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A DEBRIS FLOW DEPOSIT IN MAMMOTH CAVE: FIELD CHARACTERIZATION
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Abstract

This work presents an analysis of a debris flow deposit below Earth’s surface in the Mammoth Cave System in Ken-
tucky, USA, and is the first study to characterize an in-cave debris flow to this level of detail. The deposit, named Mt.
Ararat by cavers, has a maximum thickness of 7 m, a head-to-tail length of 75 m, and a total volume of about 3400 m?,
as determined by terrestrial LIDAR and electrical resistivity surveys. The deposit is chaotic, angular, matrix-supported,
and roughly inversely graded, with grain sizes, quantified through various grain-size distribution measuring techniques,
ranging from clay through boulders larger than 1 m. The clasts are predominantly Mississippian Big Clifty sandstone,
which is allochthonous in this part of the cave. The angularity of the blocks in the deposit indicate that they had not
experienced significant erosion; and therefore, are determined to have been transported only a relatively short distance
over a short time. The deposit profile is compound in appearance with two heads. We thus interpret this as a debris
flow deposit resulting from two distinct flow events, and present a chronology of events leading to the present-day Mt.
Araratin Mammoth Cave. The findings of this work will inform further studies of karst-related erosional events, sediment
transport, and deposition at different scales in karst aquifers, as well as the ways in which surface and subsurface pro-
cesses interact to contribute to karst landscape evolution.

INTRODUCTION

While karst landscapes vary widely, those with extensive subterranean drainage systems are often associated with
unconfined carbonate sequences overlain and underlain by more chemically-resistant beds. As erosion progresses
in these landscapes, clastic sediments from the resistant layers are washed into and through subterranean conduits.
Significant amounts of clastic sediment must be transported through cave conduits to keep the passages open. Like
surface sediment deposits, cave sediments are classified according to grain size, sorting, and sedimentary structures.
These deposits can then be interpreted in terms of the conditions of their transport and deposition.

In this study, we focus on a diamictic deposit of sandstone boulders deep under the Central Kentucky Karst land-
scape in Mammoth Cave. In 1971, John Wilcox noted these boulders on his map as “sandstone breakdown” (Wilcox,
1971). The deposit—Ilater named “Mt. Ararat” by cavers—prompted further scrutiny in 2016, when Art and Peg Palmer
began to investigate why this much sandstone was located so far into the cave, where the smooth, gently rounded
limestone ceiling meant it could not in fact be a breakdown pile (Palmer et al., 2019). They hypothesized that it was the
result of transport during a large flood.

DIAMICTON FACIES SEDIMENTATION
In discussion of the sedimentary facies concept as applied to siliciclastic sedimentation in caves, Bosch and White
(2004; 2018) defined a massive, matrix-supported clay to boulder facies that is chaotic, unsorted, and unbedded with
the interpretation of diamicton cave deposit as “the result of debris flows where materials of all particle sizes are taken
into suspension and flow down high gradient passages” (Bosch and White, 2018).
Terrestrial (Takahashi, 1981; Pierson, 1986; Hungr, 1995) and submarine (Prior et al., 1984) debris flow deposits
resulting from single-flow events were reported in field studies as simple profiles beginning with relatively fine ma-
terial at the upstream “tail,” increasing in thickness
downstream and coarsening toward the steep front,
FLOW DIRECTION > or “head,” with a boulder accumulation at the head.
- The geometry of debris flows was described in detail
by Pierson (1986; Fig. 1) based upon his observa-
tions of deposits resulting from channelized debris
=S flows following the 1980 eruption of Mount St. Hel-
soviom ) ens, Washington, USA.
AecumpLATIoN Debris flows and their resulting diamicton de-

Figure 1. Schematic drawing of a single-surge debris flow in profile with posits have been observed and _de_scribgd in C_aves
major geometry names labeled (after Pierson, 1986). throughout the world. Many descriptions in the litera-
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ture were written to provide detailed stratigraphy as a necessary context for anthropological or archaeological studies
because catastrophic debris flows that came to be deposited in caves were also ideal for entrapment and preservation
of bones from the Pliocene through the Holocene. In El Sidron Cave in Asturia, Spain (Santamaria et al., 2010), there is
a deposit described as a “Unit of poorly sorted gravels, sands and mud” which has been interpreted as “fluvial-karstic
materials [that] originated from a high energy event and [were] clearly erosive in nature.” Similar deposits were inves-
tigated as an archaeological complex in Scladina Cave in Belgium (Abrams et al., 2014), interpreted as having been
“dominated by solifluction and debris flow.” Multiple debris flows hosting archaeological materials were documented in
the Great Cave of Niah in Sarawak, northern Borneo (Gilbertson et al., 2005) one of these flows being a diamicton of
guano, clay clasts, and limestone boulders with a lobate planform, and another described as “diamicton composed of
pink silt-sized material with variably sized white inclusions, interpreted as having resulted from a mudflow.” An archaeo-
logical site particularly worthy of note, the Malapa Site located in the Cradle of Humankind World Heritage Site in South
Africa (Dirks et al., 2010), contains debris flow deposits with “abundant, well-preserved macro- and micromammal
fossils.” This deposit is a “poorly sorted, coarse-grained sandstone . . . cemented by blocky sparite,” that “contains al-
lochthonous material (chert, shale and feldspar grains, bone fragments) mixed with cave-derived sediment, suggesting
deposition as a single debris flow. . . ”

