutrophication of downstream water bod-
ies and, if chronically ingested, serious health problems, including various types of cancers, hypothyroidism, and birth
defects (Garcia-Torres et al., 2022; Hamlin et al., 2022).

The impact of shallow groundwater input on stream quality has become an increasing concern after degradation in
the quality of streams in various parts of the world became evident (MacDonald et al., 2016; Hare et al., 2021; Popp
et al., 2024). A thorough monitoring of shallow groundwater quality and the various pathways that groundwater takes
toward its receiving stream has been increasingly studied (Cey et al., 1998; Zheng et al., 2005; Hare et al., 2021). For
example, streams carrying a large load of nutrients (especially NO, as it is the limiting factor for growth in ocean water)
can cause ocean dead zones (Tagne and Dowling, 2020). Monitoring and the implementation of strategies to reduce
the level of contaminants (e.g., nutrients) is needed, even at the small watershed scale (Tagne and Dowling, 2020).
Water quality of the Springfield Plateau aquifer, a shallow carbonate aquifer, is reported here based on the monitoring
of several karst springs (Fig. 1).

Seven rural and two urban karst springs discharging from the Springfield Plateau aquifer of southwest Missouri
(Figs. 2 and 3) were monitored in 2023. Karst springs represent the hydrological connection between groundwater and
surface water, and their water quality reflects the various activities occurring at the surface (Knierim et al., 2015; Katz,
2020; Currell and Katz, 2022). The land around the studied rural springs is used for pastureland and cattle grazing; six
springs are in Lawrence County and one in the rural part of Greene County (Figs. 2 and 3). Lawrence County contains
the largest number of cattle in Missouri (USDA, 2025). Tall fescue grass, the common pasture grass grown to feed the
cattle, has a requirement of 195kg per ha of N-fertilizer (4-51bs. per 1,000ft?) (Sleper and West, 1996). Because of the
large number of cattle, the N-fertilization applied, and the abundant septic tanks, N-contamination in the unconfined
Springfield Plateau aquifer was suspected, and to test this hypothesis, the water quality was monitored via springs
for 1 year.

Monitoring the water quality of springs over time, especially NO,—-N concentrations, will indicate how much contam-
ination is present in the Springfield Plateau aquifer, its seasonal variation, and the difference in water quality between
urban and rural springs. The
results can be compared to

previous regional water stud- iy o DS [ 04 %3 7 1 %
ies conducted in this region ' I—
to determine if water quality SALEM PLATEAU  "MOUNTAINS
has changed from 1993 to
1995 (Adamski, 2000) to the
38
present. SR e HYDROGEOLOGIC UNIT
METHODS _"EEE [ Visgisippi Rivr Valleyalovial
= Western Interior Plains

StUdy Area 37" plansasil confining system

. The study area is located [ Springfield Placcau aquifer
W|th|n_ La\/\{rence and (.5re.ene _____ Missouri . — a2 [ Qs conining i
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Missouri, USA (Fig' 2)' The |BOSTON MOUNTAINS
Springfield Plateau con- SPRINGFIELD o w  1ow

. . . . . PLATEAU —
sists mostly of Mississippian f : : L . 1

and Ordovician carbonate

Figure 1. Hydrogeologic units and the various physiographic provinces (e.g., Springfield Plateau, Salem
Plateau) that make up the Ozark Plateau physiographic province (modified from Adamski, 1997). Red
boxes are Lawrence and Greene counties.

rocks with minor amounts
of clastic  sedimentary
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units that are exposed
in southwest Missouri
GREENE ¥ and northwest Arkansas
and extend into parts of
Oklahoma and Kansas.

(&}

{Wp The Mississippian-aged

) limestones comprise the

LAWRENCE Qr’/\m_gﬂrk Springfield Plateau aquifer,
' Lincoin Prospect | _'. Q an unconfined aquifer with
Rock Letig'e ngtown @ & 'Sffverfu .+ an average thickness of

Sth Springfield 30-60m (Adamski, 2000;

throm D P / Clark et al, 2019). The

Blg Sprmgf s pq N Springfield Plateau aqui-
.,,}‘ m&“l“"-"‘a!f""'“"‘?'LIMis v r\ﬁ fer varies in thickness, with

/{ Nixa '\Z +N an average of 60m within

_ LEGEND Dark the study area (Clark et al.,

g / — Countyboundary ) 0\": 10 20km  2019), and it is separated
Vem”a f—:;" ® Rural spring from the underlying Ozark

Plerce City 1) = ® Urban spring aquifer by a thin (0-13m)
H i aren Ozark confining layer. The

Ozark confining layer is
absent in some areas.

The Burlington—Keokuk
limestone of Mississippian
age is a highly karstified rock
that covers most of the study
area, although the under-
lying Ordovician dolostone
outcrops in a few locations
in the northeast corner of
Greene County and along
the Chesapeake fault in
Lawrence County (Fig. 4).

o R R : This dolostone is the top of
Flgure 3 (a) Chesapeake Spring in Lawrence County and (b) Silver Spnng in Sprmgfeld Mlssoun as several carbonate rocks that
examples of a rural and an urban spring, respectively. Photos by the authors. form the Ozark aquifer.

Karstic aquifers are
prone to contamination because of the secondary porosity formed after dissolution enlarges the fractures in car-
bonate rocks, facilitating the passage of contaminants to deeper parts of the aquifer. Despite this predisposition to
contamination, few water quality studies have been conducted of the Springfield Plateau aquifer, with the notable
exceptions of the studies by Imes and Davis (1990), Adamski and Pugh (1996), and Adamski (2000). One possible
reason for it being less studied is that the Springfield Plateau aquifer is not a major source of drinking water, as
the underlying Ozark aquifer is the major drinking water source for the region and has received more attention as
a result (Pope et al., 2009; Kingsbury, 2020).

In this study, the water quality of seven rural springs and two urban springs is reported, as well as their seasonal vari-
ation and their response to the abnormally dry period experienced in the region during the summer and fall of 2023. The
analysis focuses on the contaminants expected from the land use as pastureland and cattle grazing, namely NO,-N
and CI concentrations, although all major ions and TDS were analyzed. The response of the springs to rain events was
included by comparing water quality to the cumulative precipitation data from 3 days prior to sample collection reported
by the nearest weather station (NWS, 2024).

In addition to the monitoring of the rural springs, a few private shallow (hand pump) wells located within 1km of a
studied spring were sampled once to detect possible NO,-N leakage from the Springfield Plateau aquifer. Because the
wells were hand-pumped, they are likely about 10m (25-35 feet) deep and are tapped to the Springfield Plateau aquifer
or to the top of the Ozark aquifer. The locations of the sampled wells are shown in Figure 4. The two sampled urban
springs, Doling Park Spring and Silver Spring, discharge from the Springfield Plateau aquifer and are used to compare
between rural and urban land use effects.

Figure 2. Location of sampled springs within Lawrence and Greene counties (Source: MODNR).
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—Fault Oc Dolomite | Mk Shaleand Mo Limestone Sandst p Channel Samp"ng and Ana_lyses
0 " Krebs Group) Sﬁ"dswﬂe From the rural springs sampled, all but

AN = one had a name. The spring with no name
\\ \ will be referred here as Chesapeake 2
since it is near the Chesapeake Spring
(see Fig. 2). The springs were sampled
approximately monthly for 1 year, and
their water quality analyzed accord-
ing to standard guidelines and proto-
cols (Clesceri et al., 1998). The urban
springs were sampled at about the
same times (within 2days) as the rural
springs. Samples were collected using
| acid-washed 1-L plastic bottles filled
LEGEND three times with samples and discarding
— County boundary the first two volumes of the sample. This
® Rural Spring sampling procedure was also followed for
W5 IUIRH S hand-pumped wells.
O Shallow well .
: .& Sar_nples were kept refrigerated a_lft_er
1\ \ L __ 2™ collection, and the pH and alkalinity
were determined as soon as the sam-
ples arrived at the Water Laboratory at
Missouri State University. The pH was
determined by a Fisher Scientific pH meter and the alkalinity by titration with HCI 0.01 M. NO,-N was determined by colo-
rimetry using a Hach DR3900 Spectrophotometer and reagents for a 0.23—-13.50 mg/L NO,-N concentration range. Total
and calcium (Ca) hardness were determined by titration with EDTA 0.005M, from which Ca and magnesium (Mg) con-
centrations were calculated. Chloride concentrations were determined by the argentometric method, and sulfate (SO,*)
by the turbidimetric method (Clesceri et al., 1998). Sodium (Na) concentrations were determined using a PerkinElmer
AAnalyst 300 Atomic Absorption Spectrometer. Potassium (K), present in small concentrations (0.9mg/LK; Adamski,
2000), was estimated from the Mg content after correlation with regional water quality data. Pope et al. (2009) found the
closest association of K to be with Mg. Detailed analysis procedures can be found in Colmenero-Chacon (2024).

e A

Figure 4. Geology of the study area and location of the sampled wells (Source: MODNR).

