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Abstract

A recently published analytical technique to detect chloride ions in ceramic
vessels that were used to produce salt is replicated (Horiuchi et al. 2011). The
method involves releasing bound chloride ions permanently retained by the
vessel via a chemical exchange reaction with ammonium fluoride, following
the removal of all unbound salt with water. The chloride concentration is
measured in solution and used to quantify the amount of salt that was bound
to the ceramic matrix. Our data suggest that this method is not a viable way
to consistently discriminate salt-making pottery, as the detected chloride may
not be derived from salt production activities, but from the ceramic material
of the pot itself. We employ experimental vessels in which salt-making was
simulated, in addition to analyzing excavated sherds from two Chinese and
one North American site known to have been involved in salt production. The
method proposed by Horiuchi et al. is not able to distinguish salt-making
and non-salt-making vessels from one another.
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1. Introduction

There is currently no low-cost method to unambiguously identify salt pro-
duction pottery. The technique proposed by Horiuchi et al. (2011) promised
to allow for the inexpensive chemical detection of salt within salt-making
vessels, and would have had great potential to impact work on the archaeol-
ogy of salt production worldwide. This study replicated this method using
experimental pots and sherds from archaeological sites di↵erent from those
of the original experiments.

One of us (RKF) was involved in the investigation of a specialized salt
production site named Zhongba along the Yangzi River in the Three Gorges
region of China (Flad 2011). Various aspects of the salt production taking
place at the site were investigated, including an attempt to chemically verify
that certain vessels were primarily used in the process of salt making (Flad et
al. 2005). However, studies employing scanning electron microscopy (SEM)
to examine concentrations of sodium (Na+) and chloride (Cl�) through cross-
sections of pottery have proven equivocal and unreliable. Furthermore, it is
an expensive technique and requires highly skilled analysis.

(Insert Figure 1)

Horiuchi and colleagues proposed a method to retrieve water-insoluble
chloride ions trapped within pottery matrices through the use of a relatively
inexpensive chloride probe. They created ceramics that were similar to vessel
types in antiquity, used them to make salt, and subsequently washed them
with distilled water to mimic the removal of chloride by natural percolation
after use. Their analysis showed that an ammonium fluoride solution was
able to extract the trapped chloride ions from this experimental sample,
via an anion exchange reaction (Fig. 1). They then tested the approach
using excavated ceramics from several Japanese sites, and showed that the
concentration of the trapped chloride ions was higher, in all cases, in ceramics
thought to have been used for salt production relative to those that were not.

We replicated the experiment of Horiuchi et al. (2011) in a straightfor-
ward manner, using a variety of di↵erent material. We simulated salt making
in experimental vessels, and employed archaeological samples both associated
and unassociated with salt production. We analyzed sherds from Zhongba,
from the recently excavated site of Shuangwangcheng in Shandong Province,
China (Li et al. 2009), and from Kimmswick, Missouri, a prehistoric saline
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site curated in the Peabody Museum of Archaeology and Ethnology at Har-
vard. We hoped to verify this method and thus further extend previous re-
search on salt production at these sites and, in the case of Zhongba, expand
on the limited but provocative chemical work done previously by compar-
ing ceramics thought to have been used for salt making to those that were
thought to be used for other purposes.

2. Experimental

2.1. Materials

Four sets of material were analyzed in this study in order to evaluate the
claims made by Horiuchi and associates (2011) that chloride ions exchange
with anions in pottery during the process of salt pan formation and can be
thus chemically released and detected. These include experimental vessels in
which salt making was simulated, sherds from two sites in China and one in
North America where salt production activities have been identified. A total
of forty-two samples were analyzed, twenty-eight of which are known, based
on context and typology, to have been used in salt production, seven that are
known to have not been used in salt production, and seven of unconfirmed
function.

