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A B S T R A C T

White Marl is the largest, most intensively inhabited late-precolonial site documented to date for Jamaica. Its size
and structural organization suggests that it functioned as a major sociopolitical/economic hub among the
increasingly complex chiefdoms in the Greater Antilles. The White Marl artifact assemblage is dominated by
massive quantities of ceramics. To address the origin(s) of materials from which White Marl pottery was pro-
duced, geochemical and petrographic analyses were conducted on samples of ceramics and nearby sediments.
Geochemical and petrographic data were used to constrain the provenance of the pottery using a source-to-sink
model. We show that the sediments in the Rio Cobre adjacent to the site originated from the nearby Above Rocks
Inlier and that most of the pottery was sourced from these sediments (two geochemical pottery groups). A third
pottery group has a distinctive geochemistry from a location outside of the Rio Cobre drainage. Thin sections
demonstrate that a recipe of 60% clay and 40% temper was consistently followed in pottery manufacture.
Multielement plots are used to distinguish sources and principal component analyses to characterize and link
sediments to pottery groups. Integrating geochemical and petrographic analyses of raw sediment and pottery
samples in a source-to-sink framework is a powerful way to reconstruct ceramic production strategies and trade-
and-exchange networks.

1. Introduction

Artifact assemblages among pottery-producing cultures are
frequently dominated by massive amounts of sherds in a variety of

overlapping contexts ranging from domestic household to ritual or
ceremonial to refuse settings. Whether for the pots themselves or the
contents of vessels, pottery has been viewed as a category of material
culture that has circulated through local, regional, and interregional
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social and exchange networks (Arnold, 1980; Cau Ontiveros et al., 2019;
Gomes et al., 2023; Hirth, 1996; Neff and Bove, 1999; Rice, 2015:
186–204; Wu et al., 2022). Exchange networks documented ethno-
graphically and archaeologically have been important to build and
reinforce social bonds and political alliances as well as to satisfy supply
and demand relations (Earle, 1997; Helms, 1988; Kirch, 1984; Mali-
nowski, 1961). Throughout prehistory in the Caribbean, hypothesized
exchange networks have varied in geographic scale and in relation to
migration or colonization patterns and the development of chiefdom
political organizations (Boomert, 1987; Crock and Petersen, 2004;
Hofman et al., 2007, 2008; Hofman and van Duijvenbode, 2011).

In order to accurately reconstruct these networks using pottery it is
necessary to identify clay sources and their physicochemical properties,
pottery production areas, and distinctive physicochemical properties of
the pottery (Fowler et al., 2019; King, 1987; Redmount and Morgen-
stein, 1996; Tschegg et al., 2009). Once correspondence has been
established between clay and temper sources and pottery, we may
characterize pottery assemblages in terms of locally produced vessels
versus those that were imported or exported. Sourcing studies have a
long history in archaeology across classes of material culture, most
notably lithics and ceramics (Glascock and Neff, 2003; Glascock et al.,
1998; Hauser et al., 2008; Hermann et al., 2019; Neff, 2000, 2002, 2012;
Neff et al., 2006; Stoltman et al., 2005; Wallis et al., 2016; Wu et al.,
2022). The principle underlying sourcing studies is called the “prove-
nance postulate”, which states “that there exist differences in chemical
composition between different natural sources that exceed, in some
recognizable way, the differences observed within a given source”
(Weigand et al., 1977: 24, emphases added). This form of analysis will

be most robust using both elemental and mineralogical data from mul-
tiple natural sources and artifact assemblages at varying geographic
scales and across islands in the case of archipelago regions (Neff, 2012).

Our investigation of Jamaican pottery is framed by a ‘source-to-sink’
model developed originally for geological and geomorphological studies
(Martinsen et al., 2010; Meade, 1982; Skagit Climate Science Con-
sortium, n.d.) (Fig. 1a). ‘Source’ refers to the original rocks, from which
natural weathering processes generate sediments that are transported
downstream in fluvial systems. ‘Sinks’ refer to the alluvial floodplains or
deltas where sediments are ultimately deposited. Sediments contain the
clays and sands potentially used in pottery production.

We modified the model to distinguish between natural and cultural
sinks. Natural sinks include the floodplain and delta deposits specified in
the original model. Cultural sinks include the ceramic vessels manu-
factured from the clays collected from the drainage basin (Fig. 1b). Our
investigation extends the usual pottery-sourcing studies by including the
geological rock formations from which the alluvial clays were derived
through natural weathering. The current study is based on geochemical
and mineralogical data collected from the original source rocks, alluvial
clay deposits, and pottery associated with the late prehistoric White
Marl site located in the Rio Cobre valley, southcentral Jamaica (Fig. 2).

Previous studies in Jamaica have determined that geological inliers
across the island possess distinctive and unique geochemical profiles,
discussed below in Section 3. We argue that these distinctive
geochemical signatures should be reflected in pottery produced from
clays that formed from the weathered inlier rocks. In the current
investigation, pottery groups were identified based on distinctive
elemental distributions with support from petrographic data. A parallel

Fig. 1. (a) Original source-to-sink model (Skagit Climate Science Consortium, n.d.; www.skagitclimatescience.org/skagit-impacts/sediment/). ‘Source’ refers to the
original rocks, from which natural weathering processes generate sediments that are transported downstream in fluvial systems. ‘Sinks’ refer to the alluvial
floodplains or deltas where sediments are ultimately deposited, (b) Modified source-to-sink model, distinguishing natural from cultural sinks. In this investigation,
cultural sinks are defined as the ceramic vessels manufactured from clays extracted from natural sinks.
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Fig. 2. (a) Map of the Caribbean Basin, (b) Geological map of Jamaica showing (1) the major Cretaceous inliers across the island, with the three inliers highlighted in
this paper (CI, Central; BI, Benbow, ARI, Above Rocks), faults (narrow red lines), major areas of alluvial sediments (grey), and granodiorites (red) and (2) the canoe
travel distance between White Marl and the mouth of the Rio Minho (from Mitchell, 2020: Fig. 2), (c) Detail of Fig. 2b showing the Rio Cobre drainage in relation to
the Above Rocks Inlier (from Mitchell, 2015), (d) Detail of Fig. 2c showing the locations of the White Marl site and sediment samples collected from the Rio
Cobre catchment.
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set of analyses traced shifts in geochemistry from original source ma-
terials (weathered igneous and volcanic sedimentary rocks in geological
inliers) through to alluvial sediments or natural sinks in the Rio Cobre
drainage basin to the cultural sinks represented by pottery samples. This
is a pilot project for a larger island-wide study currently underway of
pottery from 16 additional prehistoric sites and associated clay deposits
across Jamaica.

Our paper is organized in five major sections: (1) the archaeological
history and context of the White Marl site is summarized, emphasizing
its local and regional significance, (2) the geological context of White
Marl is addressed with particular focus on the geochemistry of the Rio
Cobre watershed, (3) the field and laboratory sampling and analytical
methods are detailed, (4) results of the analyses are discussed and in-
tegrated, and (5) conclusions are offered regarding the local dynamics of
pottery production in connection with White Marl and the potential for
applying the source-to-sink model across Jamaica and more widely
throughout the Caribbean.

2. Archaeological history and context of the White Marl site

White Marl is a deep well-stratified site continuously occupied for
approximately 800 years (Fig. 3). Howard (1950, 1956, 1965) con-
ducted the earliest excavations in the site, in which he recovered at least
four burials and documented 2-m deep midden deposits. Out of 11
radiocarbon dates, 9 dated to c. AD1200–1500 and 2 to c. AD900
(Silverberg et al., 1972: 39, Fig. 6). More recent excavations confirm that
the major occupations of the site date to c. AD1200–1500, including
directly dated burials (Elliott et al., 2022: Table 1; Mickleburgh et al.,
2018: Table 1; Shev et al., 2022: 8).

To date, White Marl is the largest most complexly organized pre-
historic site documented for Jamaica, consisting of human burials,
decorated ceramic vessels, huge amounts of everyday ceramics, a vari-
ety of animal and plant remains, and two sets of mounded midden

deposits each arranged in a circular pattern (Elliott et al., 2022; Howard,
1950; Siegel et al., 2023: Fig. 6; Silverberg et al., 1972) (Fig. 4). Howard
(1965) and Rouse (1992) designated White Marl as the type site for the
White Marl archaeological complex within the Meillacan Ostionoid
cultural subseries identified in portions of the Greater Antilles.