Quality Assurance/Quality Control

Sampling bottles and glassware were acid-washed and rinsed with double-distilled water. Analyses were conducted
using high-grade chemical reagents, and all analytical determinations followed standard procedures (Clesceri et al.,
1998). Instruments (pH meter and turbidity meter) were calibrated daily. Replicates and blanks were run approximately
every eighth sample, and the methods were tested by determining the concentrations of standard solutions (NO,-N
and SO,) approximately every 15 samples. All blanks and standard solution calibrations were within the expected levels
of below detection for blanks and within <1% error for standard solutions. In contrast, replicates had a small variation
depending on the parameter. Chloride concentrations of replicates varied the most as the titrimetric method becomes
less accurate at low concentrations. All other parameters had better replicability (<10% deviation), and the best was
obtained for NO,-N, with a variation among duplicates of £0.01 ppm. The ionic balance (EB%) had an average of 1.83%
and a maximum of 10%. A few samples surpassing 10% EB were discarded from the statistical results.

RESULTS AND DISCUSSION

The precipitation in 2023 was referred to by a drought monitor (NIDIS, 2024) as “abnormally low rain,” for which
the springs are considered to have reached base level at the end of the summer. Visual inspection of the spring flow
during sample collection indicated a relatively unchanged flow at some springs (Big Spring, Verona, and Chesapeake),
whereas other springs (Rock Ledge) dried up by late summer, or their flow was significantly diminished (Prospect,
Sthrom, and Chesapeake 2). The differences in the flows were assumed to reflect the size of a spring’s draining basin,
and this characteristic presumably affected the water quality of a particular spring as well.

The water quality results are listed in Table 1. The Spearman correlation coefficients between the major ions and
precipitation are shown in Table 2.

Interestingly, the NO,-N concentrations did not correlate with any of the other parameters, whereas most of the other
solutes (SO,, Cl, Na, and TDS) correlated among themselves. As expected, Ca, HCO,, and TDS concentrations had a
strong inverse correlation with precipitation.
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Table 1. Water quality data of rural springs in southwest Missouri and cumulative precipitation amounts for 3 days before sampling.

Alkalinity 3-Day
Sampling (mg/L HCO, NO,-N Cl SO, Ca Mg Na K TDS Precip.,
Date, 2023 pH CaCO,) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (in)

Prospect Spring

Mar. 12 7.56 184 112 2.63 6.4 3.3 58.4 3.4 6.1 0.4 193 0.220
Apr. 02 7.55 180 110 2.47 5.7 0.7 63.2 10.7 7.4 1.2 201 0.850
May 07 7.64 240 146 2.85 11.0 4.7 92.0 3.9 8.6 0.4 270 0.000
Aug. 26 7.82 256 156 2.63 7.8 4.6 76.0 8.8 6.4 1.0 263 0.000
Sep. 30 7.86 236 144 2.36 9.9 7.0 78.4 11.2 7.5 1.2 262 0.000
Nov. 04 7.92 224 137 2.35 6.4 3.4 74.4 16.0 7.8 1.8 249 0.000
Nov. 25 8.20 228 139 2.40 5.7 2.5 76.8 151 8.2 1.7 251 0.000
Rock Ledge Spring
Apr. 02 7.33 176 107 2.46 5.0 4.9 60.8 9.2 5.7 1.0 196 0.850
May 07 7.25 212 129 210 71 7.2 66.4 1.5 6.1 0.2 221 0.000
Aug. 26 7.46 256 156 2.74 9.9 21 77.6 9.2 4.4 1.0 263 0.000
Sep. 30 7.39 212 129 218 9.2 2.0 68.0 12.2 3.9 1.3 228 0.000
Sthrom Spring
Mar. 12 7.01 180 110 2.69 1.4 2.8 61.6 4.9 5.1 0.5 189 0.220
Apr. 02 7.01 180 110 2.28 21 3.4 64.0 7.3 7.9 0.8 198 0.850
May 07 7.01 180 110 219 5.3 3.3 67.2 4.4 6.0 0.5 199 0.000
Aug. 26 718 299 182 2.95 7.8 3.3 87.2 5.3 5.4 0.6 295 0.000
Sep. 30 7.38 232 142 2.7 8.5 2.0 87.2 10.2 6.8 11 260 0.000
Nov. 04 7.32 240 146 2.95 12.8 5.9 91.2 16.0 10.0 1.8 286 0.000
Dec. 11 7.41 244 149 2.92 121 5.5 97.6 10.7 10.4 1.2 289 0.000
Chesapeake Spring
Mar. 12 6.91 176 107 3.65 <0.7 2.3 54.4 12.2 5.2 1.3 186 0.220
Apr. 02 6.97 180 110 3.40 5.4 2.0 55.2 14.6 6.1 1.6 197 0.850
May 07 6.89 150 92 312 2.1 2.0 50.4 1.7 5.3 1.3 167 0.000
Aug. 26 7.26 200 122 2.97 8.5 2.6 56.8 141 4.0 1.6 212 0.000
Alkalinity 3-Day
Sampling (mg/L HCO, NO,-N Cl SO, Ca Mg Na K TDS Precip.,
Date, 2023 pH CaCO,) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (in)
Sep. 30 718 188 115 2.90 57 0.8 53.6 19.0 34 21 201 0.000
Nov. 04 7.27 200 122 3.25 4.3 2.8 85.6 1541 6.3 1.7 240 0.000
Dec. 11 7.34 240 146 3.30 6.4 0.9 86.4 17.5 6.2 1.9 268 0.000
Chesapeake 2
Mar. 12 714 176 107 1.73 <0.7 2.0 40.0 9.7 3.0 11 165 0.220
Apr. 02 716 152 93 1.30 21 1.0 40.0 13.6 4.2 1.5 156 0.850
May 07 715 156 95 1.05 <0.7 0.8 44.0 12.2 2.9 1.3 157 0.000
Aug. 26 7.24 214 131 1.40 <0.7 2.5 60.8 10.7 2.3 1.2 209 0.000
Sep. 30 7.24 196 120 1.29 4.3 2.9 59.2 17.5 2.0 1.9 207 0.000
Nov. 04 7.38 252 154 1.38 5.0 2.6 88.0 17.5 2.8 1.9 272 0.000
Dec. 11 7.45 252 154 1.44 3.6 0.6 80.0 24.8 2.8 2.8 268 0.000
Big Spring
Apr. 02 6.87 156 95 4.18 0.7 51 60.0 6.8 6.1 0.8 179 0.850
May 07 6.93 156 95 3.88 11.4 3.0 56.0 9.7 5.7 11 186 0.000
Aug. 26 7.07 212 129 3.32 9.2 4.2 71.2 1.9 5.6 0.2 226 0.000
Continued
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Table 1. Continued

Sep. 30 713 184 112 3.84 7.1 5.2 65.6 7.3 4.8 0.8 207 0.000
Nov. 04 7.07 176 107 3.49 12.8 5.9 70.4 141 8.0 1.6 223 0.000
Dec. 11 7.20 188 115 4.10 71 1.1 69.6 11.2 8.4 1.2 217 0.000
Verona Spring
Mar. 12 6.85 108 66 5.77 <0.7 3.9 45.6 4.9 5.1 0.5 132 0.220
Apr. 02 6.85 108 66 6.09 <0.7 5.2 40.0 8.7 7.2 1.0 134 0.850
May 07 6.73 212 129 4.35 9.9 4.9 48.8 4.4 4.8 0.5 207 0.000
Aug. 26 7.01 172 105 3.42 5.0 4.0 65.6 3.9 4.2 0.4 192 0.000
Sep. 30 6.96 168 102 3.65 71 4.3 60.0 6.3 3.8 0.7 189 0.000
Nov. 04 7.09 164 100 2,74 71 4.0 63.2 23.3 6.5 2.6 208 0.000
Dec. 11 7.91 200 122 3.89 7.8 1.0 68.0 8.3 5.7 0.9 218 0.000

Table 2. Spearman correlation (p) among rural springs, with significant correlation (p <0.05) in bold.