Three terra cotta vessels were donated by the Harvard Ceramics Program.
Two experimental pots were filled with a brine solution made up of tap
water saturated with salt and heated on a stove. Salt pan was left behind as
the water evaporated, simulating the salt extraction process from sea water.
One pot (E2) went through a single cycle of being filled with salt water and
reduced down to a solid salt pan. Additional brine was continuously added
to the other pot (E1) until the bottom cracked and the vessel was no longer
able to carry water. The entire exterior of the pot was caked in salt, which
travels through a porous ceramic body during evaporation. Samples from the
rim (E1R, E2R), body (E1M, E2M), and base (E1B, E2B) were separately
analyzed for the two experimental vessels used to make salt pan. A third
experimental pot (E3) was never put into contact with salt and served as a
control.

The second group of sampled material included sixteen sherds from the
site of Shuangwangcheng in Shandong Province, China (SI Fig. C.1; Cao
1996; Cui 2011; Li et al. 2003, 2009; Peng 2012; Shandong and Shandong
2012; Shandong et al. 2010a, 2010b). Eleven of these (S1-11) are known to
have been used to produce salt and include both rim and body sherds, orange
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and grey ceramic materials, and lightly to heavily rope-corded exterior sur-
face textures (SI Table A.1). Two sherds from Shuangwangcheng (S12, S14)
are known to have not been used to produce salt while the three remaining
sherds (S13, S15-16) were most likely unassociated with salt production.

The third group of ceramics was made up of ten sherds from the site
of Zhongba in the Three Gorges Region of China (SI Fig. C.2; Chen 2008;
Flad 2007, 2011; Sichuan and Chongqing n.d.; Sun 2003), eight of which are
portions of vessels known to have been involved in salt production, including
the rims of storage vats and conical cups (Z1-6, Z9-10). One conical cup was
potentially used to hold salt (Z7), while another rim sherd was definitely not
involved in salt production (Z8).

The fourth set of sherds came from the Mississippian site of Kimmswick,
Missouri, and was provided for this study by the Peabody Museum of Ar-
chaeology and Ethnology at Harvard University (SI Fig. C.3; Bushnell 1907,
1908). A total of nine sherds included three used in salt production (K7-
9), three that were not (K1, K5-6), and three that were found near a salt
spring but were not necessarily associated with salt production (K2-4; SI
Table A.1).

2.2. Extraction of Unbound Chloride

The first step of the Horiuchi method requires all unbound, water-soluble
chloride to be completely removed from each sample. All visible dirt was
washed o↵ of the sherds by hand in a sink. Next, each sherd was sonicated
in a beaker of distilled water, to mimic post-depositional removal of soluble
chloride through the surface. Using a rock cutting saw, 6-10g pieces of each
sherd were removed; in the case of the smallest sherds (S6, S16), the entire
sample was used. In the case of the Mississippian ceramics from Kimmswick,
samples were removed before any dirt was cleaned o↵, in order to preserve
the original soil on the sherds so that they may be returned to the Peabody
museum as unaltered as possible. The removed pieces were then rinsed o↵
and sonicated in distilled water. Once thoroughly washed, each sample was
cut into small cubes and left in a desiccating vacuum chamber overnight to
completely dry. These were then powderized in either a rock crusher or a
shatterbox.

Three 1.00g portions of powdered sherds were placed in three separate
50mL centrifuge tubes (every measurement was taken in triplicate, and the
data points are reported here as averages plus or minus one standard devia-
tion). Once the powdered sherds were measured into centrifuge tubes, 10mL

4



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

of distilled water was added via pipet. These were next sonicated for 10 min-
utes, then centrifuged at 300rpm for five minutes. The clear supernatant was
poured into a new centrifuge tube containing 1mL of ionic strength adjustor
(ISA). The chloride concentration of this solution was measured with a Sym-
pHony Chloride Ion Selective Combination Electrode (VWR International),
calibrated using standard solutions of 10, 100, and 1000ppm Cl�.

An additional 10mL of distilled water was added to the centrifuge tube
containing the pellet of powdered sherds, and the procedure was repeated
through a total of one to four additional cycles of sonication, centrifugation,
and measurement until the chloride concentration dropped below the limit
of detection (<LOD; 1.8ppm) of the probe (Fig. 4a; Extractions 1-5). To
confirm the necessity of using distilled, or de-ionized (DI) water, the chloride
concentration of tap water and distilled water were measured and found to
be 200ppm and below the limit of detection, respectively.