The site appears to have functioned as a local hub or focal point for
the evolving social and political dynamics that developed across the
Greater Antilles in the last few hundred years prior to Columbus’s arrival
(Allsworth-Jones, 2008; Curet and Stringer, 2010; Jamaica National
Heritage Trust, 2020; Oliver, 2009; Ostapkowicz, 2015; Siegel, 1991,
1999, 2004, 2010a, 2010b). The site’s archaeological history has been
detailed elsewhere (Siegel et al., 2023) and only the most recent work
will be reviewed here. In 2016, 2018, and 2019 rescue archaeological
fieldwork was conducted in advance of planned expansion of the Man-
dela Highway that bisects the site (Jamaica National Heritage Trust,
2016, 2018a, 2018b, 2020; Ramdial, 2017; Walters et al., 2018, 2019a,
2019b). This work was sponsored jointly by the Jamaica National Her-
itage Trust (JNHT) and the University of the West Indies, Mona Campus
(UWI, Mona). Leiden University assisted in the 2016 and 2018 field
seasons. A substantial amount of midden material and 12 human burials
were recovered. Combined with earlier excavations, 28 human burials
are now documented for the site and many more are no doubt still in the
ground. This work revealed a diverse diet based on a range of terrestrial
resources collected or cultivated by the inhabitants of White Marl,
including the first direct evidence of cacao (Theobroma cacao) con-
sumption in the Indigenous West Indies (Mickelburgh et al., 2018).
There is also increasing evidence for the management and possible
domestication of Jamaican hutias (Geocapromys brownie), small terres-
trial rodents (Shev et al., 2022). Analysis of charcoal particulates
collected from sediment samples suggests active landscape management
through controlled burns by the village residents (Elliott et al., 2022).

The cumulative field investigations carried out in White Marl clearly
indicate that the settlement was an important center or hub of social,
political, religious, and economic activities with regional and potentially
interregional connections, and it has been suggested that the settlement
was the residence for a “paramount cacique” (Jamaica National Heritage
Trust, 2020: 10). Local and regional evidence collected to date indicates
that from c. AD900 to 1600 the Indigenous communities in Jamaica
were integrated in increasingly complex sociopolitical, ideological, and
cosmological systems across the island, the Greater Antilles, and perhaps
the northern Lesser Antilles (Allsworth-Jones, 2008; Conolley, 2022;
Ostapkowicz, 2015; Ostapkowicz et al., 2012; Siegel et al., 2023). This
view is consistent with current thinking regarding a connected Carib-
bean (Curet and Hauser, 2011; Hofman and van Duijvenbode, 2011;
Keegan et al., 2013; Mol, 2014; Siegel, 2011). Distinctive pottery styles
and settlement layouts along with imagery in other classes of artifacts
identified across the region may represent unique expressions of identity
maintained by interconnected cosmopolitan chiefly polities of the late
precolonial West Indian world (Siegel et al., 2023).

Interconnections between Jamaica and other islands of the Greater
Antilles were anticipated decades ago by Froelich Rainey (1940), albeit
not in explicitly social or political terms. In summarizing Jamaican
collections known at the time, Rainey noted similarities (interconnec-
tedness) and differences (unique expressions of identity) between what
we now call White Marl assemblages in Jamaica and what Rainey called
Shell Culture (post-Saladoid) assemblages in Puerto Rico.

Shifting interpretations of the site are important to understand when
considering its role in local and regional interactions. Based on (1)
Rouse’s reclassification of Meillacoid to Meillacan Ostionoid, (2) Rain-
ey’s (1940: 148) explicit linkage of the White Marl pottery style to Shell
Culture assemblages in Puerto Rico, and (3) the most recent excavations
in the site, it appears that the White Marl settlement may have been a
significant node in local, regional, and interregional interactions in the
context of the late prehistoric political dynamics of the Greater Antillean
complex chiefdoms (e.g., Oliver, 1998, 2005, 2009; Roosevelt, 1999;
Siegel, 1991, 1999, 2004, 2010a; Wilson, 1990). Our study builds on

Fig. 3. Stratigraphic layering documented in Excavation Unit T2-11. Photo-
graph by Zachary J. M. Beier.
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recent investigations into the geographic implications of Greater Antil-
lean pottery compositional patterns (Casale et al., 2022, 2023; James-
Williamson et al., 2022; Keegan et al., 2022; Kracht et al., 2022).

3. Geological context of the White Marl site

Jamaica constitutes the northeastern tip of the Nicaragua Rise, a
massive shallow-water area extending from Jamaica westwards to
Honduras and Nicaragua (Lewis and Draper, 1990; Mitchell, 2020). The
island is characterized by a series of Cretaceous tectonic terranes,
Paleogene rift deposits, and late Paleogene to Neogene shallow- and
deep-water limestones (Mitchell, 2013a, 2020; Robinson, 1994; Rob-
inson and Mitchell, 1999) (Fig. 2b). Four Cretaceous terranes have been
identified from east to west: the NE Blue Mountains (NEBMT), SE Blue
Mountains (SEBMT), Western Blue Mountains (WBMT), and Western
Jamaica (WJT) terranes (Mitchell, 2020). The oldest rocks on the island
exist in a series of Cretaceous inliers, although some early Paleocene
rocks are also present. The inliers are surrounded by younger rocks.
These inliers contain metamorphic and igneous rocks and associated
volcaniclastic sediments that show characteristic variations in elemental
composition related to the terrane from which they originated (Hastie,
2007; Hastie et al., 2008, 2009, 2010a, 2012, 2015; Mitchell, 2020;
Mitchell et al., 2022; West et al., 2014). Rifting in the Paleocene to early
Eocene (Mann and Burke, 1990) resulted in the deposition of a series of
shallow-water and deep-water clastic rocks, derived from the sur-
rounding Cretaceous rocks, and distinctive igneous rocks including
dacites (JTA: Jamaican Type Adakites) and high-Nb basalt lavas also
with distinctive elemental compositions (Boothe et al., 2022; Hastie
et al., 2010b, 2010c, 2011, 2015). The late Paleocene to Eocene saw a
transition from clastic to carbonate deposition and back to impure car-
bonates, passing from impure limestones (Paleocene–Middle Eocene
Yellow Limestone Group) to pure carbonates (Eocene–Miocene White
Limestone Group), and subsequently to shallow-water impure lime-
stones (mid Miocene–Pleistocene Coastal Group) (James-Williamson
and Mitchell, 2012; Mitchell, 2004, 2013a; Robinson and Mitchell,
1999).

Table 1
Tributaries to the Rio Cobre, area of drainage in Cretaceous inliers, and percentage of rock types.

Tributary Inlier Rock types

Area drained

(km2) Percent

Murmering 

Brook

Central Basalts through andesites and associated sedimentary rocks of Santonian 

age

6.6 5

Rio Magno, etc. Benbow Rhyolites and basalts and associated sedimentary rocks of early 

Cretaceous age

19.1 27

Rio Doro and 

Rio Pedro

Above

Rocks

Early Maastrichtian basalts and andesites and associated sedimentary 

rocks

28.5 21

68

Granodiorite 64.6 47

Total 136.6 100

Fig. 4. Examples of White Marl pottery analyzed in this study: (A) WMS 123
(Pottery Group 1). Excavation Unit J-1, Level 3. Open bowl with horizontal,
parallel notches on the flat lip of the rim, 240 mm diameter, 7.37 mm thick. (B)
WMS 16 (Pottery Group 1 [outlier]). Excavation Unit U2.12 NE, Level 9. Very
slightly restricted bowl with applique peg lug (handle?), 140 mm diameter, 6
mm thick. (C) WMS 68 (Pottery Group 3). Excavation Unit K1, Level 7.
Restricted carinated bowl, 260 mm diameter, 5.68 mm thick. (D) WMS 3
(Pottery Group 3). Excavation Unit U2, Layer 3, NE quad. Body sherd with
vertically incised/punctated applique strip 9.06 mm thick. (E, F) WMS 100
(Pottery Group 2). Excavation Unit K1, Level 4. Profile and front views of
restricted carinated bowl with vertically notched applique strip along the ca-
rina, 490 mm diameter, 5.76 mm thick.
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The Cretaceous inliers and rift deposits are drained by a series of
streams and rivers that form a distinctive network of river catchments
around the island, some of which have cut gorges through the White
Limestone, and deposit their sediments in a series of alluvial plains along
the coastal zone of the island (Fig. 2b). The igneous, metamorphic, and
volcaniclastic rocks in the inliers and rift deposits undergo intense
weathering under the hot humid climate of Jamaica, resulting in the
leaching of mobile elements from the weathered sediments. Sediments
find their way into streams through bank erosion and landslide processes
and are transported along the river systems, accumulating on flood-
plains and eventually deposited on alluvial fans and deltas adjacent to
the coastline. During transport, sorting separates coarse-grained mate-
rial (sands, pebbles, and boulders) from fine-grained deposits (clays and
silts) and the alluvial fans and deltas are composed of alternating beds of
coarser-grained clastics and clays.

