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Abstract 

The thesis is compilation of four manuscripts discussing the stable isotope analysis 

modem and archaeological faunal material from Namu, British Columbia. These studies 

concentrate on the application of stable isotopic analysis of biogenic material for 

paleonvironmental interpretation over the Holocene. The first study addresses the use of 

phosphate and carbonate associated oxygen isotopes in bioapatites (Sebastes spp. 

vertebrae) as a proxy for the isotopic composition of water from approximently 6,000 to 

2,000 years before present (BP). The second study evaluates sclerochronological 

sampling strategies as applicable to the study of bivalves with implications for sampling 

fragmented material such as that found in archaeological deposits. The third study 

investigates stable isotopes composition of estuarine bivalve carbonate (Saxidomus 

gigantea) and the controlling environmental and biological factors. Finally, the fourth 

study uses a 5,000 year record of archaeological S. gigantea to provide a paleoclimatic 

record at Namu over the mid-late Holocene. 
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Introduction 

This thesis comprises the results of four studies completed on modem and 

archaeological material from Namu, British Columbia. The goal of these studies was to 

evaluate the potential of archaeological material from Namu to provide accurate 

paleoenvironmental information over the Holocene. This was accomplished by stable 

isotope analysis of two different marine species: Sebastes spp. (Rockfish) and Saxidomus 

gigantea (Butter Clam). o180 analysis of Sebastes spp. was employed to investigate the 

composition and possible variability in the isotopic composition of water over the 

Holocene. The results from this study were then used to help evaluate whether long-term 

variation inS. gigantea o180 were associated with changes in temperature or seawater 

chemistry (i.e. salinity). The results of these studies indicate that faunal material derived 

from archaeological deposits are good recorders of paleoclimate and have the potential to 

produce high-resolution paleoenvironmental interpretation. A brief introduction to each 

chapter is provided below. 

Chapter One: 

This study discusses the use of oxygen isotope analysis of a 4,000 (6,000-2000 BP) 

year record of archaeological Rockfish (Sebastes spp.) vertebrae as a paleoenvironmental 

proxy. Rockfish vertebrae are composed of hydroxyapatite which consists of two 

different forms of structural oxygen associated with the phosphate (P04) and carbonate 

(C03) groups. Bioapatites offer the advantage of strong P-0 bonds in phosphate which 

are more resilient to post-depositional alteration, and the presence of carbonate which 
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provides an internal diagenesis proxy; making them an excellent choice for 

paleoenvironmental studies. Nonetheless, preservation of Rockfish vertebrae was 

evaluated based on Fourier transform infrared spectroscopy and the known relationship 

between phosphate and carbonate isotopes in modem marine fauna. The majority of 

material was found to have excellent preservation, providing original geochemical 

signatures. The isotope composition of fish phosphate and carbonate reflects a 

combination of the isotopic composition of water as well as seawater temperature 

(Longinelli and Nuti, 1973). Using these relationships, modem water temperatures from 

the region, and the isotopic composition ofRockfish vertebrae an isotopic composition of 

ancient water is calculated throughout the mid-late Holocene. The isotopic composition 

and temperature of seawater was found to have had some short-term variations but 

exhibited no long-term variability. This implies that there has been no significant 

alteration in oceanographic conditions in the Namu region over the period in study. The 

results of this study have implication for the Holocene isotope record produced from 

archaeological bivalve material at Namu; suggesting that oceanographic variability had 

minimal effects on the isotopic record. 

Chapter Two: 

This study involves an analysis of the intra- and inter-specimen variation recorded in 

modemS. gigantea specimens from the Namu region. In order to utilize this species in 

paleoenvironmental reconstructions it must be determined if all individuals are recording 

similar environmental conditions, thus secreting shell carbonate in isotopic equilibrium. 
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Comparison of two modern specimens reveals that multiple individuals record similar 

0shell however there are minor offsets in 513Cshell· In addition intra-specimen isotope 

variability was evaluated using a Hendy-type test, borrowed from speleothem studies, and 

a multi axial growth analysis. The Hendy-type test indicated that the isotope composition 

of the marginal areas had considerable variability in 5180shell however, consistent 513Cshen; 

and the central portions had more consistent 5180shell however, lower 513Cshen 

reproducibility. The multi axial growth analysis provided evidence that similar seasonal 

variations in 5180shell are recorded in all portions of the shell however there is variability 

in 513Cshell· The results from the multi axial growth analysis indicate that fragmented 

shell material can be successfully employed in seasonality studies. This has implications 

for the use of material from deposits containing fragmented shell material (e.g. 

archaeological shell midden deposits) and sediment cores. 

Chapter Three: 

In this study the environmental and biological controls on the stable isotope 

composition ofS. gigantea are evaluated using a combination ofmodern and 

archaeological bivalve material. Stable isotope profiles were generated by the analysis of 

a series of sequential samples taken along the growth history of these bivalves. Profiles 

produce cyclical variations in oxygen isotopes associated with seasonal changes in 

environmental conditions such as temperature and salinity. Based on extremely negative 

oxygen isotope values recorded in S. gigantea and modern oceanographic/ climatic 

conditions present at Namu it is suggested that seasonal variations in precipitation as 

opposed to temperature is the dominant controlling factor. Carbon isotopes exhibit 
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considerably less cyclicity than oxygen, which is most likely an effect of the complex 

interaction between environmental and biological controls. The results of this study have 

implications for the interpretation ofa Holocene stable isotope record derived from 

archaeological bivalves from Namu, British Columbia. 

