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Abstract

The circular stalagmite structures discovered deepwithin Bruniquel Cave (Tarn-et-
Garonne, southwestern France) represent among themost enigmatic architectural con-
structions attributed to early Homo neanderthalensis. Uranium–thorium dating places
the construction of these features at approximately 176,500±2,100 years before present
(Jaubert et al., 2016), predating the arrival of anatomically modern humans in west-
ern Europe by more than one hundred thousand years and rendering Bruniquel the
earliest known instance of deliberate subterranean construction in the hominin record.
The assemblage comprises hundreds of intentionally fractured and repositioned sta-
lagmites arranged in circular and semicircular formations approximately 336 m from
the cave entrance, entirely beyond the penetration of natural light. Controlled fires
were maintained within the chamber, and no habitation debris has been identified.

Existing interpretations have primarily framed the structures as architectural fea-
tures of ritual or organizational significancewithout specifying amechanismbywhich
they would have functioned. The present paper proposes an alternative interpretive
framework, designated the Stone Piano Hypothesis, according to which the Bruniquel
stalagmite assemblages functioned as lithophones: percussion instruments fabricated
from resonant calcite speleothems capable of producing discrete tonal outputs when
struck. On this reading, the Neanderthal builders intentionally selected, fractured,
and arranged stalagmites so as to exploit the acoustic properties of calcite, transform-
ing the deep-cave chamber into a resonant performative environment.

The hypothesis is motivated by converging lines of evidence: the mechanical and
acoustic properties of calcite speleothems, the extensive ethnographic and archaeo-
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logical record of lithophone use across Africa, Asia, and Europe, the growing body of
archaeoacoustic research demonstrating systematic spatial relationships between res-
onance hotspots and prehistoric imagery, the unusual uniformity of stalagmite frag-
mentation at Bruniquel, the circular spatial organization of the rings, the subterranean
context, and the complete absence of domestic occupation signatures. Although the
hypothesis is at present speculative, it is formulated so as to be empirically testable
through acousticmeasurement of speleothem samples, morphometric analysis of frag-
ment lengths, and digital modeling of chamber reverberation. The paper situates the
hypothesis within broader debates concerning Neanderthal symbolic cognition, the
deep evolutionary origins of musical behavior, and the epistemological standards ap-
propriate to prehistoric archaeoacoustic interpretation.
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1 Introduction
The question of Neanderthal cognitive and cultural capacity has occupied paleoanthro-
pology for over a century, and the terms of that debate have shifted substantially over the
past two decades. Where earlier scholarship frequently characterized H. neanderthalensis
as cognitively conservative relative to anatomically modern humans, the accumulation of
evidence for pigment use (Zilhão et al., 2010; Roebroeks et al., 2012), possible personal
ornamentation (Peresani et al., 2011; Radovčić et al., 2015; Morin and Laroulandie, 2012),
dietary complexity (Hardy et al., 2013), fire management (Sandgathe et al., 2011), and
independent regional technological traditions (Wil and Villa, 2019) has produced a sub-
stantially revised picture. Neanderthals increasingly appear as behaviorally flexible ho-
minins capable of a range of activities previously assumed to require modern cognitive
architecture (Stringer, 2012; Wil and Villa, 2019).

The discovery and analysis of the Bruniquel Cave structures have contributed signifi-
cantly to this reappraisal. Jaubert et al. (2016) reported that more than four hundred sta-
lagmites had been deliberately broken and repositioned within a single deep-cave cham-
ber in southwestern France, arranged in configurationswhose geometric regularity strongly
implies intentional design. Uranium–thorium (230Th/234U) dating of secondary calcite
overgrowths on the surfaces ofmoved speleothemsyielded aweightedmean age of 176,500±
2,100 years, establishing that the construction predates the earliest known presence of H.
sapiens in the region by a substantial margin and attributing it, by default, to Neanderthals.
At 336 m from the cave entrance, the structures are located so far from the threshold that
their builders must have relied entirely on artificial illumination—a fact corroborated by
traces of localized burning within the chamber.

Despite intensive analysis, the function of the Bruniquel structures remains unresolved.
Three broad interpretive families have been advanced. First, architectural interpretations
suggest that the stalagmite rings served as structural enclosures, whether for sleeping,
storage, or protection from cave fauna (Jaubert et al., 2016). Second, symbolic or ritual
interpretations propose that the deep and inaccessible location, combined with the effort
invested in construction, points to activities with ceremonial or social significance (Hay-
den, 2012; Wil and Villa, 2019). Third, more cautious readings reserve judgment, calling
for further investigation of taphonomic and spatial parameters before functional conclu-
sions are drawn (Chase, 2021).

None of these proposals has adequately addressed several specific features of the site:
the apparent regularity of fragment lengths, the circular symmetry of the rings, the total
absence of habitation refuse, and the evidence of fire use in a location with no obvious
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practical or thermal utility. The present paper argues that these anomalies become co-
herent within an acoustic interpretive framework. The Stone Piano Hypothesis proposes
that the Bruniquel stalagmites were selected, fractured, and arranged to function as litho-
phones within a cave environment whose geometry promoted acoustic resonance, and
that the primary activity conducted within the chamber involved percussion and sound
production.

The paper proceeds as follows. Section 2 narrates the history of the Bruniquel discov-
ery. Section 3 reviews the physical and geological properties of speleothems that bear on
their acoustic behavior. Section 4 surveys the ethnographic and archaeological record of
lithophone use. Section 5 summarizes the archaeoacoustic literature on cave resonance
and its relationship to prehistoric behavior. Section 6 presents the Bruniquel site evidence
in detail. Section 7 articulates the Stone Piano Hypothesis formally and derives testable
predictions. Section 8 discusses falsification criteria and the epistemological status of the
hypothesis. Section 9 addresses implications for Neanderthal cognition and the evolution-
ary origins of music. Sections 10–13 treat comparative structural evidence, sound exper-
imentation, sympathetic resonance, sensory archaeology, percussion wear, LiDAR meth-
ods, and tuning techniques. Section 14 discusses limitations, and Section 15 concludes.

2 History of the Discovery of Bruniquel Cave
The Bruniquel cave system is located near the village of Bruniquel in the Aveyron gorges
of Tarn-et-Garonne, southwestern France. The cave had long been known to local inhab-
itants but was physically inaccessible owing to a rockfall blockage near its entrance. In
1990 a local schoolboy, Bruno Kowalsczewski, whose father had first detected a flow of air
through the blockage, succeeded in opening a passagewide enough to enter, inaugurating
the modern phase of exploration (Fage, 2019).

During these early explorations cavers followed the cave passage inward and discov-
ered, approximately 336 meters from the entrance, an unusual accumulation of broken
and stacked stalagmites arranged in geometric configurations. Initial documentation by
speleologist Dominique Baffier and archaeologist François Rouzaud in the early 1990s rec-
ognized the anthropogenic character of the formations and obtained a radiocarbon date
on an associated fragment of charred bone. The date returned an age at or near the limit
of radiocarbon resolution—approximately 47,600 years before present—which at the time
appeared consistent with late Neanderthal or early modern human occupation. This am-
biguity, combined with the untimely death of Rouzaud in 1999, caused the site to recede
from active investigation for more than a decade.
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Renewed interest in the site emerged around 2013, when a collaborative team includ-
ing Jacques Jaubert, Sophie Verheyden, DominiqueGenty, andMichel Soulier undertook a
comprehensive reinvestigation. Crucially, the teamapplieduranium–thorium(230Th/234U)
dating rather than radiocarbon dating. Uranium–thorium chronometry is based on the ra-
dioactive decay of uranium isotopes incorporated into calcite at the time of crystallization
and is not subject to the upper age limit that constrains radiocarbon methods. The tech-
nique was applied to secondary calcite flowstone that had accreted onto the surfaces of
the deliberately moved speleothems after their deposition, providing a minimum age for
the construction event.

The results were unambiguous. Jaubert et al. (2016) reported a weighted mean age
of 176,500 ± 2,100 years, more than three times older than the earlier radiocarbon esti-
mate and approximately 140,000 years before the arrival of anatomically modern humans
in western Europe. The construction of the Bruniquel structures was thereby attributed
by exclusion to Homo neanderthalensis, making them the earliest known deliberately con-
structed subterranean features in the hominin record.

The 2016 publication in Nature attracted immediate and substantial attention from pa-
leoanthropologists, archaeologists, and the wider public. The documentary film directed
by Luc-Henri Fage (Fage, 2019) followed the scientific team through their reinvestigation
and provided a visual record of the cave environment and its extraordinary contents. The
film emphasized the logistical implications of the construction: to build these structures,
Neanderthals had navigated more than a third of a kilometer of subterranean passage in
total darkness, carrying materials and maintaining fire, for purposes that remain, to this
day, unexplained.

3 Physical Properties of Speleothems Relevant to Acoustic
Behavior

3.1 Mineralogy and Elastic Moduli

Speleothems, including stalactites, stalagmites, and flowstones, are formed by the precip-
itation of calcium carbonate (CaCO3) from supersaturated groundwater solutions perco-
lating through karst limestone. The dominant polymorph deposited under typical cave
conditions is calcite, which crystallizes in the trigonal (rhombohedral) systemand exhibits
well-characterized anisotropic elastic properties (Birch, 1960; Bass, 1995).

The elastic behavior of a material determines how it deforms under stress and, by ex-
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tension, how it vibrates when excited mechanically. For calcite single crystals, the elastic
stiffness tensor Cij has been measured by Brillouin scattering and ultrasonic interferom-
etry (Bass, 1995). The relevant aggregate elastic modulus for a polycrystalline material
like speleothem calcite is the effective Young’s modulus E, which for geological calcite
falls in the range of approximately 70–80 GPa, with the precise value depending on crys-
tallographic texture and porosity (Mavko et al., 2009). The density ρ of speleothem calcite
is typically in the range 2,500–2,700 kg m−3, depending on the degree of diagenesis and
inclusion of trace impurities.

These values are comparable to those of granite and certain ceramics, materials that
are well established as acoustically viable in lithophone construction. The ratioE/ρ, some-
times called the specific stiffness or acoustic stiffness, governs the propagation speed of
elastic waves through the material and thereby determines the pitch of vibration for a
given geometry. For calcite, E/ρ ≈ 27–32 × 106 m2 s−2, a value that produces audible
fundamental frequencies for speleothem segments of plausible dimensions.