Each river catchment drains only a limited suite of rock types;
therefore, alluvial deposits associated with specific rivers are likely to
show unique geochemical profiles linked to their source rocks (Fig. 1a).
These alluvial materials contain the raw materials for pottery manu-
facture; it is expected that pottery produced within specific drainage
basins is likely to register distinctive elemental compositions related to
the source rocks from which the sediments originated (Fig. 1b).

The White Marl site is located within the catchment of the Rio Cobre,
one of several large river systems in Jamaica draining rocks belonging to
parts of the WBMT (Above Rocks Inlier) and WJT (Benbow and Central
Inliers) (Fig. 2c). Numerous geological studies have addressed the
igneous rocks in these inliers (Hastie et al., 2008, 2010a, 2010b, 2010c,
2012, 2015; Jackson, 1987; Jackson and Scott, 1997; Jackson and
Smith, 1978, 1979; Jackson et al., 1980, 1989, 1998).

4. Field and laboratory methods

4.1. Pottery sampling

The White Marl collection is large and divided between two major
curation facilities: (1) UWI, Mona Archaeology Laboratory and (2)
JNHT. The rescue archaeological fieldwork conducted since 2016 in
connection with the proposed Mandela Highway expansion is the most
well-controlled and best documented of all the field projects that have
been carried out in the site. We focused on artifacts from these recent
excavations when selecting samples to analyze. Seventy-five pottery
sherds were collected from the JNHT and UWI repositories (Table S1).

Excavation units from domestic and ritual areas of the site were
selected to sample pottery. Domestic areas were defined by the presence
of post molds, hearth features, and substantial amounts of subsistence
remains. Ritual areas were defined by burials with funerary offerings.
Domestic and ritual areas were identified in consultation with project
field directors Zachary Beier and Selvenious Walters. All pottery from
each selected excavation unit was laid out on lab tables and examined
for vessel forms, surface treatments, and secondary shape features. For
the most part, rims were selected from the full range of vessel forms/
wares and decorated and undecorated vessels. Sherds of sufficient size
(approximately 7x7 cm in area) were selected so that (1) vessel form
could be identified, (2) diameters could be determined for circular-
shaped vessels, and (3) enough material was available for the various
analyses to be performed. In addition, several griddle fragments were
selected. Each sherd was weighed and vessel wall thicknesses measured
2 cm below the lip. Munsell colors were recorded for each vessel and
such unique characteristics as the presence of interior/exterior soot/
smudging. Using a 10x hand lens, Simon Mitchell examined the cross
section of a fresh break of each sherd for the approximate percentage
and angularity of sand grains, the general makeup of the matrix, and
inclusions. Sherds were photographed in at least two perspectives:
profile and straight on (Fig. 4e, f). A circular rock saw was used to slice
an edge of each sample to make a thin section for petrographic analysis.
Using pliers, additional samples from each sherd were snapped for

neutron activation analysis (NAA), X-ray fluorescence (XRF), X-ray
diffraction (XRD), scanning electron microscopy (SEM), and inductively
coupled plasma mass spectrometry (ICPMS). Initial processing was
carried out in the UWI, Mona geology lab.

4.2. Raw material sampling

Within the framework of the source-to-sink model, it is our expec-
tation that there will be concordance between the geochemical profiles
of the Above Rocks Inlier rocks and the clays derived from them. Ac-
cording to the provenance postulate discussed earlier, the chemical
compositions of the clays from the Rio Cobre watershed should be
distinctively similar, in contrast to clays collected from watersheds
associated with different inliers and distinctively different geochemical
profiles. Exposed alluvial sedimentary deposits within an approximate
10 km radius of White Marl were surveyed for intact clay and sand de-
posits (Figs. 2d, 5). Most of these deposits were found in river banks or
floodplain terraces along the Rio Cobre. The face of each exposed de-
posit was troweled back approximately 10 cm to remove contaminants
(Rice 2015: 254) and multiple samples were collected. Sand samples
were also collected from sand bars. Twenty-two clay or sand samples
were collected.

Clay and sand samples were formed into approximate 3 cm3 bri-
quettes and fired to 600 ◦C. Firing was carried out in the kilns at the
International Centre for Environmental and Nuclear Sciences (ICENS)
UWI, Mona. Clay minerals, such as illite, do not undergo thermal
decomposition below temperatures of 800 ◦C (Araújo et al., 2004). As
with pottery samples, raw material thin sections were made in the UWI,
Mona geology lab.

4.3. Elemental analyses

Neutron activation analysis was carried out at the Missouri Univer-
sity Research Reactor Center (MURR), measuring the distributions of 33
elements (Glascock, 1992; Glascock and Neff, 2003). Principal compo-
nent analysis (PCA) was used to identify patterns relating to composi-
tional groups (Glascock, 1992; Glascock and Neff, 2003; Neff, 2000,
2002). To date, MURR has analyzed nearly 2200 samples of pottery and
clay from the Caribbean using NAA. Geographically, these studies range
from Cuba, Jamaica, Puerto Rico, the Virgin Islands, the Lesser Antilles,
and Trinidad. Aside from two preliminary studies on Puerto Rico (Siegel
et al., 2008) and Jamaica (James-Williamson et al., 2022), the current
project is the first in the Greater Antilles applying NAA to prehistoric
pottery. As such, this will broaden the coverage of the NAA database in
the Caribbean enhancing our ability to make cross-regional comparisons

Fig. 5. One of the sampled clay deposits downriver from the White Marl site.
Photograph by Peter E. Siegel.
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in elemental distributions and ultimately allowing for empirically based
assessments of the circulation of pottery, raw clays, and tempering
materials. Other relevant elemental and compositional studies have
been conducted in Hispaniola and The Bahamas (Casale et al., 2022;
Conrad et al., 2008; Keegan et al., 2022; Kracht et al., 2022), Jamaica
(Hauser et al., 2008), the Cayman Islands (Petras and MacDonald,
2024), Puerto Rico (Carini 1991; Casale et al. 2023), Anguilla and St.
Croix (Crock et al., 2008), St. Kitts (Ahlman et al., 2008), St. Lucia
(Isendoorn et al., 2008), the French West Indies (Kelly et al., 2008), and
Carriacou (Fitzpatrick et al., 2008). Lozada-Mendieta and Villagran
(2024) provide a comprehensive regional overview of archaeometric
studies in the Amazon and Caribbean.

Subsamples of pottery and raw clay samples were characterized for
geochemistry by the Federal Institute for Geosciences and Natural Re-
sources (BGR, Hannover, Germany). ICPMS was used to measure addi-
tional trace elements for the multielement plots and XRF to measure
major element distributions. A PANalytical Zetium spectrometer was
used for XRF analysis of powdered samples. To determine loss on igni-
tion (LOI), 1 g of sample material was heated to 1030 ◦C for 10 minutes
including a ramp at 700 ◦C. After XRF measurements, Li metaborate
melt beads were crushed, ground to< 64 µm grain size, and the powders
dissolved with suprapure diluted nitric acid. The solutions were
analyzed for rare earth elements (La to Lu), Y, Th, and U with a Thermo
Fisher Scientific iCAP TQ tandem ICP-MS (ICP-MS/MS) with Li-matrix
matched calibration solutions and blanks. Y, La, Ce, Pr, Ho, Th, and U
were measured in single quadrupole mode, whereas all other elements
were measured in kinetic energy discrimination (KED) mode with He as
collision gas to reduce common interferences.

4.4. Mineralogical analyses

Pottery and raw clay subsamples at BGR were analyzed for their
mineralogical composition using XRD, especially for the identification of
clays. BGR’s mineralogical analysis was qualitative (presence/absence).
XRD patterns were recorded using a Panalytical X’Pert PRO MPD Θ-Θ
diffractometer (Cu-Kα radiation generated at 40 kV and 40 mA),
equipped with a variable divergence slit (20 mm irradiated length),
primary and secondary soller, Scientific X́Celerator detector (active

length 0.59◦), and a sample changer (sample diameter 28 mm). Addi-
tionally, polished thin sections were investigated for their texture and
mineralogical composition under transmitted and reflected light using a
ZEISS Axioplan polarized light microscope.

