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As part of ongoing efforts to refine ceramic-provenancemethodology, we examine the universality of freshwater

mussel shell chemistry as reported in an earlier study. We find that samples of prehistoric shell from several

locations in eastern North America are chemically distinct from the modern sample of shell from Missouri that

was previously used to develop a formula for adjusting elemental abundances in shell-tempered pottery. The ob-

served elemental differencesmay be attributable to the use of prehistoric versusmodern shell, or theymay relate

to watershed-specific geological chemistry. Regardless of the source of these differences, we suggest that future

provenance studies involving shell-tempered wares would be well served by complementary analyses of locally

derived prehistoric shells to better the effects of shell tempering on ceramic chemistry.

© 2014 Published by Elsevier Ltd.

1. Introduction

When present in a ceramicmatrix, shell (and other Ca-richmaterials

such as bone, limestone, and calcite) creates a dilution effect that re-

duces the detected abundances of all other elements in the specimen

(Cogswell et al., 1998; Steponaitis et al., 1996). The effects of Ca-rich

tempers are analogous to those introduced by Si-rich tempers such as

quartz (Perlman and Asaro, 1971; Sterba et al., 2009) except that unlike

Si, Ca can be detected and quantified using neutron activation (NAA).

The use of shell as a tempering agent significantly increases the amount

of Ca in pottery, and it causes an apparent decrease in other elements

present in the pottery. This is because elemental abundances deter-

mined by NAA are typically reported in a fixed-sum matrix (e.g., parts

per million, weight percent). Thus, most elements are “diluted” by the

large proportion of Ca present in the specimen. If a particular element

is present in sufficient abundancewithin the shell, but absent or exceed-

ingly low in the clay to which shell is added, this element will be

enhanced in the resultant pottery. Thus, shell tempering has the poten-

tial to both dilute and enrich the bulk chemistry of pottery.

Cogswell et al. (1998) reported the results of a study directed at

evaluating methods for correcting this well-documented elemental

dilution/enrichment effect of shell as a tempering agent in prehistoric

ceramics. The goals of their research were to (1) assess whether ele-

mental differences significant to ceramic-provenance research exist

among shells of freshwater mussel genera, (2) evaluate potential ele-

mental contributions of freshwater mussel–shell temper to prehistoric

pottery, and (3) compare three proposed methods for eliminating or

minimizing the dilution/enrichment effects of shell temper so as to

more accurately estimate the chemical makeup of the clay. Here, we ex-

pand upon this research through an evaluation of whether the mean

values reported by Cogswell et al. (1998) are universally precise esti-

mates for freshwater mussel shells used as ceramic temper across a

broad swath of eastern North America. The research reported here is

part of larger efforts to refine protocol of the analysis of archaeological

ceramics at the University of Missouri Research Reactor (Boulanger

et al., 2013; Stoner et al., 2013).

2. Background

Five factors are known to influence the elemental composition of

mussel shell: Local geology, water temperature, water salinity, species

of organism, and the calcite:aragonite ratio of the shell itself (Turekian

and Armstrong, 1960; Crisp and Richardson, 1975). As discussed by

Peacock et al. (2012), freshwater mussels are filter feeders that tend to-

ward chemical equilibriumwithin their immediate environment. In the

absence of foreign input from contaminants and pollution, stream and

lake chemistry is largely dependent on local geology and climate. Partic-

ulates within a river system are most likely to derive from the immedi-

ate vicinity, and are thus determined by geology within a watershed.

Miller (1980) observed that modern marine shell specimens exhibited

elemental compositions that were significantly different than those of

prehistoric shell specimens from the same localities. She attributed

the differences to changes in land-use practices and the introduction

of modern pollutants into the water system. Thus, within the context

of archaeological and paleobiological studies, time may be considered

a sixth factor influencing shell chemistry.

Given that water chemistry is largely a result of local environment,

and that mussels exist in equilibrium within the water, it stands to
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reason that the provenance postulate (Weigand et al., 1977) could be

applied to shell chemistry (Claassen and Sigmann, 1993; Eerkens

et al., 2007; Eerkens et al., 2009; Eerkens et al., 2010; Miller, 1980;

Peacock et al., 2010). That is, we expect that freshwater mussel shells

from different locationsmay be chemically distinct insofar as local geol-

ogy varies chemically (Peacock et al., 2010; Peacock et al., 2012). If local

habitat and geology does indeed strongly influence shell chemistry—

and present evidence suggests that it does—this may have implications

for the bulk analysis of shell-tempered pottery and the use of mathe-

matical adjustments to compositions of shell-tempered ceramic speci-

mens. In short, time-specific, region- or watershed-specific formulae

may be necessary rather than a universal formula.