3.2 Vibration of Rod-Like Speleothems

A stalagmite or a fragment thereof, when not fixed at both ends, may be approximated
as a free–free elastic rod for the purpose of acoustic analysis. The natural frequencies
of transverse (bending) vibration of a uniform free–free beam are given by the Euler–
Bernoulli equation (Timoshenko, 1937):

fn =
λ2
n

2πL2

√
EI

ρA
(1)

where fn is the n-th natural frequency, L is the beam length, E is the Young’s modulus,
I is the secondmoment of area of the cross-section, ρ is the density,A is the cross-sectional
area, and λn are dimensionless frequency parameters satisfying the characteristic equation
for a free–free beam (λ1 ≈ 4.730, λ2 ≈ 7.853, …). For a circular cross-section of radius r,
I = πr4/4 and A = πr2, so that I/A = r2/4, giving:

fn =
λ2
nr

8πL2

√
E

ρ
(2)

Equation (2) reveals the dependence of pitch on both length and cross-sectional ra-
dius. For a fixed radius, the fundamental frequency scales as L−2, meaning that halving
the length raises the pitch by two octaves. This strong length dependence implies that
a builder wishing to produce a specific interval between two elements need only adjust
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their lengths according to the square-root-of-frequency relationship: if a target frequency
ratio of 3:2 (a perfect fifth) is desired, the length ratio of the two elements should be√

2/3
−1 ≈ 1.225. Such length ratios are achievable through deliberate controlled fracture

of a parent speleothem.

3.3 Damping and Decay Characteristics

For a percussion instrument to be musically useful, the vibrating element must have suffi-
ciently low internal damping that the tone persists for a perceptible duration after excita-
tion. The relevant parameter is the quality factorQ, defined as 2π times the ratio of stored
energy to energy dissipated per cycle. High-Q materials produce sustained tones; low-Q
materials produce brief clicks or thuds.

Geological calcite is a low-loss material with relatively high Q for its density class. Ex-
perimental measurements of calcite specimens reportQ values in the range of several hun-
dred to over one thousand at audible frequencies, depending on grain size and porosity
(Manghnani et al., 1974). These values are comparable to those ofmarimba bars (typically
Q ∼ 500–2000) and strongly suggest that speleothem fragments would produce sustained,
musically coherent tones when struck. The duration of tone decay τ (time to fall to 1/e

of initial amplitude) is related to Q by τ = Q/(πf0); for Q = 500 and f0 = 200 Hz (a low
musical tone), τ ≈ 0.8 s—easily perceptible as a musical note.

3.4 Modes of Longitudinal Vibration

In addition to transverse bendingmodes, rod-like speleothems support longitudinal (com-
pression wave) modes. The fundamental longitudinal frequency is:

flong =
1

2L

√
E

ρ
(3)

For a calcite rod of length L = 0.5 m with E = 75 GPa and ρ = 2,600 kg m−3, equa-
tion (3) gives flong ≈ 3,300 Hz, well within the range of human auditory sensitivity. Lon-
gitudinal modes are more strongly excited by axial impact, whereas transverse modes re-
spond more readily to perpendicular blows. The precise striking angle and tool hardness
would therefore influence which mode family is preferentially excited, providing some
degree of timbral control.
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3.5 Effect of Fixity on Resonant Frequencies

A stalagmite still attached to the cave floor is constrained at its base, making it a clamped–
free cantilever rather than a free–free beam. The natural frequencies of a clamped–free
beam differ from those of a free–free beam by a factor determined by the boundary condi-
tion parameter:

f cf
n =

µ2
n

2πL2

√
EI

ρA
, µ1 ≈ 1.875, µ2 ≈ 4.694 (4)

The fundamental frequency of a clamped–free beam is therefore substantially lower
than that of a free–free beam of the same length, and the overtone series has a different
structure (f1 : f2 : f3 ≈ 1 : 6.27 : 17.55 for clamped–free versus 1 : 2.76 : 5.40 for free–
free). This distinction is acoustically significant: free–free instruments produce overtone
series that are more nearly harmonic and therefore more consonant-sounding to human
auditory perception.

The act of fracturing stalagmites from their bases—one of the most conspicuous fea-
tures of the Bruniquel assemblage—would therefore convert clamped–free resonatorswith
inharmonic overtone series into free–free resonators with more harmonic overtone pro-
files. If tonal coherence was a goal of the builders, fracturing the stalagmites from the
floor would have been acoustically advantageous.

4 Lithophones: Ethnographic andArchaeological Evidence

4.1 Definition and Global Distribution

A lithophone is any musical instrument that produces sound by the vibration of stone
elementswhen struck. The organological literature distinguishes lithophones from simple
percussion idiophones (such as clappers or scrapers) on the basis that the stone elements
are selected or shaped so as to produce defined pitches rather than unpitched noise (von
Hornbostel and Sachs, 1914; Collaer, 1960). In practice the boundary between percussion
and pitched lithophone is continuous, and many ethnographically documented examples
occupy an intermediate position.

Lithophones have been documented on every inhabited continent. Their global distri-
bution suggests either multiple independent inventions or a deep antiquity that predates
population dispersal, although the evidence currently favors independent convergent in-
vention in most cases (Conard, 2009). The variety of geological substrates exploited—
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including basalt, granite, limestone, schist, and quartzite, in addition to calcite—indicates
that lithophone construction is a general response to the availability of resonant stone
rather than the result of diffusion from a single origin.

4.2 Southeast Asian Lithophones

Among the best-documented prehistoric lithophones are those recovered from archaeo-
logical sites in mainland Southeast Asia. The site of Đắk Lắk Province in the Central
Highlands of Vietnam has produced multiple assemblages of shaped stone slabs identi-
fied as lithophones on the basis of their morphology, spatial arrangement, and acoustic
properties (Schafer, 1966; Condominas, 1952). These instruments, known in Vietnamese
as đàn đá, consist of elongated slab elements of varying lengths arranged in sets. When
struck with wooden or antler mallets, they produce clear pitched tones spanning multiple
octaves (Bezacier, 1972).

The đàn đá assemblages at Đắk Lắk date to the Neolithic and Bronze Age and are re-
markable for the evidence they provide of intentional tuning: the slabs were shaped by
abrasion and selective thinning so as to produce specific target pitches (Schafer, 1966).
Similar instruments have been documented ethnographically among theMnong and Jarai
peoples of the region, where they are associatedwith ritual and ceremonial contexts (Con-
dominas, 1952). The existence of culturally maintained lithophone traditions stretching
from prehistory to the ethnographic present in this region provides a concrete model for
the kind of sonic practice the Stone Piano Hypothesis proposes at Bruniquel.

4.3 African Rock Gongs

In sub-Saharan Africa a widespread class of instrument known as the rock gong consists
of natural outcrops or large boulders bearing cupulemarks, grooves, and patches of polish
produced by repeated percussion (Fagg, 1956; Kilson, 1971). The rock gong differs from a
portable lithophone in that the instrument is not moved but is played in situ; the relevant
acoustic unit is a section of bedrock or boulder that, when struck at specific locations,
produces a resonant tone.

Bernard Fagg (1956) first systematically described Nigerian rock gongs, noting that
the percussion marks cluster at locations that produce the strongest resonant response.
Subsequent surveys in Nigeria, Ghana, Guinea, Uganda, Ethiopia, and South Africa have
documented hundreds of sites, many associated with petroglyphs or ritual deposits (Kil-
son, 1971; Coles, 1993). In several cases the resonant tones of the gongs have been recorded
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and their pitches measured, confirming that the struck portions produce clear, sustained
notes distinguishable from the dull thud of non-resonant bedrock (Coles, 1993).

The rock gong tradition is relevant to the Bruniquel hypothesis in two respects. First, it
demonstrates that the systematic exploitation of stone resonance for sonic purposes is cul-
turally widespread and requires no special cognitive preconditions beyond the ability to
identify resonant tonal responses in stone through trial and error. Second, the spatial asso-
ciation of rock gongswith percussionmarks and cupules in Africa provides amethodolog-
ical precedent for identifying stone instruments archaeologically. At Bruniquel, system-
atic examination of speleothem fragment surfaces for percussion marks, use-wear traces,
and polish would be a priority for future investigation.

4.4 European Examples and Percussion Marks in Caves

Within Europe, the acoustic exploitation of cave formations has been documented at sev-
eral sites. Iegor Reznikoff and Dauvois (1988) conducted systematic acoustic surveys
of the decorated Palaeolithic caves of southern France, including Font-de-Gaume, Com-
barelles, Niaux, and others, and found that areas with the strongest resonance responses
(highest reverberation intensity, most prolonged echo) consistently coincide with zones
of dense painted or engraved imagery. This spatial correlation suggests that Upper Palae-
olithic artists selected or preferentially occupied acoustically salient zones within cave sys-
tems.

More directly relevant are reports of percussion marks on stalactites at several Euro-
pean cave sites. At the site of La Garma in northern Spain, stalactites bearing localized
wearmarks consistentwith repeated percussion have been identified in proximity to Palae-
olithic imagery (Bégouën and Breuil, 1985). At Nerja Cave in Málaga, stalactites with
similar percussion traces have been associated with musical activity (Lya, 2014). These
examples demonstrate that Palaeolithic peoples—and, by implication, earlier hominins—
were aware of the sonic properties of cave formations and exploited them deliberately.

The extension of such practices to Neanderthals is plausible on chronological grounds.
IfH. sapiens employed cave formations acoustically during theUpper Palaeolithic (roughly
40,000–10,000 years ago), Neanderthals occupying similar cave environments over the pre-
ceding hundreds of thousands of years would have had extensive opportunity to discover
and develop analogous practices. The Bruniquel structures, built approximately 176,500

years ago, would represent a much earlier instantiation of the same general behavioral
pattern.
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4.5 Indian Lithophones and Prehistoric Evidence

The Indian subcontinent harbors a rich tradition of lithophone use that extends into pre-
historic times. Large resonant stones known colloquially as “ringing rocks” or “musical
rocks” occur at numerous sites in southern India, where they are associated with petro-
glyphs, rock shelters, and ritual deposits (Boivin, 2004). In Tamil Nadu and Karnataka,
standing stones bearing percussion marks and producing distinct resonant tones when
struck have been interpreted as prehistoric ceremonial instruments (Allchin, 1966). In
several casesmultipart ensembles comprising several boulders of different sizes have been
identified, analogous to the multi-element sets documented in Southeast Asia.

The Indian evidence is significant for the Stone Piano Hypothesis because it demon-
strates the use of lithophone-like arrangements in ritual spatial contexts—an interpre-
tive framing directly applicable to the deep, inaccessible, and fire-illuminated setting of
Bruniquel.

5 Archaeoacoustics: CaveResonance andPrehistoric Behav-
ior

5.1 Reverberation and Cave Geometry

The acoustic properties of an enclosed space are governed by its geometry, surface area,
and the absorption coefficients of its bounding surfaces. In a cave, the relevant surfaces—
limestonewalls, calcite flowstonefloors, and rough speleothem formations—typically have
low acoustic absorption in the audible frequency range, meaning that sound waves are
reflected rather than absorbed. The result is long reverberation times and complex multi-
path reflections that can produce strong echo effects.

