SCIENCE ADVANCES | RESEARCH ARTICLE

ARCHAEOLOGY

Paleoindian ochre mines in the submerged caves
of the Yucatan Peninsula, Quintana Roo, Mexico
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Investigations in the now-submerged cave systems on the Yucatan Peninsula continue to yield evidence for
human presence during the Pleistocene-Holocene transition. Skeletal remains are scattered throughout the
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caves of Quintana Roo, most representing individuals who died in situ. The reasons why they explored these
underground environments have remained unclear. Here, we announce the discovery of the first subterranean
ochre mine of Paleoindian age found in the Americas, offering compelling evidence for mining in three cave
systems on the eastern Yucatan over a ~2000-year period between ~12 and 10 ka. The cave passages exhibit
preserved evidence for ochre extraction pits, speleothem digging tools, shattered and piled flowstone debris,
cairn navigational markers, and hearths yielding charcoal from highly resinous wood species. The sophistication
and extent of the activities demonstrate a readiness to venture into the dark zones of the caves to prospect

and collect what was evidently a highly valued mineral resource.

INTRODUCTION

By the end of the Pleistocene, humans had migrated to and inhabited
the area of Quintana Roo, located on the eastern Yucatan Peninsula,
Mexico (1-3). This karstic landscape is characterized by a large
limestone platform punctuated by a now-submerged system of caves.
The cave systems were dry and accessible from the Last Glacial
Maximum (LGM) until the middle Holocene transition {>13,000 to
8000 calibrated years before present (cal B.P.) [9 to 8 thousand
years (ka)]}, after which time most of the caves flooded during sea-
level rise, resulting in a unique and well-preserved paleorecord. In the
cave systems of Quintana Roo, the remains of at least 10 individuals
dating to the Pleistocene-Holocene transition have been reported
(1, 2,4, 5); most of these represent persons who had entered when
the caves were dry and accessible. However, the reasons why people
persisted in their underground exploration of these places have been
largely unknown. Previous suggestions have included temporary
shelter, access to fresh water, ritual, or intentional burial of human
remains (1, 6, 7), although none are firmly substantiated by available
archaeological evidence.

Here, we present uniquely preserved evidence indicating that
people were exploring underground cave systems to prospect and
mine red ochre, an iron oxide earth mineral pigment used widely by
North America’s earliest inhabitants (text S1). Red ochre is the most

' Archaeometry Laboratory, University of Missouri Research Reactor, Columbia, MO
65211, USA. 2Applied Paleoscience, Bothell, WA 98011, USA. 3DirectAMS, Bothell,
WA 98011, USA. *school of Geography and Earth Sciences, McMaster University,
Hamilton, ON L8S 4K1, Canada. >Centro Investigador del Sistema Acuifero de Q Roo
(CINDAQ A.C.), Puerto Aventuras, Q Roo, Mexico. ®*Qualcomm Institute, University
of California, San Diego, La Jolla, CA, 92093-0436, USA. "Department of Natural
Resources and the Environment, University of New Hampshire, Durham, NH 03824,
USA. ®Electron Microscopy Core, University of Missouri, Columbia, MO 65211, USA.
9Department of Anthropology, University of Arkansas, Fayetteville, AR 72704, USA.
Ynstituto Nacional de Antropologia e Historia, Mexico City, DF, Mexico.
*Corresponding author. Email: macdonaldb@missouri.edu (B.L.M.); paleosci@gmail.
com (J.C.C.); ereinhar@mcmaster.ca (E.G.R.)

tThese authors contributed equally to this work.

MacDonald et al., Sci. Adv. 2020; 6 : eaba1219 3 July 2020

commonly identified inorganic paint used throughout history world-
wide (8, 9). Considered to be a key component of human evolutionary
development and behavioral complexity, ochre minerals were collected
for use in rock paintings, mortuary practices, painted objects, and
personal adornment for millennia. Red ochre use is a common
characteristic of North American Paleoindians and is found associated
with human remains (10, 11), mobiliary art, toolkit caches (12),
ochre grinding stones, ochre-processing areas (13), hide tanning, or
other domestic or utilitarian contexts, including a component of
grease, mastic, and hafting adhesive (14). One instance of ochre
quarrying activity has been proposed at the Powars II site (Wyoming),
yet evidence for intensive mining activity (i.e., pits and trenches)
remains uncertain (15-17). Whether ochre procurement or use by
Paleoindian groups and their Old World predecessors constitutes
evidence for ritual behavior or utilitarian purposes remains an
ongoing anthropological discussion (12, 18), yet consensus suggests
that the two are not mutually exclusive (19, 20). Despite the ubiquitous
and sustained use of ochre among Paleoindian peoples, there is virtually
no archaeological evidence available concerning ochre prospection
and mining methods in the Americas.