Cogswell et al. (1998) evaluated three methods for minimizing ele-

mental dilution/enrichment effects of shell when used as a tempering

material in ceramic production. Specifically, they analyzed a sample of

modern freshwater mussel shells obtained from the Gasconade River,

in Mt. Sterling, Missouri. Three genera (Cumberlandia, Lampsilis, and

Fusconaia) were present in the sample, and the shells were analyzed

both before and after burning in a laboratory furnace. Shells were

burned in the furnace to simulate the effects of firing a ceramic vessel

or the burning of shell by the potter to facilitate crushing for use as

temper. No significant chemical differences resulting from burning

were observed among any of the genera, leading the authors to con-

clude that burning of shell leads only tominor changes in the elemental

composition (see also Collins, 2012). The authors also found that

elemental compositions of shell did not vary significantly across taxa

from the same river (Cogswell et al., 1998:66–71). Significantly,

the authors also reported that concentrations of Sr, Na, and Mn in

their shell sample were greater than those in the New Ohio Redart

Clay (NOR, a commercially available clay used as a check-standard at

MURR) and in several specimens of clays from various locations in the

Mississippi River Valley. Thus, a novel observation of their study was

that the concentrations of these elements in a ceramic body could po-

tentially be influenced by the presence of shell tempering.

In order to correct for elemental dilution/enhancement caused by

shell tempering, Cogswell and colleagues advocated the use of a math-

ematical correction formula first suggested by Steponaitis et al. (1996):

e
0
¼

106 � e

106
−2:5c

ð1Þ

where e′ is the adjusted concentration of a given element in ppm, e is

the measured concentration of an element, and c is the measured con-

centration of Ca. The value 2.5 is a gravimetric factor compensating for

the difference in themass of Ca in ppm to themass of calcium carbonate

(CaCO3) in shell. This formula normalizes abundances of all elements

to the measured amount of Ca, and thus Ca is removed from the compo-

sitional data after applying the correction formula. Because Sr freely sub-

stitutes for Ca in shell, it too is removed from the compositional database.

As noted above, Cogswell and colleagues also found that the abun-

dances of Na and Mn in their shell sample were greater than those in

samples of commercial art clay and unrefined clays of the sort that

may have been used prehistorically. In these instances, shell tempering

would lead to an enrichment of Na and Mn, but the analyst is blind to

which component of mixture (i.e., the pot sherd) is responsible for the

elevated Na and Mn levels: the clay, the temper, or a combination of

both. To correct for the added contribution of these two elements to a

ceramic matrix, their concentrations are modified as follows:

e
0
¼

e−2:5c
106 � eμ
1−2:5c

106

: ð2Þ

This is similar to the Ca-normalization formula presented above, but

with the inclusion of the factor eμwhich is defined as the average concen-

tration of the particular element in shell. In practice, the shell-correction

as historically implemented at MURR assumes concentrations of

1488 ppm for Na and 578 ppm for Mn (mean [average] values deter-

mined in the Cogswell et al. study), and adjusts the concentrations of

those elements in the ceramic matrix accordingly.

As suggested above, the uncritical use of the chemical data reported

by Cogswell and colleaguesmay present some problems in understand-

ing the chemistry of shell-temperedwares. There is no a priori reason to

assume that the chemical composition of shell from central Missouri is

identical to, say, that of shell from east Texas, because of differences in

geology and water chemistry. Further, there is no a priori reason to

assume that the chemistry of modern shells from central Missouri is

identical to prehistoric shells from central Missouri. Cogswell and col-

leagues had no intention of evaluating these aspects of shell chemistry;

the goals of their study were to evaluate how best to minimize the

dilution effects caused by Ca in a ceramicmatrix. Our research is a logical

extension of their earlier study.We note that our approach is purposeful-

ly pottery-centric, and aims to address only the potential confounding

effects of shell temper in pottery; however, we point out that the impli-

cations of shell chemistry being influenced by land-use, local geology,

and watershed chemistry are far ranging, including provenance studies

of shell itself, conservation biology, and landscape ecology.