Petrographic analysis of pottery and sediment samples was also un-
dertaken at Montclair State University Department of Earth & Envi-
ronmental Studies (MSUEAES). Thin sections were viewed under a
petrographic microscope to identify mineral inclusions and rock frag-
ments that are silt size or larger (>2 µm) (Degryse and Braekmans, 2014:
193; Stoltman, 2015: 8–11). Petrographic analysis of sherds potentially
allows for the identification of ceramic fabric groups, which in turn may
be linked to specific resources used for inclusions in pottery production.
A ZEISS Axioskop 40 petrographic microscope was used to point count
thin sections on a 1-mm grid. Between 300 and 500 points were counted
for each slide, depending on the amount of material available in a given
thin section.

4.5. Statistical analyses and graphical techniques

Univariate, bivariate, and multivariate analyses are typically used to
address elemental concentrations in rocks, sediments, and pottery
samples (Glascock, 1992; Glascock and Neff, 2003; Neff, 2002). While
multivariate analyses often develop clusters or fields, which can be
illustrated on scatterplots with reduced dimensions (e.g., principal
component analysis), visualization of the resulting plots is often diffi-
cult. We therefore used a range of multivariate analyses to understand
variation and clusters and multielement diagrams to compare rocks,
alluvial sediments, and pottery.

Principal component analysis was used to reorganize the original
input variables into a new set of variables or principal components that
included progressively smaller contributions to the variance. The orig-
inal concentrations for each element within the analyzed dataset were
standardized using z-scores: z = (x − μ)/σ, where z is the standardized
score, x is the raw data value, μ is the population mean, and σ is the
population standard deviation. Z-scores allow us to compute the prob-
ability of a score falling within a standard normal distribution and to
compare scores from different samples with different means and stan-
dard deviations (Warne, 2021).

The use of z-scores standardizes concentrations of elements
contributing to the PCA. A broken-stick model was used to determine the
number of components with statistical significance, although some PCA
groups were only distinguished with lower variance eigenvectors (Peres-
Neto et al., 2003). Datasets were illustrated as plots of samples on the
first few components. The contributions of each element to the eigen-
vector were used to identify distinct clusters or fields within a given
dataset.

The compositional variations of the igneous rocks can broadly be
illustrated using multielement diagrams normalized to mid-ocean ridge
basalt (N-MORB). Data were normalized to N-MORB as this has previ-
ously been used to interpret most Jamaican igneous rocks (Hastie et al.,
2012, 2015; Mitchell, 2020). These diagrams have dozens of trace ele-
ments on the abscissa with more incompatible elements on the left
passing to more compatible elements on the right. The diagrams show
progressive enrichment in the more incompatible elements passing from
IAT to CA to Shoshonitic to JTA/HNB (Hastie et al., 2012, 2015;
Mitchell, 2020). Multielement plots reflect processes that occur during
partial melting, producing magmas to crystallization of igneous rocks
and are routinely used to infer the tectonic environment in the formation
of igneous rocks. Jamaica is characterized by a wide variety of igneous
andmetamorphic rocks produced in different tectonic environments and
these characteristics are likely to be retained in alluvial sediments
derived from their weathering. Pottery made from the alluvial sediments
is also liable to retain the signature of the alluvial sediments from which
it originated.

Univariate analyses are used to illustrate variability in elements
between different groupings identified from PCA, multielement

Fig. 6. Plots of the first two principal components for alluvial samples based on
INAA data. Three distinct fields were identified: ‘Sand’, Clay1, and Clay2.
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diagrams, and elements with similar chemical characteristics. These
diagrams illustrate changes in elemental composition between the
igneous rocks, alluvial sediments, and pottery groups. Bivariate element
(element against element) and bivariate ratio (element verses ratio of
two elements) plots are used to illustrate variability in samples and they
complement the principal component plots. Bivariate plots provide a
visually simple way to illustrate differences between identified igneous,
alluvial sediment, and pottery groupings.

5. Results, data integration, and interpretations

We first characterize the Rio Cobre drainage in terms of the relative
percentages of the sedimentary inputs from the three relevant inliers
followed by elemental and petrographic analyses of the sediment and
pottery samples.

5.1. Cretaceous inlier areas drained by the Rio Cobre

The Rio Cobre drains a large catchment in the parish of St Catherine
(Fig. 2c). The geology of the area consists of an older suite of igneous and
sedimentary rocks exposed in the Central, Benbow, and Above Rocks
Cretaceous Inliers, rocks of the Yellow Limestone and White Limestone
groups, and superficial deposits (alluvium and bauxite deposits). The
Cretaceous rocks are represented by igneous (both extrusive and intru-
sive) and associated sedimentary rocks derived from similar sources;
limestones are also present but are generally subordinate to the other
rock types. The Yellow Limestone consists of quartz-rich sandstones and
impure limestones, but is poorly represented spatially within the
drainage basin. The White Limestone is represented by pure limestones,
dolomitic limestones, and dolostones. The alluvium is represented by
conglomerates, sands, and clays derived from the Cretaceous (and
locally Paleocene) inliers. Bauxite deposits are largely restricted to
enclosed depressions in the White Limestone and do not contribute
significantly to alluvial material. The contribution of alluvium to the Rio
Cobre is therefore going to be dictated by erosion in the three inliers, as
well as remobilization of alluvium in floodplains, which will likely have
a similar composition to the inliers.

The Rio Cobre includes three major tributaries, the Rio Doro, Rio
Magno, and Rio Pedro, each of which rises in a different inlier, or
different parts of the same inlier (Fig. 2c). The Rio Cobre rises as the
Murmuring Brook in the eastern part of the Central Inlier and flows into
Lluidas Vale where it deposits extensive alluvial deposits. It then sinks at
the eastern margin of the vale to rise in St Thomas-in-the-East where it
flows towards Bog Walk Gorge. Tributaries to the Rio Cobre include the
Rio Magno in the northern part of St Thomas-in-the-East (ephemeral and
dry during dry season) that drains the southern flanks of the Benbow
Inlier and the Rio Doro and Rio Pedro, both of which drain extensive
areas of the Above Rocks Inlier. The various inliers provide differential
amounts of source materials that make up the Rio Cobre drainage basin
(Table 1). The main contribution of sedimentary material to the basin is
derived from the Above Rocks Inlier, occupying about two-thirds of the
Cretaceous – Paleogene source area.

5.2. Geochemistry of igneous rocks in the Rio Cobre drainage basin

TheWestern BlueMountains andWestern Jamaica terranes contain a
suite of igneous rocks that show progressive geochemical changes as the
island arc developed and different parts of that evolution are preserved
in the rocks of the Benbow, Central, and Above Rocks Inliers that are
present in the drainage basin. The Benbow Inlier is characterized by
island-arc tholeiites (IAT) and primitive calc-alkaline lavas (CA), the
eastern Central Inlier by primitive calc-alkaline lavas, and the Above
Rocks Inlier by CA lavas and granodiorite. Background fields were
produced for multielement diagrams illustrating the elemental compo-
sitions of rocks found in the Benbow, eastern Central, and Above Rocks
Inliers drained by the Rio Cobre (data from Hastie, 2007; Hastie et al.,

2009, 2012, 2015). These fields show the Benbow, eastern Central, and
the lavas and granodiorite of the Above Rocks Inliers and are compared
to the alluvial sediment samples collected from the Rio Cobre near the
White Marl site (Supplementary Data and Analyses Files).

5.3. Characterization of alluvial sediments in the Rio Cobre

A PCA on the NAA data for the alluvial sediments from the Rio Cobre
distinguishes three separate sediment groupings (Fig. 6, Table S2). The
broken-stick model suggests that the first two components are signifi-
cant. The first principal component has negative loadings for Na, K, Ba,
Sr, and Rb, and to a lesser extent Ca and Hf, and positive loadings with
most other elements, and is largely reflecting the significance of alkali
(Na, K, and Rb) and alkaline earth (Ca, Ba, and Sr) elements
(Supplementary Data and Analyses Files). The second principal
component has a more complex relationship, with negative loadings for
Ta, Cr, Ti, Hf, Th, V, and Al, and positive loadings for many rare earth
elements (REEs) (La, Lu, Nd, Sm, Yb, Tb, Ce, Eu, and Dy) together with
Mn, Na, Ca, Ba, Sr, Rb, and Co, but mostly negative with others. The
three sediment groupings are called Clay1, Clay2, and ‘Sand’ (which was
collected as ‘sand’) in the further analyses below. Petrographically,
Clay1 and Clay2 are indistinguishable (Table 2). XRD data indicate illite
and smectite clays are not present, which means that alkali elements
(Na, K) were removed from the system during the breakdown of min-
erals into clays by weathering (Table 3).