HCO, NO,-N Cl SO, Ca Mg Na TDS Precip.
HCO, 1.00 -0.17 0.53 0.18 0.86 0.20 0.18 0.96 -0.77
NO,-N 1.00 0.30 0.31 -0.06 -0.24 0.30 0.1 0.10
Cl 1.00 0.43 0.57 -0.13 0.47 0.61 -0.35
SO, 1.00 0.38 -0.49 0.54 0.25 -0.07
Ca 1.00 -0.01 0.47 0.93 -0.53
Mg 1.00 -0.28 0.22 -0.40
Na 1.00 0.31 0.12
TDS 1.00 -0.70
Precip. 1.00
Note: Precip.=cumulative precipitation amounts for the 3days before sampling date.
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Figure 5. Concentration patterns of (a) NO,—-N and (b) Cl as a function of time for each of the seven rural springs.

The concentrations of the two parameters of interest (NO,—-N and Cl) are plotted in Figure 5 to better visualize their
variation with respect to time. Figure 5 shows that each spring had its own pattern of water quality, but the response
of each spring to the lack of precipitation differed; while the NO,~N concentrations became more constant at a lower
concentration, Cl concentrations increased with time.

Fescue grass is generally fertilized during the mid-spring months, which may explain that the highest NO,-N concen-
trations were observed in late spring, after which the concentrations stayed at a lower level (from 1.5mg/L NO,-N for
Chesapeake 2 Spring to 4.1 mg/L NO,-N for Big Spring). All the rural springs had a relatively low NO,~N concentration,
which suggests that the human activities on the surface (cattle farming and pastureland) follow best practices and cause
little impact on the Springfield Plateau aquifer in the vicinity of the sampled springs. The highest NO,—N concentrations,
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up to 5.9mg/L NO,-N, were detected during the late spring months at the Verona and Big springs, both located in the
western part of the study area and near the headwaters of the Spring River (Fig. 2), but all other parameters were low.
These high NO,-N concentrations may have resulted from the septic tank leaching fields of nearby farms, and their
presence attests to the susceptibility of contamination of karst regions. The behavior of Cl was to gradually increase
with time, which may be, at least in part, a concentration effect, as there was a long period of little to no precipitation.

Concentrations of NO,~N reached a peak in the spring, and an increase of Cl in the fall and early winter was also
reported in another cattle-grazing area within the Springfield Plateau in the nearby Polk County, where, unlike this study,
precipitation in 2022 was abundant during spring and summer (Gomez and Gutiérrez, 2022).

To visually compare the results between the rural and urban springs, chemical concentrations of four rural springs
(Sthrom, Chesapeake, Big Spring, and Verona) were plotted together with the two urban springs (Doling Park and
Silver, in red), as shown in Figure 6. The NO,-N concentrations of the urban springs had similar concentrations and
responses to precipitation than the rural springs. In contrast, Cl concentrations of the urban springs were higher and
more erratic than those of the rural springs.

The water quality of the springs within Lawrence County was compared with other studies within the Springfield
Plateau aquifer, as shown in Table 3. The NO,~N concentrations showed little change from 1993 to 1995 (Adamski,
2000) to the present. In contrast, a large difference exists between NO,-N values obtained in this study and those
reported for nearby unconfined carbonate aquifers of lowa and lllinois (Table 3). The consistently low concentrations of
the above chemicals within the springs of the Springfield Plateau are likely a result of rainfall comprising the recharge,
a short residence time due to the large fractures in the karstified rock, and a sustainable operation of pastureland and
cattle grazing activities. In contrast, increased concentrations of the same chemicals within the karst areas in lllinois and
lowa are likely the result of lateral flows contributing to aquifer recharge in addition to precipitation as well as leakage
from agricultural activities that include growing a variety of row crops (Maas et al., 2019; Schilling et al., 2019).
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Figure 6. Concentrations of (a) NO,-N and (b) Cl for selected urban and rural springs. Urban springs (Doling Park, Silver) are shown in red.

Table 3. Summary of water quality studies on karst springs within the Springfield Plateau aquifer and nearby carbonate aquifers.

NO,-N (mg/L) Cl (mgl/L)
No. Springs Min. Ave. Max. Min. Ave. Max. References
Springfield Plateau Aquifer
7 1.05 2.91 6.09 <0.7 5.92 12.8 This study
61 (+50 wells) <0.05 1.90 25.00 0.9 5.90 220 Adamski (2000)
1 0.6 2.27 5.70 1.0 5.60 15.0 Knierim et al. (2015)
5 0.05 1.39 6.00 0.5 11.70 67.5 Gomez and Gutiérrez (2022)
1 2.74 4.07 4.79 n.a. n.a. n.a. Peterson et al. (2002)
Other Carbonate Aquifers (lllinois, lowa)
5 2.92 15.53 30.10 54 18.63 26.7 Maas et al. (2019)
2 3.64 14.69 2212 n.a. n.a. n.a. Schilling et al. (2019)

n.a.=not available.
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Table 4. Water quality of springs in the study area (average values) and its nearby hand-pumped well.

No. samples NO,-N (mg/L) Cl (mg/L) TDS (mg/L)
Spring Well Spring Well Spring Well Spring Well
Prospect 7 1 2.53 0.56 7.6 21 238 172
Rock Ledge 4 1 2.46 0.31 8.0 5.7 229 346
Sthrom 7 1 2.62 0.04 7.0 6.4 237 289
Chesapeake 7 1 2.90 0.92 4.0 <0.7 214 269
Chesapeake 2 7 1 2.88 0.80 4.1 0.7 208 224

Because the Ozark confining layer may be very thin and fractured, the potential leakage of contaminants from the
Springfield Plateau aquifer to the underlying Ozark aquifer was tested by comparing the water quality concentration
data (NO,-N, CI, and TDS) between each of the five springs in the study area and water collected from hand-pumped
wells near (within 1km) each spring. The shallow wells, since they are hand-pumped wells, typically draw water from 8
to 11 m (25-35 feet) deep and thus collect water from the Springfield Plateau aquifer. The wells were selected based on
the availability to collect a sample, as they were private wells. The water quality results are listed in Table 4.

The concentrations, as shown in Table 4, show a sharp decrease in NO,~N concentrations in the well water com-
pared to that of the spring water, a less pronounced decrease in Cl concentrations, and a small increase in TDS. The
TDS increase is expected because of the increased dissolution that results from a longer water—carbonate rock contact.
The drought conditions during the sampling period suggest that these values are possibly the most concentrated values
encountered in these springs, and that once precipitation returns to normal conditions, concentrations will decrease
because of dilution.

Overall, and although the water quality of each spring was unique, all the springs complied with drinking water qual-
ity guidelines, thus there is little concern for contamination of the underlying aquifer with leakage from the Springfield
Plateau aquifer. However, this conclusion may change if the Springfield Plateau aquifer becomes contaminated in the
future, which is possible due to expanding housing development in the region as well as changes in precipitation due to
climate change. Continued monitoring of water quality is recommended to keep both the Springfield Plateau and Ozark
aquifers safe from contamination.