3. Methods

We are primarily interested in shell-tempered ceramics produced

prior to the arrival of Europeans in the Western Hemisphere. Miller

(1980) previously demonstrated that modern shell is an inappropriate

analog for prehistoric shell because of the introduction of industrial

pollution, increased sediment load from deforestation, changes in land

use, and agricultural chemical use within a watershed. Therefore, all of

the freshwatermussel shells analyzed in this study come from unequiv-

ocally prehistoric contexts (Table 1). We also adopt a broad-scale

approach to evaluating variation in shell chemistry, and our sample re-

flects this. In total, 111 specimens of shell from several freshwater mus-

sel genera were obtained from six archaeological sites from the

Midwest, the Middle Atlantic, and New England (Table 2, Fig. 1). Be-

cause of differences in habitat, we were unable to ensure that all mus-

sels from all sites were of the same species. All specimens were

identified to at least the genus level. We compare our archaeological

sample with the previously reported data of Cogswell et al. (1998).

All specimens were rinsed under water and scrubbed with a plastic-

bristle brush to remove adhering soil, sediment, and organic materials.

Once cleaned, specimens were rinsed in deionized water and placed

under a heat lamp to dry. Cleaned specimens were fired in a laboratory

furnace to a temperature exceeding 700 °C for 1 h. Once burned, each

specimen was ground to a powder in an agate mortar and pestle. The

pulverized specimens were placed into a glass vial and allowed to dry

in a warming oven for at least 24 h.

Specimens were analyzed by neutron activation at the University of

Missouri Research Reactor (MURR) following standardized protocols

(Glascock, 1992; Glascock and Neff, 2003).

4. Results

All shell specimens in our sample show low concentrations of most

elements (Table 3). Indeed, concentrations of most elements were

Table 1

Archaeological sites from which samples of mussel shell were obtained.

Site number Site name Location Age

28SX17 Beisler Walpack, NJ Late Woodland

12HR11 Breeden Mauckport, IN Middle–Late Archaic

15OH1 Chiggerville Shell Mnd Ohio Co., KY Late Archaic

15BT6 DeWeese Shell Mnd Highview, KY Middle–Late Archaic

27CH85 Fort Hill Hinsdale, NH Contact

28WA392 Indian Hollow Johnsonburg, NJ Late Woodland

12HR12 Overflow Pond Mauckport, IN Late Archaic
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determined to be at or below detection limits in most specimens.

Concentrations of Na in all of our specimens are notably higher than

anticipated based on abundances reported by Cogswell et al. (1998).

The mean Na concentration in the Gasconade River sample was

1488 ppm (Cogswell et al., 1998); however, all of our shell samples

have mean Na concentrations exceeding this value (Fig. 2). Similarly,

Mn concentrations in all but one of our shell samples were below the

mean value reported by Cogswell et al. (579 ppm). The shell sample

from 28SX17 (Beisler) in New Jersey exhibited a higher mean Mn con-

centration than any other sample (826 ppm).

Interestingly, three other elements appear to be present in pre-

historic shell samples at significant levels: Ba, Ti, and Sr. Ba concen-

trations in most of our samples are within two standard deviations

of those reported by Cogswell et al.; however, the sample from

28SX17 exhibits a Ba concentration nearly double all other samples

(210 ± 66 ppm). Concentrations of Ti, at or below detection limits

in Cogswell and colleagues' sample, averaged around 1000 ppm in all

of our samples. Abundances of Sr in our sample ranged from a low of

189 ppm (28WA38) to a high of 591 ppm (12HR11). For comparison,

the shell sample from mid-Missouri had a mean Sr concentration of

104 ppm.

5. Discussion

Compositional analysis by NAA of a large sample of freshwater mus-

sel shell frommultiple locations in the eastern United States has impor-

tant implications for mathematical models used to correct for the

influence of shell tempering in prehistoric ceramics. Most notably, we

find that the average values forMn andNaobserved in a sample ofmod-

ern freshwater shells from Missouri cannot be assumed to accurately

represent those in shell obtained elsewhere in eastern North America.