5.4. Comparison of alluvial sediments and igneous rocks from the Rio
Cobre drainage basin

Using multielement diagrams, the three alluvial sediment groups
(Clay1, Clay2, and ‘Sand’) will now be compared geochemically with the
rocks from the three Cretaceous inliers that are drained by the Rio Cobre
(Fig. 7). The multielement patterns and elemental concentrations of the
alluvial deposits (NAA and ICPMS data [Tables S2, S3]) match very
closely with the patterns and concentrations from the Above Rocks
granodiorite and moderately well with the extrusive rocks of the Above
Rocks Inlier (which have lower concentrations of Ta, Hf, and Zr). There
is no match with the multielement patterns from the Central or Benbow
Inliers, which are both depleted in the incompatible trace elements.
These patterns demonstrate that neither the Central Inlier (where allu-
vial sediments of the Rio Cobre are largely trapped in Lluidas Vale) nor
the Benbow Inlier (where the Rio Magno is dry for much of the year) are
significant sources of the clays and sands in the alluvium of the lower Rio
Cobre. Based on the patterns documented in the multielement plots, the
Above Rocks Inlier is the dominant source of alluvium in the lower
course of the Rio Cobre.

The PCA (NAA data) identified three alluvial sediment types: Clay1,
Clay2, and ‘Sand’ (Fig. 6). Using multielement diagrams based on NAA
and ICPMS data, the sediment types are compared with the granodio-
rites and lavas/volcaniclastics (Fig. 8). All three sediment types show
reasonable matches to both rock populations, although there are subtle
differences; La shows greater concentrations than Ta in Clay 1, whereas
they have similar concentrations in Clay 2. To link source to cultural
sinks, we now compare the three alluvial sediment fields to pottery
elemental compositions.

5.5. Comparison of pottery to alluvial sediment samples

A PCA was undertaken for the pottery samples using z-score
normalized NAA data (Supplementary Data and Analyses File); three
groups of pottery (PG1, PG2, PG3) and an outlier (PG1(O)) can be
distinguished (Fig. 9). The broken-stick model indicates three significant
principal components accounting for 64 % of the total variance. The first
principal component accounts for 35.9 % of the variance, with positive
loadings for most elements, but negative loadings for alkali and alkaline
earth elements (Na, K, Ba, Rb) excluding Ca. The second principal
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component accounts for 15.5 % of the variance and shows a complex
pattern of negative and positive correlations with different elements.
The third principal component accounts for 12.5 % of the variance and
shows a positive correlation with many elements, but a negative cor-
relation with V, Ti, Zr, Hf, Cr, and As. The scatterplot for PC2 vs. PC1
(Fig. 9A) clearly distinguishes PG1, PG2, and PG1(O), but PG3 is not
distinct on this plot. The scatterplot for PC2 vs. PC3 (Fig. 9B) clearly
distinguishes PG3 from PG1 and PG2.

The pottery groups may now be compared with the alluvial sediment
types from the Rio Cobre using multielement plots (NAA and ICPMS
data) (Figs. 10–12; Tables S1, S3). In general, the three pottery groups
show similar patterns to the alluvial sediments, although some elements
are diluted. All three pottery groups display relatively similar multiel-
ement characteristics, which may not be unique to the Rio Cobre
because rocks in the NW Central Inlier (drained by the Rio Minho) are
also of late Maastrichtian to early Paleocene age (Mitchell, 2013b,
2020).

5.6. Other elements

Silicon (XRF data) is present both in quartz, alumina-silicates (feld-
spars), and Fe-Mg silicates (amphiboles, pyroxenes, and micas), which
are also present in the Above Rocks granodiorite and the andesites/
dacites and volcaniclastic rocks of the Above Rocks Inlier (Fig. 13;
Table S4). Compared to the source rocks (granodiorites and andesites/

dacites) the Rio Cobre sediments show a notable drop in Si concentra-
tion; only one sample is available for ‘Sands’. This is most easily
explained by stable silt- and sand-sized quartz grains (as well as some
feldspar) separating from the clay fraction during transportation along
the river system. The separation of quartz would also result in increased
concentrations of other elements seen in the multielement plots.

In contrast to Si, Al (NAA data), which is present in the alumina-
silicates, is more highly concentrated in the sediments (clays and
sands) than in the rocks, resulting from the breakdown of unstable
grains during weathering in soil profiles with the formation of clay
minerals (alumina-silicates). The sands also show an increase in Al,
possibly reflecting the presence of feldspars together with quartz, while
other grains are broken down during transport.

Potassium (NAA data) occurs in K-feldspars, micas (biotite and
muscovite), and clay minerals (such as illite) (Deer et al., 1992; Smith
et al., 2019). In the Above Rocks granodiorite, K is present in K-feldspar
and biotite and the granodiorite typically contains 0.5 to 1.2 wt% K2O
(although one sample has 2.2 wt%) (Fig. 13). In situ tropical weathering
of the granodiorite progresses from the regolith to the soil profile
leading to the breakdown of unstable minerals (e.g., mica and K-feld-
spar) and the production of clay minerals, whereas stable minerals (e.g.,
quartz) are retained in the soil profile unless there is extensive leaching.
Qualitative XRD analysis of the sediment samples indicates that neither
illite nor smectite are present, demonstrating that K is leached from the
system during weathering under a hot humid climate (Table 3).

Table 2
Percentage distributions of sediment sample mineralogical components. The sediment type and Dott (1964) classification are shown for reference.

Sample

RC1-3 Wys2 ST1 RC1-4 ST3 sand RC5 sand

Type Clay1 Clay1 Clay1 Clay2 ‘Sand’ ‘Sand’
mono quartz 1.9 18.6 2.6 1.4 34.0 22.7
poly quartz 0.0 1.4 0.0 0.0 5.7 8.6
feldspar 4.0 5.9 16.0 4.1 7.7 17.9
matrix 92.8 60.2 72.7 93.6 34.3 4.5
opaque 1.1 6.3 6.2 0.9 6.3 0.3
amphiboles 0.0 0.9 1.5 0.0 4.3 1.4
muscovite 0.3 1.8 1.0 0.0 2.0 0.3
volcanics 0.0 2.7 0.0 0.0 2.0 12.4
felsics 0.0 2.3 0.0 0.0 3.7 31.3
bioclast 0.0 0.0 0.0 0.0 0.0 0.7
Total 100 100 100 100 100 100
Dott Classification Mudstone Wacke Wacke Mudstone Wacke Arenite

Table 3
Qualitative XRD results for sediment samples.a.

Sample
quartz feldspar vermiculite kaolinite calcite amphibole laumontite hematite musc./illite smectite

RioCobre1 + + + + − − −   
RioCobre2 + + + + + −    
RioCobre3 + + + + − −    
RioCobre4 + + + + − − − −  
RioCobre5 + + + + −     
RioCobre6 + + + + + − − −  
RioCobre7 + + + + − − − −  
RioCobre8 + + + + +     
Rosetown + + − − − −    
Callaloo + + + − − −    
Wisynco1 + + − − − − − −  
Wisynco2 + + + − − − − −  
Wisynco3 + + + − − − − −  
Wisynco4 + + + − − − −   
CentralVillClay1 + + + + + − − −  
Spanishtownclay1 + + + + − − − −  
Spanishtownclay2 + + + + − − − −  
Spanishtownclay3 + + + + − − −   
SpanishtownSand3 + + + − − − − −  

a Note the absence of illite and smectite. + = abundant, − = detected, empty cell = undetected.
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Physical weathering leads to the transport of material into river
systems and subsequent transport along the drainage network; with
greater residence times in floodplains the mobile elements are removed
from sediments. River transport leads to the physical separation of bed
load particles (sands consisting of such stable grains as quartz and heavy
minerals and unweathered grains including feldspars, micas, and ferro-
magnesium minerals) and suspended load materials (clays and fine
silts), resulting in distinctive depositional events on the floodplains.
Physical transportation increases the K-concentration to 1 to 2.5 wt% in
the clay sediment fraction. Even the ‘sands’ sampled in the Rio Cobre
contain high concentrations of K, but they also contain relatively high
proportions of clay material documented in thin sections.