Reverberation time T60 (the time for a sound to decay by 60 dB after the source ceases)
in natural cave chambers has been measured in several studies and found to range from
less than one second in small, irregularly shaped chambers to more than five seconds in
large dome-shaped halls (Reznikoff andDauvois, 1988; Fazenda et al., 2017). For compari-
son, a typical concert hall has T60 ≈ 1.5–2.5 s, and a large cathedral may reach T60 ≈ 6–10 s.
Cave reverberation therefore occupies a range well suited to musical experience, particu-
larly percussive performance in which long decay times allow individual strokes to blend
into continuous soundscapes.

The specific reverberation characteristics of the Bruniquel chamber are not yet docu-
mented in the published literature. The geometry described by Jaubert et al. (2016)—a
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chamber approximately 4–5 m in height with irregular calcite surfaces—suggests mod-
erate to long reverberation times. Acoustic modeling using finite-element or boundary-
element methods, calibrated against the geometric data published for the site, could pro-
vide quantitative estimates of reverberation time and frequency-dependent reflection pat-
terns.

5.2 Archaeoacoustic Studies of Palaeolithic Decorated Caves

The systematic study of relationships between Palaeolithic cave art and cave acoustics was
pioneered by Reznikoff and Dauvois (1988) and developed subsequently by a number of
researchers (Waller, 1993; Dauvois, 1994; Scarre, 2006; Fazenda et al., 2017). The core find-
ing across these studies is that decorated surfaces in painted caves are not randomly dis-
tributed with respect to acoustic parameters; instead, paintings and engravings cluster in
zones of high resonance, strong echo, or unusual acoustic quality relative to the surround-
ing cave.

Waller (1993) extended this analysis to rock art sites more broadly, arguing that the
spatial association between resonance and imagery reflects a conceptual link between
sound production and the spiritual or cosmological significance of cave interiors. Scarre
(2006) reviewed the archaeoacoustic evidence in the context of broader debates about
sensory experience in prehistoric ritual and argued for a multisensory approach to Palae-
olithic cave use in which sound, light, smell, and tactile experience were all components
of culturally constructed environments.

More recently, Fazenda et al. (2017) conducted acousticmeasurements in the decorated
cave of Lascaux, demonstrating that the major painted panels are located in areas with T60

values significantly higher than uninstructed zones and that the acoustic characteristics
of the art-bearing walls differ systematically from nearby unpainted surfaces. This study
provides one of the strongest quantitative demonstrations that Palaeolithic cave artists
possessed, at minimum, implicit awareness of acoustic parameters in selecting locations
for imagery.

The relevance to Bruniquel is straightforward: if Upper PalaeolithicH. sapiens selected
cave locations for acoustic as well as visual properties, the same behavioral logic could
havemotivatedNeanderthals at Bruniquel to exploit the resonant qualities of the chamber.
The 336 m depth of the Bruniquel chamber—far beyond any plausible habitation use and
requiring deliberate illumination—suggests a context of intentional, motivated activity
in an environment selected for specific properties. Acoustic salience is among the most
parsimonious candidates for such properties.
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5.3 Sound Production as Ritual Practice

Across a wide range of ethnographically documented societies, the production of sound
in enclosed or ecologically unusual spaces—caves, gorges, dense forests—is associated
with ritual, communication with non-human entities, or the marking of social transitions
(Needham, 1967; Blacking, 1973). The specific properties of caves that produce acous-
tic anomalies—echoes, resonance, apparent disembodiment of sound sources—are fre-
quently interpreted within these frameworks as evidence of supernatural presence or as
channels for communication between human and non-human realms (Waller, 1993).

This ethnographic background does not, of course, permit direct inference aboutNean-
derthal belief systems. What it does suggest is that the behavioral connection between en-
closed acoustic spaces and socially meaningful sound production is widespread and does
not require a specifically modern cognitive architecture. If Neanderthals were sensitive
to acoustic properties of their environment—as the very act of constructing the Bruniquel
structures in a deep resonant cave might suggest—then the exploitation of those proper-
ties for socially coordinated sound-making would be a behaviorally continuous extension
of attested capabilities.

6 The Bruniquel Cave Structures: A Detailed Description

6.1 Site Geometry and Spatial Organization

Bruniquel Cave (Grotte de Bruniquel) is located in the Aveyron valley of the Tarn-et-
Garonne department of southwestern France (Jaubert et al., 2016). The cave was known
to local inhabitants for several decades before systematic archaeological investigation be-
gan in the 1990s; speleological exploration identified the deep-chamber structures, and
controlled excavation and dating were reported only in 2016.

The chamber containing the structures is reached via approximately 336 m of cave pas-
sage from the entrance, making it one of the deepest known sites of Neanderthal activity
in Europe. The passage includes sections requiring active navigation, suggesting that the
builders had specific familiarity with the cave and planned their excursion accordingly.
The chamber itself measures approximately 7 m in its longest dimension and features ir-
regular calcite surfaces, flowstone floors, and numerous intact stalagmites.

The structures described by Jaubert et al. (2016) consist of two large circular or semicir-
cular arrangements and four smaller accumulations of speleothem material. The largest
structure (designated Structure 1)measures approximately 6.7m in diameter; a second cir-
cular ring (Structure 2) measures approximately 2.2 m in diameter. Together, the moved
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speleothem fragments in these structures have a total estimatedmass exceeding twometric
tons. The spatial arrangement of the rings is roughly concentric, with Structure 2 located
within or adjacent to Structure 1.

6.2 Speleothem Fragmentation and Selection

A central feature of the Bruniquel assemblage is the controlled fragmentation of stalag-
mites. The vast majority of the stalagmite material in the rings consists of segments that
were deliberately broken, rather than naturally fallen pieces. Jaubert et al. (2016) report
that the fracture surfaces show characteristics inconsistentwith accidental collapse, includ-
ing the selection of fresh-break surfaces and the absence of matching fragments at their
sites of origin.

Particularly noteworthy is the apparent relative uniformity of fragment lengths. While
detailed morphometric data on individual fragment dimensions have not been published,
the site photographs and descriptions in Jaubert et al. (2016) suggest that a substantial frac-
tion of the ring-forming elements are elongated segments of broadly similar proportions.
This uniformity is consistent with intentional selection or with production by controlled
percussion to target specific fragment lengths—behaviors that would be prerequisite to
deliberate acoustic tuning.

6.3 Evidence for Fire

Controlled fire activity within the chamber is documented by reddened and thermally
altered speleothem surfaces, blackened calcite patches, and fragments of burned bone
(Jaubert et al., 2016). The burned bone appears to derive from small mammals rather
than from systematic food processing. The spatial distribution of fire evidence is concen-
trated within and immediately adjacent to the stalagmite rings, suggesting that fires were
maintained as localized light sources within the constructed space rather than as general
camp fires.

The use of fire at 336 m from the cave entrance, in total darkness, is a logistically signif-
icant observation. Maintaining a fire at this depth would have required sustained effort
in fuel transport and fire management. The motivation for doing so cannot be habitation-
related in any conventional sense, since no domestic debris is present. An illumination
function—enabling activities that required visual access to the constructed space, includ-
ing the striking of specific stone elements—is among the most parsimonious explanations
consistent with the evidence.
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6.4 Absence of Habitation Debris

The striking absence of stone tools, faunal remains, lithic debitage, and other occupation in-
dicators at Bruniquel sharply distinguishes it from typicalNeanderthal camp sites (Jaubert
et al., 2016). Middle Palaeolithic habitation sites characteristically accumulate large quan-
tities of knapping debris, utilized faunal bone, hearth ash, and artifacts; the Bruniquel
chamber shows none of these. This absence is unlikely to be taphonomic, since the fine-
grained secondary calcite that has preserved the structural features of the stalagmite rings
would also have preserved organic and lithic materials if they were present.

The implication is that the chamber was used for an activity that did not produce do-
mestic refuse—a category that excludes most plausible habitation functions and is consis-
tent with a performative or instrumental activity leaving no material byproducts beyond
the constructed arrangements themselves.

6.5 Uranium–Thorium Dating

The dating of the Bruniquel structures exploits the fact that secondary calcite—the mate-
rial that recoats broken speleothem surfaces after fracture—begins accumulating imme-
diately after fracture and continues growing at a rate governed by the local uranium and
thorium concentration. Bymeasuring the 230Th/234Uand 234U/238U ratios in the secondary
overgrowths on deliberately fractured surfaces, Jaubert et al. (2016) obtained a minimum
age for the fracture events and thus for the construction of the structures. The reported
age of 176,500± 2,100 years represents a robust minimum estimate; the structures cannot
be younger than this date, though they could be slightly older if the secondary calcite took
time to begin accreting.

This age places the Bruniquel construction approximately 140,000 years before the
Upper Palaeolithic period in which similar acoustic exploitation of caves has been doc-
umented for H. sapiens, demonstrating that whatever behavioral tendencies led to the
construction were not dependent on the cognitive changes associated with the behavioral
modernity of anatomically modern humans.

7 TheStonePianoHypothesis: Formulation andPredictions

7.1 Core Formulation

Hypothesis 1 (Stone Piano Hypothesis). The Bruniquel Cave stalagmite structures functioned
as lithophones: sets of resonant calcite elements arranged within a reverberant cave chamber so
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as to produce discrete auditory outputs—pitches, rhythmic patterns, or timbral textures—when
struck with percussive implements. The builders intentionally selected and fractured stalagmites
on the basis of their acoustic properties, and the circular spatial organization of the rings facilitated
coordinated collective sound production within the resonant environment of the chamber.

This hypothesis incorporates three subsidiary claims. First, the speleothemmaterial at
Bruniquel is acoustically viable: the physical properties of the calcite fragments are consis-
tentwith the production of perceptible, sustained toneswhen struck. Second, the fragmen-
tation and spatial arrangement of the stalagmites are consistent with intentional acoustic
design rather than with incidental by-products of non-acoustic construction. Third, the
deep-cave context, the presence of controlled fire illumination, and the absence of domes-
tic activity are consistent with the use of the chamber as a dedicated performative space.

7.2 Acoustic Viability: A Numerical Illustration

To ground the acoustic viability claim quantitatively, consider a calcite fragment approx-
imating a circular-section rod with length L = 0.40 m and radius r = 0.025 m (dimen-
sions plausible for stalagmite segments). Using the free–free beam equation (2) with
E = 75 GPa and ρ = 2,600 kg m−3:

f1 =
(4.730)2 × 0.025

8π × (0.40)2

√
75× 109

2600
≈ 320 Hz (5)

A frequency of approximately 320 Hz corresponds to the musical note E4 in standard
concert pitch, a note well within the range of human perceptual sensitivity and musical
salience. For a fragment of L = 0.57 m, the same calculation yields f1 ≈ 160 Hz (E3), an
octave lower. A set of fragments spanning L = 0.40–0.57 m would thus cover one musical
octave. More complex harmonic structures could be achieved through variation in both L

and r.
The tone decay time, estimated as τ = Q/(πf1)withQ = 600 (conservative for geologi-

cal calcite), gives τ ≈ 0.6 s for the 320 Hz example—a clearly audible andmusically usable
note duration. In a cave with T60 = 3 s, the reverberant tail would extend the perceived
duration substantially beyond the intrinsic decay of the element.