Other studies have been written from an exclusively geological or geomorphological perspective. Gillieson pio-
neered studies of siliciclastic sediments in caves with his 1986 study of Selminum Tem in the Highlands of Papua New
Guinea. In that work he noted that, “Two diamictons are present in the main passage of Selminum Tem. One attains a
maximum depth of 5 m in Coprates Canyon, a 30 m high vadose canyon. .. The diamicton is a silty fine sandy pebble
gravel which is matrix supported and unstratified.” The Butler Cave-Sinking Creek System in Virginia, USA (Chess et
al., 2010) contains extensive siliciclastic deposits, the “most remarkable” of which “are the diamicton facies. . . These
are unsorted and unstratified mixtures of sand, pebbles, and cobbles. These seem to have infilled all of the side caves
on the western side of the system. .. Diamicton facies implies a debris flow. . . ” In a study of a modern event, Van Gun-
dy and White (2009) detailed a volume of material that they estimated at 1800 m? (from before and after measurements
of the sediment source area) that was transported completely into, through, and out of Mystic Cave in West Virginia,
USA, during the “1985 Potomac Valley flood.” The observed sediments that were discovered wedged into crevices in
the cave after the storm contained a broad “range of particle sizes with a significant fraction of cobble-sized colluvium.”
When they divided mean-known discharges during the storm event by the cross-sectional area of smaller conduits in
Mystic Cave, they arrived at an estimated water velocity of 5—9 m/s required to move that volume of water through some
portions of the cave.

FIELD SETTING

Big Avenue, Noah’s Way, and Fossil Avenue are adjoining cave passages formed at approximately the same eleva-
tion in the Joppa member of the Ste. Genevieve limestone in Mammoth Cave, Mammoth Cave National Park, Kentucky,
USA. At the junction of Big Avenue and Noah'’s Way, is an unconsolidated deposit of rocks named Mt. Ararat. It is about
12—15 m wide with a maximum relief of 7 m and a 75 m long tail that extends into Noah’s Way. The grains in this de-
posit consist of a buff-colored fine- to medium-grained quartz sandstone consistent with descriptions of the Big Clifty
sandstone member of the Mississippian Golconda formation, which is stratigraphically about 60 m above the Joppa
limestone (Fig. 2). Additionally, the ceiling above the pile is smooth and rounded (Fig. 3). From this evidence, Palmer et
al. (2019) inferred that there had been no stoping, that is, the blocks did not break down from the ceiling. Therefore, the
rocks making up this deposit were concluded to be allochthonous.

Four discrete levels are observed consistently throughout the over four-hundred miles of mapped passage in the
Mammoth Cave System and have been labeled A through D by Palmer (1989) with A at about 200 m ASL, B at 177-186
m ASL, C at 166—167 m ASL, and D at 151-158 m ASL. The passages associated with the Mt. Ararat deposit correlate
in elevation with other level C passages. Granger at al. (2001) performed cosmogenic radionuclide burial dating using
26/l and "°Be to sequence the events that resulted in these levels. During that study, they dated quartz gravels (originally
from the Pennsylvanian Caseyville conglomerate) sampled from Fossil Avenue (elevation 167 m ASL), approximately
400 m from its junction with Big Avenue (elevation 166 m ASL), at 1.21 + 0.09 Ma. Additionally, detailed observations
of Mt. Ararat have revealed no Caseyville gravels, which was interpreted as the timing of fluvial deposition of these
gravels; and therefore, the time at which this passage was last active as a cave stream flow route at base level. Begin-
ning from this approximate timing of younger than 1.21 Ma, we used sedimentological analyses, terrestrial LiDAR, and
geophysical data to deduce a sequence of events contributing to deposition of Mt. Ararat.

