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ABSTRACT. The Jomon culture is an ancient Japanese society that existed during approximately 14,000 to 400 BC and 
which is characterized by Jomon (cord pattern) pottery. To investigate the paleodiet of the people of northeastern Tohoku 
in Japan during the Final Jomon period (about 1000–400 BC), we studied three sites in Aomori Prefecture, the center of 
the Kamegaoka culture. The Fubinashi site is on the coast and was supported by a rich fishing culture. Imazu was a coastal 
salt-making site. Sugisawa is a mountainous inland site on the banks of a river. We determined the 14C ages of the interior 
and exterior surfaces of carbonized material on potsherds and compared the data with pottery typology and age to study 
the marine reservoir effect. We also analyzed the bulk carbon and nitrogen stable isotopes and C:N ratios to determine the 
presence of aquatic foodstuffs. The organic residues from pottery typology corresponding to the described analyses provid-
ed a general perspective of differences in the ancient diets at each site. When we recovered sufficient lipids, we analyzed  
compound-specific stable isotopes of fatty acids to obtain a multilateral view of those diets. Our findings indicate that the 
diets of inhabitants of both Fubinashi and Imazu consisted primarily of marine products and some terrestrial foodstuffs, 
whereas people from Sugisawa processed mainly C3 plants and some terrestrial animals and aquatic commodities.

INTRODUCTION

The Jomon culture was a pre-agricultural hunter-gatherer society that extended throughout the Jap-
anese archipelago during approximately 14,000–400 BC. The population from Kanto westward 
increased during the Middle and Late Jomon periods (about 3500–1000 BC), but it declined dra-
matically during the Final Jomon period (about 1000–400 BC), possibly because of adverse climatic 
changes (Obayashi 1985; Issar 2003). In contrast, the population in northern Japan increased sharply 
during the Final Jomon period (Koyama and Sugito 1984; Obayashi 1985; Yamamoto 2010). With 
the rise in population in northern Japan, the Kamegaoka culture flourished in the northeastern To-
hoku district and produced a rich ceramic assemblage of Obora-type artifacts, including ornamental 
vessels and figurines used for rituals, colored ceramics, and everyday ware. The transition from the 
Jomon hunter-gatherer society to the rice-cultivating Yayoi culture was a dramatic change in the 
ancient history of Japan. Therefore, studying the lifestyle, including the diet, of the people living 
during the final period of the Jomon era is a valuable research effort. 

For the current study, we selected three archaeological sites with different characteristics from the 
Kamegaoka culture area of the Final Jomon period. All three sites are in Aomori Prefecture, Japan 
(Figure 1). The Fubinashi site lies on the southern coast of the Shimokita Peninsula, facing Mutsu 
Bay, about 500 m from the mouth of the Shukunohe River. Considerable quantities of fish bones, 
including bones from salmon, herring, and shark, have been excavated from this area. Given that 
small fish bones decompose readily, the excavated fish represent a large commitment of effort, thus 
indicating a rich fishing-based culture (Sekine and Kamijo 2009, 2012). The Imazu site is on the 
east coast of Tsugaru Peninsula, also facing Mutsu Bay; salt-making vessels have been recovered 
from this site. However, Imazu was not only a salt-making site but probably also a dwelling site, 
because about 70% of the potsherds found were from food-processing vessels, including shallow, 
intermediate-depth, and deep bowls (Fujinuma et al. 2005). The Sugisawa site is in a mountainous 
area, about 45 km inland from Hachinohe City, on the Pacific coast. The site is in a region between 
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the Sarube and Kumazawa rivers, above their confluence to form the Mabuchi River. Various types 
of red-painted pottery and agglomerates of red pigment have been excavated at Sugisawa. Some of 
the pots may have been used for leaching acorns (Fujinuma et al. 2008). 

There are several ways to study ancient diets. The most popular and unassailable method is to iden-
tify visible remains, such as bones, shells, carbonized or waterlogged plants, or sometimes traces 
of plants marked on the surface of pottery. However, excavations that produce such visible remains 
are uncommon, especially in Japan, where the soil is acidic. Organic remains readily decompose in 
acidic soil, so that at most archaeological sites, only stone artifacts, pottery, and carbonized material 
are excavated. Alternatively, ancient diets can be studied by analyzing the carbonized foodstuffs 
adhering to the surfaces of pottery and the lipid residues trapped inside the pottery matrix and thus 
preserved from alteration by the outside environment. When they are analyzed chemically, these 
substances are excellent conveyors of information about ancient diets and cooking practices (e.g.  
Heron and Evershed 1993; Evershed 2008b). 