2.3. Extraction of Bound Chloride

Once all unbound chloride was removed from the powdered sherds via
repeated washings with distilled water, a second round of extractions with
ammonium fluoride (NH4F) was carried out in order to release the bound
chloride permanently installed in the ceramic matrix. A stock solution of
0.25M NH4F (98+% purity, Sigma Aldrich) in distilled water was prepared.
The chloride concentration of this solution was confirmed to be below the
limit of detection of the probe. The same cycle of sonication, centrifugation,
and measurement was repeated, this time with the 0.25M NH4F solution
instead of distilled water, until either the chloride concentration dropped
below the limit of detection of the probe, or eight cycles were completed
(Fig. 4; Extractions 6-13).

Horiuchi et al. (2011) tested aqueous ammonium fluoride solutions of
0.028, 0.056, and 0.28M, and determined 0.28M to be the most suitable
concentration. In this study, we accordingly employed a solution of 0.25M
NH4F, approximately equal to their concentration yet more mathematically
round.

2.4. Scanning Electron Microscopy

Scanning electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS) analyses were carried out on cross-sections of samples that were
thoroughly washed and sonicated with de-ionized water. The sectioned
sherds were examined with a Tescan Vega III scanning electron microscope

5
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equipped with a Bruker X-Flash 5030 energy dispersive spectrometer. The
backscattered SEM images and the EDS spectra and maps were acquired
at an accelerator voltage of 20kV and a working distance of 16mm (40kcps
and 3% detector dead time for the spectra and 4kcps and 15% dead time for
the maps). All EDS spectra and maps were collected from areas measuring
1.5mm x 1.5mm.

(Insert Figure 2)

(Insert Figure 3)

(Insert Table 1)

3. Results and Discussion

The first stage in the analysis was the removal of any unbound chloride.
This is necessary for two potential reasons: (a) salt may have been introduced
into the ceramic matrix postdepositionally, and is therefore unrelated to the
function of the vessel and must be removed, or (b) salt actually introduced
into the ceramic during salt production that remains soluble may be removed
during burial in the ground and is thus an inconsistent and unreliable marker.
Consequently, only the bound chloride extracted by the exchange reaction
with fluoride would potentially be able to display meaningful trends.

After all of the unbound chloride was removed by repeated washings with
water and the measured concentration of chloride falls below the limit of
detection of the probe, ammonium fluoride was employed in subsequent cycles
(Fig. 4). Fluoride exchanged with chloride permanently bound in the ceramic
matrix, releasing it into solution and causing the measured amount of chloride
to significantly increase. Thus, we see a spike in chloride concentration once
an ammonium fluoride solution is used instead of water (between extractions
5 and 6 in Fig. 4a). Horiuchi et al. observed this trend, but only significantly
for samples that had been used in salt production. They argue that the total
amount of bound chloride extracted by ammonium fluoride (the sum of each
individual extraction, given in units of mg Cl� per g pottery) may be used as
a marker for salt production. Our data, however, do not show this distinction.

Tabulated results of the total amount of chloride recovered from extrac-
tions with water and with ammonium fluoride are given in Table 1. Vessels
known to have been used in salt production do not generally release more
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bound chloride than vessels known to have not been used in salt production.
This is highlighted in Figures 2 and 3, which show the average amount of
chloride extracted from salt and non-salt ceramics at each site.

(Insert Figure 4)

3.1. Analysis of Experimental Vessels

For the experimental vessels in which salt production was simulated, we
see a direct correlation between contact with salt and the concentration of
unbound chloride in the ceramic matrix (Table 1; SI Table B.2). The most
unbound chloride was extracted and measured in solution from all samples
taken from the pot that was used to make salt pan until vessel failure (E1;
⇠10mg Cl�/g pottery). Slightly less salt was recovered from the samples
of the pot that was put through only one cycle of salt water evaporation
(E2; 6-7mg Cl�/g pottery), though significantly more than the amount of
unbound chloride recovered from the control pot (E3; 0.03mg Cl�/g pottery).
Although these trends correspond well with the function of the pot, chloride
that may be removed by dissolution in water (unbound chloride) would not
be a reliable marker for salt production for the two reasons that have been
described above.