RESULTS

Sites in three now-submerged cave systems along the eastern
coastline of Quintana Roo, referred to here as Camilo Mina, Monkey
Dust, and Sagitario, including the section called La Mina, contain
evidence for ochre mineral prospection and extraction (Fig. 1). All
sites are presently located within 8 to 10 km inland of the present-day
coastline (Fig. 1A). On the basis of the bathymetric profile, the shore
would have been ~1 km farther away during the terminal Pleistocene.
Qualitative and geochemical analysis of ochre from all three sites
indicates that they include high-purity iron oxides and that the
material from La Mina and Camilo Mina, in particular, is conducive
to the production of a vibrant, fine-grained red mineral pigment
(Fig. 1B, text S2, fig. S1, and table S1). We focus the bulk of our
presentation here on Sagitario and the La Mina section (Fig. 1, C and D),
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Fig. 1. La Mina site context. (A) Regional overview of study area. La Mina is situated within the Sagitario cave system, while Camilo Mina is located in Sistema Camilo.
Monkey Dust is part of the Borge section of Sistema Dos Pisos. Hoyo Negro and Chan Hol are sites of key importance in Paleoindian archaeology in this region (7, 2).
Satellite image modified from Google Earth Imagery (41). (B) Conceptual cross-section showing relationship between geomorphic and cultural features observed in
La Mina, Camilo Mina, and Monkey Dust cave systems, including ochre deposits, speleothem and flowstone, mining spoil, charcoal and soot deposition, hammerstone arti-
facts, hearth features, and calcite rafts. (C) Map of Sagitario and La Mina showing the configuration of the cave system and its geomorphic features, with the location of
sample stations and key features. La Mina is defined as areas of concentrated mining activity within Sagitario. (D) Cave profile from the Sagitario and Pu'bix cave entrances
showing cave bottom and ceiling heights at survey stations on the main cave line. Profile path is denoted by the restriction between Sagitario and La Mina sections of the
cave and sample stations. Horizontal distance (in meters) is measured as the length of the survey line over the irregular topography of the cave and thus represents an
overall travel distance for human movement rather than horizontal distance. Cave passage height along the profile shows the restricted nature of the mine site and the

difficulties accessing and removing ochre from this location.

which is the subject of most intensive study and the locality with the
richest evidence for ochre prospecting and mining. Camilo Mina and
Monkey Dust also demonstrate characteristics of ochre prospecting
and mining, consistent with those observed in Sagitario, and are the
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subject of future study. We demonstrate here that subterranean
ochre prospection and mining was not limited to a single location
and may have been a regional-scale activity that was sustained over
multiple generations.
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Navigating, prospecting, and ochre mining at La Mina

To date, more than 7000 m of the Sagitario cave system has been
explored and mapped. Ochre mining is confined to the area re-
ferred to as La Mina, a ~900-m-long series of anastomosing tunnels
situated largely east of the restriction that separates La Mina from
Sagitario (Figs. 1C and 2, A to C). Before the inundation of the cave
by postglacial sea-level rise, the ochre miners used one of three
surface entry points, Entrada Pu’bix, Entrada Sagitario, or Entrada
Kilix Pach-Och (Fig. 1C) (1, 7, 21, 22). All mining activity is located
well into the dark zone of the cave. The nearest light is the narrow,
chimney-like Entrada Pu’bix, at least 200 m from the closest mining
activity. At its farthest, natural light is more than 650 m away. From
any of the three possible entrances, the passages leading to and in
the immediate vicinity of the mined area are generally wide (>20 to
25 m), often with a short ceiling clearance (1 to 2 m) (Fig. 1D). Several
narrow passages with tight restriction points necessitated careful
navigation to access La Mina. One length of passage to the east of
Entrada Pu’bix was at one time completely obstructed by a dense
concentration of stalactites and stalagmites. These speleothems were
broken out wide and high enough to allow movement of people and
ochre between the mining area and the surface (Fig. 2A and fig. S7).

Evidence of human activity in La Mina is abundantly clear
(Figs. 2D and 3, A to F). Broken speleothems and stacked piles of
debris lie everywhere. The passageways from both surface entrances
are marked with cairns of shattered flowstone (Fig. 3B) and broken
stalactites, evidently used as navigational markers directing the miners
to the ochre pits (Fig. 3, C and D). To date, we have documented
155 cairn features and 166 locations with broken speleothems
(Fig. 1C). One example includes two cairns straddling a narrow
path, one of which includes a standing, ochre-stained stalagmite
fragment (Fig. 3E). Another example includes a cairn beside a
fire-reddened hearth area (Fig. 3F and fig. S4). Broken lengths
of speleothem, used opportunistically as expedient hammerstones
(Fig. 3A), and shattered piles of flowstone evident of ochre pros-
pecting (Fig. 3E) are scattered along the 900 m of passageways.
Lengths of flowstone floor along the edges of mine pits and large
stalagmite bases used in cairn construction are visibly scalloped by
conchoidal fracturing (Fig. 3, B to D). Broken stalagmite bases are
carefully stacked on the tunnel floor. Where it was too thick to
break, the flowstone has been deeply undermined (Fig. 2D). Piles of
mine spoil line the cave walls, overlying the flowstone floor (Fig. 2E).
Stalactites and “soda straws” that once draped the ceiling above are
broken away, and their remaining stumps were stained black. Pits
and trenches from which the ochre was last extracted span the
entire breadth of the cave floor, while older pits are filled with rubble
discarded from continuous digging. These pit features are often
more than 50-cm deep, where ochre minerals had been removed
from what appear to be soil-pipe and detrital flowstone ochre deposits
(Fig. 1B and fig. S2, B and C). In other areas, small patches of flow-
stone are broken out, yet no digging occurred beyond exposure of
the substrate, as though these were failed prospects. The site appears
much as it was when abandoned. Throughout most of the mine, no
more than a light dusting of fine sediment or scattering of calcite
rafts covers artifacts and archaeological features.