These two elements are routinely adjusted by fixed factors, and data re-

ported here indicate that abundances of these elements vary substan-

tially. We also find that concentrations of three other elements—Ba, Sr,

and Ti—can differ significantly among mussel–shell samples. Sr values

observed in our samples were significantly higher than those reported

by Cogswell et al. (1998); however, Sr is routinely removed after appli-

cation of the Ca-correction. Data presented here underscore the impor-

tance of this practice.

Table 2

Genera and number of prehistoric freshwater mussel shell specimens analyzed here.

Site Genera n

28SX17 Unio 11

12HR11 Pleurobema 6

Quadrula 5

Unionidae sp. 3

c.f. Plethobasus 1

15OH1 Elliptio 4

Pleurobema 11

Fusconaia 1

Plethobasus 1

15BT6 Cyprogenia 1

Elliptio 3

Epioblasma 4

Fusconaia 1

Pleurobema 7

Quadrula 2

Unident. 1

27CH85 Elliptio 3

28WA392 Unio 6

12HR12 Cyprogenia 1

Epioblasma 1

Obovaria 1

Pleurobema 2

Quadrula 1

Unionidae sp. 4

Fig. 1. Archaeological sites from which shell samples were obtained. Location of the Gasconade River sampling locality of Cogswell et al. (1998) is shown.
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Concentrations of both Ba and Ti were significantly different than

those reported by Cogswell et al. (1998), and we believe that they,

like Na and Mn, may artificially enrich a ceramic body. For example,

the concentration of Ba in NOR is 612 ppm, and its average abundance

in NIST SRM 679 (Brick Clay) is 432 ppm. If these values can be consid-

ered reliable indicators for Ba levels in average clays, any shell with Ba

concentrations exceeding these levels will artificially enhance a ceramic

body. Similarly, Ti concentrations in our samples were significantly

higher than those reported by Cogswell et al. (1998). Our values range

from a low of 881 ppm (12HR12) to a high of 1184 ppm (28WA38);

whereas, concentrations of Ti in the Cogswell et al. sample were

below detection limits. Again, using the values of NOR (6121 ppm)

and NIST SRM 679 (5770 ppm) as baseline clay values, the observed

concentrations of Ti in our prehistoric freshwater shell samples would

likely enhance this element's presence in shell-tempered wares.

Under the assumption that Ti is present in only trace amounts in shell,

a ceramic vessel produced using a 50/50 mixture of shell and NOR

would have a Ti abundance of 3061 ppm. Tempering the same clay

with shell from site 12HR12, with its observed average Ti composition

of 881 ppm, would result in a vessel with an average Ti abundance of

3501 ppm. This effect is even more pronounced if the clay were to be

tempered with shell from site 28WA38 (3653 ppm).

6. Conclusion

Data presented here for the elemental composition of Unionoida

shell from several prehistoric localities in eMn, Sr, Ba, and Ti. The dis-

crepancies between our data and those reported by Cogswell et al.

(1998), and the variation observable between samples of shell in our

own data, we note that there is uncertainty in precisely what elements

may be enriched by the use of freshwater shell temper. These data indi-

cate that attempts to remove the dilution effects of Ca in a ceramic body

introduced by shell tempering could be improved through the analysis

of local prehistoric shell to determine precisely what elements and in

what abundances have been contributed by the temper. We do not

question the validity or primacy of the mathematical model used to

adjust ceramic compositions to account for dilution/enhancement

effects produced by shell temper (Cogswell et al., 1998; Steponaitis

et al., 1996). We concur with Cogswell et al. (1998:71) that currently

employed mathematical methods are the best available means for

reducing the confounding effects of shell temper. However, we do see

the data presented here as an evaluation of the universality of the cor-

rection formula employed by Cogswell et al. (1998) and by Steponaitis

et al. (1996), and we find that it requires geographically specific adjust-

ment. Our data demonstrate that elemental compositions of freshwater

mussel shells aremore variable than previously assumed and that some

elements, previously assumed to be minor constituents in shell, may in

fact be artificially enhanced by shell tempering. Average values of Na

and Mn obtained from modern shell cannot be used as analogs for

prehistoric shells from elsewhere, and other elements (Ba and Ti in

our sample) may be affected by shell tempering.