7.3 Testable Predictions

The Stone Piano Hypothesis generates the following falsifiable predictions:
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Prediction 2. Calcite speleothem fragments of dimensions comparable to those at Bruniquel will
produce distinct, sustained, pitched tones when struck with a percussive implement of the type
available to Middle Palaeolithic hominins (e.g., a stone hammerstone or antler billet).

Prediction 3. Detailed morphometric measurement of the lengths and cross-sectional diameters of
the Bruniquel ring-forming fragments will reveal a non-random distribution—specifically, cluster-
ing around length values consistent with simple harmonic frequency ratios (integer ratios or their
square roots, corresponding to octaves, fifths, fourths, and major and minor thirds).

Prediction 4. Systematic examination of the surfaces of Bruniquel stalagmite fragments under
magnification will reveal percussion marks, use-wear, or polish concentrated at specific strike zones
on element surfaces—consistent with repeated percussion rather than with random handling or
transport damage.

Prediction 5. Acoustic modeling of the Bruniquel chamber geometry using the published site data
will yield reverberation times and frequency-dependent resonance profiles consistent with a musi-
cally salient acoustic environment (i.e., T60 > 1.5 s in the 100–3000 Hz range).

Prediction 6. Compositional and microstructural analysis of the ring-forming fragments, com-
pared to non-selected stalagmites in the same chamber, will reveal systematic differences in crys-
tallographic texture, grain size, or porosity consistent with preferential selection of acoustically
superior material.

Predictions 2–4 are amenable to direct experimental investigation using availablemate-
rials. Prediction 5 requires acoustic modeling based on published geometry. Prediction 6
would require access to the physical samples and is contingent on future excavation work.

8 Evaluation ofAlternative Interpretations andFalsification
Criteria

8.1 Alternative Interpretations

The Stone Piano Hypothesis must be evaluated against competing explanations for the
Bruniquel structures. The principal alternatives are as follows.

Structural enclosure. The rings may have served as low walls forming a windbreak, a
sleeping platform, or a structural barrier. Against this interpretation: the rings are too
low and irregular to provide effective wind protection; the cave interior at 336 m depth is
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atmospherically stable and requires no wind protection; and the depth precludes habita-
tion use. Furthermore, the absence of domestic debris within the rings, including sleeping
surfaces or fire management features appropriate to habitation, is inconsistent with this
interpretation.

Ritual or symbolic monument. The structures may have been constructed to mark a sig-
nificant spatial location or to constitute a symbolic act without any specific instrumental
function. This interpretation is not mutually exclusive with the lithophone hypothesis,
since ritual and sound production are typically co-occurring in ethnographically docu-
mented traditions (Needham, 1967). However, as a standalone explanation, the ritual
monument hypothesis does not account for the specific uniformity of fragment lengths or
the circular organization in a manner as parsimonious as the acoustic hypothesis.

Territorial or signaling markers. The structures may have served as spatial markers vis-
ible to torchlight and intended to communicate territorial or social information to subse-
quent visitors. This interpretation is possible but provides no specific explanation for the
circular arrangement, the fragment length regularity, or the fire evidence.

8.2 Falsification Criteria

The Stone Piano Hypothesis would be substantially weakened—though not definitively
falsified—by any of the following findings:

1. Morphometric analysis of Bruniquel fragment lengths reveals a distribution consis-
tent with random fragmentation, with no clustering around harmonically related
values.

2. Experimental percussion of calcite fragments of comparable dimensions consistently
fails to produce perceptible pitched tones, yielding only dull or brief noise.

3. Acoustic modeling of the Bruniquel chamber reveals very short reverberation times
(T60 < 0.5 s), inconsistent with a musically salient environment.

4. Microscopic examination of fragment surfaces reveals no percussion marks or use-
wear in any distribution consistent with repeated striking.

5. Compositional analysis reveals no systematic difference between selected and unse-
lected speleothems, arguing against deliberate material selection for acoustic prop-
erties.
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Conversely, the hypothesiswould be substantially strengthened by confirmation of Pre-
dictions 2–6, particularly if morphometric analysis reveals harmonic length clustering and
microscopic examination reveals percussion wear patterns.

8.3 Epistemological Status

The Stone Piano Hypothesis is offered as a hypothesis in the strict scientific sense: a spec-
ulative but testable explanation that generates empirically distinguishable predictions. It
is not presented as a demonstrated conclusion, and the currently available evidence does
not permit a decision between the acoustic and non-acoustic interpretations of the site.

In evaluating such hypotheses in deep prehistory, several methodological cautions are
appropriate. First, the argument from convergence—that multiple lines of evidence inde-
pendently point toward the same interpretation—carries more weight than any single line
(Wylie, 1989). Second, hypotheses that generate maximally specific testable predictions
are to be preferred over those that account for all possible outcomeswith equal ease. Third,
the burden of establishing the cognitive prerequisites for a proposed behavior should be
discharged explicitly: in the present case, the relevant cognitive prerequisites (sensitivity
to acoustic properties of stone, ability to fracture stone to a target length, and capacity for
coordinated social activity) are all individually attested or plausibly attributable to Nean-
derthals on independent grounds.

9 Implications for Neanderthal Cognition and the Evolu-
tion of Music

9.1 Cognitive Prerequisites for Lithophone Construction

If the Stone Piano Hypothesis is correct, the construction of the Bruniquel lithophones
would imply a cluster of cognitive capacities. Minimally, it would require: (1) the abil-
ity to perceive pitch variation in struck objects and to discriminate acoustically superior
from inferior speleothem material; (2) the technical ability to fracture stalagmites to tar-
get lengths through controlled percussion—an extension of the same flaking skills demon-
strated in Neanderthal lithic technology; (3) the capacity to represent the desired acoustic
outcome in advance and to work toward it across the multiple steps of selection, fracture,
and arrangement; and (4) the social coordination to organize the labor of multiple indi-
viduals over a sustained period.
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None of these prerequisites is unprecedented for Neanderthals. Pitch discrimination is
shared with a wide range of non-human vertebrates and requires no special cognitive ma-
chinery. Controlled stone fracture is the defining technology of the Mousterian and Leval-
lois industries associated with Neanderthals and implies both motor skill and prospective
planning (Wil and Villa, 2019). Forward planning across multiple steps has been docu-
mented in Neanderthal site use and resource scheduling (Roebroeks et al., 2012). Social
coordination is implied by the logistical complexity of the Bruniquel construction itself,
regardless of its purpose.

9.2 Neanderthal Symbolic Behavior

The cognitive implications of the lithophone hypothesis are most significant when situ-
ated within the broader debate about Neanderthal symbolic behavior. The evidence for
symbolic or proto-symbolic practices among Neanderthals has grown substantially in the
past decade. Roebroeks et al. (2012) document systematic use of red ochre at the site of
Maastricht-Belvédère as early as 200,000–250,000 years ago, before any documented use
of pigment by H. sapiens in the region. Peresani et al. (2011) and Morin and Laroulandie
(2012) report Neanderthal modification of raptor feathers and talons in a manner con-
sistent with ornamental use. Shell pendants with evidence of red pigment application,
recovered from Spanish sites and dated to before the arrival of H. sapiens in the region,
have been attributed to Neanderthals by Zilhão et al. (2010) and Radovčić et al. (2015).

These findings collectively suggest that the behavioral boundary betweenNeanderthals
and anatomically modern humans was less sharp than previously assumed, and that
the capacity for symbolic, aesthetic, and socially communicative behavior may have been
broadly present across theHomo lineage at least by theMiddle Palaeolithic (Stringer, 2012).
The lithophone hypothesis, if substantiated, would add sound production to this list of
shared capacities andwould do so at a date substantially earlier than the ochre and feather
evidence.

9.3 The Deep Origins of Music

The evolutionary origins of human musicality remain debated. Three broad positions are
represented in the current literature. First, musicality may be a by-product of other adap-
tive cognitive capacities—language, social bonding, emotional regulation—with no direct
adaptive function of its own (Pinker, 1997). Second, musicalitymay be a direct adaptation,
serving functions such as mother-infant bonding, coalition signaling, or sexual selection
(Dissanayake, 2000; Miller, 2000; Fitch, 2006). Third, musicality may be a pan-mammalian
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or pan-vertebrate capacity requiring no special explanation beyond the general capacity
for entrainment and pattern detection (Patel, 2008).

All three positions are compatible in principle with Neanderthal musical behavior,
though they differ in the specific predictions they generate about the contexts and forms
of such behavior. If the Bruniquel structures represent deliberate acoustic construction,
theywould provide empirical evidence that coordinated sound production—atminimum
a component of musical behavior—was present in the genus Homo prior to anatomically
modern human emergence. This would push the inferred origin of musical behavior back
substantially from the earliest unambiguous evidence (Upper Palaeolithic flutes and pos-
sible percussion instruments; see Conard 2009) and would challenge the widely held as-
sumption that music is specifically associated with the behavioral revolution of the Upper
Palaeolithic.

The Neanderthal flute of Divje Babe remains controversial in this context. The object—
a cave bear femur with perforations—was initially interpreted as a deliberately crafted
flute (Turk, 1997) but has been challenged on the grounds that the perforations could
result from carnivore gnawing (Chase andNowell, 1998). The debate remains unresolved.
Whether or not Divje Babe is accepted as a flute, the existence of the debate indicates that
the possibility of Neanderthal musical instrument construction is taken seriously within
the field, and the Bruniquel hypothesis would shift attention from wind to percussion
instruments as the locus of potential Neanderthal acoustic practice.

10 Research Programme and Experimental Agenda

10.1 Acoustic Measurement of Speleothem Samples

The first priority in evaluating the Stone Piano Hypothesis should be the direct acoustic
measurement of calcite speleothem fragments of dimensions plausible for the Bruniquel
ring elements. This work does not require access to the Bruniquel site itself; equivalent
speleothem samples could be obtained from caves of similar geological composition else-
where in southwestern France, subject to appropriate permitting.

Measurements should characterize: (1) the frequencies and amplitudes of modes ex-
cited by standardized percussion with implements of types available to Middle Palae-
olithic hominins (river cobbles, antler billets); (2) the quality factor Q and associated de-
cay time for each excited mode; (3) the relationship between fragment geometry (length,
mean diameter, taper) and fundamental frequency; and (4) the subjective pitch salience
of the tones produced, assessed by naïve listeners under controlled conditions. A subset
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of the measurements should be conducted in a reverberant room or cave environment to
assess how cave acoustics modify the perceived tones.