It is reasonable to suggest that the ochre from La Mina was
targeted, in part, for its mineral properties. The color, texture, and
overall quality of ochre pigments are attributable to characteristics
such as iron oxide content (purity), grain size, and the presence and
quantity of other mineral impurities. Ochre samples were collected
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from multiple locations throughout La Mina (Fig. 1A) and from terra
rossa soils (text S3) from the surface near the entrance of Sagitario.
They were analyzed to determine their elemental, mineralogical,
and morphological properties (see text S2 and fig. S1D). Results
showed that the ochre from La Mina was vibrant red, high in iron
oxide purity (~60 to 80% by mass), with fine-grained pigment particles
(<1 um) and low amounts of mineral impurities. In contrast, the
iron-enriched terra rossa soils from the surface were low in iron
oxide purity (~8.0% by mass), low in color intensity, and dominated
by impurities of coarse-grained quartz, boehmite, and almandine
particles (>50 um; text S2, fig. S1, table S1, and data S1). Of the samples
we have collected to date, the composition and texture of the terra
rossa soils surrounding Sagitario would not be an optimal choice
for the production of pigment, especially when one considers the
high-purity ochre that was readily available in the cave systems
below. The ochre from La Mina is arguably a ready-made paint,
which may be one of the reasons why these individuals went to such
efforts to collect it.

Estimating the amount of ochre removed from La Mina is
complicated by the variability in the source deposits (see text S3 for
expanded discussion). To date, we have identified 352 individual
disturbance features (e.g., pits, trenches, beds, and lenses) along the
~900 m of mining activity, where many, if not most, would have
been filled with ochre. These pits are often intercut and contiguous
for up to ~75- to 100-m-long sections of the tunnels. However, the
volume and size of each mine pit is not necessarily equal to the
amount of ochre retrieved. Evidently, not all of the pits contained
exploitable ochre deposits. Many of the ochre formations at La Mina
are the result of “soil pipes” that were originally paleosols bedded
within the limestone stratigraphy. These were subsequently ex-
posed in the cave bottom during speleogenesis (see Fig. 1B). These
paleosol units are often irregular in dimension and may have con-
tained additional fragments of limestone. The ochre deposit some-
times appears to have been quite thick. For example, the mined
deposit from a pit in Sagitario (La Mina) was up to 1 m thick. A thin
covering of ochre staining along the pit walls illustrates the extent of
the original fill, which transitions to a clean limestone above the
cave bottom. Pits such as these may not have necessarily required
extensive breakup of limestone or flowstone. In contrast, some
ochre lenses that were interbedded between flowstone layers were
generally thin (~1 to 5 cm), with variable geometries and extents
(tens of centimeters to several meters in length). Extracting ochre
from those thin beds required considerable effort to break and re-
move the thick layers of flowstone, and we frequently see tens of
meters of cave floor dug out from wall to wall. These irregularities
inhibit our ability to provide an accurate estimation of the total
amount of ochre removed from La Mina over the period of its use.
Yet, the combined volume of flowstone and speleothem that was
broken and removed, and the probable amount of ochre extracted
from the viable deposits along the ~900-m length of the mining area
debris field, is considerable.

Dating human activities at La Mina

People could not possibly have reached the mined passageways and
pursued their work in the dark zone of the cave without fires for
illumination. We identified numerous concentrations of charcoal
(Figs. 2A and 4A) and patches of fire-reddened stones and earth
along the tread-worn floor between the Sagitario cave entrances and
the ochre mining area of La Mina (Figs. 2 and 3F and fig. S3). In
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Fig. 2. Overview of cultural features at La Mina. (A) Distribution of charcoal concentrations and sampling locations (ochre, charcoal, and calcite raft). (B) Distribution of
ochre mining pits and mine spoil. To date, 352 disturbance features have been mapped. (C) Distribution of stone cairns, rubble piles, and broken speleothem. (D) Mine
pit showing associated cultural and geomorphic features found in La Mina [see Fig. 1C for location; frame grab from structure from motion (SFM) three-dimensional (3D)
model of the cave floor]. Photo credit (for original photography used to produce 3D model shown in 2D): F. Devos (CINDAQ) and S. Meacham (CINDAQ).

some cases, the ceiling above these charcoal-bearing features is still
visibly blackened, evidently by the soot that would have issued from
the small fires.