Traditional methods for determining the age of ancient Japanese pottery are based on typology. In-
tensive studies of pottery types have been undertaken, in conjunction with stratigraphic data, which 
together yield absolute dates for these types based on the 14C ages of organic materials from the soil 
layers from which the pottery was excavated. Alternatively, researchers from the National Museum 
of Japanese History have developed a more accurate method for estimating the age of Jomon pottery, 

Figure 1  Imazu, Fubinashi, and Sugisawa archaeological sites of Kamegaoka culture, Final Jomon period, from Aomo-
ri Prefecture, Japan. The sites referred in the text and oceanographic conditions of peripheral region are also included. 
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using calibrated 14C ages of the carbonized material adhering to pottery surfaces (Imamura et al. 2001; 
Kobayashi 2004; Fujio 2007; Miyata et al. 2011). Those scientists found that calibrated 14C ages were 
generally in good agreement with the chronological order estimated by using traditional methods and 
thus allowed them to define the period during which the specific pottery type was prevalent.

The method we used for dating pottery types is based on that of Kobayashi (2008) and incorporates 
the results of chemical analyses to assess the marine reservoir effect. Kobayashi and coworkers 
(Kobayashi et al. 2005; Kobayashi 2006, 2008) studied 456 pottery specimens from the Late Jomon 
period to the Middle Yayoi period (3500 BC−about 0 BC/AD) of eastern Japan and associated the 
pottery types with the 14C dates determined from wood samples and charcoal from the layer from 
which the pottery was excavated and from food residues adhering to the pottery. Their specimens 
include 189 samples of Obora-type pottery, which is typical of the Kamegaoka culture of the Final 
Jomon period and which includes the three sites (Fubinashi, Imazu, and Sugisawa) that are the focus 
of our study. They eliminated from their data set some 14C dates from food residues with suspected 
marine reservoir effects. Furthermore, Fujio comprehensively filed pottery typology dating (dura-
tion) from the Late Jomon to the end of the Late Yayoi periods (about 2500 BC−200 AD) through-
out the Japanese archipelago; specimens included those of the Obora type (Fujio 2009). Obora-type 
pottery is divided into 8 subtypes—B1, B2, BC, C1, C2, A1, A2, and A′. The topology-based dating 
of Obora subtypes, expressed in terms of duration of use, is summarized in Figure 2. 

We investigated the diet of the people of the Kamegaoka culture using a chemical approach. The 
three macronutrients of human diet are protein, lipid, and carbohydrate. The bulk carbon content 
of a foodstuff reflects all of these macronutrients, whereas the bulk nitrogen content primarily rep-
resents the amino acids that constitute protein. We evaluated the bulk δ13C and δ15N contents of 
carbonized material on the interior surfaces of pottery to obtain a general view of cooked foodstuffs. 
An analysis of more than 1100 samples of carbonized material adhering to ancient Japanese pot-
sherds found that the C:N ratio of terrestrial organisms is centered around 20 with a lower limit of 
10, but that the ratio in marine organisms is lower (Sakamoto 2007). In addition, plants with a low 
protein content have less nitrogen than do animals, resulting in a higher C:N ratio in these plants 
than in animals. In this study, we used the C:N ratio of carbonized material to assess the likelihood 
that marine animals were cooked in the pots.

When sufficient lipid could be recovered from organic residues that remained in the pottery, we 
measured the compound-specific carbon isotopes of n-hexadecanoic acid (C16:0) and n-octadecanoic 

Figure 2  Dating duration of Obora type (Tohoku district) from Late to Final Jomon period. Figure is reconstructed from data 
of Kobayashi (2008). *Sunazawa-type pottery follows Obora-type in Yayoi period (Tohoku area). **The calendar year is not 
specified since the data fall into the Hallstatt plateau.
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acid (C18:0) (Cx:y, x = number of carbon atoms, y = number of double bonds). These two fatty acids 
are among the most common and abundant fatty acids in foodstuffs. To provide a broader view of 
paleodiet, we used lipid biomarkers in conjunction with isotope analyses to investigate the food 
types present in the residues. The presence of very-long-chain (22 carbons or longer) n-alkanoic 
acids (VLCFAs) and isoprenoid acids such as phytanic and pristanic acids and 4,8,12-trimethyltri-
decanoic acid (TMTD) are considered to be characteristic of marine foodstuffs (Craig et al. 2007; 
Evershed 2008a; Evershed et al. 2008). In addition, the presence of ω-(o-alkylphenyl)alkanoic acids 
(APAAs) with a chain length of 20 or greater and long-chain dihydroxy acids (DHAs) is a signal 
that marine commodities may have been cooked, because both compounds are formed through the 
heating of polyunsaturated fatty acids. Unsaturated fatty acids are unstable so that they rarely remain 
in ancient pottery, but once APAAs or DHAs are formed, they remain within the pottery matrix (e.g. 
Hansel et al. 2004; Hansel and Evershed 2009; Cramp and Evershed 2014). Cholesterol was used 
as a marker of animal origin, and phytosterols such as campesterol and sitosterol indicated plants 
(Miyata et al. 2009). We used long-chain alkanes (ALKs) and long-chain alcohols (FOHs) in series 
as indicators of plant waxes (Bush and McInerney 2013).