In order to account for these effects, we suggest that future stud-

ies involving compositional analyses of shell-tempered pottery be

complemented with analyses of prehistoric shell to determine site- or

region-specific correction factors for individual elements. This could

be accomplished through disaggregation of sherds to obtain temper

particles. Cogswell et al. (1998) were unsuccessful in their attempts to

disaggregate their test tiles; however, they did not employ methods

involving sonication (Elam et al., 1992; Gaines and Handy, 1977).

Peacock and Feathers (2009) successfully separated shell temper from

Mississippian pottery by crushing sherds laterally and picking out

shell fragments from the resultant powder. Disaggregation, either by

sonication or manually, is both destructive and labor intensive, but

given the possibility of directly isolating shell fragments for analysis,

Table 3

Summary statistics in parts per million (except Ca) for samples of freshwater mussel shell from various localities in eastern North America. Concentrations at or below detection limits

indicated as “bdl.”.

Gasconade

River

12HR11

(Breeden)

12HR12

(Overflow Pond)

15BT6

(DeWeese)

15OH1

(Chiggerville)

27CH85

(Fort Hill)

28SX17

(Beisler)

28WA38

(Indian Hollow)

Al bdl bdl 2166 ± 0 [781.3] 1404 ± 700 [770.7] 834 ± 307 810 ± 1078

As bdl bdl bdl 0.75 ± 0.81 0.63 ± 0.31 bdl bdl bdl

Ba 98 ± 22 100 ± 43 84 ± 19 80 ± 19 74 ± 23 53 ± 13 210 ± 66 37 ± 11

Ca% 39.7 ± 1.4 40.9 ± 1.2 40.7 ± 0.5 40.9 ± 0.6 40.7 ± 1.0 39.8 ± 1.0 41.7 ± 1.4 41.6 ± 0.8

Ce 0.18 ± 0.06 0.35 ± 0.16 0.26 ± 0.16 0.27 ± 0.22 0.42 ± 0.26 bdl 0.1 ± 0.01 [0.17]

Co 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.06 0.04 ± 0.03 0.12 ± 0.05 0.07 ± 0.02 0.07 ± 0.01 0.07 ± 0.01

Cr 0.17 ± 0.07 0.89 ± 0.55 0.26 ± 0.11 0.68 ± 0.47 0.61 ± 0.47 0.1 ± 0.01 0.24 ± 0.1 0.12 ± 0.08

Cs bdl 0.02 ± 0.01 [0.02] 0.02 ± 0.01 0.02 ± 0.01 bdl bdl bdl

Dy bdl [0.22] [0.14] bdl 0.19 ± 0.03 bdl [0.19] bdl

Eu bdl [0.01] 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 bdl [0.01] bdl

Fe 54 ± 26 102 ± 54 107 ± 81 64 ± 54 107 ± 73 16 ± 1 27 ± 20 11 ± 3

Hf [0.01] 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.02 0.04 ± 0.03 [0.07] bdl bdl

K bdl [243] [196] [367] bdl bdl bdl bdl

La 0.13 ± 0.05 0.26 ± 0.17 0.3 ± 0.21 0.5 ± 0.34 0.78 ± 0.54 0.05 ± 0.01 0.13 ± 0.06 0.16 ± 0.09

Lu bdl bdl bdl bdl bdl bdl bdl bdl

Mn 579 ± 72 395 ± 163 250 ± 87 505 ± 160 538 ± 208 452 ± 27 826 ± 334 419 ± 236

Na 1489 ± 100 1646 ± 146 1719 ± 81 1636 ± 90 1595 ± 73 1776 ± 28 1530 ± 122 1694 ± 172

Nd [2] bdl bdl 1.03 ± 0.44 0.97 ± 0.1 bdl bdl bdl

Ni bdl bdl 3 ± 0.14 1.95 ± 0.67 3.15 ± 0.48 bdl bdl bdl

Rb bdl 0.56 ± 0.01 [0.62] 0.42 ± 0.24 0.74 ± 0.34 bdl bdl bdl

Sb [0.01] [0.01] [0.01] [0.01] [0.01] bdl [0.01] bdl

Sc bdl 0.04 ± 0.02 0.05 ± 0.04 0.04 ± 0.02 0.05 ± 0.03 bdl bdl bdl

Sm 0.02 ± 0.01 0.04 ± 0.02 0.06 ± 0.03 0.06 ± 0.03 0.08 ± 0.05 [0.01] 0.03 ± 0.02 0.02 ± 0.01