METHODS

FIELD OBSERVATIONS

Observations were made to characterize the sediment deposit named Mt. Ararat in Mammoth Cave, cave passages
containing that deposit, and the geomorphology of Doyle Valley on the surface above. (Although “Doyel” is the spelling
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Figure 2. Study area: Mt. Ararat deposit in Noah’s Way, Mammoth Cave System, Mammoth Cave National Park, Kentucky, USA. Cave car-
tography by Bird. (Location topographic map, USGS, 1972; Haynes, 1964; Cave Research Foundation 2010a, 2010b, 2012; Wilcox, 1971).

found on USGS maps (Haynes, 1964; USGS, 1972) and in USNPS publications (2018), Mammoth Cave area historians
concur that “Doyle” is the preferred local spelling (Palmer, pers. Comm., 2019)). Field survey books and maps provided
by the Cave Research Foundation (1971, 2010a, 2010b, 2012) were used as references for in-cave fieldwork and for car-
tography of the study area (Fig. 2). Surface field work drew upon the same Cave Research Foundation (CRF) cave data,
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topographic and geo-
logic maps (Haynes,
1964; USGS, 1972),
and the global posi-
tioning system app for
i0S, GPS Kit (2017).
We defined the vol-
ume of material in Mt.
Ararat using terrestrial
LiDAR for the aerially
exposed surface and
an electrical resistivi-
ty survey to estimate
the obscured portion.
The facies analysis
and interpretations of
clastic sediment de-
posits in the cave were
made according to the
classification scheme
of Bosch and White
(2018).

Terrestrial LIDAR
To characterize the
outer surface geome-
try of Mt. Ararat, Tate
Jones led a surveying
team from KCI Tech-
nologies to perform
LiDAR scans of the de-
posit and its immedi-
ately surrounding cave
passages. They used
e i e ; e G a RIEGL VZ-400i to
X T . "‘.‘r‘ b BRI NSl perform four three-di-
Figure 3. Head of Mt. Ararat as seen from Big Avenue, standing to the northeast of the deposit. A) Photo mensional  terrestrial
used with permission of the photographer, Arthur N. Palmer. B) LiDAR scan of Mt. Ararat with portions of LIiDAR scans in the
Noah’s Way and Big Avenue. cave. The point clouds
from these scans were
merged to result in a high-resolution stereolithography file of the surface of Mt. Ararat (Fig. 3B). The resulting mesh
comprised over 5.5 million triangles, each about 0.06 m on a side, encompassing 240 m of cave passage length with
ceilings approximately 7 m high and passages widths of about 10 m throughout their length. This level of resolution was
observed to accurately capture details of the caves passages and individual rocks when compared with photographic
evidence and cartographic survey and therefore also realistically reconstructed the shape and structure of Mt. Ararat.

Sedimentology

To determine grain-size distribution for the entire Mt. Ararat deposit, analysis was needed at multiple scales. At the
highest precision and finest scale was the fine-grained matrix of the deposit. Mt. Ararat appears to have been partially
eroded on its eastern (right-lateral) side by a younger, high-gradient stream, exposing a cross-section that displays a
lack of sorting and sedimentary structure in the deposit, with grain sizes ranging from clays to boulders on the order of
1 m on a side (Fig. 4). From this exposed face, we collected three sediment samples: MAXC1, MAXC2, and MAXC3.
Dry-sieving of these samples was performed using methods outlined in ASTM (Smith, 2014) using stacked sieves on a
mechanical shaker with mesh sizes of 8 mm, 4, mm, 2 mm, 1 mm, 500 ym, 250 pm, 125 ym, 63 pm, and 38 um.

At the next scale larger in this deposit, a grid-square counting technique was implemented to assess grain-size anal-
ysis on the entire cross-section of the exposed face (Fig. 5) (Kellerhals et al., 1975; Ortiz et al., 1975). Each 10 cm by 10
cm grid box was labeled with either the diameter of the largest clast in that square, or if there was not a significant indi-
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MAXCI1 vidual clast visible, the grid square was labeled m for matrix,
or in the case of the few squares we identified in the field as
clay-dominated, c for clay. Boxes with clasts comprised 70
% of the exposed-section surface area, while matrix- and
clay-dominated boxes accounted for 30 % of the section. To
construct the grain-size-distribution curve, the cumulative
percentage results from sieving the matrix material were
multiplied by 0.3 and the whole-clast grid-counting results
were plotted relative to the entire gridded section (Fig. 6).