10.2 Morphometric Analysis of Bruniquel Fragment Dimensions

A critical prediction of the lithophone hypothesis (Prediction 3) concerns the length dis-
tribution of the ring-forming fragments. Testing this prediction requires the acquisition
of precise measurements of fragment lengths and cross-sectional diameters for all identifi-
able elements in the Bruniquel rings. These measurements should be subjected to statisti-
cal analysis to determine whether the distribution differs significantly from that expected
under various null models (random fracture of parent stalagmites; systematic fracture to
maximize structural mass; random selection of naturally fallen fragments).

If the distribution is consistent with random fracture or structural optimization, the
acoustic hypothesis is weakened. If the distribution clusters around values consistent with
simple frequency ratios, the hypothesis is strengthened. The expected power of this test
depends on the sample size (number of measurable fragments) and the precision of the
measurements; these parameters must be assessed in the field.

10.3 Acoustic Modeling of the Bruniquel Chamber

Geometric data published by Jaubert et al. (2016), combined with additional survey data
that may be obtainable from the excavation team, could support digital acoustic model-
ing of the Bruniquel chamber. Finite-element or boundary-element methods are capable
of computing room impulse responses and frequency-dependent reverberation times for
arbitrary enclosures with specified surface absorption characteristics. For limestone sur-
faces with minimal porosity, published absorption coefficients in the audible range could
be applied.

The modeling output of interest would include: the spatial distribution of sound pres-
sure levels within the chamber for a source located at the position of the stalagmite rings;
the reverberation time T60 as a function of frequency; and the identification of any reso-
nance modes of the chamber that would produce standing-wave patterns at the ring lo-
cations. The latter are of particular interest because standing-wave antinodes (pressure
maxima) could serve as preferred locations for participants striking the stalagmites, while
nodes (pressure minima) could serve as listening locations.
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10.4 Surface Examination of Fragment Samples

Prediction 4 requiresmicroscopic examination of the fracture and intact surfaces of Bruniquel
ring fragments. This work requires physical access to the samples, which are held un-
der controlled archaeological conditions. Relevant analytical techniques include: low-
magnification stereomicroscopy to identify macroscopic wear and polish; scanning elec-
tron microscopy (SEM) for high-resolution characterization of impact marks and fracture
surface morphology; and micro-X-ray fluorescence (µXRF) mapping to identify chemical
traces of percussive implements.

The expected signature of repeated percussion includes shallow hemispherical pits
(analogous to percussion marks on bone), linear striations aligned with strike direction,
and localized polish from repeated impact. These features must be distinguished from
taphonomic damage, transport abrasion, and post-depositional weathering.

11 Comparative Evidence for Early Structural Behavior
The Bruniquel constructions do not stand alone in the record of Middle Palaeolithic and
pre-modern hominin architecture, but they occupy a distinctive position within it. Com-
parisonwith other early structural sites illuminates what is typical andwhat is anomalous
about the Bruniquel assemblage, and thereby clarifies the scope of the interpretive prob-
lem the lithophone hypothesis addresses.

The most chronologically distant comparandum is the wooden structure recently doc-
umented at Kalambo Falls in Zambia by Barham et al. (2023). The Kalambo structure,
consisting of large logs with deliberately cut notches and interlocking joints, has been
dated by luminescence methods to more than 470,000 years before present—considerably
older than Bruniquel and attributable to a hominin population probably ancestral to both
Neanderthals and modern humans. The Kalambo discovery establishes that deliberate,
large-scale manipulation of natural materials for constructional purposes extends deep
into the hominin lineage, well before the emergence of eitherH. neanderthalensis orH. sapi-
ens in their recognized forms. The existence of such early structural capacity makes it less
remarkable, not more, that Neanderthals at Bruniquel undertook a major constructional
project; what requires explanation is not the construction itself but its specific form and
deep-cave context.

Nearer in time and cultural affinity are themammoth-bone ring structures documented
at open-air sites in Eastern Europe, most notably at Molodova I on the Dniester River in
present-day Ukraine (Soffer, 1993). These structures consist of mammoth bones arranged
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in roughly oval or circular configurations, often containing hearth remains and lithic de-
bris consistent with habitation. They have been attributed to Neanderthals and date to
approximately 44,000–54,000 years before present. The Molodova structures share with
Bruniquel the property of being constructed fromdense naturalmaterials arranged in ring
geometries, but they differ fundamentally in their depositional context: the mammoth-
bone rings contain domestic refuse and are clearly habitation sites. Their interpretation as
shelters or wind-breaks is supported by the full range of associated material culture.

The contrast with Bruniquel is instructive precisely because the Molodova structures
demonstrate that when Neanderthals used constructed ring forms for habitation, they left
unmistakable domestic signatures. The total absence of equivalent signatures at Bruniquel
therefore cannot be attributed to taphonomic loss alone; it reflects a genuine difference in
the activity that took place. Whatever the Bruniquel rings were for, it was not domestic
habitation.

Among the most suggestive comparanda for the acoustic hypothesis are the ring or
horseshoe arrangements documented at certain European sites where acoustic phenom-
ena have been explicitly considered. At several decorated cave sites in France and Spain,
configurations of stalactites or flowstone columns have been identified as potential acous-
tic screens or resonance enhancers, positioned so as to focus or reflect soundwithin specific
zones of the cave. Although none of these arrangements is as elaborate as the Bruniquel
structures, their existence indicates a general Palaeolithic sensitivity to the acoustic poten-
tial of cave formation geometry.

The significance of Bruniquelwithin this comparative frame is that it represents the old-
est known case in which a substantial quantity of speleothem material was systematically
fragmented and repositioned within a cave interior. If the acoustic hypothesis is correct,
Bruniquel would be the earliest known deliberate acoustic installation in the archaeologi-
cal record—a construction designed not to shelter its builders from the environment but
to transform the environment itself into an instrument.

12 Sound Experimentation and the Deep History of Musi-
cal Behavior

The possibility that the Bruniquel structures functioned as lithophones invites a broader
question: how might the acoustic properties of stone have come to be recognized and ex-
ploited in the first place? This question is not merely historical; it bears directly on the
plausibility of the lithophone hypothesis, because a Neanderthal population capable of
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constructing a sophisticated acoustic installation must have acquired the relevant knowl-
edge somewhere.

Within evolutionary archaeology it is standard practice to interpret complex technolo-
gies as the culmination of long periods of experimentation with simpler forms. The ap-
pearance of Levallois flaking technology implies a prior history of prepared-core knap-
ping; the construction of controlled hearths implies earlier familiarity with fire; the pro-
duction of composite tools implies prior experiencewith hafting and adhesive preparation.
In each case the complex behavior is rendered more plausible by the existence of a devel-
opmental sequence, even if the intermediate stages are poorly preserved. A similar logic
applies to the lithophonic use of stone.

The acoustic properties of resonant objects can be discovered through entirely ordi-
nary behavior. Both humans and non-human primates frequently strike objects in their
environment during play, exploration, and signaling. Any primate that strikes stones will
occasionally encounter specimens that produce clear ringing tones, and the perceptual
contrast between a ringing stone and a dull one is immediately obvious. Once this obser-
vation exists within a group’s behavioral repertoire, it can be communicated, elaborated,
and refined. Over long periods, such informal experimentation could accumulate into a
body of practical knowledge about which materials, geometries, and environments pro-
duce the most salient acoustic effects.

The cave environment would have provided a dramatic amplification of this learning
process. A stone that produces a modest ring in the open air produces a sustained, re-
verberating tone in a cave chamber; the feedback is qualitatively different, and the expe-
rience correspondingly more striking. It is therefore not implausible that Neanderthal
populations with prior familiarity with resonant stones, acquired through generations of
outdoor experimentation, would recognize deep cave chambers as exceptional acoustic
environments and deliberately transport their most resonant specimens into them.

This developmental model also addresses one of the potential objections to the litho-
phone hypothesis: the apparent sophistication of the Bruniquel construction. The objec-
tion holds that constructing a large-scale organized lithophonic installation requires a level
of acoustic planning beyond what Neanderthals can be presumed to possess. The devel-
opmental model dissolves this objection by denying that the constructionwas a sudden in-
novation. If generations of stone-striking had already established an informal tradition of
acoustic experimentation, the Bruniquel installation represents not the invention of litho-
phonic practice but its elaboration within an especially favorable environment.

The Bruniquel structures may therefore represent not the origin of sound experimen-
tation but a specialized subterranean crystallization of a much older, largely perishable,
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open-air tradition. Because resonant stones used in open landscapes leave no archaeologi-
cal trace beyond their selection and occasional modification, this prior tradition would be
nearly invisible in thematerial record. The Bruniquel cave, with its protective geology and
its datable calcite overgrowths, happens to have preserved a snapshot of a practice whose
roots may extend far deeper in time.

13 Sympathetic Resonance and the Discovery of Harmonic
Relationships

An important physical phenomenon that may have played a role in the original discovery
and elaboration of lithophonic practice is sympathetic resonance—the tendency of an ob-
ject to begin vibrating when excited by another object whose natural frequency it shares.
Sympathetic resonance is a direct consequence of the mathematics of coupled oscillators
and requires no special conditions beyond the coexistence of two objects with overlapping
resonant frequencies.

In practical terms, sympathetic resonance means that a group of resonant stones ar-
ranged in close proximity will not behave as acoustically independent elements. When
one stone is struck, the resulting sound wave will preferentially excite those neighboring
stones whose natural frequencies match the driving frequency. These stones will begin vi-
brating and emit their own tones, which in turn can excite further sympathetic vibrations
in other elements of the assemblage. The result, in a reverberant cave environment, would
be a cascading, self-amplifying acoustic event in which a single percussion stroke triggers
a complex sustained resonance throughout the entire arrangement.

Sympathetic resonance has important implications for the empirical discovery of har-
monic relationships. If two stones share a harmonic frequency ratio—if, for example, one
stone’s fundamental frequency is exactly twice that of another—the two stones will excite
each other strongly when one is struck. In the language of signal processing, harmonically
related frequencies have large overlap integrals; they transfer energy efficiently between
resonant systems. By contrast, stones with inharmonic frequency relationships will excite
each other weakly or not at all.

This physical asymmetry provides a perceptual mechanism for discovering harmonic
relationships without any abstract knowledge of music theory. A builder who has assem-
bled a collection of resonant stones will find, through trial and error, that certain stone
pairings produce strong sympathetic responses while others do not. The pairing that pro-
duces the strongest mutual resonance corresponds, in acoustic terms, to a harmonic in-
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terval. By iterating this selection process, a builder could assemble a set of stones whose
natural frequencies stand in simple integer ratios—an octave series, a pentatonic scale, or
a modal pattern—without ever consciously representing these relationships in numerical
form.