CONCLUSIONS

Despite the prevalence of agricultural (pastureland) land use and the large number of cattle in the study area in
southwest Missouri, the water quality of the Springfield Plateau aquifer complies with drinking quality guidelines of the
contaminants of interest, 10 mg/L NO,-N and 250 mg/L ClI (USEPA, 2012). The results suggest that the number of cattle
and farming activities has little to no negative impact on the water quality of the Springfield Plateau and Ozark aquifers
in Lawrence County. Only two of the seven monitored springs showed NO,-N concentrations above 4.0mg/L, an unen-
forced limit to prevent eutrophication and ocean dead zones. Chloride concentrations remained low in rural springs,
with values up to 12.8 mg/L, and higher but modest CI concentrations (up to 42mg/L) were observed in urban springs.

Despite being relatively close to each other, each spring possessed its own pattern of concentrations in response to
seasonal changes in precipitation and farming activities such as fertilization application. Seasonal variations showed an
increase in NO,—N concentrations in late spring and in Cl concentrations in late fall. Oddly, NO,-N values did not cor-
relate with other water parameters nor with precipitation, whereas the other parameters (Ca, Mg, Na, Cl, and SO,) were
associated with each other as well as with precipitation. The low concentrations of contaminants suggest that even if the
Springfield Plateau aquifer were to leak into the underlying aquifer, contamination is not a concerning issue at this time,
as even though the region was experiencing a drought and water was concentrated with solutes, these remained at low
concentrations. A water quality baseline for the Springfield Plateau aquifer in Lawrence County, Missouri, was obtained.
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Abstract

Discoveries of unique, undescribed cave-dwelling species exhibiting extreme endemism demonstrate their biodiversity
richness and specialization to such exclusive environments. Studies on fungi in caves enable understanding of their
diversity, distribution, evolution, and physiology, and also facilitate the discovery of harmful pathogens or beneficial spe-
cies. We hypothesize that Ascomycota would be the dominant phylum associated with bat guano samples, consistent
with previous findings from Asian cave systems. This study is the first to document cave fungi species in Peninsular
Malaysia through environmental DNA metabarcoding, specifically to identify the species composition of fungi within
bat guano samples from Wang Burma Cave, Perlis. Thirty-two distinct amplicon sequence variants were detected
among 380,856 sequence reads, revealing Ascomycota as the dominant fungal phylum (>99.99%). Thirteen species
were identified, including five new records for Malaysia: Aspergillus caninus, A. chlamydosporus, A. phialosimplex,
Candida palmioleophila, and Mortierella rhinolophicola. Penicillium simplicissimum was the most dominant species
(67%) across all sampling sites. This study provides the first molecular record of cave-associated fungi in Peninsular
Malaysia and highlights the ecological and conservation significance of subterranean fungal communities as indicators
of cave ecosystem health.

INTRODUCTION

Fungi are incredibly diverse and have crucial ecological functions worldwide (Tedersoo et al., 2014; Powell and Rillig,
2018). Fungi can be found in a variety of forms in cave environments; each one adapted to the special circumstances
present in these subterranean habitats. A specific collection of environmental factors that affect the growth and devel-
opment of fungi is present in caves (Farda et al., 2022). These conditions include low light levels, high humidity, stable
temperatures, and limited nutrient availability (Ren et al., 2021; Mammola et al., 2022). As a result, cave fungi have
evolved fascinating adaptations to thrive in such harsh conditions.

Cave fungi refer to the various species of fungi that are specifically adapted to and found within cave environments.
Cave fungi are sometimes also known as troglobitic fungi, and the term “troglobitic” is derived from the Greek words
“troglos” (cave) and “bios” (life), indicating their specialized adaptation to cave habitats (Saikia and Ruedi, 2021). Strict
definition of troglobitic fungi would refer to a species or population that is bound to a subterranean habitat strictly, in
other words, true cave life (Sket, 2008). Real obligate troglobitic fungi imply a cave origin and evolution. However, most
of the currently discovered fungi from caves were known from other environments (Vanderwolf et al., 2013; Zhang et al.,
2017). Zhang et al. (2017) suggested that cave fungi may have an origin from outside the cave environment. Cave
fungi have unique characteristics and adaptations that allow them to thrive in the challenging conditions found within
caves. These fungi play important ecological roles within cave ecosystems. They often act as decomposers, breaking
down organic matter such as bat guano, decaying plant material, or animal remains and recycling nutrients back into
the cave ecosystem (Nieves-Rivera et al., 2009; Karkun et al., 2012; Out et al., 2016). In fact, one of the most excellent
substrates for the development and reproduction of cave fungi is bat guano (Ogoérek et al., 2016; Dimkic et al., 2021).
The diet (frugivorous, insectivorous, or sanguivorous) of the bat may have an impact on the nutrient content of its guano
(Emerson and Roark, 2007; Cunha et al., 2020). Studying cave fungi requires specialized methods and techniques due
to their unique habitat and adaptations. Once collected, cave fungal specimens are examined and identified by mycol-
ogists using morphological, microscopic, and molecular techniques (Alsohaili and Bani-Hasan, 2018). Morphological
characteristics, such as spore shape, size, and color, along with the presence or absence of specific structures, are
examined under microscopes.

Research has revealed diverse fungal communities, with species belonging to common genera like Aspergillus,
Penicillium, and Cladosporium (Docampo et al., 2011; Cunha et al., 2020). These examples represent a glimpse into
the research conducted on cave fungi in Asia. Research on cave fungi in Asia has yielded valuable insights into the
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biodiversity, ecology, and adaptations of these unique cave-dwelling fungi. Asian countries with extensive cave sys-
tems, such as China, Thailand, Cambodia, Vietnam, and Malaysia, have been significant focal points for such studies
(Duringer et al., 2012). In China, studies have documented several new species and provided insights into their tax-
onomy, distribution, and ecological roles. For instance, research in Guangxi and Guizhou provinces revealed diverse
fungal communities in caves, including species from genera like Aspergillus, Penicillium, and Trichoderma (Man et al.,
2015; Huang et al., 2021; Zhang et al., 2021). In the northern region of Thailand, investigation of cave fungal diversity
and physiology reported the occurrence of the genera Fusarium, Aspergillus, and Penicillium, among others (Cyske et
al., 2021: Suphaphimol et al., 2022). While, in Cambodia and Vietnam, investigations have been conducted in caves
across different regions, including the famous Bayon temple sandstone of Angkor Thom and Phong Nha-Ke Bang
National Park, respectively (Lan et al., 2010; Trinh et al., 2018). Researchers have discovered new cave fungal species
and examined their phylogenetic relationships. Studies have also explored the potential biotechnological applications
of cave fungi, such as their production of enzymes with industrial relevance (Tavares et al., 2018; Paula et al., 2019;
Fernandez-Remacha et al., 2022).

Cave fungi in Malaysia have been the subject of scientific research, particularly in the cave-rich regions of Sarawak
and Sabah on the island of Borneo (Hunt et al., 2007; Wasti et al., 2020). Although the richness of fungal species in
caves is well established, this study uniquely documents fungi associated with bat guano within Wang Burma Cave,
contributing novel records for Peninsular Malaysia. Existing published research on cave fungi in Malaysia has only
employed the extraction of DNA and alignment of nucleotide sequences from pure isolates. Environmental DNA
(eDNA) metabarcoding is used to determine the evolutionary relationships and species boundaries of the collected
fungi. Cave fungi are often challenging to cultivate in the laboratory due to their specialized adaptations and nutrient
requirements. However, researchers may attempt eDNA metabarcoding approaches to study the fungal diversity by
sequencing of amplicons (Hamad et al., 2017). Therefore, the present study will be the first to employ eDNA metabar-
coding for the identification of fungi and the analysis of fungal diversity in a cave in Peninsular Malaysia. The chosen
cave for this study is known as Wang Burma Cave, located in the pristine limestone karst landscape of Perlis State
Park in northern Peninsular Malaysia. Although the cave is a prominent natural heritage site under UNESCO with
conservation efforts on charismatic cave species, such as bats and rare invertebrates, the cave’s microbial biodi-
versity—particularly fungi—remains largely overlooked. Thus, studying the fungal communities associated with bat
guano from this cave through eDNA metabarcoding will contribute toward Malaysia’s cave fungal species diversity
checklist.