We established the age and duration of mining activities in La Mina
and Sagitario by a combination of radiocarbon dates on charcoal
and calcite rafts, the presence of postmining calcite formations, and
the documented regional record of postglacial sea-level rise. Charcoal
is a difficult medium for dating in the submerged caves of Quintana

MacDonald et al., Sci. Adv. 2020; 6 : eaba1219 3 July 2020

Roo because it may be produced by forest fires, then deposited by
wind and rain, and remobilized repeatedly by floods during major
storm events or, ultimately, by rising sea level. Archaeologists have
often interpreted instances where charcoal concentrates in small
catchment basins and litters cave floors as prima facie evidence of
human activity (6, 23, 24). However, the mere presence of charcoal
concentrations is insufficient to make this inference. Before submerged-
cave charcoal can be interpreted as anthropogenic, it is necessary to
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stalagmite showing a series of conchoidal fractures around flowstone of its base. Similar fractures can be seen in the stalagmite bases shown in (D). (D) A carefully stacked
pile of three broken stalagmites. (E) Two cairns with elongated central stones. Note that the background cairn supports an ochre-stained segment of stalagmite (see
Fig. 1C for locations). (F) Pairing of a burned surface and limestone cairn. See also fig. S3. Images in (A), (B), and (D) are digital still images captured by camera. Photo
credit: F. Devos, CINDAQ. Images in (C), (E), and (F) are grabs from SFM 3D models of the cave floor. Photo credit [for original photography used to produce 3D model

shown in (C), (E), and (F)I: S. Meacham (CINDAQ).

establish that the sample materials are artifacts, that is, that they are
representative of human activity and distinct from the products of
natural processes. At La Mina, there is an abundance of fire-reddened
deposits indicative of in situ burning, which would be compelling in
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this context, but for administrative reasons, we have not yet had an
opportunity to sample all examples of those features. To establish
that the charcoal samples were artifacts, we identified splits of in-
dividual charcoal fragments to genus level (text S4 and fig. S4) and
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Fig. 4. Dating features. (A) Charcoal concentration from sample station S1. The charcoal is sealed above and below by flowstone indicating that it was deposited before
the cave was flooded. (B) Sheet calcite rafts deposited in an area of mining activity and below a limestone overhang. Note the large size of rafts (10 to 20 cm in diameter)
and sheet-like distribution on cave bottom (S1, B9; Fig. 2C, table S1, and fig. S2A). See text S3 for explanation of calcite rafts. (C) A 3D model showing the relationship
between a mine pit and a large stalagmite formed on pit floor (right) and a second stalagmite with flowstone formed over the broken edge of the undermined floor. The
speleothems indicate that they formed in a dry cave for a relatively long time after the mining activity had ceased, reinforcing the ~12 to 10 ka radiocarbon age. Note the
stack of three tipped stalagmite bases in the distance that is also shown in Fig. 3D. Photo credits: F. Devos (CINDAQ).

compared the results with identified splits of dated charcoal from
nearby Hoyo Negro [see figure 1 in (I)]. Hoyo Negro is an immense,
30- to 55-m-deep, 60-m-diameter underground collapse chamber
littered with charcoal, which has been continuously sampled and
dated since 2011 (1, 3). Samples from Sagitario and Hoyo Negro fall
within the same age range (Table 1). Charcoal in Hoyo Negro may
be considered at least predominantly naturally deposited and is
thus a suitable proxy for establishing whether the La Mina charcoal
concentrations are natural or anthropogenic.

We found that all identifiable fragments of La Mina charcoal
from all sampling in Sagitario were produced from highly resinous
trees known to burn long and bright, referred to colloquially as
“torchwood,” “candlewood,” and “copal” (Table 1). All of these
specimens exhibit markedly expanded voids in the vascular ray
structure produced by exploding gasses, indicating combustion under
intense heat (fig. S4 and text S4). In contrast, the dated charcoal
specimens from Hoyo Negro are from a wide variety of nonresinous
woods and include only one specimen of copal. Subsequent identi-
fication of a larger sample of wood from Hoyo Negro did include
candlewood and torchwood, but all specimens of resinous woods
lacked the explosive voids, indicating that the Hoyo Negro specimens
burned more slowly in a lower oxygen environment. From this pattern
of species representation and combustion features, we are confident
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that the samples from Sagitario are not the result of natural deposi-
tion of ambient charcoal, but rather represent wood burned to light
the mining activity. This conclusion is supported by the cave profile
(Fig. 1D), which shows that it is highly unlikely that any of the dated
samples in Sagitario could have washed to their locations. In addition,
five of the dated charcoal specimens from Sagitario (La Mina) were
collected from deposits situated beneath flowstone that formed after
the charcoal was deposited (e.g., Fig. 4A), which would have pre-
vented the transport of charcoal as groundwater flooded the cave at
~7 to 8 ka during Holocene sea-level rise.