The phenomenon of acoustic beating provides an additional and even more imme-
diate tuning cue. When two objects whose frequencies are slightly different are struck
simultaneously or in rapid succession, the resulting sound exhibits a periodic amplitude
modulation—a “warble” or “tremolo”—at a rate equal to the difference between the two
frequencies. As the two frequencies are brought closer together by progressive modifica-
tion of one element, the beating slows and eventually disappears when the frequencies
are matched. This disappearance of beating is a sharp, unambiguous perceptual event
that can serve as a reliable guide to fine tuning even for listeners with no formal musical
training.

These two phenomena—sympathetic resonance and acoustic beating—together consti-
tute a perceptual toolkit for empirical harmonic discovery that requires no mathematical
knowledge, no explicit theory of pitch, and no cultural transmission of musical concepts
beyond the behavioral disposition to attend to and reproduce acoustic effects. They sug-
gest that the discovery of harmonic relationships in stone percussion may be a natural
consequence of sustained experimentation with resonant materials, accessible to any at-
tentive hominin population with sufficient time and motivation.

In the context of the Bruniquel hypothesis, these considerations suggest that the selec-
tion and arrangement of the stalagmite fragments could have been guided by sympathetic
resonance cues perceivable in situ during construction. A builder testing candidate frag-
ments by striking them in the partially assembled ring would receive immediate acous-
tic feedback about which fragments resonated harmonically with those already in place.
This feedback-guided assembly process, iterated over time, could produce a collection of
elements with musically coherent frequency relationships without requiring any prior ab-
stract acoustic knowledge.

14 Possible TuningTechniques for Stalagmite Lithophones
If the Bruniquel stalagmites were used as lithophones, a practically important question
concerns how their pitches might have been controlled and refined. The acoustic outcome
of a lithophone depends sensitively on the dimensions of its elements; the builders, if they
intended specific acoustic effects, must have had some means of adjusting these dimen-
sions toward desired targets. Several plausible tuning techniques are available using only
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the technology demonstrably present in the Middle Palaeolithic.
The most direct approach is progressive fracture tuning. A stalagmite fragment can be

shortened by controlled percussion, removing small chips from one end. Because funda-
mental frequency scales approximately as L−2, relatively small reductions in length pro-
duce noticeable pitch increases, allowing iterative refinement toward a target frequency.
The precision achievable by this method depends on the fragility of the material and the
skill of the practitioner, but Neanderthal knappers, whose lithic technology required con-
trolled fracture of flint and quartzite to tight tolerances, possessed the motor skills and
predictive planning necessary for fine-grained stone modification (Wil and Villa, 2019).

A complementary approach involves comparative resonance evaluation. Two resonant
stones can be struck in rapid succession, and the difference between their tones evaluated
by ear. If the two tones are close in frequency, acoustic beating is audible; the beating rate
decreases as the frequencies converge. By progressively shortening one fragment until
the beating with a reference stone disappears, a practitioner can achieve frequency match-
ing without any measuring instruments. This technique is functionally equivalent to the
“fork-tuning” method used by instrument makers to this day, and requires only the ability
to perceive slow amplitude modulation—a capacity shared by all mammals with intact
auditory systems.

A third possibility involves resonance amplification in a cavity. When a stone fragment
is held over or placed near a resonant hollow—a natural rock overhang, a shallow depres-
sion in the cave floor, or even a cupped pair of hands—the cavity acts as a Helmholtz
resonator that selectively amplifies frequencies near its resonant frequency. A fragment
whose natural frequency matches that of the cavity will sound notably louder and more
sustained than one with a non-matching frequency. Prehistoric groups familiar with the
variable acoustic properties of different cave featuresmight exploit such cavities as natural
frequency filters, using them to identify fragments with specific acoustic properties.

Finally, the circular ring geometry of the Bruniquel structures may itself have served
a tuning function. A ring of resonant elements, once partially assembled, constitutes an
acoustic system with collective resonant properties. When a new candidate fragment is
struck near the partially assembled ring, the sympathetic response of the existing elements
provides feedback about the harmonic compatibility of the candidate. Elements that ex-
cite strong sympathetic vibrations in the existing ring are harmonically compatible; those
that do not are rejected. This assembly-guided selection process could produce a tuned
ensemble without any pre-planned target frequency, simply by iterative maximization of
sympathetic response.

These techniques share the property of requiring no abstract acoustic knowledge. They
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rely entirely on immediate perceptual feedback—the disappearance of beating, the intensi-
fication of resonance, the increase in decay time—that is available to any attentive listener.
Together they suggest that systematic acoustic tuning of stone instrumentswaswellwithin
the cognitive and practical capabilities of Neanderthal populations, given sufficient famil-
iarity with resonant stone behavior acquired through prior experimentation.

15 Percussion Wear Patterns on Speleothems
If the Bruniquel stalagmite fragments functioned as lithophones, repeatedpercussionwould
have left detectable physical traces on their surfaces. The identification of such traces
would constitute themost direct available evidence for lithophonic use, and their absence—
appropriately qualified for taphonomic considerations—would substantially weaken the
hypothesis. This section describes the expected character of percussion wear on calcite
speleothems and the analytical methods by which such wear could be identified.

When a stone is struck repeatedlywith a percussive implement, the impact zone under-
goes a distinctive pattern of surfacemodification. At macroscopic scale, a shallow concave
pit or “cup mark” may develop at the contact location, surrounded by a zone of radial mi-
crofractures and occasionally a rim of raised material produced by plastic deformation
or compaction. At microscopic scale, the impact surface typically shows crushed crys-
talline material, oblique striations aligned with the direction of the striking implement,
and localized polish produced by the smoothing of crystalline asperities under repeated
compressive loading. These features are collectively described in the use-wear literature
as percussion damage and have been documented on a wide range of prehistoric stone
objects subjected to repeated impact (Fagg, 1956; Coles, 1993).

For calcite speleothems specifically, the relatively low hardness of calcite (approxi-
mately 3 on theMohs scale) compared to typical hammerstonematerials (flint andquartzite
at 7–7.5) implies that percussiondamagewould accumulate primarily on the softer speleothem
surface. Each strike from a harder implement removes a small amount of calcite material,
producing a progressive deepening of the impact pit. After sufficient use, the cumula-
tive damage should be visible to the naked eye as localized surface pitting in a location
consistent with percussion rather than transport or collapse.

The acoustically optimal striking location for a free–free rod is near the center of its
length, at the antinode of the fundamental bending mode. For the second mode, antin-
odes are located at approximately one-quarter and three-quarters of the total length. If
the Bruniquel fragments were struck to excite their fundamental frequencies—the most
musically natural approach—impact marks should cluster near the midpoints of the frag-
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ments rather than at their ends. This spatial prediction is testable and would distinguish
lithophonic percussion from incidental damage patterns associated with fracture, trans-
port, or stacking.

Scanning electron microscopy (SEM) provides the optimal analytical tool for charac-
terizing micro-scale percussion damage on calcite surfaces. SEM imaging at magnifica-
tions of ×100–×1000 can resolve individual crystal faces, fracture surfaces, and polished
zones in three dimensions. Complementary three-dimensional surface profilometry, us-
ing white-light interferometry or confocal laser scanningmicroscopy, can quantify surface
roughness, pit geometry, and the spatial distribution of damage features without contact.
Micro-XRF mapping could potentially identify elemental traces left by hammerstone ma-
terials at percussion sites, providing chemical confirmation of deliberate percussion.

The taphonomic context of the Bruniquel samples must be carefully considered in in-
terpreting any wear patterns identified. Over approximately 176,000 years, secondary cal-
cite has accreted onto the fragment surfaces, potentially masking or overprinting earlier
damage. Taphonomic modeling of calcite accretion rates, combined with micro-CT scan-
ning to resolve stratigraphic relationships between original surfaces and secondary over-
growths, could help distinguish pre-depositional from post-depositional surface modifi-
cation. If percussion marks are found beneath the secondary overgrowth—demonstrably
pre-dating the calcite accretion that enabled uranium–thorium dating—they would con-
stitute particularly strong evidence for prehistoric use.

16 LiDARReconstruction andStructuralDesign of theLitho-
phone Array

The spatial organization of the Bruniquel ring elements encodes information about the
intentions of their builders that can, in principle, be extracted through sufficiently de-
tailed geometric analysis. High-resolution spatial recording techniques—particularly ter-
restrial LiDAR scanning and structure-from-motion photogrammetry—make it possible
to generate centimeter-accurate or millimeter-accurate three-dimensional models of the
cave chamber and its contents, enabling spatial analyses impossible with traditional exca-
vation recording.

TheBruniquel cave has already beendocumentedwith three-dimensional surveymeth-
ods as part of the investigation reported by Jaubert et al. (2016). The published plan and
profile drawings of the structures provide a partial picture of their geometry, but the full
spatial dataset—if it exists and is accessible—would permit substantially more detailed
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analysis than is possible from the published representations.
Several specific geometric properties of the ring elements are relevant to the lithophone

hypothesis. First, the spacing between adjacent fragments—the gap between one element
and the next—determines whether elements can vibrate freely or whether their vibrations
are damped by contact with neighbors. In ethnographic lithophone instruments, elements
are typically suspended or rested on soft supports so that their lateral surfaces are not in
contactwith adjacent elements, preserving free vibration. If the Bruniquel fragments show
systematic gaps between elements rather than tight packing, this would be consistent with
acoustic mounting. Second, the contact geometry between each fragment and the ring
support structure—whether the fragments rest on their full length or on small contact
zones—affects damping and therefore tone quality. Elements resting on point contacts or
padded supportswould vibratemore freely than those resting flat on a continuous surface.
Third, the radial ordering of element lengths around the ring, if detectable, could reveal
whether the arrangement follows a tonal sequence, with longer (lower-pitched) elements
in one sector and shorter (higher-pitched) elements in another.

The second and third of these analyses require sub-centimeter spatial data for each
identifiable element. LiDAR point clouds acquired with sub-millimeter resolution, com-
bined with photogrammetric texture mapping, could provide this data if the surfaces of
the fragments are exposed and accessible. Where fragments are partially buried in sedi-
ment or covered by secondary calcite, micro-CT scanning could supplement surface mea-
surements by imaging the full three-dimensional geometry of partially obscured elements.

An additional geometric analysis enabled by high-resolution spatial data is the identi-
fication of structural regularity at the level of the ring as a whole. If the circular form of
the rings is not merely approximate but follows a specific geometric template—if the ring
center, radius, and element spacing were deliberately controlled—this precision would
argue against the interpretation of the rings as opportunistic accumulations and in favor
of planned, design-guided construction. Acoustic instrument arrays benefit from precise
spatial control because the geometry of the array determines how soundpropagates across
the ensemble; instruments designed for coordinated play bymultiple performers typically
exhibit systematic spatial organization.