Electrical resistivity

Near-surface geophysics was used to approximate the
subsurface stratigraphy in Big Avenue near the junction with
Noah’s Way (Fig. 2). Since Mt. Ararat’s material covers the
paleo bedrock floor of the passage, we used electrical resis-
tivity tomography to constrain the thickness of the deposit.
Figure 4. Exposed cross-section of Mt. Ararat. Poorly sorted, We use(.j an IRIS.SyscaI Kid Switch24 to perform a Wen-
matrix-supported clastic sediments with a very wide grain-size Ner Vertical Electrical Survgy (VES.) ?k?ng the. trail. A Wen-
distribution. Note the large boulders near the top of the deposit. nher VES assesses the vertical resistivity profile below one
Interpretation is a diamicton deposit resulting from a catastroph- point by acquiring readings on progressively longer arrays,
ic debris-flow event. Matrix sampling locations are shown inset. with increased arrav lenaths sampling deeper stratigraph
Scale bar has 20-cm-long alternating white and black segments. y 9 piing ) p. graphy
Photo by Bosch. (Burger et al., 2006). We set up arrays with intervals of 0.5
m 1m,15m,2m,3m, 4 m, and 4.5 m. The resistivi-
ty readings from each of these arrays were used to model
the vertical profile using the program ipi2WIN (Bobacheyv,
2002). This modeled near-surface stratigraphy was used to
help constrain the three-dimensional geometry of the de-
posit.

Morphological analyses
A longitudinal profile and seven cross sections were
measured using the Profile Tool plugin (Jurgiel, et al., 2020)
in QGIS (QGIS.org, 2020) on a digital elevation model of Mt.
Ararat built in CloudCompare (2020) using the point cloud
obtained from the terrestrial LiDAR survey (Fig. 8). The vol-
ume of the deposit was constrained by the LiDAR-scanned
topography and the position of the underlying passage floor
inferred from the electrical resistivity near-surface stratig-
raphy model. Using the multiphysics modeling software,
STAR-CCM+ (Siemens, 2020), the stereolithography mesh
Figure 5. Grain-size analysis for exposed cross-section of Mt. Ara- was imported as a g_eometry part. Al hOI.eS n the model
rat. Grid-squares for grain-size distribution analysis. were then closed using the surface repair tool in STAR-
CCM+. The bedrock passage floor was modeled as a
plane coincident with the bedrock floor location inferred from electrical resistivity. Where the flat floor did not intersect
the LIiDAR surface, planes were introduced to model bedrock passage wall obscured by Mt. Ararat where the deposit
contacts the western wall along Noah’s Way and the southern wall of Big Avenue in the inside of the bend. Using this
combination of three plane surface and the LiDAR-derived surface, a geometric model of the Mt. Ararat deposit was
isolated.

RESULTS

Surface topography relative to debris flow deposit

On the cave map by John Wilcox (1971), about 75 m beyond the junction with Big Avenue, in Noah’s Way, there
is a note written at survey station V-11: “bore hole directly above.” Upon visual inspection in the cave, we observed a
small copper pipe protruding a few centimeters from the passage ceiling. Further upstream from this, the passage has
limestone breakdown and travertine deposits and becomes impassible to humans. The origin and possible motivation
for installing this pipe before Mammoth Cave was administered by the National Park Service is unknown. However, it
provided an opportunity to robustly tie cave observations to surface observations. Using that cave map in conjunction
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Mt. Ararat grain size distribution

k=% finer by volume as determined by grid counting
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Figure 6. Grain-size distribution curve for exposed cross-section
of Mt. Ararat. Finer grained matrix mass percentage determined
by sieving. Coarser grained clasts volume percentage determined
by grid-counting. Since this material is concluded to have derived
from the Big Clifty sandstone, it is of uniform density, and these two
approaches are therefore directly comparable.

with the app GPS Kit, the surface end of the “bore hole”
was found at an elevation of 210 m ASL on the north side
of Doyle Valley (Fig. 2).

The contact between Girkin Limestone Formation and
Big Clifty Sandstone Member of the Golconda Formation
is at about 225 m, 15 m above the borehole. At this ele-
vation the landscape slope becomes much gentler. These
are the plateau-like Jim Lee Ridge and Joppa Ridge to
the north-northeast and south-southwest of Doyle Valley,
respectively. Throughout Mammoth Cave National Park,
there are ponds intermittently perched on the Big Clifty
sandstone on the ridges (Studinski and Grubbs, 2007).