The total chloride extracted by the solution of ammonium fluoride did not
mimic the trend seen above. The amount of bound chloride removed from
the pot that was never put into contact with salt (E3) lies within the range
of observed values for the amount of chloride extracted from the simulated
salt production vessels (Figs. 3, 4b). Our experimental control indicates that
bound chloride is not be a dependable proxy for salt making.

Furthermore, there is a trend for both of the experimental salt produc-
tion vessels (E1 and E2) concerning bound chloride extracted from di↵erent
locations. Samples from the rim (E1R and E1R), body (E1M and E2M),
and base (E1B and E2B) were taken from each of the two terra cotta pots.
For each vessel, rim sherds produced significanly more bound chloride than
body sherds, while the base sherds produced the least. This contrasts with
the results of Horiuchi et al. (2011), who reported a higher concentration of
salt in body sherds.

3.2. Analysis of Shuangwangcheng Ceramics

The trends observed in the amount of chloride extracted from the sherds
from Shuangwangcheng are even less correlated (Table 1; SI Tables B.3, B.4).
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The amount of unbound chloride recovered from washing with water seems
unrelated to whether or not the original vessel facilitated salt production,
which is to be expected from sherds excavated from the complex saline envi-
ronment of the ground. In addition, the total amount of chloride recovered
from extractions with ammonium fluoride does not parallel the function of
the vessel. Interestingly, one body sample known to have not been used
to produce salt (S14; 1.013mg Cl�/g pottery; Table 1, Fig.4) produced al-
most double the amount of chloride as the known salt-making vessel with the
greatest saline content (S6; 0.567mg Cl�/g pottery). On average, more salt
was extracted from non-salt production pottery (Figs. 2, 3), a trend that
can still be seen even if the four rim (S1, S4, S8 and S9) and one base (S12)
sherds are excluded from the Shuangwangcheng data set.

3.3. Analysis of Zhongba Ceramics

This lack of a trend is again observed in the samples from Zhongba (Table
1; SI Table B.5). This set of material produced almost no unbound chloride,
perhaps indicating some sort of postdepositional environment that drew out
the mobile saline content of the sherds. Once again, the sample in this set
that released the greatest amount of bound chloride is from a vessel known
typologically to not have been used in salt production (Z8). As with the
samples from Shuangwangcheng, more salt was extracted on average from
the Zhongba sherds not associated with salt production that those that were.

3.4. Analysis of Kimmswick Ceramics

The ranges of chloride extracted from salt and non-salt production sherds
at Kimmswick, MO overlap as well, regardless of whether rim and body sam-
ples are considered separately or together (Table 1; SI Table B.6). Three
sherds found near the salt spring, unassociated with salt production activi-
ties, yielded the greatest amount of extracted chloride (although the amount
of detected unbound chloride was not correlated in this way). It is clear that
it would not be possible to classify the unknown sherds based on this method
(Fig. 3). The total amount of bound chloride extracted from the samples
from Kimmswick were, in all cases, significantly (one order of magnitude)
greater than the salt extracted from the experimental and two archaeological
Chinese samples (Fig. 2).
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3.5. Results from SEM-EDS Analysis

To provide a separate line of evidence, scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDS) was used to elementally
characterize cross-sections of five salt production sherds (S3, S11, Z1, Z2,
and Z6) and one non-salt associated sherd (S12). The amount of chlorine
detected in the non-salt-production sample S12 (normalized weight percent
relative to silicon and aluminum) was within the range of the other sherds.
Chlorine was evenly distributed in all samples, with no gradients from inte-
rior to exterior of the sherd cross-sections (SI Figs. D4), contrasting with
findings previously reported for salt production vessels from Zhongba (Flad
et al. 2005). Our results are consistent with the macroscopic observation
that salt passed completely through the porous ceramic during evaporation,
accumulating on the exterior of the experimental vessel. Backscattered elec-
tron images and SEM-EDS elemental maps of sample Z1 (Fig. 5) highlights
the extensively heterogeneous nature of these inclusion-rich vessels. Chlorine
is not shown in this map due to its even distribution and consistently low
concentration, contrasting with the discrete inclusions rich in sodium, silicon,
potassium, and iron.