MATERIALS AND METHODS

We selected potsherds from bowls and deep bowls with charred surfaces to assure the pottery had 
been heated, possibly during cooking. However, because such sherds are not excavated frequently, 
the number of samples was limited. We were able to analyze only two samples from Imazu, six 
from Fubinashi, and three from Sugisawa for 14C dating and δ13C and δ15N analyses. The sherds were 
museum samples; therefore, they could not be used for the analysis of absorbed organic residues, 
which requires pulverization of pottery.

To obtain additional information about paleodiet, we analyzed organic residues using additional 
sherds of the same pottery type excavated from the same sites. Carbonized material, indicative of 
cooking use, was visible either on the interior or exterior surface in all selected sherds. Specifically, 
6 of 17 from Fubinashi, 5 of 11 sherds from Imazu, and 1 of 4 from Sugisawa contained enough 
lipids for organic residue analysis. Among the samples for lipid analysis, two from Imazu, five from 
Fubinashi, and one from Sugisawa contained enough C16:0 and C18:0 fatty acids for δ13C16:0 and δ13C18:0 
compound-specific isotope measurement. Representative potsherds with carbonized material are 
shown in Figure 3. Among the sherds selected for organic residue analysis, only SSW-DB2 con-
tained enough charred food crust adhering to the interior surface (Figure 3, c-2) for bulk carbon and 
nitrogen isotope analysis. Char was present on other sherds, but either in insufficient quantities or on 
the exterior surface and thus possibly from plant material and/or animal fuel instead of cooked food.

Analyses of Charred Material

Samples were prepared according to a previously reported method (Miyata et al. 2009, 2011). In 
brief, the charred material was subjected to a conventional acid-alkali-acid treatment, after which 
graphite target was made from purified charred sample was analyzed at a Tandetron accelerator 
mass spectrometer (4130-AMS, High Voltage Engineering, Nagoya University). We calibrated the 
14C data set using the RHCcal 3.3s program (Imamura 2007), based on IntCal13 data (Reimer et 
al. 2013). The stable carbon and nitrogen isotope compositions of the carbonized material after 
acid-alkali-acid treatment were measured (SI Science, Saitama, Japan) using an elemental analyzer 
and mass spectrometer equipped with a continuous-flow system (EA1110 and Thermo Electron 
Delta Plus Advantage, Thermo Fisher Scientific, Waltham, MA, USA). Carbon and nitrogen isotope 
results are reported in per mil notation relative to Vienna Pee Dee Belemnite (V-PDB) for δ13C and 
relative to air for δ15N. 
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Lipid Analyses

The analysis and interpretation of lipid residues followed established protocols (e.g. Evershed et al. 
1990; Heron and Evershed 1993; Copley 2004; Cramp and Evershed 2014). In brief, the surface of 
each sample sherd was cleaned using a grinder, to remove exogenous lipids. Cleaned potsherds were 
pulverized, and lipids were extracted with chloroform:methanol (2:1 v/v). An aliquot of the recov-
ered lipids was trimethylsilylated and analyzed by gas chromatography-mass spectrometry (GC-
MS) (Finnigan TRACE GC-MS, ThermoQuest, USA), using an HP-1 column (50 m × 0.32 mm × 
0.17 μm) at 50°C for 2 min, increasing 10°C/min to 300°C, and holding 15 min. Another portion 
of lipid was hydrolyzed with methanolic sodium hydroxide and fractionated to obtain acidic and 
neutral lipids. Acidic lipids were derivatized to methyl esters and submitted to GC-MS and gas chro-
matography combustion isotope ratio mass spectrometry. Neutral lipids were converted to trimeth-
ylsilylate esters prior to GC-MS analysis. 

RESULTS AND DISCUSSION

The results from the stable isotope analysis of bulk δ13C and δ15N contents, C:N ratios, the compari-
son of the 14C dating of carbonized material from the interior and exterior surfaces of potsherds with 
relative and absolute chronology of Obora-type pottery, and possible marine reservoir effects are 
summarized in Table 1. The calibrated 14C data set is given in Figure 4.