MATERIALS AND METHODS

Study Site and Location of the Cave

The study was conducted at Wang Burma 1 Cave, which is a totally dark and dry cave (Anuwar et al., 2020). The
Wang Burma 1 Cave is a part of the permanently reserved forest of Perlis State Park, Perlis, Peninsular Malaysia
(6°41'51"N 100°11'53"E), and is accessible to guided visitors. Three bat guano sample collection sites (designated as
WBA, WBB and WBC) were established within the middle chamber, approximately 100 m from the entrance, with WBA
and WBB located 5m apart and WBC located near the sidewall. A schematic cave map indicating sampling sites is
included in Figure 1. Each of the collection sites was fixed at least 5m apart from one another.

The sampling sites had bat inhabitants roosting on the cave ceiling (Fig. 2), with an estimated bat count rang-
ing between 120 and 150 individuals in the chamber. Bat guano substrates were also observed on the ground. The
guano samples appeared moist to semi-dry, light brown, and heterogeneous in texture, containing fine particulates of
digested insect remains. Although no bat identification survey was performed during sampling, observational data sug-
gest the colony consisted predominantly of Hipposideros spp. and Rhinolophus spp., which are commonly recorded in
Peninsular Malaysian caves (Nordin et al., 2021; Hazrizal Fuad et al., 2024). Both bat genera consist of insectivores,
which may be attributed to the characteristics of the bat guano sampled across the three sampling sites.

There were not many distinct characteristics between the bat guano substrates of WBA and WBB, while WBC had
some dead insects and litter (small organic debris and detritus). Surface temperature of bat guano measured using a
Testo 925 digital thermocouple thermometer (£0.5°C accuracy) revealed similar temperatures for all three collection
sites (25°C). This temperature is within the range of values reported by other studies of caves in Malaysia (Baharim
et al., 2018; Rajasegaran et al., 2018; Wasti et al., 2021).

Collection of Bat Guano Samples

Triplicates of 10 g of bat guano samples were collected randomly from each site at a depth of 5—10 cm from the surface.
All sampling in this study adhered to safety protocols. The collected guano samples were then transferred into a 100 mL
Falcon tube. The nine guano samples were kept cold in ice to slow down the metabolism of microscopic fungi (micro-
fungi), referring to filamentous and yeast-like fungi in the samples, and transported to Universiti Malaya. Guano samples
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Figure 1. Schematic map of Wang Burma Cave taken on site. Locations for collection points (WBA, WBB,
and WBC) are indicated with dots on the map.

were kept frozen at 0 °C for
long-term storage until
needed for molecular
genetics work.

DNA Extraction and Gel
Electrophoresis

Total genomic DNA
(gDNA) from the batguano
samples was extracted
using NucleoSpin® Soil Kit
according to the manufac-
turer’s conditions (Vautier
et al., 2020) with modifi-
cations. This involved a
double extraction proce-
dure of the same samples
to maximize the yield of
extracted gDNA from bat
guano. Then, 1% TAE
(Tris-acetate-EDTA) aga-
rose gel electrophoresis
was run and visualized
to check the quality of

the eluted gDNA. The
concentration of gDNA
was determined using
NanoDrop and fulfilled
the criterion of 220ng/pL
as good quality DNA.
The gDNA samples were
then stored at -20°C
until needed for amplicon
sequencing.

Polymerase Chain
Reaction

Polymerase chain
reaction (PCR) of the
fungal internal  tran-
scribed spacer 1 (ITS1)

L ; _ region was performed

Figure 2. (a) Interior of Wang Burma Cave I; (b) bats roosting on the cave ceiling; (c) bats roosting on the  using the gDNA tem-
cave ceiling 100m from the entrance of the cave. plates, including the
forward primer ITS1F

(5-GGAAGTAAAAGTCGTAACAAGG-3) (Gardes and Bruns, 1993) and the reverse primer ITS2

(5-GCTGCGTTCTTCATCGATGC-3') (White et al., 1990). Each 25 uL PCR comprised of 12.5 uL of 2x REDiant 2x PCR
Master Mix (1st BASE), 0.5 L of each primer (10 uM), 1-2 L of template DNA (~10ng), and nuclease-free water to vol-
ume. Thermocycling conditions were as follows: initial denaturation at 95 °C for 3 min; followed by 30 cycles of denatur-
ation at 98 °C for 20's, annealing at 55 °C for 30s, and extension at 72 °C for 30 s; with a final extension at 72 °C for 5min.
Successful amplification and visualization of PCR products were confirmed using 1% TAE agarose gel electrophoresis.

Library Construction and Amplicon Sequencing

The first library construction was performed through ampilification of the fungal ITS1 regions with KOD-Multi & Epi-®
(Toyobo) using locus-specific sequence primers with forward (5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3')
and reverse (5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3') overhang adapters. For the second part of
library construction, dual indices were attached to the amplicon PCR with the use of the lllumina Nextera XT Index
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Kit v2 in accordance with the manufacturer’s protocols. The Agilent Bioanalyzer 2100 System, with the Agilent DNA
1000 Kit, was used to measure the quality of libraries, whereas the Helixyte Green™ Quantifying Reagent was used to
perform fluorometric quantification. Next, the libraries were normalized and pooled as prescribed by lllumina and were
sequenced using the MiSeq platform (2 x 300bp) with 300 bp paired-end (PE) according to the standard protocol.
Library preparation and quality control were performed by Apical Scientific following the authors’ initial extraction and
PCR amplification in the Universiti Malaya laboratory. Sequencing was carried out by Apical Scientific Sdn. Bhd., gen-
erating raw paired-end reads in FASTQ format.

Assignment of Amplicon Sequence Variants

Raw reads obtained were demultiplexed and processed using the DADA2 plugin in QIIME 2 (version 2024.10.1).
Quality filtering, denoising, paired-end read merging, and chimera removal were conducted using default parameters.
The resulting high-quality sequencing data were assigned to unique amplicon sequence variants (ASVs), which repre-
sent exact biological sequences present in the samples, and were trimmed to the region amplified by the primers used
in this study. Taxonomic assignment of ASVs was achieved through BLAST search of the UNITE Database (https://
unite.ut.ee/). All raw reads and ASV datasets were deposited in GenBank Biosample (Submission SUB15333087) with
accession number SAMN48597270.

Taxonomic Abundance and Community Composition

Taxonomic abundance and community composition were analyzed based on the ASV table generated following
taxonomic assignment. Relative abundance at various taxonomic levels (phylum, class, order, family, and genus) was
calculated to determine the composition of fungal communities across samples. The fungi identified were visualized
using a chord diagram and compared with fungal diversity reported by other studies in Malaysian caves to provide a
comprehensive checklist of Malaysian cave fungi.

RESULT AND DISCUSSION

Taxonomic Abundance and Diversity

Sequencing of the ITS1 region yielded a total of 491,691 raw reads, with 380,856 reads remaining after merging,
dereplication, and chimera removal. In total, 32 ASVs representing two phyla, five known classes, four known orders,
five known families, five known genera, and six known species were reported (Table 1).

Phylum Ascomycota was found to be the most dominant phylum (consisting of >99.99% of the 380,856 sequence
reads), similar to findings by Wasti et al. (2020, 2021).

The dominance of Ascomycota aligns with previous reports from Malaysian and Southeast Asian caves, possibly due
to their adaptive capacity to nutrient-poor and oligotrophic guano environments (Cunha et al., 2020; Wasti et al., 2020).
Another phylum that was identified was Mortierellomycota, which consisted of only a mere 21 sequences.

Of the 32 ASVs, 14 were identified successfully to the species level, representing six species: Aspergillus cani-
nus, A. chlamydosporus, A. phialosimplex, Candida palmioleophila, Mortierella rhinolophicola, and Penicillium sim-
plicissimum (Fig. 3). Seven ASVs were identified only to the genus level, and these included the genera Aspergillus,
Candida, Mortierella, Penicillium, and Sagenomella. Some ASVs were identified only to higher taxonomic levels
(e.g., family, order, class, or phylum), which may be attributed to (1) low quality of the sequence reads or (2) lim-
itations of barcode references in repository databases. Regardless, all of these ASVs were confidently classified
as the phylum Ascomycota. In addition, three species, such as A. chlamydosporous, C. palmioleophila, and P. sim-
plicissimum, were recorded in samples from all three sites. The three most abundant ASVs identified were ASV4
(33.6%) and ASV5 (33.8%), which are two strains of P. simplicissimum, and ASV16 (15.3%), which represents a
strain of C. palmioleophila.