Chapter Four: 

This study compiles all archaeological S. gigantea stable isotope profiles to provide 

insight into the prehistorical record of environmental change during the Holocene. As 

determined from the previous chapter absolute 8180 values in the shells from Namu are 

dominated by variations in precipitation, and not temperature. A 5,000-year record of 

average shell 8180 indicates that a major increase in precipitation occurred between 

~4,000-2,000 BP. This shift is concurrent with similar findings from several other 

independent paleoclimatological records (e.g. palynology, micropaleontological, etc.) of 

climate from the region. These paleoclimatological records attribute a change in the 

Aleutian Low Pressure system and possible strengthening ofENSO events to be the main 

drivers of regional climate change. This environmental shift also co-occurs with 

archaeological evidence suggesting a change in subsistence and settlement strategies of 

the Native peoples. Therefore this study proposes that this mid-Holocene event had a 

major impact on human lifestyles of the people inhabiting the Namu region. 
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2. Department ofEarth Sciences, University ofDurham, Durham DH1 3LE, UK 

Abstract 

In this study we use a combination of phosphate and carbonate oxygen-isotope analyses 

(o180phos, () 180carb) ofarchaeological Rockfish vertebrae to generate information about the 

paleoceanographic conditions at Namu, British Columbia through the Holocene. Modem water 

samples were also collected and analyzed for () 180. Preservation of the isotopic signal recorded 

in bioapatite is assessed using a combination ofFourier transform infrared spectroscopy and the 

known relationship between o180phosand o180carb· An evaluation ofthe Holocene Rockfish 

archaeological record for o180phos, o13Ccarb and o180carb suggest that there has been no major long

term shifts and/or trends. We interpret the o180 record as indicating minimal change in the long

term isotopic composition of local waters, although short-term fluctuations may be present they 

are not seen in the sample resolution of this study. In conclusion, we suggest that it is necessary 

to: (1) generate more o180phos and o180carb data from modem marine fauna; (2) extensively screen 

archaeological samples for diagenetic alteration prior to paleo-interpretations; and (3) develop an 

understanding of modem environmental variables (e.g., () 180 value of water) prior to applying it 
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to archaeological samples. Information of this kind is essential in order to make accurate 

paleoceanographic reconstructions, and in particular for the Namu region for the Holocene. 

Keywords: oxygen isotopes, phosphate, carbonate, fish vertebrae, Rockfish, seawater 

composition, archaeology, Namu, British Columbia 

1. Introduction 

Oxygen-isotope analysis of phosphate material (B180phos) has been shown to provide great 

potential as a paleoenvironmental proxy (Koch, 1998; Kohn and Cerling, 2002). In aquatic 

poikilotherms (e.g., fish, bivalves) the isotopic analysis of phosphatic hard parts is directly 

related to the isotopic composition of the water inhabited as well as the ambient temperature 

(Longinelli, 1966; Longinelli and Nuti, 1973a,b; Kolodny and Luz, 1983). Originally it was 

thought that investigating oxygen isotope fractionation in co-occurring carbonate and phosphate 

materials would provide paleotemperatures independent of the isotopic composition of water 

(Tudge, 1960). It was subsequently discovered that the phosphate- and carbonate-water 

fractionations were so similar that this original goal was not feasible (Longinelli, 1966; 

Longinelli and Nuti, 1973a). However, because biogenic phosphate material is typically 

precipitated in isotopic equilibrium with ambient waters and the P-0 bond is highly resistant to 

low temperature diagenetic processes, it has great use as a paleoenvironmental proxy 

(Vennemann et al., 2002). 

The original methods for isotopic analysis ofphosphate relied on the conversion of the 

bioapatite to BiP04 followed by a fluorination step to convert the P04 to C02 (Tudge, 1960; 

Longinelli, 1965, 1966; Longinelli and Nuti, 1973a,b). More recently it was determined that 
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conversion to A~P04 offered the advantage of being simpler, less time-intensive, and more 

stable (hydrophobic) (Firsching, 1961; Crowson et al., 1991). However, the Ag3P04method still 

required the fluorination step, and thus a dedicated vacuum line for the use of the hazardous BFr5 

gas. More recently, 3180 analysis of Ag3P04using high temperature pyrolysis has been 

developed offering the advantage of removing the fluorination step and making it faster than 

previous methods (Bassett et al., 2007; Lecuyer et al., 2007). 