Both Rb and Ba (NAA data) can substitute for K in the crystal
structures of K-feldspar and biotite (Deer et al., 1992; Smith et al., 2019).
Rb shows low concentrations in the granodiorite (typically < 10 ppm),
but is significantly enriched (55–85 ppm) in the clays and sands of the
lower Rio Cobre floodplain, where it is probably taken up in clay min-
erals (Fig. 13); both K and Rb are highly mobile during tropical
weathering so their concentrations in the igneous rocks can be variable.
Ba concentrations in the granodiorite and Rio Cobre sediments (clays
and sands) are similar (Fig. 13); Ba is also a highly mobile element
during tropical weathering.

Co can substitute for Fe and Mg in such minerals as pyroxene (e.g.,
augite), amphibole (e.g., hornblende), and olivine, as well as in sulphide
minerals associated with hydrothermal mineralization (Deer et al.,
1992; Smith et al., 2019). The Above Rocks granodiorite contains both
pyroxene and hornblende. The granodiorite contains Co concentrations
of 9–18 ppm, whereas the clays in the lower Rio Cobre are divided into

two groups: Clay 2 with Co concentrations of 10–13 ppm, and Clay 1
with Co concentrations of 17–31 ppm; the first (Clay 2) similar to con-
centrations in the igneous rocks and the second (Clay 1) being enriched
in Co.

In summary, there are changes from the elemental compositions of
the rocks in the Above Rocks Inlier to the sediments (clays and sands) in
the lower Rio Cobre. Yet the sediments retain similar multielement
patterns to the Above Rocks igneous rocks, demonstrating their deri-
vation from that inlier. Other elements show notable changes between
the igneous source and the sedimentary sink: Si decreased in concen-
tration, while Al, K, and Rb increased due to separation of the sand
(quartz) from clay fractions during transport along the river system.

5.7. Petrographic analysis of pottery and sediment samples

The petrographic compositions of 23 pottery and 6 alluvial (clay/
’sand’) sediment samples were analyzed by point counting. For pottery
thin sections, between 302 and 556 points/slide were counted, whereas
for alluvial sediment (clay/’sand’) thin sections, between 300 and 582
points/slide were counted (Table S5). We distinguished alluvial sedi-
ment groups and pottery groups identified in the analyses for conve-
nience of cross reference.

The pottery thin sections are dominated by bulk composition and
minor amounts of purposely added tempering materials and its miner-
alogical makeup may be characterized by percent monocrystalline
quartz; percent polycrystalline quartz; and percent feldspars, mafics,
and micas (FMM) (Stoltman 2015: 15). In the White Marl assemblage,
the percent FMM includes feldspars, amphiboles, opaque phases,

Fig. 7. Comparison of all sediment samples (dots and lines) from the Rio Cobre with multielement diagram fields from the Central Inlier (andesites and basalts),
Benbow Inlier (andesites and basalts), and Above Rocks Inlier (andesites, basalts, and granodiorite); inlier data from Hastie (2007) and Hastie et al. (2009, 2013,
2015). The points show a good match with the Above Rocks Inlier, but poor matches with the Central and Benbow Inliers.
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muscovite, and fragments of volcanic and felsic rocks.
The three pottery groups are consistent in matrix (including grog) to

clast ratios (approximately 60 to 40) (Table 4). In the White Marl
assemblage, grog appears to consist of clasts of clay or argillaceous
fragments in the matrix rather than crushed pottery pieces added as
temper material (Cuomo di Caprio and Vaughan, 1993; Herbert and
Smith, 2010). The absence of crushed pottery as temper was confirmed
through Simon Mitchell’s examination of 153 sherd cross sections
(including the 75 selected for the current study) using a 10x hand lens
(see also Fig. 14). Bioclasts were present in only one sample (WMS3 in
PG3) (Fig. 14B). The remarkable consistency of matrix to clasts ratios
suggests that a pure clay (lacking clastic grains) was mixed with a
temper consisting solely of clastic grains. Two of the sampled clays are

pure with about 93 % matrix (i.e., clay and fine silt). This would suggest
that a ratio of clay to temper of about 60 % to 40 % was used. We can
compare this with dilution factors in the elemental concentrations for
clays to pottery in Pottery Groups 1 and 2.

5.8. Alkali metals (Na, K, Rb, Cs) and alkaline earth metals (Ca, Sr, Ba)
– NAA data – pottery vs. clays

Alkali metals (specifically Na and K) in igneous rocks are typically
incorporated in K–feldspar, whereas K can also be incorporated into
biotite and amphibole. The Above Rocks granodiorite contains both K-
feldspar and biotite and these minerals are the likely sources of K and
Na. Small proportions of Rb and Cs can be incorporated into K-feldspar

Fig. 8. Multielement diagrams comparing the three alluvial sediment types (Clay 1, Clay 2, and ‘Sand’) with the fields for the Above Rocks granodiorites and lavas/
volcaniclastic sediments.
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as a substitute for K.
The alkaline earth metals (especially Ca) are typically found in

plagioclase feldspar, amphiboles (such as hornblende), and clinopyr-
oxene, which is the likely source of Ca in clays, although there could also
be components from the weathering of limestones (CaCO3). Sr and Ba
can also substitute for Ca in plagioclase and Sr in calcite.

The behavior of the alkali metals and alkaline earth metals in the
pottery groups shows a distinctive pattern (Fig. 15). Pottery Groups 1
and 2 generally show similar proportions of Na, K, Rb, and Cs, whereas
PG3 (only two samples) has notably lower concentrations of these ele-
ments (other than Na in one sample). PG1 and PG2 have broadly similar
concentrations of Ca, Sr, and Ba, while PG3 revealed significant variance
(Fig. 15). One PG3 sample (WMS 3) is relatively high in Ca and Sr but
low in Ba, whereas the other (WMS 68) is low in Ca, Sr, and Ba. Petro-
graphic analysis of WMS 3 revealed marine bioclasts (Fig. 14B) and
marine carbonate sand (calcite with high Sr content and seawater with
high Na content) added as temper material could account for its
distinctive elemental concentrations. Other than Ca, Sr, and Ba, PG3 is
characterized by low concentrations of alkali and alkaline earth metals,
contrasting markedly with PG1 and PG2 (Fig. 15).

In comparison to the clay samples, PG1 and PG2 sherds show a
moderate to good agreement of concentrations of Na, Rb, and Sr, a less
well-developed correlation of Ca concentrations, and poor correlation
for K and Ba. Most of the clay samples have higher Ca concentrations
than in the PG1 and PG2 samples (Fig. 15). PG1 and PG2 samples have
higher concentrations of K and Ba than do the clay samples. Such dif-
ferences between pottery and clay samples are most likely a result of

introducing temper, which is either enriched (K, Ba) or depleted (Ca) in
elements relative to the clays.

5.9. Distinctions between rocks, clays, and pottery groupings

A PCA of the combined NAA z-score normalized data for alluvial

Fig. 9. Scatterplots for (A) PC2 versus PC1 and (B) PC3 versus PC2 using z-
normalized INAA data. Plot A clearly distinguishes PG1, PG2, and PG1(O)
whereas Plot B distinguishes PG3.

Fig. 10. Multielement plot for group 1 pottery (PG1) compared with fields for
the three types of alluvial sediment from the Rio Cobre. The best match is with
Type 2 clays, although some elements have lower concentrations (diluted) in
comparison to the clay. The green fields represent the sediment compositions.
White circles connected by lines represent individual pottery samples with their
associated elemental concentrations. Incomplete lines represent different
element suites analyzed by different laboratories.
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sediments and pottery samples (Supplementary Data and Analyses File)
reveals distinctions among the samples. The broken-stick model in-
dicates two principal components accounting for nearly 69 % of the total
variance; the third principal component distinguishes PG3 and is
therefore also included in this discussion. The first component accounts
for 58.8 % of the variance and shows positive loadings for most ele-
ments, but negative loadings for Hf and alkali and alkaline earth ele-
ments (minor Na, K, Ba, and Rb) excluding Ca. PC2 accounts for 10.1 %
of the variance and shows a complex pattern of negative and positive
correlations with different elements (Fig. 7). PC3 accounts for 6.9 % of

the variance and shows a positive correlation with many elements, but a
negative correlation with Ti, Ca, Ni, Cr, and As. A scatterplot of the
scores for PC2 vs. PC1 (Fig. 16A) distinguishes the three sediment types
(Clay1, Clay2 and ‘sands’), PG1 and PG2 (with slight overlap), and PG1
(outlier); PG3 is not distinguished on this plot. A scatterplot of the scores
for PC3 vs. PC1 (Fig. 16B) clearly distinguish PG3 from PG1 and PG2 and
the sediment samples. The principal component analysis of the z-score
normalized pottery database shows that Pottery Groups 1, 2, and 3 and
the sediment samples (Clay 1, Clay 2, and ‘sands’) can be distinguished.