Eurotiomycetes and Eurotiales (73%) were the most abundant class and order, respectively, followed by class
Saccharomycetes and order Saccharomycetales (21%), and class Leotiomycetes and order Helotiales (6%) (Fig. 4).
The most dominant family for all three sites was Aspergillaceae (72%), while the other family under Eurotiales found
in the samples, Trichocomaceae (<1%), had significantly lower abundance compared to its sister family. The rela-
tive abundance of Mortierellaceae was similar to the order Mortierellales, as Mortierellaceae is a monotypic family.
Myxotrichaceae was similar in abundance to the order Helotiales, thus implying that there were no other fungi of other
families under this order that were present in the samples. This was also the case for the enigmatic/uncertain family
under Saccharomycetales labeled as “Incertae familiae.”

Under Aspergillaceae, two genera were identified, which were Asperqgillus (<1%) and Penicillium (99%). Candida
(21%) was the only genus under incertae familiae (Saccharomycetales) found in the samples; hence, the relative abun-
dance was similar to its family. Mortierella and Sagenomella were also the only identified genera of their respective
families; hence, their relative abundance values were also similar to those of their families.
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Table 1. Relative abundance of ASVs identified based on fungal ITS1 sequences in bat guano from three sites (WBA, WBB, and WBC) in
Wang Burma Cave.

Sequence Reads (n) Relative Abundance
ASV Identified Taxa WBA WBB WBC N %
ASV5 Penicillium simplicissimum 26,413 49,105 53,226 128,744 33.80
ASV4 Penicillium simplicissimum 66,980 54,553 6,606 128,139 33.64
ASV16 Candida palmioleophila 19,228 1,284 37,897 58,409 15.34
ASV9 Myxotrichaceae® 3,846 17,606 1,951 23,403 6.14
ASV19 Candida palmioleophila 0 642 15,690 16,332 4.29
ASV6 Penicillium sp. 3° 0 9,569 6,050 15,619 4.10
ASV23 Sagenomella® 3,051 0 123 3,174 0.83
ASV27 Aspergillus caninus 1,444 0 0 1,444 0.38
ASV14 Candida palmioleophila 673 60 496 1,229 0.32
ASV7 Lecanoromycetes® 0 0 1,077 1,077 0.28
ASV25 Aspergillus sp. 1° 1,045 0 0 1,045 0.27
ASV26 Aspergillus chlamydosporus 429 261 43 733 0.19
ASV21 Ascomycota® 0 315 7 322 0.085
ASV22 Ascomycota® 57 172 0 229 0.06
ASV18 Candida palmioleophila 0 26 180 206 0.05
ASV28 Aspergillus phialosimplex 200 0 0 200 0.05
ASV8 Lecanoromycetes® 0 0 123 123 0.03
ASV24 Eurotiales® 0 121 0 121 0.03
ASV29 Penicillium sp. 4° 41 28 0 69 0.02
ASV11 Lecanoromycetes® 42 42 0.01
ASV30 Penicillium sp. 5° 0 33 33 <0.01
ASV32 Penicillium sp. 6° 28 28 <0.01
ASV1 Penicillium simplicissimum 0 25 0 25 <0.01
ASV31 Penicillium simplicissimum 0 0 23 23 <0.01
ASV2 Penicillium sp. 1° 0 19 0 19 <0.01
ASV12 Mortierella rhinolophicola 0 16 16 <0.01
ASV15 Candida palmioleophila 0 0 16 16 <0.01
ASV10 Myxotrichaceae?® 0 10 0 10 <0.01
ASV17 Candida palmioleophila 0 0 10 10 <0.01
ASV3 Penicillium sp. 2° 6 0 0 6 <0.01
ASV13 Mortierella rhinolophicola 0 5 0 5 <0.01
ASV20 Candida palmioleophila 0 0 5 5 <0.01
123,483 133,801 123,572 380,856 100

2ASV9 and ASV10 can only be identified up to the family level.

®ASV2, ASV3, ASV6, ASV25, ASV29, ASV30, and ASV32 can only be identified up to the genus level.
°ASV7, ASV8, and ASV11 can only be identified up to the class level.

9ASV21 and ASV22 can only be identified up to the phylum level.

°ASV24 can only be identified up to the order level.

Insights into the Identified Fungi Associated with Bat Guano

The fungal community profiles across the three sampling sites (WBA, WBB, and WBC) revealed clear dominance
patterns, as well as site-specific fluctuations in several medically relevant taxa. The most abundant species overall
was Penicillium simplicissimum, which consistently represented the largest proportion of ASVs across all samples
(up to 67%). This strong and uniform dominance suggests that P. simplicissimum is a core and persistent compo-
nent of the cave mycobiome. Although non-pathogenic, some strains of this species are known to function as plant
growth-promoting fungi and have been explored for use as biofertilizers (Shimizu et al., 2013), indicating ecological
versatility rather than pathogenic relevance within this cave environment.
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Figure 3. Relative abundance (%) of fungal species iden-
tified across three sampling sites (WBA, WBB, and WBC)
based on ASV proportions.
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Figure 4. Chord diagram showing major identified fungal
classes associated with bat guano identified from three
sites (WBBA, WBB, and WBC) in Wang Burma Cave.

In contrast, Candida palmioleophila exhibited marked vari-
ability in relative abundance among sites, approximately 16% in
WBA, 2% in WBB, and 44% in WBC, making it the second most
prominent taxon in the dataset and the only species demonstrating
strong spatial heterogeneity. C. palmioleophila is an ascomycet-
ous yeast with documented opportunistic pathogenicity, particu-
larly in immunocompromised patients, where it is associated with
candidemia and severe complications including dermal infections,
respiratory failure, and fatal systemic infections (Jensen and
Arendrup, 2011; Pierantoni et al., 2020). Its uneven distribution
across the cave sites may therefore indicate microhabitat-driven
niche suitability rather than widespread establishment.

The detection of Mortierella rhinolophicola, although occurring
at negligible abundances across all sites, represents a notewor-
thy finding. This species was first described from bat carcasses
in a cave in Yunnan, China (Karunarathna et al., 2020) and may
include cave-adapted or host-associated strains. Members of
Mortierella are generally non-pathogenic, and no evidence exists
thus far to suggest pathogenic potential in M. rhinolophicola. Its
minimal presence in our samples is consistent with both its rarity
in global mycobiome reports and the possibility of a specialized
ecological niche within cave ecosystems.

Among the Aspergillus species detected (including A. caninus,
A. phialosimplex, and A. chlamydosporus), all occurred only at trace
proportions in the ASV dataset. Aspergillus caninus is of particular
interest due to its ability to cause severe infections in canines (Kano
et al,, 2019; Yang et al., 2020). While the other detected Aspergillus
species have not been associated with significant human pathoge-
nicity, the genus as a whole contains several major agents of invasive
fungal infections in immunocompromised individuals (Beck-Sagué
and Jarvis, 1993). Notably, A. fumigatus, the primary etiological agent
of aspergillosis (a lung disease), was absent from all cave samples,

aligning with previous studies in Malaysian caves, where A. fumiga-
tus has similarly never been documented. Instead, prior cave studies in Malaysia have reported other pathogenic Aspergillus
species such as A. flavus, A. niger, and A. nomius (Marr et al., 2002; Caira et al., 2012; Wasti and Seelan, 2019; Wasti et al.,
2020). The low abundance of Aspergillus taxa in the current dataset therefore suggests limited representation of this genus
within Gua Wang Burma compared to other Malaysian cave systems.

Overall, the combination of highly dominant non-pathogenic taxa (e.g., P. simplicissimum), heterogeneous but med-
ically relevant yeasts (e.g., C. palmioleophila), and rare occurrence of specialized or low-pathogenicity species (e.g.,
Mortierella spp. and Aspergillus spp.) reflects a fungal community possibly shaped by both microhabitat variation and
the unique ecological constraints of the cave environment.