The calibrated radiocarbon ages of charcoal from La Mina and
the nearest Sagitario sample (see ST-15, shown in Fig. 2A) cluster
between 11.4 and 10.7 ka (Table 1), which appears to have been the
primary period of mining in the western portion of the cave system.
Samples from the small side tunnel of Sagitario (see ST-5, ST-7, and
ST-8, shown in Fig. 2A) form two age groups, one between 12.0 and
11.3 ka and another between 10.4 and 10.1 ka, potentially representing
multiple periods of ochre exploitation spanning up to 2000 years.

The Paleoindian age of La Mina is corroborated by the timing of
the flowstone formation and of the submergence of the cave by
sea-level rise. At multiple locations, flowstone can be seen encrusting
mined surfaces (Figs. 2D and 4C); sheets of flowstone cap most of
the charcoal concentrations that were sampled and dated (Fig. 4A).
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Table 1. Radiocarbon ages and taxonomic identification of charcoal from Sagitario (La Mina), Camilo Mina, Monkey Dust, and Hoyo Negro.

4C age (yr
B.P.x10)

Identification

Age cal yr B.P. (20)
(common name)

Site sample Station Depth (m) D-AMS #

Sagitario (La Mina)

Bursera spp.
(torchwood)

P07 5 11.0

P06 7 10.7 30619 10,013 45 11,720-11,290
Bursera spp. 30620 9,118 +42
Protium copal

P10 7 11.0 (Copal)

20621 9,041 £47 10,280-10,150*

p14 S 8 e 110 s .Pmnum copa| e 30623 [ 10123i57 e
(Candlewood)

P22 18 8.9

P15 20 Undated

s
s S
iy

30625 - 9,812+74

[

Amyns Spp-
Amyris spp. 11,200-10,790
Unidentifiable 9,555 +37

Protium copal 9,685+ 67 11,230-10,790
Unidentifiable
Protium copal

Hoyo Negro

10,400-10,210
12,020-11,410
11,240-10,870
11,090-10,720

11,410-11,080*
11,390-11,180

111204-10 27 Zanthozylon spp. 17932

CIus:a Spp-

Non resmous. 26516 S
o

34995

0565£40
oo - Y

11 150 10,760

10650 10410””..
11 070 10590
11 240 11 110”””
11,100—10,740

F/cus spp. 9,600 + 45

9313£36
9478+39‘ -
‘ 9 744+41 -

F/cus sPp-
Zanthozylon SPp-
FICUS spp 9,570 + 37

Brostmlum or

181120-10a 43
Bursera SPP.

31578 9,650 £45 11,110-10,730

1 0,580—1 0,290
10 240 9 920
11 200 10 700

1 81 1 20 23a 44 Metoplum brownel 9,277 £ 46
181 120 23b 44
1 5051 5 42

Non-resinous 8,982 + 54

9,600

a spp.

~9 750
10 500 8 800

171128-25b 40 ASSOC|at|on ~11,240-11,110
181120-8 41

Amyris spp.

Brosimium spp. Context* ~11,700-9,900

Camilo

11,090-10,710

'I 1,100—10,740

S11 233
515 234

Not identified 34386
Not identified 34385

9850+41 11330 11200
9644+40 11090 10710
Monkey Dust

S5a 7.5 Not identified 34384 10,146 +45 12,030-11,510

*Excluding low percentage outliers of probability curves. Retain > 92% probability. 1These are age estimates based on ages of other charcoal fragments in
the same collection unit, as presented for samples 150515-6d and 150515-6e. This is true also for the two samples below, which come from collection units
171128-16 and 17128-25, for which estimates are based on dates for 171128-16a and 171128-25a, respectively. $Age estimate is the interval between the
maximum and minimum documented ages of organics in the site.

This indicates that these mined areas had been abandoned for many
years before the submergence of Sagitario. Calcite rafts that formed
when the cave bottom was flooded with Holocene sea-level rise (Fig. 4B
and text S2) produced dates between 8020 and 7760 cal B.P. (table S2),
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consistent with evidence from Hoyo Negro that sea level surmounted
9to 11 m below modern sea level between 8.0 and 7.0 ka. Groundwater
levels in the region track sea level closely (7, 21, 22), so water levels in
the Sagitario system and Hoyo Negro, 8 and 6 km inland, respectively,
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should be equivalent. Therefore, our evidence indicates that mining
activities in this system were abandoned well before 8.0 ka.