(Insert Figure 5)

3.6. Comments on Sherd Location

Out of the 42 sherds analyzed in this study, 50% are body sherds (21
samples), 40% are rim sherds (17 samples) and 10% are base sherds (4 sam-
ples). Although most specimens originate from the body of the vessel, a
large portion of are rim fragments. These rim sherds were chosen and sup-
plied by our Chinese colleagues due to the relative ease by which they may
be typologically identified, and confirmed as having been involved in salt
production. In our experimental samples, we found that exracted chloride
content did depend on salt sherd location, with rim sherds containing the
most, and base sherds the least amount of chloride (Table 1; SI Table B.2).

We agree that sampling from the body of a vessel might eliminate extreme
values and standardize the data (Horiuchi 2011). However, it is necessary to
focus on visually identifiable and diagnostic sherds in order to comment on
the viability of this technique. The observed lack of a trend di↵erentiating
salt production pottery from non-salt production pottery is detailed in this
paper for a mix of body, rim, and base samples. However, these results are
consistent for locational subsets of the data, and hold true for an analysis of
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either just body or just rim sherds. The Horiuchi method may indeed be use-
ful to distinguish salt production pottery from body sherds only, but support
for such a claim is inhibited by the inability to confirm a significant amount
of body sherds as involved in salt production via a typological alternate line
of evidence.

4. Conclusions

Horiuchi et al. (2011) urge their experiments to be repeated with exam-
ples of pottery from other salt production sites made up of di↵erent ceramic
materials and using di↵erent sources of saline water to make salt. This study
reports such data from our own experimental specimens: two salt production
sites in China and one near a salt spring in Kimmswick, Missouri.

Two rounds of extraction and measurement cycles were carried out in
triplicate for each sample of powdered sherds. The first round, employing
distilled water as the solvent, dissolved any soluble, or unbound, chloride
in the samples, until the concentration of chloride released dropped below
the limit of detection of the ion selective electrode. In the second round, a
solution of ammonium fluoride was used instead, resulting in an exchange
reaction between the fluoride and chloride, releasing chloride bound to the
ceramic matrix into solution, where it may be detected (Fig. 1). This caused
a noticeable jump in the concentration of chloride compared to the negligible
amounts of the last cycle with distilled water (Fig. 4a). Horiuchi et al. see a
di↵erence in the total amount of chloride extracted in this second round be-
tween salt and non-salt production pottery, thus claiming that their method
is a cost-e↵ective way to distinguish between the two.

In our experiments, we see that chloride is indeed released upon extrac-
tion, but the origin is unlikely to be salt production. The same trend is
observed for vessels known to have been involved in salt making and those
that are not (Fig. 4). A potential source of bound chloride could be the ma-
terial of the pot, either from inclusions or from the ceramic body itself, and
not salt production activities. An analogous data set of sodium ion concen-
trations might serve to further substantiate these claims. It is interesting to
note that the total bound chloride extracted from the Kimmswick sherds, all
of which are shell-tempered, is an order of magnitude greater than the other
samples. This seems to indicate that inclusions could be a likely source of the
bound chlorine. We contend that the Horiuchi method is not a reliable way
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to consistently discriminate salt-making pottery. Unfortunately, this leaves
us with no e↵ective technique to do so.
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Figure 1: The Horiuchi mechanism. Fluoride ions exchange for the perma-
nently bound chlorine in the ceramic, releasing chloride ions into solution
and rendering them detectable.
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Figure 2: Average amount of bound chloride recovered from both salt (solid
bars) and non-salt (hatched bars) sherds from the experimental vessels and
the three archaeological sites in this study. Samples of unknown use have
been excluded from this graph.
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Figure 3: Total amount of bound chloride recovered from all of the salt (left;
solid bars) and non-salt (right; hatched bars) sherds from the experimental
vessels and the three archaeological sites in this study. Samples of unknown
use have been excluded from this graph.
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(a)

(b)