Diversity of Cave Fungi in Malaysia

To provide a more comprehensive analysis of available baseline data on cave fungi associated with bat guano
in Malaysia, we have compiled a checklist of 34 cave fungal species reported in the present study and two previous
studies conducted in Sabah caves (Table 2; Wasti et al., 2020, 2021). The present study contributes five new records,
including Aspergillus caninus, A. chlamydosporus, A. phialosimplex, Candida palmioleophila, and Mortierella rhinolo-
phicola. The addition of these five previously unreported bat guano-associated fungi from Peninsular Malaysia suggests
that Malaysian cave mycobiomes may harbor regionally distinct assemblages shaped by local environmental gradients,
guano chemistry, and bat species composition.

CONCLUSION

This study highlighted the cave fungi associated with bat guano in Wang Burma Cave, Perlis. eDNA metabarcoding
analysis revealed the diverse fungal community, some of which have potential applications in biotechnology and con-
servation efforts. Understanding these microbial interactions will contribute to better conservation management of cave
ecosystems and their associated biodiversity.
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Table 2. Occurrence of fungi associated with bat guano in caves of Malaysia.

Wang Burma Cave Madai Cave, Sabah Gomantong Cave, Sabah
Species (Present Study) (Wasti et al., 2021) (Wasti et al., 2020)
Annulohypoxylon nitens a
Aspergillus aculeatus a
Aspergillus caninus ab
Aspergillus chlamydosporus ab
Aspergillus flavus a
Aspergillus niger a
Aspergillus nomius a
Aspergillus ochraceus a
Aspergillus phialosimplex ab
Aspergillus restrictus a
Aspergillus sp. 1 a a
Aspergillus fumigatus
Blastobotrys malaysiensis
Candida palmioleophila ab
Cladosporium cladosporioides a
Curvularia lunata a
Mortierella rhinolophicola ab
Paecilomyces variotii a
Penicillium citrinum a
Penicillium paxilli a a
Penicillium simplicissimum a a
Penicillium sp. 1 a a
Penicillium sp. 2 a a
Penicillium sp. 3 a
Penicillium sp. 4 a
Penicillium sp. 5 a
Penicillium sp. 6 a
Pestalotiopsis sp. a
Pochonia chlamydosporia a
Purpureocillium lilacinum a
Talaromyces minioluteus @
Trichoderma asperellum a
Trichoderma paraviridescens a
Xylaria feejeensis a
Total 13 17 7

aFungi from bat guano.
®New records of identified species.
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DESCRIPTION OF LIRCEUS FOUSHEENSIS, N. SP., THE FIRST
TROGLOMORPHIC ISOPOD OF THE GENUS L/IRCEUS (HOPPINELLUS) FROM
THE OZARKS (CRUSTACEA: ISOPODA: ASELLIDAE)

Julian J. Lewis"¢ and Michael E. Slay?

Abstract

Troglomorphic, stygobiontic asellid isopods of the genera Caecidotea and Conasellus are widespread in the Ozark
physiographic province of the central United States. In contrast, numerous species of Lirceus are common in springs
and seeps where groundwaters emerge, but none are particularly morphologically adapted to caves. Herein, we
describe and figure Lirceus fousheensis, the first troglomorphic (and presumably stygobiontic) species of the genus in
the Ozarks, from Foushee Cave, Independence County, Arkansas. It is a species of the Lirceus bicuspidatus clade and
is viewed as an isolated cave invasion arising by an adaptive shift from a common spring-dwelling species. Compared
with seven cavernicolous species of Lirceus from southwestern Virginia caves, Lirceus fousheensis is intermediate in
the degree of troglomorphism.

INTRODUCTION

Among the asellid isopods of North America, there are many species believed to be widespread. In some cases, like
Lirceus louisianae, the validity of the broad range was re-affirmed by genetic sequencing of far-flung populations that
demonstrated minimal divergence (Lewis et al., 2023). That species occurs in a variety of aquatic habitats, although its
wide range is probably attributable to not being particularly restricted to any of them. In contrast, it is becoming increas-
ingly apparent that many of the purportedly widespread species associated with karst habitats, particularly caves and
springs, are revealed by genetic sequencing to be complexes of cryptic species. As a case in point, Lirceus hargeri
Hubricht and Mackin (1949) was discovered to be such a complex. Rather than a single species, it is now characterized
as a subgenus (Hargerellus) of 18 described species spanning an area from southwestern Virginia to northern Georgia,
with more taxa awaiting description (Lewis et al., 2023).

In the Interior Highlands region, Hubricht and Mackin (1949) described Lirceus bicuspidatus from springs spanning
the southern Ozarks as well as the Ouachita Mountains, a range essentially encompassing all the Arkansas uplands.
The initial sampling for molecular analysis in this region demonstrated that southern populations of Lirceus bicuspidatus
in the Ouachitas were genetically divergent, which were described as Lirceus robisoni (Lewis and Lewis, 2023).

Herein, we separate and describe a second new species within the Lirceus bicuspidatus clade, the first troglomor-
phic Lirceus discovered in the Ozarks.

SYSTEMATICS

Lirceus (Hoppinellus) fousheensis, New Species

Lirceus bicuspidatus—McDaniel and Smith, 1976: 58; Graening, 2003: 195; Graening et al., 2011: 159, 175; Lewis
and Lewis, 2023: 97-98.

Material examined.—ARKANSAS: Independence County: Foushee Cave, M. Slay, 14 Jun 2011, 788%; same local-
ity, M. Slay, P. Ardapple, J. Baxter, 25 Feb 2020, 303 2.

The holotype is a 6.1mm & collected from Foushee Cave on 25 February 2020, and the other specimens from this
locality are designated paratypes. The specimens were deposited in the collection of the National Museum of Natural
History, Smithsonian Institution, Washington, DC.

Material for molecular analysis.—ARKANSAS: Independence County: Foushee Cave 34 Q (site code: FOUCHECA);
deposition of material and analysis at Université Lyon 1, Lyon, France. All metadata associated with molecular analyses
are stored in the World Asellidae Database (Saclier et al., 2024).

Diagnosis.—Lirceus fousheensis is most closely related to Lirceus bicuspidatus, which occurs in springs and small
streams in the Ozark Boston Mountains and the adjacent Springfield Plateau in northern Arkansas. Lirceus fousheensis
is separable from L. bicuspidatus by its small size, the longest specimen is 8.2mm compared to 18 mm for L. bicus-
pidatus (Hubricht and Mackin, 1949); the marked depigmentation of the body in dorsal view; and the presence of a

'Lewis and Associates, Biological Consulting, Borden, IN 47106
2Arkansas Field Office, The Nature Conservancy, Little Rock, AR 72205
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single small triangular process on the palmar margin of the propo-
dus of the first pereopod, as opposed to two prominent bicuspate
processes as the name implies for L. bicuspidatus.

Description.—Length of males is 6.6 mm, the longest female is
8.2mm, and the body is about 2.5x as long as wide. Eyes present
and well formed, dorsal pigmentation reduced, light brown or tan,
present on the head and longitudinal midline of pereonites, and
pleotelson. Lateral margins of pereonites depigmented, pleotelson
with pigment granular in appearance (Fig. 1).

Head broad, about 2.5% as wide as long, anterior margin with
medial-lateral carinae broadly rounded, about equal in height with
medial carina, lateral margin entire, post-mandibular lobes, and lat-
eral incisions not apparent (Fig. 2). Lateral margins of head, pere-
onites, and pleotelson moderately setose and spinose. Antenna 1
short, reaching to about midlength of penultimate article of antenna
2 peduncle, flagellum with 5 articles, with aesthetes on distal 4
articles. Antenna 2, flagellum with about 45 articles. Mandible with
3-merous palp, setose on all articles.