A sinkhole in the floor of Doyle Valley was found at
about 140 m horizontal distance south-southwest from the
bore hole and at an elevation of 200 m; it was dry when
we completed our surface reconnaissance work and is in-
dicative of the closest modern place for water to enter the
Noah’s Way area of Mammoth Cave. An entrance point
for the material that became Mt. Ararat may have looked
somewhat like this but at 2—7 m higher in elevation (Fig. 2)
due to the 2-7 m/Ma erosion rate presented by Granger et

al. (2001). If we add 2 m to account for the minimum estimated erosion, the shortest travel distance from the nearest
modern exposure of the contact to the upstream end of Noah’s Way is the resultant of the vertical offset of 62 m with
the horizontal distance of about 200 m, or about 210 m of straight-line travel. This estimate is, of course a minimum,

since transport would not likely be in a straight line.
Sedimentology

Table 1. Grain-size distribution of Mt. Ararat matrix material from sieve analysis.

Grain-size  distribu-

tions for samples of the

Cumulative sediment Grain size Percentage finer . .
mass (g) (mm) by weight (%) deposit matrix as deter-
MAXC1 MAXC2 MAXCA MAXC2 MAXC1 MAXC2 mined by sieving MAXCT
and MAXC2 were similar
48.35 67.55 8 8 100 100 to one another (Table 1).
48.35 48.8 4 4 100 72 The third matrix sample,
48.75 38.4 2 2 97 57 MAXC3, was nearly 100
38.85 32.1 1 1 80 48 % clay. These were com-
28.35 218 0.5 0.5 59 32 bined to create a grain-
1765 125 0.5 0.5 37 19 S|ze_d|str|but|on for the
matrix of the cross-sec-
8.35 7.7 0.125 0.125 17 1 tion exposed by erosion
1.25 2.1 0.063 0.063 3 with a minimum grain
0.2 0.35 0.038 0.038 1 size of 0.0038 cm, a

Table 2. Raw data results of electrical resistivity survey.

maximum of 0.8 cm, and
a D50 of about 0.05 cm. When plotted as 30 % of

Depth below center Measured resistivity

the total grain-size distribution, with the grid-count-
ing results contributing the other 70 %, the maximum

of VES Array (m) (Q'm)
0.5 175.98

1 651.29

1.5 1532.35
6059.78

248317

4 1961.21

4.5 1003.91

grain size was then 100 cm and the D50 for the entire
cross-section grain-size distribution was about 20 cm
(Fig. 6).
Obscured stratigraphy

Measurements recorded during the electrical re-
sistivity tomography (ERT) survey (Table 2) represent
the resistivity encountered by an electrical signal as
it traveled through multiple stratigraphic layers, each
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Figure 7. Raw electrical resistivity signal responses and modeled
electrical resistivity strata. Data modeling indicates the trail depth
below the center of the resistivity array at 0.25 m (horizon A), debris
flow deposits from 0.25 m to 0.75 m in depth (horizon B), and below
0.75 m as bedrock with vugs and fractures (horizon C).
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the averaged resistivity along each semicircular travel
path. To determine the number and resistivities of discrete
layers, the data were numerically modeled using the soft-
ware package ipi2WIN (Bobachev, 2002). The data were
input into the program and then inverted to generate an
earth model. The initial model was manually adjusted to
minimize root-mean squared error between the modeled
curve generated from the earth model and the data. The
number of layers required in the model is dictated by the
shape of the data. Each inflection point in the curvature of
the data requires another layer. The model resulting from
our analysis divided the subsurface into three layers: Lay-
er 1 from 0 m to 0.25 m below the center of the survey with
a resistivity of 163 Q-m; Layer 2 from 0.25 m to 0.75 m
below the trail with a resistivity of 21,785 Q'm; and Layer
3, 0.75 m to 4.5 m deep, with a resistivity of 93 Q-m. Layer
1 is interpreted as human-built trail material (sand moved

from deposits in other areas of the cave), Layer 2 as Mt.
Ararat sand and boulders, and Layer 3 as vuggy/fractured
limestone (Fig. 7). These resistivity values fall within the
range observed for natural materials: sand, sandstone,
maom and limestone, respectively (Mussett and Khan, 2000).

47m
We6m

Elevation relative to
trail in Big Avenue at
Noah’s Way junction

Deposit pile morphology
For local topography, we designated the trail eleva-
tion at the junction of Noah’s Way and Big Avenue as the

Teail in Big Avenue

N S—— == z zero datum. Mt. Ararat, with the general form of a debris
= 2 \_ | fi - flow deposit (Fig. 1, Fig. 8), occupies most of the length
e : = and approximately one-half of the volume of Noah’s Way.

e ——_ From the junction of Noah's Way to the south, the floor on

;)_f,, T e EI f—t the eastern side of Noah’s Way slopes up at a gradient of
: .t~ -~ about0.05 while the ridge of Mt. Ararat slopes down from
: E its highest point at an average gradient of —0.06.