Principal component analysis helps to identify clusters of points

Fig. 11. Multielement plot for group 2 pottery (PG2) compared with fields for
the three types of alluvial sediment from the Rio Cobre. The multielement plots
show good agreement with either the ‘sands’ (unlikely) or Type 2 clay as the
best match and most likely source.

Fig. 12. Multielement plot for group 3 pottery (PG3) compared with fields for
the three types of alluvial sediment from the Rio Cobre. There are moderately
good matches, although the concentrations of Th and Ta are lower than those of
the alluvial sediments.
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however the resulting new variables represent a reorientation of axes in
multidimensional space that are difficult to visualize. We present simple
diagrams based on selected elemental concentrations and ratios to better
illustrate the variation (Fig. 17). Pottery Groups 1, 2, and 3 can be
distinguished on bivariate plots of Co vs. ratios of Ta/La, Ta/Ce, and La/
Ce and K vs. Rb; pottery sample WMS 16 plots as a distinctive outlier in
the plot of Co vs. La/Ce (Figs. 10, 11). These elements were used because
they show diagnostic concentrations for the analyzed rocks, sediments,
and pottery as detailed earlier. The sampled clays in the Rio Cobre fall
into two groups, Clay1 and Clay2, and these are the probable source
materials for Pottery Groups 2 and 1, respectively. WMS 16 represents
an outlier that does not match either of the clay sources in the Rio Cobre,
yet its high K and Rb values suggest an Above Rocks source area (either
an unsampled clay source or a different basin draining the Above Rocks
Inlier). PG3 is distinctive because of its low concentrations of K and Rb,
and almost certainly originating in a different drainage basin than the
Rio Cobre (see discussion to follow).

The geochemical patterns of most White Marl pottery and the Above
Rocks Inlier granodiorites are closely related and the differences are
attributed to the dilution effects of tempering materials added to the
clays in pottery production (Neff et al., 2003). Since we can trace Pottery
Groups 2 and 1 to Clay1 and Clay2 respectively, we can compare the
pottery to the clay compositions (Table 5) and offer inferences into the
composition of the pottery temper. To explain the pottery compositions,
the temper material must have been rich in Na, K, Rb, Sr, Ba, and Si with
elevated Th, Ca, Al, and As. Many of these elements are consistent with

an alluvial sand temper consisting of quartz (Si), K-feldspar (K, Rb, Al,
Si), and plagioclase feldspar (Na, Ba, Ca, Al, Si). Such a sand could be
generated from weathering of the granodiorite in the Above Rocks
Inlier, although none of the three ‘sands’ sampled in the Rio Cobre
match these specifications. Mineralogically, all of the analyzed pottery
samples had approximately 60 %matrix (clay) indicating that the recipe
followed in the manufacture of White Marl pottery included 60 % clay

Fig. 13. Comparison of selected elements between rocks (granodiorites and andesites/dacites) of the Above Rocks Inlier with sediment types in the Rio Cobre. gd,
granodiorite; Ig, andesites and volcaniclastics. + represents individual samples and outliers are easily identified.

Table 4
Summary of petrographic point count data for pottery groups.

Pottery
Group

Statistics Clasts
(%)

Bioclasts
(%)

Matrix þ Grog
(%)

1 (n = 19)a Min 37.1 0 60.7
 Mean 38.2 0 61.8
 Max 39.3 0 62.9
 Standard

deviation
0.64 0 0.64

    
2 (n = 1) N/A 39.1 0 60.9
    
3 (n = 2) Min 37.1 0 61.6
 Mean 37.8 1.9 62.2
 Max 38.4 3.9 62.9
 Standard

deviation
0.94 2.75 0.94

a In total, 75 pottery sherds were selected for analysis (elemental, petro-
graphic). A subsample of sherds was selected for petrographic point counting.
Total sherds by pottery group: PG1, 66; PG2, 7; PG3, 2. Percentage of sherds
point counted by pottery group: PG1, 29% (19/66); PG2, 14% (2/7); PG3, 100%
(2/2). Pottery groups were defined by geochemical profiles.

Fig. 14. Photomicrographs of pottery sherds in cross polarized light. A: WMS95
(Pottery Group 1). B: WMS3 (Pottery Group 3) with bioclast (mussel shell
fragment) in middle.
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and 40 % temper, a finding consistent with other petrographic studies of
prehistoric pottery assemblages (e.g., Stoltman 2015).

6. Discussion

Results of the NAA, XRF, and ICPMS are consistent in revealing a
relatively narrow range of variation in the elemental distributions of the
75 pottery and 22 sediment samples, indicating that most of the White
Marl pottery was sourced from clays located close to the site. Out of 75
pottery samples, Samples 3 and 68 (Pottery Group 3) were geochemical
and petrographic outliers. With low concentrations of K and Rb, Pottery
Group 3 samples likely originated from a region outside of the Above
Rocks Inlier catchment. Although there are some similarities in the
multielement diagram to the Above Rocks Inlier, the low Th and Ta
concentrations indicate a less evolved igneous source, most likely from
the Maastrichtian volcaniclastics of the Central Inlier drained by the Rio

Minho (Hastie, 2007).
Two hypotheses may be proposed to account for the presence of the

outliers in the White Marl pottery assemblage:

Hypothesis 1. The two geochemical outliers out of 75 analyzed sherds
represent an indeterminate number of vessels that were manufactured
elsewhere and imported. Of course, people do not generally travel with
or exchange sherds but whole pots. In his clay vessel-breaking experi-
ments, Chase (1985) produced on average 15 sherds per pot. Fifteen
sherds per pot is most likely an underestimate given the messiness of
human behavior, village activities, trampling factors, and post-deposi-
tional processes (Baker, 1978; Brose, 1970: 46–49; DeBoer and Lathrap,
1979: 129: McPherron, 1967: 254–255; Rice, 2015: 261–264; Schiffer,
1978; Siegel and Roe, 1986; Stahl and Zeidler, 1990). Since the pa-
rameters of actual numbers of sherds in the White Marl site, pottery
breakage patterns, and comminution factors are unknown we cannot
provide estimates for the number of pots that may have been imported

Fig. 15. Univariate plots comparing selected alkali metal and alkaline earth metal concentrations in sediments and pottery groups: Clay 1, Clay 2, Sand (S), PG1,
PG2, WMS 16, and PG3.
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under this hypothesis. Further, at this stage of research we cannot assess
what amount of pottery may have been exported from the village.

Hypothesis 2. The White Marl potters collected Rio Minho clays
themselves through direct procurement. As the crow flies, the Rio Minho
watershed is located approximately 40 km west of the White Marl site. If
potters from White Marl collected the clay themselves it is unlikely they
would have walked a straight line between two watersheds carrying
heavy loads of clay. The canoe travel distance fromWhite Marl down the
Rio Cobre, along the south coast, to the mouth of the Rio Minho is 90 km
(Fig. 2b).

Distance between clay sources and pottery-production areas has
been shown to be an important variable, with an approximate catchment
radius of 7–10 km accounting for about 90 % of ethnographically
documented cases (Arnold 1980, 1985; Rice 2015: 130–133). For canoe-
traveling cultures greater distances between clay deposits and produc-
tion areas have been documented (e.g., Arnold, 1985: 50–57; DeBoer
and Lathrap, 1979; Hogbin, 1951; Lauer, 1970, 1971, 1973; Reina and
Hill, 1978). For six Shipibo-Conibo communities, DeBoer and Lathrap
(1979: Table 4.1) recorded mean canoe distances between villages and
clay deposits ranging from 1–20 km. Through a combination of travel
and trade, some Shipibo potters obtained particularly desirable black
clays from as far as 180 km (Arnold, 1985: 51; DeBoer and Lathrap,
1979: 115–116). In the northern region of the Peten, Guatemala, Reina
and Hill (1978: 142, Map 5) documented potters traveling by canoe 10
km for 2.5 h to collect clay. Indigenous potters of the Huon Peninsula in
Papua New Guinea were documented to travel by canoe from

approximately 14–26 km to collect clays (Hogbin, 1951: xiv, 87–88).
Amphlett potters of the Goodenough Islands in Polynesia traveled 4–24
km by canoe for their clays (Lauer, 1970: 389, 1973: 29, 45). The people
of Papua New Guinea and the Goodenough Islands used sails with their
canoes (Hogbin, 1951: 58, 77–79; Lauer, 1970: 383, 390, 393), a form of
technology not documented for the Indigenous Caribbean.