17 Sensory Environments and Subterranean Ritual Space
The Stone Piano Hypothesis gains additional interpretive force when situated within the
broader framework of sensory archaeology—the systematic study of how prehistoric hu-
mans created and experienced multisensory environments. Sensory archaeology moves
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beyond the visual bias of traditional archaeological interpretation (which has focused pri-
marily on material objects, spatial layouts, and visible art) to consider how sound, light,
smell, warmth, and tactile experience contributed to the meaning and function of archae-
ological spaces (Scarre, 2006).

Cave environments are, by their nature, extreme sensory contexts. Total darkness, con-
stant temperature, high humidity, the smell of mineral water and organic matter, the sen-
sation of enclosure, and the acoustic peculiarities of reverberation together constitute a
sensoryworld radically different from the open-air environments inwhich hominins spent
most of their lives. Entry into a deep cave represents a deliberate departure from the am-
bient sensory conditions of the surface world and an immersion in an environment where
perceptual experience is fundamentally transformed.

The 336-meter depth of the Bruniquel chamber is not merely a logistical fact but a sen-
sory one. At that distance from the entrance, no daylight penetrates, no surface sounds
are audible, and the acoustic environment is dominated entirely by the sounds produced
within the chamber itself. Any vocalization, percussion, or resonant tone produced in
such a space has no competing background noise; the signal-to-noise ratio of acoustic
communication is maximal. The cave walls, instead of dissipating sound into the open
atmosphere, reflect and sustain it. A single percussion stroke, in a sufficiently reverber-
ant cave chamber, does not produce a brief, localized click but a distributed, sustained,
spatially complex sound event that envelops the entire chamber.

Controlled fire within such an environment adds a second sensory dimension. The
flickering of firelight in a cave chamber produces visual effects qualitatively unlike those
available in any surface setting: animated shadows, fluctuating intensities, and zones of
bright illumination surrounded by absolute darkness. Archaeological evidence for the
deliberate use of firelight in deep cave contexts has been interpreted as evidence for the
intentional construction of dramatic visual environments, potentially in association with
ritual or performative activity (Wil and Villa, 2019).

The combination of resonant percussion and flickering firelight in a total-darkness en-
vironment would create a multisensory experience of extraordinary intensity. For a pop-
ulation accustomed to the diffuse, undirected sensory conditions of open-air living, entry
into such an environment would constitute a qualitative transformation of perceptual ex-
perience. Cross-cultural ethnography documents the deliberate construction of analogous
environments in a wide range of traditional societies, where the combination of darkness,
firelight, rhythmic sound, and enclosed space is associated with initiation ceremonies,
healing rituals, trance induction, and the mediation of encounters with non-human en-
tities (Needham, 1967; Blacking, 1973).
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Whether or not Neanderthal uses of the Bruniquel chamber involved anything anal-
ogous to ritual in the modern ethnographic sense is, of course, unknowable. What the
sensory archaeology framework contributes is the recognition that the specific combina-
tion of environmental features at Bruniquel—depth, darkness, reverberation, controlled
fire—constitutes a coherent multisensory package that is cross-culturally associated with
activities set apart from ordinary domestic life. The Stone Piano Hypothesis proposes that
sound production was a central component of this package, transforming the cave cham-
ber from a geological feature into a deliberate acoustic theater.

18 Limitations of the Present Interpretation
The Stone Piano Hypothesis, as presented in this paper, rests on circumstantial evidence
and indirect inference rather than on direct material proof of acoustic use. A candid as-
sessment of its limitations is essential both for intellectual honesty and for the productive
guidance of future research.

The most fundamental limitation is the absence of published percussion marks on the
Bruniquel fragments. Use-wear analysis has not, to the present author’s knowledge, been
applied systematically to the Bruniquel speleothem sample. Until such analysis is con-
ducted, the hypothesis lacks the most important available line of direct physical evidence.
The absence of reported marks does not indicate their absence on the stones; it indicates
only that the relevant analysis has not been performed.

A second limitation concerns the taphonomic obscuration of potentially diagnostic evi-
dence. Secondary calcite accretion over 176,000 years may havemasked percussionmarks,
altered fragment surface textures, andmodified the dimensional relationships between el-
ements. The extent of this alteration cannot be assessed from published data alone and
requires direct physical examination of the samples with appropriate microscopic and
geochemical tools.

A third limitation is the absence of morphometric data on fragment dimensions. The
central acoustic prediction of the hypothesis—that fragment lengths cluster around har-
monically related values—cannot be evaluated without detailed measurements that are
not currently available in the published literature. This is perhaps the most readily ad-
dressable limitation, since the relevant data could in principle be extracted from existing
three-dimensional survey records or collected through direct measurement of accessible
samples.

A fourth and more fundamental limitation concerns the inferential gap between the
physical capabilities of speleothems and the intentional choices of their builders. Demon-
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strating that the Bruniquel fragments are capable of producing audible tones does not
demonstrate that they were used for this purpose. Acoustic viability is a necessary but
not sufficient condition for the lithophone interpretation. The hypothesis requires not
merely that the stones can produce sound but that producing sound was the reason they
were selected and arranged. This inferential gap can be narrowed by the accumulation of
convergent evidence—acoustic measurements, morphometric patterns, percussion wear,
spatial regularities—but it cannot be fully closed by any finite set of observations.

A fifth limitation concerns the specificity of the circular ring form. The argument that
circular arrangements are functionally appropriate for multi-participant percussion en-
sembles, while plausible, is not uniquely predictive. Circular arrangements are also ap-
propriate for shelters, for group activities centered on a common focus, and for symbolic
configurations without any specifically acoustic purpose. The ring form does not, by itself,
distinguish acoustic from non-acoustic interpretations.

These limitations do not, in the present author’s assessment, undermine the hypothesis
sufficiently to abandon it. They do indicate that the hypothesis is not yet adequately sup-
ported to be considered a strong or well-confirmed interpretation of the Bruniquel site. Its
current status is that of a promising but empirically underdeveloped proposal that merits
targeted investigation.

19 Discussion

19.1 Strengths of the Hypothesis

The Stone PianoHypothesis accounts for the available Bruniquel evidencewith a degree of
parsimony that competing interpretations have not achieved. The absence of habitation
debris is not merely unexplained but becomes an active prediction of the hypothesis: a
dedicated acoustic performance space need not produce domestic refuse. The circular ar-
rangement of the rings is not merely geometric coincidence but is functionally appropriate
for amulti-participant percussion ensemble inwhich performers surround the instrument
set. The deep location is not merely puzzling but is explicable as deliberate choice of a
strongly reverberant environment. The fire evidence is not mysterious but is interpretable
as the provision of illumination necessary for a visual-performance activity.

Additionally, the hypothesis is grounded in well-understood physical principles (the
mechanics of vibrating rods, the acoustics of enclosed spaces) and in extensive compara-
tive evidence from ethnography and archaeology (Southeast Asian lithophones, African
rock gongs, European cave percussion marks, archaeoacoustic correlations). It does not
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require any cognitive capacity not independently attributable to Neanderthals.

19.2 Weaknesses and Uncertainties

The principal weakness of the hypothesis is the current absence of direct evidence for
acoustic use. No percussion marks on Bruniquel fragments have been reported; no de-
tailed morphometric data on fragment dimensions are available; no acoustic measure-
ments of the chamber have been published. The hypothesis therefore rests entirely on
circumstantial spatial and contextual evidence at present.

A further uncertainty concerns the taphonomic history of the site. The secondary cal-
cite overgrowths that enabled dating of the structures have also modified their surfaces
over 176,000 years. Percussionmarks, if originally present, may have been partly orwholly
obscured by calcite recoating. Themorphometric recordmay have been disturbed by post-
depositional calcite accretion that has altered fragment dimensions. These taphonomic
issues do not render the hypothesis untestable but impose limits on the precision with
which predictions can be evaluated.

19.3 Complementarity with Other Interpretations

The acoustic hypothesis is not necessarily incompatible with ritual or symbolic interpre-
tations of the site. In many documented cultural contexts, sound production and ritual
activity are inseparable, with percussion and vocal sound regarded as integral compo-
nents of ceremonial practice (Needham, 1967; Blacking, 1973). If the Bruniquel chamber
served as a ritual space, the production of resonant percussive sound within it would be
expected on comparative grounds, not anomalous. The acoustic and ritual interpretations
may therefore be complementary rather than competing.

Similarly, the hypothesis does not require that the builders had a fully explicit the-
ory of acoustics or that they conceptualized the stalagmite arrangement as a “musical
instrument” in any modern sense. It requires only that they were sensitive to the acoustic
properties of struck calcite, able to select and prepare elements with preferred acoustic
properties, and motivated to engage in coordinated sound production within a resonant
environment. These are all attainable by trial-and-error learning within a socially orga-
nized group, without requiring abstract acoustic knowledge.
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20 Conclusion
The Bruniquel Cave structures remain the earliest known example of deliberate hominin
construction in the interior of a cave and one of the most striking indications of behavioral
complexity in the Neanderthal record. Their function has remained unresolved since their
publication in 2016, and no existing interpretation has provided a fully satisfying account
of their distinctive spatial organization, the regularity of their components, the evidence
of controlled fire, and the total absence of domestic refuse.

The Stone Piano Hypothesis proposes that these anomalies are jointly explicable if the
stalagmite rings functioned as lithophones within a reverberant cave chamber. The hy-
pothesis is grounded in the physical properties of calcite speleothems, the extensive ethno-
graphic and archaeological record of lithophone use, and the growing archaeoacoustic
evidence for the deliberate exploitation of cave acoustics in prehistoric contexts. It gener-
ates specific, falsifiable predictions that can be evaluated through acoustic measurement,
morphometric analysis, acoustic modeling, and surface examination.

If substantiated by future investigation, the hypothesis would have implications ex-
tending well beyond the Bruniquel site. It would push the inferred origin of deliberate
musical sound production back by approximately 140,000 years relative to the earliest un-
ambiguous evidence from the Upper Palaeolithic. It would add a significant acoustic di-
mension to the accumulating evidence for Neanderthal symbolic and aesthetic behavior.
And it would suggest that the deep cave environments of the European Palaeolithic were
not merely geological contexts for occasional refuge or resource extraction but were de-
liberately appropriated as sonic spaces—as resonant environments in which sound, light,
and constructed form were integrated into practices that, whatever their precise cognitive
or cultural meaning to their makers, bear a recognizable kinship to what later humans
would call music.