Elevation (m above lrail level)

A striking feature of Mt. Ararat is that it has two main
peaks: the larger one is 7 m tall at the downstream end
of the deposit near the junction, and, following the ridge
along the crest of the deposit, there is a secondary peak
about 4 m tall that is 35 m upstream from the taller peak
(Fig. 8A). About 20 m upstream from that secondary peak, the tail of the deposit tapers off and is obscured by limestone
breakdown. Along the western wall of Noah’s Way, the deposit is in continuous contact with the wall. The coarsest grain
sizes in Mt. Ararat, found at the taller peak, are boulders of greater than 1 m in diameter, with the second highest con-
centration of large grains located at the second peak.

Two areas of Mt. Ararat show evidence of surface modification postdating deposition. Along the eastern wall of No-
ah’s Way, for about 40 m, the side of Mt. Ararat has the appearance of a cutbank at the angle of repose for silt, rising
to the west from a small feature that appears to be an abandoned channel up toward the crest of the deposit (Fig. 8E).
The stream, when it occupied that channel, would have drained from Noah’s Way out to Big Avenue. Upstream from
the large peak, about 50 m up Noah's Way, there is a side passage leading away to the east. At the entrance to this
deposit, Mt. Ararat has been partially eroded through its entire vertical extent to reveal a cross-section of the deposit
(Fig.4), and 10 m further down that side passage is a small, hydrologically active stream.

From the tall peak at the junction of Noah’s Way and Big Avenue, the deposit makes a sharp turn to the west, into
Big Avenue, with its left-lateral side remaining in contact with the cave passage wall (Figs. 8G, 8H). Slopes around that
peak area of Mt. Ararat vary due to the wide range of grain sizes but are roughly at the angle of repose and continue
under the human-built trail in Big Avenue toward the cave passage floor.

We used the LiDAR point cloud and resistivity depth profile to evaluate the volume of material represented by the
deposit. The resistivity results indicated that the bedrock floor near the junction of Big Ave and Noah’s Way lies 0.75
m below the trail at the center of the array (Fig 9). At the southeast corner of Noah’s Way, bedrock is exposed where a

Distance along profile (m)

Figure 8. Digital elevation model of Mt. Ararat along the spine, A,
and at seven cross-sections, B through H.
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Mt. Ararat Debris Flow Deposit

N m Legend

-44°(2017)
//T\] .

25 meters

Hypothesized Paleo — A
Entrance or Sinkhole

Figure 9. Geomorphological map of Mt. Ararat with sequence of depositional and erosion events as follows: 1) deposition of primary, large,
debris flow; 2 or 3) fluvial erosion of primary, and perhaps also secondary, debris flow(s) along eastern wall channel; 3 or 2) deposition
of secondary, smaller, debris flow; head of small debris flow marked by grain-size transition from large-gravel- to sand-dominated in the
downstream direction; and 4) erosion of primary and secondary debris flow into eastern side passage. Map symbols consistent with Gus-
tavsson et al. (2006).

smaller passage opens through the floor, and its position qualitatively supports the assumption of a roughly constant
bedrock floor level along the length of Noah’s Way. The exact relationship between this bedrock exposure and the
Mt. Ararat deposit is obscured by a later-stage breakdown jumble. Neither the resistivity profile, nor observations of
scattered alluvial cave deposits in Big Avenue and Fossil Avenue, support the premise that a significant thickness of
unrelated sediment underlies Mt. Ararat. Nor is there evidence for subsequent deposition of dissimilar sediments atop
the debris flow material; the sandstone-bearing facies is only apparently overlain by a few cm of weathering residuum,
sporadic calcium carbonate deposits, and occasional breakdown blocks, all of proximal origin. In other words, we may
assume that most of the volume of sediment in Noah’s Way between the breakdown pile at the south end and the
junction at the north end is related to the Mt Ararat event. This assumption means that our volume estimates will be
maximum-limiting because there is little direct constraint on depth to bedrock in Noah’s Way.

We isolated features of interest in plan view and measured their volume using the 2.5D Volume tool in CloudCom-
pare (2020), using a grid size of 1 m. Volume is computed as the sum of gridded thicknesses above a reference level,
here set to the inferred level of the bedrock passage floor. We measured the volume of Noah’s Way enclosed by its
ceiling, extending from the base of the breakdown pile in the south end, north to the junction area with Big Avenue, to
be 6700 m?3, of which ~1700 m? is in the junction area. Measured in the same way, the present volume of the Mt Ararat
deposit is ~3400 m?. If we assume that the original deposit filled the width of the passage, the volume of material eroded
along the east (right lateral) margin has been ~400 m3. In summary, our best maximum-limiting estimate for the original
deposited volume is 3800 m?, or about 50% filling of the available passage space in Noah’s Way (c.f. Fig 3).