Figure 3  Typical potsherds analyzed from Kamegaoka culture. a-1. Exterior surface of potsherd from Fubinashi with red 
pigment (FB-15, type unidentified). a-2. Interior surface of FB-15. b-1. Exterior surface of potsherd from Imazu (IZ-DP7, 
Obora C2 type). b-2. Interior surface of IZ-DP7. c-1. Exterior surface of potsherd from Sugisawa (SSW-DB2, Obora B2 
type). c-2. A part of interior surface of SSW-DB2 showing carbonized crust.
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Although the use of Japanese pottery typology has yet to be fully recognized to define the date range 
during which the specific pottery type was used, we attempted to assess reservoir effects on 14C dat-
ing of carbonized foodstuffs adhering to the pottery by comparing the calibrated 14C age to the date 
range expected based on pottery typology. In order to determine the reservoir effect of charred food-
stuff, the practice is to compare 14C dating of char with that of other organic material from the same 
geographic strata in which charred food has been found. However, there are cases in which these 
reference carbon materials are difficult to obtain. Surrounding soil may have being mixed with soils 
from other strata so that accurate age information of the surrounding environment may have been 
lost. The reference samples may not have been collected or may have been lost during excavation. 
Therefore, the use of pottery typology together with marine markers from bulk carbon and nitrogen 
analyses provides a new approach to identify reservoir effects. The expected date ranges for each 
type of pottery discussed in this study are based on that of Kobayashi (2008).

Carbonized Material on Exterior Pottery Surfaces

As shown in Figure 5, we compared the δ13C and δ15N stable isotope values we obtained with those 

Figure 4  Probability distributions of calibrated 14C data of carbonized materi-
al adhered to the potteries from Imazu, Fubinashi, and Sugisawa archaeologi-
cal sites. The RHcal 3.2 program (Imamura 2007), based on IntCal13 (Reimer 
et al. 2013) data, is used for calculation.
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for various types of carbonized Japanese organisms (Yoneda 2004). The carbonized material adher-
ing to the outside surface of the pottery may be soot from wood fuel used for cooking. Consistent 
with this hypothesis, the δ13C and δ15N stable isotope values of the outside char from Fubinashi 
16574 and Sugisawa 16566 both were within or close to the typical values for C3 plants; the C:N 
ratios of these sherds (19.3 and 36.9, respectively) similarly indicate a high plant content and thus 
support the stable isotope results. The 14C dating of 1058–1012 cal BC (see Figure 4) for Fubinashi 
16574 and 1054–994 cal BC for Sugisawa 16566 (see Figure 4) roughly correlate with the pottery 
typology of the Obora BC–C1 (1100–900 BC) and Obora BC (1100–1000 BC) styles, respectively. 
Although only two exterior surface samples were analyzed, the features of plant origin support our 
presumption that the carbon on the outside of sherds was from wood used as fuel for cooking. 

Carbonized Material on Interior Pottery Surfaces 

The burned deposits on the interior surfaces of pottery likely represent cooked material. The inside 
chars from the coastal Fubinashi and Imazu sites indicated a diet of predominantly marine animal 
or marine animal mixed with some terrestrial animals. The plot of the stable isotope values of Fubi-
nashi 16570 is consistent with marine animal (fish or fish with marine mammal) (Figure 5), and its 
C:N ratio of 5.9 signifies that the pottery likely was used exclusively to cook marine animals. The 
calibrated 14C age (1740–1668 cal BC; see Figure 4) of this char is about 800 yr older than the Obora 
C2 typology age duration (900–780 BC). Because the char seems to be from marine animals, this 
discrepancy may reflect the marine reservoir effect. Miyata et al. (2009) reported a reservoir effect 
of about 800 yr from charred material inside the pottery used to process marine mammals that was 

Figure 5  Plot of δ13C and δ15N of carbonized materials analyzed from Imazu, Fubinashi, and Sugisawa ar-
chaeological sites: blank dots = Imazu; filled dots = Fubinashi; and filled triangles = Sugisawa. *Denotes 
samples from outer surface. The typical values for various types of organisms are from Yoneda (2004).
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excavated from the Hamanaka 2 site (latter half of Late Jomon period; 1300–1200 BC), which is on 
Rebun Island along the Soya Warm Current (Figure 1). Although bones of sea mammals have not 
been excavated yet from Fubinashi, bones of sea mammals such as whales and sea lions have been 
found at the Sannai-Maruyama site (mid-Early to Middle Jomon Period; about 3500−2000 BC) 
located on Mutsu Bay (Figure 1), like Fubinashi (Toizumi 1999). From the Dumancha shellmound 
(Late Jomon Period) facing Tsugaru Channel (Figure 1), the excavation of large number of sea 
mammal bones has been reported (Fukuda 2014). Therefore, a marine reservoir effect of 800 yr may 
not be exceptional, suggesting that sea mammals could have been processed at the Fubinashi site.