Ethnohistoric observations of Contact-period Indigenous canoe
travel in the Greater Antilles are relevant: “even with hard paddling a
canoe cannot make more than ten leagues [approximately 55 km] in a
day and a night” off the coast of Jamaica (Colón, 1959: 276–277). “And
that the island of Hispaniola, or the other island of Yamaye [Jamaica],
was near mainland, ten days’ journey by canoe, which would be 60 or 70
leagues [330–385 km]” (Columbus, 1989: 315), averaging 36 km in a
day.

Bérard and his team have carried out a series of canoe experiments in
the Lesser Antilles, including the construction of dugout canoes, to
assess the challenges in navigating open ocean and coast lines (Bérard
et al., 2016a, 2016b; Bérard and Biar, 2021; Billard et al., 2009). Given
the currents and ocean swells along the south coast of Jamaica, the 80-
km distance between the mouths of the Rio Cobre and Rio Minho is not
easy to navigate today in a powerboat and would have been a formi-
dable challenge in a dugout canoe. Without considering the specific
conditions of the Jamaican south coast, Bérard (personal communica-
tion, 2024) suggested that canoeing the 80-km distance would take
approximately 13–15 h of hard paddling, which most likely would have
been accomplished over two to three days. Ethnographic, ethnohistoric,
and experimental evidence for canoe travel combined with the docu-
mented availability of good-quality clays in close proximity to White
Marl does not support Hypothesis 2, although it cannot be rejected at
this stage of research.

In a general discussion of exploitable territories for resource
extraction, Browman (1976: 469) observed that there is “one range
where returns increase more rapidly than costs,” what he called “the
preferred territory of exploitation.” Regarding distance traveled for
collecting clays, the preferred territory of exploitation relates directly to
our findings that 97 % of the White Marl pottery samples were produced
from clays that originated in the Above Rocks Inlier, the source rocks for
alluvial sediments in the Rio Cobre drainage. Our current follow-up
investigation of 16 additional prehistoric sites across Jamaica should
help refine the range of exploitation territories for pottery clays as well
as intra-island trade networks.

While our sample size of 75 sherds is small, Samples 3 and 68 may be
evidence for some pottery vessels being manufactured elsewhere and
transported to White Marl (Hypothesis 1 discussed above). Pottery
Samples 3 and 68, clearly distinguished in the principal component
analyses, were not made from locally available clays. Although the pots
represented by these samples may be considered non-local (Rio Minho
watershed), they came from an area within a likely closely-knit inter-
action sphere, perhaps a satellite community to the large White Marl
settlement. Pottery Sample 16 is another outlier from the majority of
samples. Geochemically, this sample is characteristic of the Above Rocks
Inlier but appears to have been produced from a clay deposit uniquely
different than the other analyzed sherds. At this stage of research, we are
building the basis to address intraregional localized exchange networks
(Arnold, 1980), which are particularly relevant for small to moderately
sized islands.

An earlier study using fewer elements than those in the current
investigation analyzed the geochemistry of pottery from 10 sites in Ja-
maica and four clay samples (James-Williamson et al., 2022). In that
study, both Rb and K were considered to be useful and separated White
Marl pottery from other sites across the island. However, that investi-
gation only included a single element from the multielement diagrams
used here, and it is not possible to compare the ten sites in that study
with the geochemistry of the different Jamaican igneous rocks and the
alluvium derived from them.

The pottery sampled in the current White Marl study falls into two

Fig. 16. Plots of principal components of the combined sediment and pottery
samples based on INAA data: (A) PC2 against PC1, (B) PC3 against PC1. These
PCA results separate the three sediment groups (Clay1, Clay2, ‘Sand’) and the
pottery groups (PG1, PG1(O), PG2, PG3).
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major groups (PG1, PG2), an outlier (WMS 16), and two specimens
assigned to PG3. PG1 and PG2 share similar multielement patterns with
the alluvial clays found in the Rio Cobre. The alluvial clays show iden-
tical multielement plots to the igneous rocks found in the Above Rocks

Inlier. The two alluvial clay types are found in different locations along
the Rio Cobre and may represent variable aged deposits, different cli-
matic and weathering conditions, or differing residence times on the
alluvial terraces of the river. The pottery samples and their source clays

Fig. 17. Selected scatter diagrams that distinguish different fields for sediments, pottery groups, and Above Rocks Inlier (AB) rocks using un-normalized concen-
trations. Data for Above Rocks from Hastie (2007). Note that WMS 16 is a notable outlier from other pottery samples.

Table 5
Comparison of pottery groups to potential clay sources (100 x pottery group/clay source).a.

Elements Th Ta La Ce Nd Sm Hf Zr Eu Ti Tb Dy Yb

Pottery 1/Low Nd clays 73.2 81.8 59.0 58.8 60.1 62.2 94.4 92.7 71.1 78.0 52.3 65.6 68.2
Pottery 2/High Nd clays 89.6 100.2 64.3 62.9 53.8 59.8 122.1 107.1 61.6 81.4 58.7 57.3 63.0
Temper + ++ − − − − ++ / +++ ++ + / − + − − −

Elements Na K Rb Cs Ca Sr Ba V Cr Mn Fe Co Zn

Pottery 1/Low Nd clays 108.3 153.9 115.1 58.7 93.6 105.2 130.0 69.0 65.2 78.4 67.2 56.3 61.2
Pottery 2/High Nd clays 101.9 155.9 122.1 61.4 69.6 115.8 152.6 71.3 76.9 48.5 73.2 57.0 58.3
Temper ++ ++++ +++ − + / − +++ ++++ + − / + + / − − − −

Elements Si Al U As Sb Sc

Pottery 1/Low Nd clays 113.7 82.2 49.6 72.4 64.1 58.1
Pottery 2/High Nd clays 125.3 86.5 51.7 71.7 69.4 62.8
Temper ++++ + − + − −

a Relative amounts of temper:
− lacking in temper.
+ present but less than in clays.
++ similar to clays.
+++ enriched.
++++ strongly enriched.
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are characterized by high concentrations of K, Rb, and Ba, distinguishing
them from non-White Marl pottery analyzed by James-Williamson et al.
(2022). The outlier potsherd (WMS 16) also shows similar values for K,
Rb, and Ba as PG1 and PG2, but differs in the very low La/Ce ratio. The
high K, Rb, and Ba concentrations and its multielement plot suggest that
WMS 16 was also sourced from the Rio Cobre (draining the Above Rocks
Inlier), but the low La/Ce ratio points to a clay source that has yet to be
sampled.

We have no basis at this time to estimate how much pottery was
exported from White Marl and to what locations. The source-to-sink
study of 75 pottery and 22 sediment samples demonstrates that the
White Marl settlement was a major pottery production center using
locally available clays. Based on two geochemical outliers, some vessels
may have been imported to the village (Hypothesis 1), which we believe
may relate to the social and political networks of one or more chiefly
polities on the island. This hypothesis can only be tested with additional
research. If JNHT’s (2020) assertion is correct that White Marl was the
seat of a paramount chiefdom then we should expect considerable
amounts of materials, not only pottery, flowing to and from the village
(de Montmollin, 1989; Johnson, 1977; Johnson and Earle, 1987; Ren-
frew, 1973).

A follow-up project to the White Marl pilot study is currently un-
derway. Sixteen sites approximately contemporaneous with White Marl
were carefully selected across Jamaica. Pottery has been selected from
each of the sites and sediment samples collected from the environs of
most of them. When the petrographic and geochemical data are avail-
able from these sites and the associated drainage basins we should have
the basis to build a realistic and accurate geographic model for the social
and political networks that we believe must have existed in Jamaica
during the last centuries prior to the intrusion of Europeans in the
Caribbean. We suggest too that systematically applying the source-to-
sink concept to late prehistoric pottery assemblages in the other
islands of the Greater Antilles, the Bahamas, and the northern Lesser
Antilles will enable us to build robust evidence-based models for the
interregional dynamics of complex chiefly polities that were extin-
guished with the arrival of Europeans.
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