DISCUSSION

The Mt. Ararat deposit in Mammoth Cave consists of poorly-sorted, matrix-supported, angular grains sourced from
the Big Clifty sandstone and ranging from clay-sized through boulders of about 1 m in diameter, as quantified by de-
tailed analysis of an exposed cross-section of the deposit. With over 60 % of this material having grain sizes greater
than 10 cm in diameter (Fig. 6), a volume between 2280 m® and 4020 m? of sandstone must have been directly sourced
from the Big Clifty Sandstone Member. These sedimentological results support our interpretation of Mt. Ararat as a
debris flow deposit originating from a mass-wasting or flood-like event in Doyle Valley, although the specific nature of
the event occurring on the surface remains unclear. A conservative interpretation is that it represents a period of flash
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flooding in the Doyle Valley watershed that mobilized sandstone colluvium and temporarily accessed a now-obscured
entrance to Noah’s Way.

Further analysis provides estimates on flow velocities that would be needed to transport these grains as bedload ei-
ther initially from the surface or later when eroding material away from the deposit. To estimate a high-end water speed
for grains transported as bedload with water as the only fluid, we performed a calculation balancing the forces on an
individual grain at the moment of incipient transport (Allen, 1985),

2D(a—p)

_ ZD(a—p)g - 2
o= —3 cos f tan(a — B) = pu *, (1)

where z_ is the critical shear stress at the threshold of entrainment (N m), D is the diameter of the grain size to be
transported, o is the density of that grain (in this case, 2650 kg m3), p is the density of the fluid (1000 kg m™3), g is the
acceleration due to gravity (9.8 m s72), a is the angle between a line normal to the streambed and a line from the center
of the grain to a grain-to-grain contact, g is the angle of inclination of the streambed, pu.? is the definition of shear stress,
and u, is the shear velocity.

This calculation was performed for the median grain size of 0.2 m and the largest of 1 m. To further simplify, we
assumed that each transported grain was in contact with grains of identical dimensions and was transported by water.
Fluids in debris flows can have a range of higher densities than water that would then result in a lower We then used a
streambed slope of 0.05 (2.5 m / 50 m; Fig. 8) to calculate a shear velocity needed to entrain each of these grains. The
resulting estimated average streamflow velocities were determined from the shear velocities,

Zz) @

where k, 0.40, is the von Karman constant (Bailey, et al., 2014), and z/z, is the roughness factor, which has been found
to be about 9 for rough cave floors and walls through simulation of cave flow conditions (Bird et al., 2009). The calculat-
ed average velocities were 5.43 m s™' for 0.2 m diameter cobbles and 12.15 m s™' for 1 m diameter boulders.

Besides sediment grain size, other flow indicators in Noah’'s Way and Big Avenue include 1 cm to 2 cm scallops
sculpted into limestone walls. Although geochronological tools do not currently exist to date the formation of scallops
and it is not possible to determine when they developed in relation to the deposition of Mt. Ararat, they do represent flow
conditions at some point in the period when these passages were hydrologically active. Palmer (2007) used these scal-
lop lengths and the experimentally-derived relationship of Curl (1974) to estimate mean water speeds in this passage of
about 1.25 ms™to 2.5 m s™'. The flows calculated using these two approaches are on the same order of magnitude and
correlated well with the estimated velocities provided by Van Gundy and White (2009) of 5—9 m s™. They thus provide
an estimate of the paleoflow conditions present in Noah’s Way. These calculations assume particle motion in water, so
velocities are likely higher than would be needed for transport of these grain sizes in a debris flow.

We may use a similar calculation to evaluate whether the scallop-based estimate of flow velocity would be a strong
enough flow to result in the partial erosion observed as a channel along the eastern flank of Mt. Ararat. Entering our
slowest estimated flow velocity into Equations (1) and (2), a stream flow of 1.25 m s™" in Noah’s Way would be sufficient
to entrain material with a median grain size of 5 mm, which is larger than that of the fine-grained matrix of Mt. Ararat.