The plots of the stable isotope values of other samples from these sites (Imazu 16567 and 16568 
and Fubinashi 16569, 16571, and 16573) similarly indicated that the interior chars were mainly due 
to marine fish mixed with some terrestrial mammals and/or C3 plants (Figure 5). These results are 
supported by the C:N ratios of 23.7, 10.6, and 13.5 for Imazu 16567, Imazu 16568, and Fubinashi 
16569, respectively, and of 9.8 and 7.8 for Fubinashi 16571 and 16573, respectively, for increased 
proportion of marine mammals. 

The calibrated 14C ages of Imazu 16567 and 16568 and Fubinashi 16569, 16571, and 16573 were 
older than the date ranges expected based on pottery typology, most probably due to the marine 
reservoir effect. The stable isotope data of the Fubinashi 16572 sample, however, indicated that the 
char originated from terrestrial animals and C3 plants. This result is consistent with the sample’s 14C 
date of 1193–1142 cal BC (see Figure 4), which approximately corresponds to the pottery typology 
age of 1170–1000 BC, that is, Obora B2–BC type. Therefore, although the ancient people of Fu-
binashi seemed to benefit from abundant fish, their diet apparently was not limited to seafood but 
contained a variety of foodstuffs, including terrestrial mammals and plants.

The stable isotope plots of char (NUTA2-18896) from inside a vessel (SSW-DB2) from the Sugisa-
wa site indicate that the original foodstuff was C3 plants and/or terrestrial mammals (Figure 5). The 
high C:N ratio of the char (17.0) implies a high plant content. The 14C age (1265–1125 cal BC; see 
Figure 4) overlapped the typological age duration (Obora B2, 1170–1100 BC), consistent with the 
absence of a marked reservoir effect. 

The stable isotope plots of the other interior char sample from this inland site, Sugisawa 16565, indi-
cated a mixture of marine animals and terrestrial mammals, and/or C3 plants. The calibrated 14C age 
of this sample (1433–1399 cal BC; see Figure 4) is older than its typological date range (Obora BC, 
1100–1000 BC), thus demonstrating a reservoir effect. The presence of a reservoir effect suggests 
that the cooked foodstuff contained material of freshwater or marine origin. However, Sugisawa is 
in the upper Mabuchi River system, in a mountainous area about 40 km from the coast. Salmon runs 
currently occur in the Mabuchi River (Hachinohe Fishery Office 2014), suggesting that the ancient 
people of Sugisawa might have caught salmon during the run season. Craig et al. (2013) suggested 
that the diet of Incepient Jomon hunter-gatherers across Japan was high in aquatic foods. Yoneda et 
al. (2004) reported evidence of inland fishing during the Late to Final Jomon period in Japan; they 
also showed that the stable isotope plots of Japanese aquatic herbivores and aquatic carnivores fall 
between those of marine fish and terrestrial mammals. Therefore, the diet of the Sugisawa people 
likely included aquatic organisms.

Lipid Analysis

The results of lipid analyses including compound-specific isotope analyses of δ13C16:0 and δ13C18:0 
are summarized in Table 2. All of the analyzed potsherds from bowls and deep bowls had visible 
carbonized material adhering to their interior surfaces, an indication of added heat during use. How-
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ever, only one sample (SSW-DB2) contained enough charred material for carbon dating and bulk 
C and N analysis.

Table 2  A summary of the lipid analyses of pottery from Imazu, Kamegaoka and Sugisawa archaeological sites. 
FA(Cx:y) = fatty acid with x number of carbons and y number of double bond, i = iso or anteiso branched acid, 
FAME = fatty acid methyl ester, FOH = fatty alcohol, ALK = alkane, MG = monoglyceride, DG = diglyceride, 
TG = triglyceride, DA = diacid, DHA = dihydroxy acid, APAA = ω-(o-alkylphenyl) alkanoic acid, TMTD = 
4,8,12-trimethyltridecanoic acid, phy = phytanic acid, pri = pristanic acid, chol = cholesterol, cholesta = choles-
tanol, campe = campesterol, sito = sitosterol. * Denotes previously reported duration of use by archaeological 
pottery typology by Kobayashi (2008).