Camilo Mina and Monkey Dust

Two additional sites, Camilo Mina and Monkey Dust, show charac-
teristics of ochre prospecting and mining similar to La Mina, con-
firming that it is not an isolated discovery (Fig. 5). Both sites are
located within 30 km south-southwest of Sagitario and Hoyo Negro
(Fig. 1A). Evidence of mining in Camilo Mina, a much wider and
more accessible system than Sagitario, is found in an immense,
broad chamber referred to as the “Grand Canyon,” which lies ~670-m
penetration distance from Cenote Muchachos. Here, the cave floor
is systematically potholed with rounded depressions ~1 to 2 m in
diameter and of a consistent depth (Fig. 5D), indicating that the
miners sought a particular stratum within the limestone, specifically
the bedding plane-type ochre seen in Fig. 5E. The ochre beds at
Camilo Mina are only a few centimeters thick and are found within
an intertidal lithographic limestone with preserved laminated bed-
ding and mud cracks. As observed at La Mina, large chunks of flow-
stone spoil and broken limestone fragments are stacked around the
pits or lie piled in older, adjacent depressions. Cairn features mark
the passages leading to the mining area. In our explorations thus far
at Camilo Mina, we have not observed any charcoal concentrations
lying below flowstone. We attribute this, in part, to the overall lack
of stalactite and stalagmite formation due to the size and shape of
the Grand Canyon chamber. At 24 m below surface, the Grand
Canyon is twice the depth of La Mina and therefore must have been
exploited before 9.0 ka, when sea-level rise would have flooded the
bottom of the cave (7, 22). Charcoal samples that were collected from
areas adjacent to cultural features (i.e., cairns and mining pits) yielded
radiocarbon dates similar in age to La Mina. Their association with
the mining activity strongly suggests an anthropogenic origin (Table 1).
We expect that further exploration at Camilo Mina will reveal addi-
tional cultural features and associated charcoal for dating.

In Monkey Dust, a series of rock cairns seemingly leads to an
area where ochre deposits occur as cone-shaped piles on the cave
floor, having filtered through the cave ceiling from the surface
(Fig. 5, A and B). These are a minimum of ~370-m penetration
distance from entrance. There is circumstantial evidence of ochre
prospecting and mining activity here, such as broken speleothems,
stone cairns, and charcoal concentrations adjacent to large piles of
ochre, yet the activities are not obvious because an extensive blanket
of flowstone overlies most features. However, many of the cairns
and thick, localized concentrations of charcoal that lie below flow-
stone are strongly indicative of human presence (Fig. 5C). The
charcoal collected from below the flowstone deposits at Monkey
Dust (~380-m penetration) is similar in age to samples from La
Mina and Camilo Mina. Had we not first seen such conspicuous
evidence for ochre mining at La Mina and Camilo Mina, we might
not have recognized the significance of comparable features at
Monkey Dust.

DISCUSSION

The submerged caves of Quintana Roo continue to yield evidence
for intensive human use during the Pleistocene-Holocene transition.
To date, that evidence has consisted almost solely of remains of in-
dividuals who died while navigating the cave passages. For nearly
two decades, their reason for being there has remained unclear.
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Evidence from La Mina, Camilo Mina, and Monkey Dust demon-
strates that at least one of the reasons people probed deep into those
caves was to prospect for and mine ochre. At La Mina, this activity
took them through naturally darkened passages, encountering overhead
hazards and narrow restrictions well into the dark zone of Sagitario,
up to at least 650 m from natural light. Evidence from elsewhere in
Sagitario, Camilo Mina, and Monkey Dust caves suggests that once
one ochre deposit was exhausted by mining activity, others were
continuously sought out. It is clear by the amount of disturbed
flowstone debris and the obvious effort expended to prospect and
remove the ochre that it was considered an important mineral resource.
Unfortunately, the dearth of contemporaneous aboveground archaeo-
logical sites in Quintana Roo limits our determination of how the
ochre was used. There are several possibilities to consider, none of
which are mutually exclusive. As previously noted, interpretations
of Paleoindian ochre use in other regions of North America often
categorize them into “utilitarian” or “ritual-symbolic” contexts
(12, 19). Experimental studies and archaeological evidence have
demonstrated that ochre could have had practical or medicinal value
as antiseptic (25), as sunscreen (26), for therapeutic consumption or
geophagia (27), for hide tanning (13, 28, 29), for tool hafting
(30, 31), as a repellent of vermin (such as ticks or lice), or for purging
parasites (25, 32). For instance, the ochre from La Mina and Camilo
Mina is notably high in arsenic, approaching up to 4000 parts per
million (ppm) at some localities, which would have been more than
sufficient to repel pests.

Elsewhere in North America, ochre is also a prominent feature
in ritual and symbolic contexts such as mortuary practices, ritual
caches, or decoration of mobiliary art (see text S1). At the outset of
our study, we had considered the potential that the ochre mining at
La Mina was ritually motivated. Yet, we have not identified any
direct evidence in the mining areas or near the cave entrances (dry
or flooded) that would support such an interpretation at this time.
Certainly, during the rich archaeological record of the later pre-
Classic and Classic Maya periods, the ritual use of caves in the
Yucatan Peninsula is well documented (text S5). The Maya actively
used caves for ritual and mortuary purposes (33-35), as well as a
critical source of water (36). They also exploited caves as geological
resources, intensively mining red and white pigments (37, 38) as well
as taking speleothems and other stone for ceremonial or symbolic
purposes. While we do not discount the possibility that the ochre
mining at La Mina was ritually motivated, our study has not yet
identified strong evidence to support this interpretation.