To interpret the depositional conditions for Mt. Ararat, we referred to studies by Takahashi (1981), Pierson (1986),
Hungr (1995), and Prior et al. (1984), which independently presented the simplest case of debris flow deposits resulting
from single-flow events (Fig. 1). The physics behind channelized subsurface debris flows in karst conduits with a free
upper surface, such as those leading to Mt. Ararat, was assumed to be similar to that of channelized surface debris
flows. Assuming the simplest case, Mt. Ararat could have been deposited by a single debris flow event. This single
event could have either (a) filled the entire passage of Noah’s Way or (b) produced one large debris flow deposit with a
classic single debris flow deposit profile (Fig. 1). A third possible scenario is that (c) two debris flows occurred, either as
two surges resulting from the same event on the surface or as two flows from two discrete surface events.

Considering the possibility of event (a), had the Noah’s Way passage at one time been completely full with sediment
and then three-quarters of that been removed, we would expect to see residual staining on the ceiling and walls of the
passage. Since the ceiling and upper walls are very cleanly exposed limestone, it is likely that this passage was never
completely filled with siliciclastic sediments.

Scenario (b) would require a unique set of erosional events to sculpt a single debris flow into the basis for the modern
profile of Mt. Ararat (Fig. 8A). Specifically, when we examined the morphology and grain-size distribution surrounding
the secondary peak, it seemed unlikely that this shape was produced by erosion of a single debris-flow deposit. The
shape of this peak is rounded, like that of the large peak and like that in the generalized sketch (Fig. 1). That peak also
contains the second greatest concentration of coarse grains in Mt. Ararat. Immediately downstream of the second
peak, grain sizes are fine (silts and sands) and then begin to coarsen again in the downstream direction.

u,
u= —1In
K
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This evidence favors scenario (c). Having two heads of classic debris-flow deposit morphology, the smaller of the
two superposed on the tail of the larger flow, this deposit appears likely to have resulted from multiple flow events (Fig.
8A). More data would be needed to determine whether these two depositional events were triggered by two surges
from the same surface event or by two different surface events and to deduce how closely timed these events were.
Considering paleoflow indicators, sedimentological evidence, and the morphology of Mt. Ararat, we conclude that the
sedimentation chronology included two depositional events and two erosional events (Fig. 9):

1. Deposition of the large, 75-meter long, primary debris flow.

2. Fluvial erosion of the right-lateral side as evidenced by the channel cutting through the large flow. We were
unable to conclude from field evidence as to whether it also affected the smaller overlying one. If it also eroded
the second deposit, this would be event 3.

3. Second debris flow deposition covering about 25 meters of upstream end of primary flow. If this deposit has
been eroded by the stream, then this deposition would have been event 2.

4. Fluvial erosion into a side passage at location 50 m into Noah’s Way from the junction at Big Avenue. This
eroded material from both the first and second deposits, resulting in a clean exposure of the entire debris flow
cross-section.

Future numerical modeling studies could use the results of this study to evaluate the hydraulic conditions that result-
ed in Mt. Ararat. Further detailed field investigation of Doyle Valley and the downstream reaches of Big Avenue could
provide further evidence for paleo topography on the surface above the cave and the overall sedimentation history of
Mammoth Cave. Geochronology studies in the sinkholes of Doyle Valley and the sediments in and near Mt. Ararat could
strengthen the chronology of sedimentation events in the region. Finally, future investigations may want to extend these
findings and techniques as they apply to other debris flows in Mammoth Cave and in other caves.

CONCLUSIONS

In this work, we have provided a detailed characterization of the deposit named Mt. Ararat in Mammoth Cave. The
combination of sedimentological, geophysical, and digital imaging data presented in this work supported the interpreta-
tion of the Mt. Ararat deposit as resulting from debris flow event(s) and enabled the calculations of the current volume
of this deposit at approximately 3400 m?®. Stratigraphic relationships with established Mammoth Cave system chronol-
ogies placed the age of the deposit at younger than 1.2 Ma. The evidence in this work supports the hypothesis of
sandstone-floored-pond collapse(s) or valley-wall landslide(s) that initiated two debris flow surges into a now-obscured
sinkhole entrance in the paleo Doyle Valley floor releasing a total more than 3800 m® of material into the cave system.
The sediment was deposited taking the form of Mt. Ararat with most of the material coming to rest at the junction of
Noah’s Way and Big Avenue, and a secondary volume of material coming to rest on top of the tail of the first debris flow.
Material was partially eroded from the eastern side via a north-flowing stream either after or between the two deposi-
tion events, and later down a steep side passage. The findings of this work will inform further studies of karst-related
erosional events, sediment transport, and deposition at different scales in karst aquifers as well as the ways in which
surface and subsurface processes interact to contribute to karst landscape evolution.
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