Sample 
nr

Pottery form 
and section

Pottery type 
and date range* Compounds detected

δ13C16:0
(‰)

δ13C18:0
(‰) Comments

FB-2 Bowl, rim Obora C2
(900–780 BC)

FA (C10:0-C20:0), DHA (C18, C20), 
APAA (C18), phy, pri, chol

n/a n/a Terrestrial animal/
C3 plant & some 
marine?

FB-3 Bowl, rim Obora C2
(900–780 BC)

FA (C10:0-C20:0, C16:1, C18:1, C18:2), 
FOH (C16, C18),  DHA (C18, 
C20), phy

–27.5 –25.7 Terrestrial animal

FB-9 Bowl, rim Obora A1-A2
(780–500 BC)

FA (C9:0-C28:0, C15:0i-C20i, C16:1, 
C18:1),  FOH (C10-C18), ALK 
(C23-C31), DA (C9-C13), DHA 
(C16, C18, C20), MG, APAA (C18, 
C20, C22), TMTD, phy, pri, chol, 
cholesta

–25.4 –28.1 Marine fish & 
some terrestrial C3 
plant/animal

FB-15 Bowl, rim, 
red paint

unidentified FA (C10:0-C28:0, C16:0i-C17:0i), DA 
(C9), DHA (C16, C18), APAA 
(C18, C20, C22),  TMTD, phy, pri

–22.9 –21.7 Marine animal

FB-16 Bowl, body Obora C2
(900–780 BC)

FA (C10:0-C28:0), DHA (C16, C18, 
C20, C22), MG, DG, TG, APAA 
(C18, C20, C22),  TMTD, phy, 
pri, chol

–23.2 –22.2 Marine animal

FB-17 Bowl, body Obora C2
(900–780 BC)

FA (C10:0-C28:0, C17:0i), DHA (C16, 
C18, C20, C22), MG, DG, TG, 
APAA (C18, C20, C22),  TMTD, 
phy, pri, chol

–23.3 –22.4 Marine animal

IZ-DP1 Deep-bowl, 
body

Obora C2
(900–780 BC)

FA (C14:0-C18:0,), FOH (C16, C18), 
ALK(C18-C20), chol

n/a n/a Terrestrial animal 
& C3 plant

IZ-DP3 Deep-bowl, 
body

Obora C2
(900–780 BC)

FA (C14:0-C18:0), FAME ( 
C14:0-C20:0), FOH (C16, C18), chol

n/a n/a FAME>FA>FOH

IZ-DP4 Deep-bowl, 
body

Obora C2
(900–780 BC)

FA (C14:0-C18:0), FAME ( 
C16:0-C20:0), FOH (C16, C18), chol

n/a n/a FA=FOH>FAME

IZ-DP5 Deep-bowl, 
body

Obora C2 
(950–780 BC)

FA (C14:0-C18:0), FAME 
(C15:0-C17:0), FOH (C16, C18)

n/a n/a FAME>>FA>FOH

IZ-DP7 Deep-bowl, 
body

Obora C2 
(950–780 BC)

FA (C8:0-C26:0), FOH (C16, C18), 
phy, pri, chol

–25.7 –30.5 Marine & terrestri-
al animals

SSW-
DB2

Deep-bowl, 
body

Obora B2
(1170–1100 BC)

FA (C14:0-C25:0, C16:0i-C18:0i, C18:1), 
ALK(C18-C31), DHA (C18), 
APAA (C18), chol, camp, sito

–29.7 –30.9 Terrestrial C3 plant
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The major organic residues from these sherds were fatty acids, indicating that fats and oils, possibly 
from foodstuffs, were processed in these vessels. A plot of the δ13C16:0 and δ13C18:0 values of the lipid 
residues from bowls and deep bowls from the Fubinashi, Imazu, and Sugisawa sites are compared 
with reference lipid extracts from modern Japanese samples in Figure 6. The ellipses in Figure 6 
are based on the compound-specific carbon isotope measurements of C16:0 and C18:0 of lipid extracts 
from Japanese modern plants and animals tabulated in Table 3.

Table 3  Compound-specific carbon isotope measurements of C16:0 and C18:0 fatty acids (Cx:y, x = number 
of carbon atoms, y = number of double bonds) from lipid extracts of Japanese modern plants and animals. 
*Denotes average (n = 3) calculated from data of Craig et al. (2013). 