The knowledge, time, and effort evident in the prospecting and
extractive process, and the distance that people traveled into the
Sagitario and Camilo cave systems to begin finding ochre as long
ago as 12 ka, demonstrates that this was likely not the first time
people extracted cave ochre in Quintana Roo. They were already
familiar with the resource potential of the caves and had been
actively seeking ochre there. The death as much as 12,800 years ago
of Naia, the young woman found in Hoyo Negro, 600-m penetration
distance within a tunnel system (1), indicates that cave exploration,
and perhaps ochre extraction, began in Quintana Roo soon after
humans first arrived on the Yucatan Peninsula. From the evidence
we have so far, this activity appears to have ceased by around 10,000 cal
B.P., at least in La Mina, Camilo Mina, and Monkey Dust, well
before rising sea levels submerged the ochre deposits. This activity
may have persisted longer in other caves, such as Chan Hol, where
possibly anthropogenic concentrations of charcoal are reported to
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A - Monkey Dust Detrital B - Monkey Dust Stone marker

ochre pile f cairn with
T broken
Stone cairn k| g speleothem

G - Sagitario

Detrital ochre below flowsto

Broken flowstone

Soil pipe ochre S8 . | - Sagitario Surficial ochre input

Fig. 5. Additional mine features in Sagitario and other cave systems. (A). Detrital ochre pile in Monkey Dust and adjacent marker speleothem. The source of the
ochre is an overhead dissolution pipe (~10 to 20 cm in diameter), which has iron oxide-stained sides. Ochre pile is ~35 cm high. (B) Stone marker cairn approximately
50 cm high in Monkey Dust. (C) Charcoal deposit between flowstone in close proximity to the ochre pile shown in (A). (D) Mine pit from Camilo Mina, the cave floor
in the Grand Canyon Passage, is completely exploited, with pits reaching a constant depth to access the bedding plane ochre shown in (E) (see text S3 and fig. S2,
B and C). (F to H) Ochre occurrence in Sagitario (La Mina). (F) Mine pit following a soil pipe within the limestone. Note the original fill line of the ochre, which has been
removed and scraped clean. Soil pipe ochre is only found in La Mina. The pit is ~1 m deep and 3 to 4 m long. (G) Flowstone ochre from detrital sources is thin and
discontinuous, requiring excessive effort to break the hard flowstone for little volume return. In contrast, soil-pipe ochre in La Mina has no flowstone covering and
can be recovered easily (see text S3 and fig. S2, B and C). (H) Vug ochre that has been exposed with speleogenesis and cave formation. Vug is ~1 m above the cave
floor. (1) Surficial ochre percolating through the overhead limestone and being incorporated into speleothem in the airdome at S19 (Fig. 1C). Photo credit: C. LeMaillot
(CINDAQ) (A to E) and F. Devos (CINDAQ) (F to I).

MacDonald et al., Sci. Adv. 2020; 6 : eaba1219 3 July 2020 90f13

T20Z ‘2T JBquenoN uo B10°80us 105 MMM//:SANY WOJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

date between 8 and 7 ka (24). Paleoindian mining of caves has not
previously been reported, however, either in the Yucatan or any-
where else in the Americas. The pristine site of La Mina has alerted
us to mining activity in the submerged caves, and Monkey Dust and
Camilo Mina have confirmed it. Now that we are alerted to under-
ground ochre mining and its archaeological signatures, additional
discoveries are certain to be made in the nearly 2000 km of known
cave systems, which will clarify the process and chronology of
Paleoindian ochre mining in Quintana Roo.

MATERIALS AND METHODS

Diving campaigns: Discovery of La Mina, Camilo Mina,

and Monkey Dust and sample collection

Divers from CINDAQ (E.D., S.M., and C.L.M.) discovered the
highly modified cave tunnels of La Mina within Sagitario in 2017
but were initially uncertain of their significance. A small section of
Sagitario had been explored previously, but not mapped (2017).
The sections now known as La Mina were found beyond a tight re-
striction where the ceiling height is <40 cm (Fig. 1D). E.G.R. visited
the site in February 2018 and observed geoarchaeological evidence
of human disturbance, mining activity, and charcoal deposits, the
latter of which provided preliminary radiocarbon dates indicating a
Paleoindian age for the activity (~11 to 12 ka; Table 1). Near the end
of the tight restriction, the ordinarily highly decorated passages and
smooth calcite floor abruptly gave way to an expanse of pits and rubble,
with discrete rock piles and perched concentrations of charcoal.
The divers named this new section of the system “La Mina” and
reported it to the Instituto Nacional de Antropologia e Historia
(INAH). After documenting video and photographs of the mine
features (movie S1 and fig. S5), and sampling the red colored sediments
and nearby charcoal concentrations, E.G.R. contacted D.R. and J.C.C.
who confirmed the significance of the site. E.G.R. documented reddish
clay in vugs, soil pipes, and a thick stratum beneath the flowstone of
the cave floor and obtained samples of this material for geochemical
analysis by B.L.M. Analyses by B.L.M. revealed a high-quality red
ochre (text S2 and fig. S1), which led to the site’s designation as a mine
and to further detailed mapping of the system (Figs. 1, C and D, and
2, A to D, and fig. S6), with additional sampling by E.G.R. Sub-
sequently, preliminary surveys and sampling (charcoal and ochre)
were conducted at Camilo Mina and Monkey Dust throughout 2019.
All sampling was conducted under the auspices of the Subdireccion
de Arqueologia Subacudtica of INAH.