Figure 4: (a) Chloride recovered per extraction for three salt production
sherds. Extractions 1-5 are with DI water, removing unbound chloride. Ex-
tractions 6-13 are with 0.25M NH4F, removing the supposed permanently
bound chloride. (b) Chloride recovered per extraction with NH4F for salt
as well as non-salt production pottery samples. Dotted line is the limit of
detection. Error bars indicate one standard deviation from the average of
three trials.
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Figure 5: SEM backscattered electron images of (a) a cross-section of sample
S3 and 1.5mm x 1.5mm areas on the (b) exterior and (c) interior of the sample
corresponding to the locations of the (d) exterior and (e) interior SEM-EDS
elemental maps depicting sodium (red), silicon (pink), potassium (orange),
iron (geen), calcium (yellow), titanium (light blue), and carbon (dark blue).
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Sample

Total Cl� recovered Total Cl� recovered

Salt? Locationwith distilled water with 0.25M NH4

(mg / g pottery) (mg / g pottery)

E1R 10.852 ± 0.052 0.350 ± 0.013 Y Rim

E1M 10.875 ± 0.045 0.257 ± 0.011 Y Body

E1B 10.068 ± 0.521 0.223 ± 0.011 Y Base

E2R 6.583 ± 0.029 0.372 ± 0.005 Y Rim

E2M 6.143 ± 0.290 0.223 ± 0.026 Y Body

E2B 7.727 ± 0.061 0.194 ± 0.005 Y Base

E3 0.033 ± 0.003 0.297 ± 0.026 N Body

S1 1.075 ± 0.003 0.183 ± 0.006 Y Rim

S2 0.649 ± 0.001 0.507 ± 0.009 Y Body

S3 0.702 ± 0.026 0.250 ± 0.007 Y Body

S4 0.552 ± 0.003 0.160 ± 0.009 Y Rim

S5 3.209 ± 0.026 0.490 ± 0.015 Y Body

S6 2.143 ± 0.003 0.567 ± 0.026 Y Body

S7 2.236 ± 0.003 0.500 ± 0.012 Y Body

S8 1.145 ± 0.029 0.370 ± 0.008 Y Rim

S9 1.520 ± 0.290 0.163 ± 0.004 Y Rim

S10 0.594 ± 0.029 0.280 ± 0.006 Y Body

S11 0.263 ± 0.029 0.217 ± 0.004 Y Body

S12 0.217 ± 0.006 0.247 ± 0.006 N Base

S13 0.364 ± 0.029 0.270 ± 0.008 N? Body

S14 1.097 ± 0.005 1.013 ± 0.030 N Body

S15 0.554 ± 0.185 0.970 ± 0.036 N? Body

S16 0.612 ± 0.029 0.397 ± 0.005 N? Body

Z1 0.000 ± 0.000 0.020 ± 0.000 Y Rim

Z2 0.005 ± 0.002 0.587 ± 0.004 Y Rim

Z3 0.000 ± 0.000 0.051 ± 0.005 Y Rim

Z4 0.057 ± 0.004 0.380 ± 0.005 Y Base

Z5 0.008 ± 0.002 0.907 ± 0.022 Y Rim

Z6 0.000 ± 0.000 0.617 ± 0.022 Y Body

Z7 0.000 ± 0.000 0.073 ± 0.002 Y? Body

Z8 0.000 ± 0.000 1.013 ± 0.006 N Rim

Z9 0.000 ± 0.000 0.473 ± 0.022 Y Rim

Z10 0.037 ± 0.004 0.396 ± 0.004 Y Rim

K1 0.044 ± 0.003 3.033 ± 0.054 N Body

K2 0.042 ± 0.001 6.567 ± 0.206 Near Body

K3 0.043 ± 0.001 7.767 ± 0.206 Near Rim

K4 0.097 ± 0.003 6.600 ± 0.289 Near Rim

K5 0.053 ± 0.001 6.000 ± 0.205 N Body

K6 0.056 ± 0.003 6.600 ± 0.000 N Body

K7 0.027 ± 0.003 4.167 ± 0.094 Y Rim

K8 0.079 ± 0.003 5.233 ± 0.020 Y Body

K9 0.019 ± 0.001 5.333 ± 0.076 Y Rim

Table 1: Total chloride recovered from all samples by both distilled water
and with an ammonium fluoride solution.

19