Category Species Common name Sample type
δ13C16:0 
(‰)

δ13C18:0 
(‰)

C3 plant Juglans ailantifolia Japanese walnut edible part –31.5 –31.4
Quercus myrsinifolia White oak edible part –34.7 –33.4
Castanea crenata Japanese chestnut edible part –35.1 –32.7
Lithocarpus edulis Japanese stone oak edible part –37.6 –35.7

Terrestrial 
animal

Sus scrofa Japanese wild boar (Kuma-
moto)

fresh –28.3 –27.2

Sus scrofa Japanese wild boar (Hyougo) fresh –28.4 –27.1
Sus scrofa Japanese wild boar (Hyougo) fresh –26.4 –26.9
Sus scrofa Japanese wild boar (Hyougo) fresh –28.1 –27.4
Cervus nippon Japanese deer (Kumamoto) fresh –29.0 –32.4
C. nippon yesoensis Japanese Hokkaido deer fresh –24.7 –26.6

Freshwater 
animal

Cyrenidae Freshwater clam soft tissue –30.3 –29.7

Salmonidae sp. Salmon charred 
deposit

–26.4* –27.6*

Salmonidae sp. Trout charred 
deposit

–26.7* –27.0*

Marine 
animal

Meretrixlvsoria Saltwater clam soft tissue –25.2 –23.7

Turbo cornutus Horned turban fresh –22.9 –21.2
Loligo bleekeri Squid fresh –24.4 –23.8
Neophocaena pho-
caenoides

Finless porpoise fresh –19.4 –20.0

Ziphiidae Whale fresh –24.9 –23.0
Eumetopias jubatus Sea lion adipose –24.5 –21.6
Trachurus japonicus Japanese jack mackerel skin –23.9 –23.6
Trachurus japonicus Japanese jack mackerel bone –24.0 –25.3
Trachurus japonicus Japanese jack mackerel fresh –23.7 –22.6
Seriola Ialandi Yellow tail skin –24.6 –23.8
Seriola Ialandi Yellow tail fresh –24.9 –25.6
Seriola Ialandi Yellow tail bone –24.6 –22.9
Seriola Ialandi Yellow tail bone –24.7 –23.7

At Fubinashi, where extensive fishing took place, the δ13C16:0 and δ13C18:0 of three sherds (FB-15, FB-
16, FB-17) were within the range for marine animals. In addition, all three potsherds contained VL-
CFAs (up to C28:0), DHAs, three isoprenoid acids, and APAA of C18, C20 and C22; these compounds 
typically result from the cooking of marine commodities, thus supporting the results of the com-
pound-specific isotope analysis. A partial chromatogram of FB-17 is shown in Figures 7a,b. Among 
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these sherds, potsherd FB-15 is distinctive because its outside surface is colored red (Figure 3, a-1). 
Red-painted pottery is one of the characteristics of the Kamegaoka culture (Fujinuma et al. 2005). 
Although colored earthenware can be used for special purposes, such as for ceremonial offerings, 
this vessel was used to cook marine commodities, as were non-colored everyday vessels. The lipid 
profile of FB-9 includes all of the above marine characteristics, as well as the plant indicators FOHs 
and ALKs. The δ13C16:0 and δ13C18:0 values plot between those for marine animals and C3 plants, 
consistent with the interpretation that the pottery was used to process both marine animals and C3 
plants. FB-2 and FB-3 may have been used mainly to process plants, but sometimes terrestrial ani-
mal or marine commodities, judging from the presence of DHAs, pristanic and phytanic acids, and 
cholesterol but the absence of VLCFAs. APAAs are the most informative compounds in this case, 
because only C18 APAAs were identified from FB-2. This result suggests the absence of unsaturated 
VLCFAs, indicating that the APAAs did not originate from marine commodities, which are rich in 
unsaturated VLCFAs, but from unsaturated fatty acids of 18C atoms from plants. 

From the Imazu salt-making site, only IZ-DP7 contained enough lipid to analyze δ13C16:0 and δ13C18:0, 
which plotted within the range for terrestrial animals. This sample contained ALKs (C18–C32) and 
cholesterol, suggesting that the recovered lipids originated from a mixture of C3 plants and terres-
trial animals. The lipid profiles of this sherd also include VLCFAs (C8:0–C26:0) and two isoprenoid 
acids, indicating that aquatic animals were also processed in this vessel. Therefore, the diet of the 
Imazu people was apparently not limited to items of marine origin but also included various terres-
trial commodities. 