Pereopod 1 of male, propodus about 1.7% as long as wide, pal-
mar margin with one large and one smaller stout proximal spines,
medial process small, subtriangular; dactyl flexor margin with stout
subungual spine, plus about 12 smaller spines descending in size
toward the propodus. Female pereopod 1, sexual dimorphism pres-
ent, propodus about 2.6x as long as wide, palmar margin flat, 3
stout proximal spines present, processes absent, comb spines in
row along margin. Pereopod 4, carpus of male 2.2x as long as wide,
dactyl flexor margin with stout subungual spine, plus 3 smaller stout
spines. Pereopod 4 of female, sexual dimorphism present, carpus
2.6x as long as wide, dactyl flexor margin with stout subungual
spine, plus 3 smaller stout spines.

Figure 1. Lirceus fousheensis, n. sp., from Foushee Pleotelson widest anteriorly, tapering distally, about 1.1x wider
Cave. Independence County, Arkansas (photograph by than long, caudomedial lobe broadly rounded, uropodal sinuses
Michael Slay). slightly produced. Pleopod 1 (Fig. 3) protopod mesial margin with

2 retinaculae and 1 small seta; exopod about 1.7% as long as wide,
1.2x length of protopod, and lateral and distolateral setae longer than apical setae. Pleopod 2, protopod without setae;
exopod, proximal article without setae; distal article trapezoidal, about 1.1x longer than proximal article, about 1.6x
as long as wide, with about 6 elongate setae along the proximolateral margin, 5 longer setae along the apical margin;
endopod tip with cannula extending across the axis of the endopod, cylindrical, arising from the base of broad, digiti-
form, dentate, and scalloped lateral process, with shelf extending to a broadly rounded mesial process; caudal margin
of endopod broadly rounded, sclerotized. Pleopod 3 exopod, anterior surface moderately setose, and lateral and apical
margins densely setose. Pleopod 4 exopod, lateral margin setose, setae formula 30—14-11. Pleopod 5 exopod, proxi-
molateral margin with 2 elongate setae.

Total length of male uropod is about 0.55x% the length of the pleotelson in ventral view, in dorsal view extending about
0.5% the length of pleotelson; protopod flattened, about 0.7x of the length extending beyond the margin of the pleotel-
son; exopod and endopod slightly flattened; exopod about 0.8x the length of endopod; and endopod about 1.4x longer
than protopod.

Etymology.—This species is named after the type-locality, Foushee Cave. Suggested vernacular name is the
Foushee cave isopod.

Habitat and range.—Lirceus fousheensis is known only from Foushee Cave, where the isopods occur in the cave
stream. McDaniel and Smith (1976) first noted the presence of what they characterized as a troglobitic “unpigmented
and minutely eyed isopod” from Foshee [sic] Cave and reported the same species from Hell Creek Cave, Stone County,
Arkansas. As to the latter, the junior author has entered Hell Creek Cave on numerous occasions and has not seen
any Lirceus, nor have we been able to locate specimens or other references in unpublished reports or the literature.
McDaniel and Smith cited the late Thomas E. Bowman as identifying their specimens, but we have been unable to
locate the Stone County material in the collection of the Smithsonian Institution, where Dr. Bowman worked for his
entire career.
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Figure 2. Lirceus fousheensis, n. sp., male paratype from Foushee Cave, Independence County, Arkansas: (a) head, antenna 1 and pedun-
cle of antenna 2, pigmentation omitted; (b) distal articles of antenna 1; (c) mandible; (d) pereopod 1, distal articles; (e) pereopod 4; and (f)
same, dactylus.

The location of Foushee Cave is indicated on the U.S. Geological Survey Concord quadrangle 7.5-min topographic
map as Blowing Cave. The cave is gated, and permission from the Arkansas Natural Heritage Commission is required
for entry. Foushee Cave was formed in a narrow band of Mississippian limestone in the Springfield Plateau along the
eastern part of the Ozark physiographic province in Arkansas (Fig. 4).

Relationships and evolution.—From a morphological standpoint, the most obvious differences separating Lirceus
fousheensis from L. bicuspidatus are troglomorphisms, notably the pronounced depigmentation. Certain considerations
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Figure 3. Lirceus fousheensis, n. sp., male paratype from Foushee Cave, Independence County, Arkansas: (a) pleopod 1, (b) pleopod 2,
(c) same, endopodite tip, (d) pleopod 3, (e) pleopod 4, (f) pleopod 5, (g) uropod, and (h) uropod endopodite detail of row of plumose setae.

must be taken when using troglomorphisms for taxonomic separation of species. Among asellids of eastern North
America, in species of the genus Conasellus, there is significant plasticity in the presence or absence of eyes and pig-
mentation. For example, the shallow groundwater species Conasellus hobsoni exhibits morphs that range from eyed
and pigmented to eyeless and unpigmented, with no discernible genetic divergence nor other morphological differenti-
ation (Lewis et al., 2023).

In contrast, seven troglomorphic species of Lirceus were reported by Lewis et al. (2023) and in each the presence
of troglomorphisms was linked with speciation through independent means, e.g., other morphological differences and
genetic sequencing. Likewise, changes in pigmentation were equally important among the epigean, spring-dwelling
species of Lirceus in Virginia and Tennessee. The presence of changes in pigmentation patterns, including troglomor-
phisms, appears to be important as a taxonomic characteristic in Lirceus. This was first noted by Hubricht and Mackin
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Figure 4. Distribution of species of the Lirceus bicuspidatus clade.

(1949), although their assessment that “the differences are difficult to describe and must be seen to be really under-
stood” falls short of being helpful.

Lirceus fousheensis joins an assemblage of seven Appalachian species (Lewis et al., 2023), where a continuum
of troglomorphisms is exhibited (Fig. 5). Of these, Lirceus fousheensis most closely resembles L. bisetus, a species
endemic to Lane Cave, in Scott County, Virginia, in its degree of troglomorphism (Fig. 6).

Another morphological phenomenon associated with troglomorphic Lirceus species is paedomorphism, particularly
in secondary sexual characteristics. This is seen most obviously in the propodus of the first pereopod, which in males of
Lirceus bicuspidatus is bulbous and displays large, bicuspid processes along the palmar margin. In Lirceus fousheen-
sis, the prominent processes are reduced to a single small subtriangular process.

From an ecological perspective, Lirceus fousheensis has undergone an adaptive shift from the epigean ancestor
inhabiting spring streams to those in Foushee Cave, which is now a reproducing population that is abundant in the dark
zone of the cave. The presence of a presumed stygobiontic Lirceus in Foushee Cave is unique among the cave com-
munities of the southern Ozarks, the result of an isolated cave invasion.

The speciation of Lirceus fousheensis may be in part attributable to its isolation in the karst of the eastern edge of the
Springfield Plateau, where it is largely separated from other populations of L. bicuspidatus from which it was derived.
This endemism is shared with the aquatic cavesnail Amnicola cora, another stygobiontic species known only from
Foushee Cave.

Concerning molecular genetic analysis, we have sequence data of the mitochondrial 16S gene from nine samples of
isopods of the Lirceus bicuspidatus clade. Five of these samples were provided through collections made by Dr. Henry
Robison and were referable to populations of Lirceus robisoni in the Ouachita Mountains (Lewis and Lewis, 2023). The
other four were collected from populations in the southern Ozarks: (1) Foushee Cave; (2) the spring stream below the
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Figure 5. Distribution of troglomorphic Lirceus in the eastern United States.

Figure 6. Examples of pigmentation patterns and troglomorphism in isopods of the genus Lirceus, from left to right: Lirceus bicus-
pidatus, Johnson County, Arkansas; Lirceus fousheensis, Foushee Cave, Independence County, Arkansas; Lirceus bisetus, Scott
County, Virginia; Lirceus orndorffi, Tazewell County, Virginia; and Lirceus littonensis, Lee County, Virginia.

entrance of Foushee Cave; (3) the type-locality of Lirceus bicuspidatus from a spring in Clarksville, Johnson County,
Arkansas; and (4) a spring near Yardelle, Newton County, Arkansas. The sequence data are sparse, but the most sig-
nificant result was that the troglomorphic isopods in Foushee Cave occur in a separate clade from the fully pigmented
specimens taken from the spring stream flowing from the cave.
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