Sr 104 ± 11 591 ± 118 495 ± 35 358 ± 52 380 ± 64 519 ± 5 500 ± 168 189 ± 52

Ta bdl [0.01] [0.01] [0.01] [0.01] bdl bdl bdl

Tb bdl [0.01] [0.01] 0.01 ± 0.01 0.01 ± 0.01 bdl bdl bdl

Th [0.01] 0.03 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.04 ± 0.02 bdl [0.01] bdl

Ti bdl 1122 ± 175 882 ± 382 1004 ± 296 993 ± 231 bdl 1028 ± 236 1184 ± 306

U bdl bdl bdl 0.21 ± 0.1 0.15 ± 0.04 bdl bdl bdl

V bdl [1.44] bdl bdl bdl bdl bdl [2.5]

Yb [0.03] [0.03] 0.04 ± 0.01 0.03 ± 0.01 0.05 ± 0.03 bdl bdl bdl

Zn 0.33 ± 0.13 1.84 ± 1 1.39 ± 0.84 3.64 ± 3.3 2.86 ± 1.29 0.48 ± 0.04 0.68 ± 0.39 0.99 ± 0.59

Zr bdl 2.86 ± 1.92 [0.9] 3.47 ± 0.6 2.66 ± 1.4 [2.03] bdl bdl
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such methods could be beneficial for any ceramic-sourcing study

involving shell-tempered wares. Barring the mechanical separa-

tion of shell temper from its ceramic matrix, it would be possible

to use laser-ablation inductively coupled plasma-mass spectrometry

(LA-ICP-MS) to analyze only the individual components of a ceramic

sherd to characterize clay, temper, or both (Peacock et al., 2007;

Stoner and Glascock, 2012). However, exclusive use of LA-ICP-MS for

compositional analysis presents its own set of problems, including

calibration with the extant NAA database.

If bulk analysis by NAA is the preferred analytical technique, the data

presented here suggest that themost-appropriate means of eliminating

the Ca-dilution problem in prehistoric shell-tempered pottery is to

complement ceramic analyses with analyses of prehistoric mussel

shell from within the particular watershed. Given that long-distance

transportation of shell for either food or for ceramic production seems

unlikely (e.g., Peacock et al., 2012), and that mussel shell can be ex-

tremely abundant in archaeological assemblages, this seems to us to

be the most effective manner by which to accurately characterize shell

being used as temper and to document any potential elemental en-

hancement/dilution effects introduced by the temper itself. Analysis of

archaeological shell may present its own set of problems, including the

assumption that bulk chemistry of shell does not significantly fluctuate

through time or from degradation. Current evidence supports this

assumption. Collins (2012) found minimal variation in major element

chemistry of archaeological shell from deposits spanning several

centuries. Peacock and Seltzer (2008) observed some variability in

the Sr/Ca ratio of shell from two strata at a Vaughn Mound in Missis-

sippi. However, no significant differences were observed in Ba, Mg,

or Sn, and differences in mean Sr abundances were ca. 80 ppm.

Finally, despite our narrow focus on the effects of freshwater-

mussel–shell chemistry on bulk pottery analyses, we reiterate that

these data have broader implications beyond viewing shell as a con-

founding aspect in archaeometric studies. Chemical analyses of shell

temper itself may inform directly on selection and procurement of

shell by prehistoric potters in the sameway in which chemical analyses

of ash and sedimentmay provide greater understanding of ceramic pro-

duction (Arnold et al., 2000; Hirshman and Ferguson, 2012). Compara-

tive analyses of prehistoric and modern shells have the potential to

inform on conservation biology and ecology (Peacock et al., 2012;

Peacock, 2012; Peacock and Seltzer, 2008). And, the observation of

varying chemical compositions among shells strengthens the empirical

warrant for attempts to establish provenance of shell artifacts them-

selves (Peacock et al., 2010). Data presented here strengthen the empir-

ical warrant of all such studies.
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Fig. 2. Boxplots of Na, Mn, Ba, and Ti abundances in freshwater mussel shell samples from eastern North America.
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