Figure 6  Plot of δ13C16:0 and δ13C18:0 of lipid residues of bowls and deep bowls from Imazu, Fubinashi, and 
Sugisawa archaeological sites are compared with modern reference samples: blank dots = Imazu; filled 
dots = Fubinashi; and filled triangles = Sugisawa. 
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TMS-derivatized fractions of IZ-DP3, IZ-DP4, and IZ-DP5 yielded a series of FAMEs (up to C20). 
This finding is a unique feature of this site. We continue our efforts to identify the sources of these 
FAMEs, but given that none of these sherds yielded any VLCFAs, isoprenoid acids, or APAAs, 
there is no evidence to suggest that these vessels were used to process foods of marine or aquatic 
origin. Although the use of these deep bowls is unknown, they probably were not everyday vessels 
but used for a specific purpose other than cooking foodstuffs. Although carbonized material was ad-
hered to all of the Imazu potsherds, indicating heating during use, none of these samples contained 

Figure 7  Partial gas chromatogram of lipid extracts obtained from potsherds of Kamegaoka culture. Cx:y, fatty acids with 
carbon chain of x and number of unsaturated y. TMTD=4,8,12-trimethyltridecanoic acid, pri = pristanic acid, phy = phy-
tanic acid. a. Partial total ion chromatogram of methyl derivatized acid fraction of a deep bowl from Fubinashi (FB-17). 
b. Partial summed m/z 105, m/z 262, m/z 290, m/z 318, m/z 346 mass chromatogram of methyl derivatized acid fraction 
of a deep bowl from Fubinashi (FB-17) indicating ω-(o-alkylphenyl) alkanoic acids of 18, 20, 22 carbon atoms. c. Partial 
total ion chromatogram of methyl derivatized acid fraction of a deep bowl from Sugisawa (SSW-DB2). d. Partial total ion 
chromatogram of trimethylsilyl derivatized neutral fraction of a deep bowl from Sugisawa (SSW-DB2) showing alkanes 
and sterols. e. A typical deep bowl drawing from Kamegaoka culture (Obora BC type).
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APAAs despite the presence of other marine biomarkers. This pattern differs from that at Fubinashi, 
where both APAAs and other marine biomarkers were present. Given that unsaturated fatty acid 
absorbed by pottery must be heated above 270°C to form cyclic APAAs (Hansel et al. 2004), the 
cooking habits or heating processes associated with the analyzed vessels apparently differed be-
tween Imazu and Fubinashi, even though these sites are in similar environments on the seacoast. 

Only one potsherd from Sugisawa was analyzed for organic residues (SSW-DB2). Although char 
was present on the interior surface of the remaining three Sugisawa sherds, deep bowls can be heat-
ed to temperatures high enough to carbonize the organic remains but not high enough to oxidize 
carbon to carbon dioxide to remove the char, so that insufficient lipids are recovered for analysis. 
Foodstuffs with less fat, such as vegetables and carbohydrates, may have been cooked in these pots. 
Characteristic lipids recovered from SSW-DB2 included VLCFAs and a series of ALKs (C18–C31) 
possibly of wax origin, C18 DHA and C18 APAA, sterols, including cholesterol (indicative of animal 
sources), and two plant sterols, campesterol and sitosterol. A partial chromatogram of SSW-DB2 is 
shown in Figures 7c,d. This lipid profile indicates that this vessel was used mainly to heat oil- and 
wax-rich plants, such as nuts and acorns, and to cook some terrestrial animals. These results support 
the archaeological interpretation that this deep bowl was used for processing acorns.

SUMMARY 

Although the Fubinashi and Imazu sites are both on the shores of Mutsu Bay, the lifestyles and 
cooking habits of their inhabitants apparently were different. All of the analyzed potsherds from Fu-
binashi contained marine biomarkers, either exclusively or mixed with terrestrial products. The re-
sults of the stable isotope and C:N analyses and the presence of a marine reservoir effect all support 
the conclusion that Fubinashi had a rich marine culture. Imazu is considered to be a salt-making site 
because salt-making vessels have been found there. However, only one of the five potsherds (deep 
bowls) we analyzed contained marine biomarkers, which were accompanied by markers suggesting 
terrestrial plants and animals. However, APAAs, a key biomarker of the processing of commodi-
ties containing unsaturated fatty acids, were absent from all five Imazu sherds analyzed. Because 
APAAs are produced in pottery vessels only when they are heated to at least 270°C, the cooking 
processes at Imazu were apparently different from those of Fubinashi. Another possible explanation 
for the absence of APAAs in the Imazu samples is the processing of marine commodities without 
using pottery. Skewered fish can be cooked directly over a fire, perhaps near salt-making vessels, in 
which seawater is repeatedly concentrated by evaporation to obtain salt. 

Unlike the diets of the inhabitants of Fubinashi and Imazu, the diet of the inhabitants of inland 
Sugisawa apparently was dominated by oil-rich C3 plant material such as acorns. The observation 
of a reservoir effect in one carbonized deposit analyzed suggests that their diet may have included 
some aquatic commodities.
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