The builders of Bruniquel moved two metric tons of stone into total darkness 336 me-
ters underground, maintained fires in an airless chamber, and arranged their materials in
rings with a geometric precision that argues against improvisation. Whatever they were
doing, they intended it. The Stone Piano Hypothesis proposes that part of what they in-
tended was to be heard.
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A Mathematical Model of Stalagmite Lithophones
The acoustic behavior of speleothem fragments can be analyzed rigorously using the the-
ory of elastic wave propagation in slender rods. The Euler–Bernoulli beam model, which
underlies equation (1) in the main text, assumes that cross-sectional dimensions are small
relative to wavelength and that shear deformation and rotational inertia are negligible—
conditions well satisfied by stalagmite fragments in the audible frequency range.

For a free–free beam of length L, uniform circular cross-section of radius r, Young’s
modulus E, and density ρ, the n-th natural frequency of transverse vibration is:

fn =
λ2
nr

8πL2

√
E

ρ
(6)

with λ1 = 4.730, λ2 = 7.853, λ3 = 10.996, λ4 = 14.137 and thereafter λn ≈ (2n − 1)π/2

for n ≥ 3. The overtone frequency ratios for the first four modes are f1 : f2 : f3 : f4 ≈
1 : 2.76 : 5.40 : 8.93. This series is inharmonic but not severely so; the first overtone at
2.76f1 falls between the octave (2f1) and the octave-and-major-third (2.5f1), producing
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a characteristic “marimba-like” timbre distinguishable from both purely harmonic and
purely inharmonic timbres.

Table 1 gives predicted fundamental frequencies for stalagmite fragments of varying
lengths at a fixed radius of 2.5 cm and calcite parameters E = 75 GPa, ρ = 2600 kg m−3.
The corresponding musical note names are given for reference.

Table 1: Predicted fundamental frequencies (f1) for free–free calcite rods of radius r =
2.5 cm at varying lengths, using E = 75 GPa, ρ = 2600 kg m−3.

Length L (cm) f1 (Hz) f2 (Hz) Approx. note (f1) Decay τ (s, Q = 600)
30 569 1570 D5 0.33
35 418 1153 G♯4 0.46
40 320 883 E4 0.60
45 253 697 B3 0.75
50 205 565 G♯3 0.93
55 169 467 E3 1.13
60 142 393 C♯3 1.35
65 121 335 B2 1.58
70 105 289 A2 1.82
80 80 222 E2 2.39

The table shows that fragments spanning 30–80 cm—dimensions consistentwith speleothem
assemblages reported at comparable Middle Palaeolithic sites—cover a range of approxi-
mately three and a half octaves (from ∼80 Hz to ∼569 Hz). This range encompasses the
most perceptually salient region of human pitch sensitivity and is comparable to the com-
pass of ethnographic lithophone instruments such as the Vietnamese đàn đá. Decay times
at Q = 600 range from 0.33 s for the shortest element to 2.39 s for the longest, and would
be substantially extended by the cave reverberation field.

Sabine’s Formula Applied to the Bruniquel Chamber

The reverberation time of the Bruniquel chamber can be estimated using Sabine’s formula:

T60 =
0.161V

Atotal
(7)

where V is the chamber volume in cubic meters andAtotal =
∑

i αiSi is the total absorp-
tion in square meters (sabins), with αi the absorption coefficient and Si the surface area
of the i-th surface element. For bare limestone surfaces, absorption coefficients in the 125–
2000 Hz range are typically in the interval α ≈ 0.02–0.05 (Mavko et al., 2009), reflecting
the highly reflective character of the material.
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Estimating the chamber as a roughly ellipsoidal space of approximate dimensions 7×
5 × 4 m gives V ≈ 73 m3 and total surface area S ≈ 130 m2. With α = 0.03, Atotal ≈
3.9 sabins, giving:

T60 ≈
0.161× 73

3.9
≈ 3.0 s (8)

A reverberation time of approximately 3 s is substantially longer than that of a typi-
cal concert hall and approaches that of a large stone cathedral. In such an environment,
successive percussion strokes at intervals of less than T60 would overlap acoustically, pro-
ducing a dense sustained soundscape from relatively sparse percussion. The resulting
auditory experience—resonant tones merging into continuous echoing sound within a
space of total darkness and flickering firelight—would have been qualitatively unlike any
acoustic experience available in open-air environments.

B Hypothetical Harmonic Layout of the Bruniquel Litho-
phone Ring

This appendix explores a hypothetical arrangement of the Bruniquel ring elements that
would produce a musically coherent tonal series. The analysis is explicitly speculative;
it does not claim to reconstruct the actual arrangement but rather to demonstrate that
a musically organized arrangement is geometrically and acoustically feasible given the
available constraints.

Fragment Length Ratios for Harmonic Intervals

Since f ∝ L−2 for a free–free rod of fixed radius, the length ratio corresponding to a target
frequency ratio f2/f1 is:

L1

L2

=

√
f2
f1

(9)

Table 2 gives the length ratios for the most common just-intonation intervals.
These ratios demonstrate that a pentatonic scale spanning one octave (five tones with

frequency ratios approximately 1 : 9/8 : 5/4 : 3/2 : 5/3) would require fragments whose
lengths span the ratio 0.775 : 1, i.e., the shortest element being approximately 77.5% of the
longest. For a longest fragment of 60 cm, the remaining four fragments in a pentatonic
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Table 2: Fragment length ratios for just-intonation intervals in a free–free rod lithophone.

Interval Frequency ratio Length ratio L1/L2 Decimal
Unison 1 : 1 1.000 1.000
Major second 9 : 8

√
8/9 0.943

Major third 5 : 4
√

4/5 0.894
Perfect fourth 4 : 3

√
3/4 0.866

Perfect fifth 3 : 2
√

2/3 0.816
Minor sixth 8 : 5

√
5/8 0.791

Major sixth 5 : 3
√

3/5 0.775
Octave 2 : 1

√
1/2 0.707

set would measure approximately 47 cm, 53 cm, 57 cm (fourth), and 49 cm (major sixth),
with the octave element at 60× 0.707 = 42 cm.

Such a set of fragments—spanning 42–60 cm—falls squarely within the range of plau-
sible speleothem dimensions and produces a set of predicted fundamental frequencies
(from Table 1) in the range 142–320 Hz, all within the most perceptually salient octave of
human pitch sensitivity.

Schematic Diagram of the Bruniquel Lithophone Ring

Figure 1 presents a schematic diagram of a hypothetical lithophone ring based on the
Structure 1 geometry described by Jaubert et al. (2016), with stalagmite elements indicated
by shaded rectangles of varying lengths arranged around the circumference. The diagram
is illustrative and does not reflect actual measured fragment positions.

C Proposed Experimental Protocol for Testing the Stone Pi-
ano Hypothesis

This appendix outlines a concrete experimental programme for evaluating the Stone Pi-
ano Hypothesis. The protocol is designed to be implementable with currently available
techniques and equipment, using substitute speleothem materials where direct access to
the Bruniquel samples is unavailable.
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Figure 1: Schematic plan view of a hypothetical Bruniquel lithophone ring (Structure 1,
∅ ≈ 6.7 m not to scale). Shaded rectangles represent stalagmite elements of varying
lengths arranged around the ring circumference. Longer elements (lower pitch) are
shown at top and bottom; shorter elements (higher pitch) at the lateral positions, sug-
gesting a hypothetical tonal layout. The central orange circle indicates the approximate
position of fire remains as reported by Jaubert et al. (2016). This diagram is entirely hypo-
thetical and does not reflect measured fragment positions.

Phase 1: Acoustic characterization of calcite speleothem samples

Materials. Obtain 20–30 calcite stalagmite or stalactite fragments from non-heritage cave
sites in the Périgord-Quercy limestone karst of southwestern France, with lengths span-
ning 30–80 cm and varying cross-sectional diameters. Document the mass, length, maxi-
mum and minimum diameters, and taper of each fragment.

Procedure. Suspend each fragment from a thin nylon cord at its predicted nodal point
(at 0.224L from one end for the fundamental free–free bendingmode). Strike the fragment
with three standardized implements: a river cobble of approximately 200 g, an antler billet
of approximately 150 g, and a wooden mallet. Record acoustic output with a calibrated
microphone at 48 kHz sample rate and 24-bit depth. Compute the fast Fourier transform
(FFT) spectrumof each strike to identify fundamental frequency and overtone series. Mea-
sure T60 for each mode from the spectral decay envelope.

Analysis. Fit observed fundamental frequencies against equation (2) with E and ρ as
free parameters; report best-fit values and assess residuals. Evaluatewhether the overtone
ratios are consistent with the free–free beam prediction. Assess perceived pitch salience
through forced-choice listener tests with naïve participants.
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Phase 2: Morphometric analysis of Bruniquel fragments

Materials. If direct access to Bruniquel samples is unavailable, use existing three-dimensional
photogrammetric or LiDAR models of the structures. If available, supplement with direct
caliper and laser measurement of accessible fragments.

Procedure. Measure the longest dimension (effective length) and themean cross-sectional
diameter of each identifiable ring-forming fragment. For tapered fragments, record both
proximal and distal diameters and estimate the effective acoustic length.

Statistical analysis. Test the null hypothesis that fragment lengths are drawn from a uni-
form or log-normal distribution consistent with random fracture. Apply a Kolmogorov–
Smirnov goodness-of-fit test and a Hartigan dip test for multimodality. If multimodal
clustering is detected, evaluate whether the cluster centroids are consistent with the har-
monic length ratios given in Table 2.

Phase 3: Surface examination for percussion wear

Materials. A subset of Bruniquel fragments, or comparable experimentally percussion-
used calcite fragments.

Procedure. Clean fragment surfaces with deionized water and soft brushes. Examine
under stereomicroscope at ×10–×50 magnification. Image candidate percussion-damage
zoneswith SEMat×100–×2000. Quantify surface roughness at percussion andnon-percussion
zones using three-dimensional profilometry. Apply micro-XRF to identify elemental sig-
natures of percussive implement materials.

Controls. Prepare experimental percussion samples by striking calcite fragments with
cobble, antler, and bone implements at controlled forces and angles. Prepare taphonomic
control samples by tumbling calcite fragments in sediment. Compare damage morphol-
ogy to distinguish deliberate percussion from taphonomic damage.

Phase 4: Acoustic modeling of the Bruniquel chamber

Materials. Published geometric data from Jaubert et al. (2016), supplemented if possible
by detailed photogrammetric survey data.

Procedure. Reconstruct the chamber geometry as a three-dimensional mesh. Assign
surface absorption coefficients appropriate to bare limestone (α ≈ 0.02–0.05). Compute
the room impulse response using an image sourcemethodor finite-difference time-domain
(FDTD) simulation. Extract T60 as a function of frequency and identify chamber resonance
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modes. Compute the sound pressure level distribution within the chamber for a point
source at the ring position.

Deliverables. A predicted spatial map of reverberation intensity within the Bruniquel
chamber, with the positions of the stalagmite rings marked. Assessment of whether the
ring positions coincide with acoustic antinodes or high-reverberation zones.
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