Cave survey and photo documentation
Photogrammetric models of cultural features in La Mina were pro-
duced using a Sony A7S camera and a Canon 16- to 35-mm lens in
a Nauticam housing. Cave passages were illuminated during photog-
raphy using 2600 lumen video lights. Because of the restrictive
nature of the cave passages, a systematic grid could not be used for
photo capture, so natural features and the main guideline were used
to reference photographic transects. The largest photogrammetric
model contains ~20,000 photographs taken over ten 3-hour dives,
and the point cloud contains ~1.6 billion points. Models were
rendered using Agisoft PhotoScan Pro and the computing facilities
at the University of California, San Diego (Cultural Heritage
Engineering Initiative).

Dry cave survey was conducted using an Electronic Leica Disto
%310 laser distance meter (+1% accuracy) to measure distance, azimuth,
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and inclinations. Underwater cave survey used a handheld compass
(Suunto M-3 Global Compass), fiber tape measure, Shearwater digital
water depth gauge (Shearwater Perdix; £30 mbar), a Vexilar LPS-1
handheld digital sonar, and visual distance estimates (+4% accuracy).
Opverall cave geometry (bottom, ceiling, and sidewalls) were recorded
referencing the main guideline, which was laid during initial explo-
ration. Survey loops were corrected using cave survey software (Walls
Project Editor-Version 2.0 Build 2016-11-18) and georeferenced using
GPS measurements (Garmin Foretrex 601 GPS using Datum WGS84)
from the Sagitario, Pu’bix, and Kilix Pach-Och entrances. Prominent
cave geomorphic features (e.g., boulders, depressions, flowstone,
and speleothems) and cultural features (mine pits, spoil, charcoal
concentrations broken speleothems, and stone cairns) were mapped
to £10% accuracy.

Analytical procedures

Ochre, charcoal, and calcite rafts were sampled in various locations,
which were marked on the main cave line and surveyed afterwards.
Wherever possible, samples of charcoal were taken in the immediate
proximity of cultural features, including cairns, mine pits, and spoil
piles in the center of the Sagitario La Mina system (table S3), at a
minimum of 200 m from the nearest cave entrances. During pre-
liminary investigations (before obtaining a “Special Project” permit
from Consejo de Arqueologia), we preferentially sampled charcoal
from among fragments rolled from the edges of features so as not to
disturb feature integrity. The charcoal was collected into plastic vials,
air-dried, and submitted for dating and identification. Selected
fragments large enough for the purpose were split. Half of each
sample was submitted for radiocarbon analysis at DirectAMS in
Bothell, Washington. These samples received standard acid-base-
acid pretreatment (39) before combustion to release CO,, graphiti-
zation, and measurement on an National Electrostatics Corporation
(NEC) Peletron 500-kV accelerator mass spectrometer (AMS). The
other half was submitted to B.R. for taxonomic identification using
scanning electron microscopy (SEM)-energy-dispersive x-ray spec-
trometry (EDS) (see text S4; Table 1). Neither DirectAMS staff nor
B.R. was aware beforehand of the samples’ context. Samples from Hoyo
Negro were treated in a similar manner, although splits used for
dating had in most cases been submitted years before. Calcite raft
sheets were sampled underwater using a plastic card or forceps,
selecting large sheet-like rafts that overlay the floors of mine pits.
They were placed in a sample bag and then sorted using a binocular
dissecting microscope (x60), avoiding calcite fragments (white)
containing older limestone percolation (tan brown) for radiocarbon
analysis. Samples were pretreated with a light acid wash (2% HCI)
for several minutes and dried. They were then submitted to DirectAMS
for calcite pretreatment and AMS measurement, as above. Previous
research established a constant hardwater effect of —1267 years by
analyzing paired seed and calcite raft ages from a core dating between
5 and 10 ka (7). This was treated as AR, which was applied before
ages were calibrated (text S3 and table S2). All radiocarbon calibrations
were computed using OxCal 4.3, based on IntCal 2013 (40).

Ochre analysis

Qualitative and geochemical analyses of all ochre samples were examined
using a multimethod approach. Qualitative analysis was conducted
by optical microscopy and scanning electron microscopy at University
of Missouri Electron Microscopy Core. Chemical and mineralogical
composition was characterized by neutron activation analysis
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(Archaeometry Laboratory, University of Missouri Research Reactor)
and x-ray diffraction (McMaster University and University of
Missouri) using previously reported procedures detailed further
in text S2.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eaba1219/DC1
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