The purpose of this paper is two-fold; firstly, it will apply the method of Bassett et al. (2007) 

to archaeological fish vertebrae for 3180phos analysis; and secondly, to develop a Holocene 

3180phos curve from archaeological Rockfish (Sebastes spp.) vertebrae as a recorder of 

paleoceanographic changes over the past 6,500 years from Namu, British Columbia. Rockfish 

are a group of species that inhabit the coastal and slope margins off British Columbia (Larson, 

1980; Nagtegaal et al., 1983; Richards, 1986). This species is relatively abundant throughout the 

Namu shell midden sites and thus, provided ample material for isotopic analysis as well as good 

chronological resolution. 

2. Study site 

Namu is located on the central coast of British Columbia ~100 km north ofVancouver Island 

(Fig. 1). It is situated on Fitz Hugh Sound partially sheltered from the Pacific by Hunter Island 

and Calvert Island. The archaeological site at Namu is positioned near the mouth of the outlet 

from Namu Lake. It is the longest continuously occupied site on the coast of British Columbia 

and therefore contains an extensive record of cultural material. The oldest cultural deposits at 

Namu date back to ~11,000 cal years BP (Carlson, 1996), however sufficient quantities and 

preservation of faunal material dates back to ~7,000 cal BP (Cannon, 1996). The archaeological 

7 




0 20 
I I 

km 

Pacific 
Ocean 

Fig. 1. Geographic map ofnorthwest North America showing the position 
ofNamu, British Columbia. 



Rockfish vertebrae used in this study range in age from ~6,500 to 2,100 BP and are from 

excavation unit E1Sx-1, 66-68 S, 4-6 W. There are several species offish remains present in the 

deposit, however Rockfish are present throughout the midden (Cannon, 1991). Previous 

archaeological studies (Cannon, 2002; Cannon and Yang, 2006) have indicated a change in 

settlement and subsistence patterns after 4,000 BP, which could be related to environmental 

changes in the region. 

3. Methodology 

Prior to chemical processing of the Rockfish vertebrae extensive cleaning of all adhering 

material was performed (Fig. 2). The method for Ag3P04 precipitation previously described 

(O'Neil et al., 1994; Vennemann et al., 2002; Bassett et al., 2007) used a short treatment time to 

remove organics, however it was developed for bioapatites with relatively low organic contents. 

Due to the high organic content in fish vertebrae a more rigorous organic removal treatment was 

required. Bassett et al. (2007) use 4% NaOCl for 12 hours, but in this study we have extended 

the NaOCl treatment to 3 days: similar to the NaOCl treatment outlined in Koch et al. (1997). 

Samples were also agitated every 12 hrs to ensure a more complete removal oforganics. See Fig. 

2 for a detailed outline of the methods adopted in this study. 

3.1. Fourier Transform Infrared (FT-IR) spectroscopy 

FT-IR analysis is often used to investigate chemical substitution and crystallinity in 

bioapatites. It measures the absorbance of infrared radiation at specific structural sites, providing 

semi-quantitative mineralogical and chemical characterization. Therefore, it is useful to identify 
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post-mortem recrystallization (e.g., Tuross et al., 1989) prevalent in chemically altered, or 

diagenetic samples. 

Shemesh (1990) used three methods to discern diagenetic alteration to bioapatite chemistry 

using FT-IR: ( 1) crystallinity index (Weiner and Y osef, 1990); (2) concentration of B-type 

carbonate substitution (Rey et al., 1991); and (3) presence of francolite [F-apatite] within the 

apatite structure (Okazaki, 1983). The crystallinity index [CI], which provides a measure of 

relative crystal size in the matrix, including atom ordering in the lattice, and is defined as: 

CI = [A6os + As6s] I As9s 

where, Ax is the measured absorption at wave number x (Shemesh, 1990; Weiner and Y osef, 

1990). Modem unaltered bioapatites are characterized by a low CI (<3.8) whereas, 

hydroxyapatites that have experienced postmortem recrystalization typically have a high Cl 

(>3.8), low amounts ofB-type carbonate substitution, and more well-defined F peaks (Shemesh, 

1990). In this study, we use the sample processing methods outlined in Wright and Schwarcz 

(1996) for FT-IR analysis. See Fig. 2 for a detailed outline of the methods adopted in this study. 

Organic-free (NaOCl-treated) Rockfish vertebrae were first reacted with 1M acetate buffer to 

remove secondary carbonate. Two milligrams were ground with 200 mg of potassium bromide to 

a fine powder using an agate mortar and pestle. The fine powder is then compressed at 15,000 

psi to make 12 mm diameter pellets. Pellets were scanned using a Bio-Rad FTS-40 FT-IR 

spectrometer (Optical Spectroscopy and EPR Facility, Department of Chemistry, McMaster 

University), with the empty chamber used for a background reference spectrum. Sixteen scans 

were collected and then absorbance spectra were plotted from 2000 to 400 cm·1 with a spectral 

1resolution of2 cm· • 
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3.2. Phosphate-associated oxygen-isotope analysis 

In order to avoid oxygen-isotope interferences associated with the presence of oxygen in the 

hydroxyl and carbonate ions, which can be in considerable amounts within bioapatite, isolation 

of Pol- is required (V ennemann et al., 2002). This is accomplished using a method similar to 

that in Bassett et al. (2007). See Fig. 2 for a detailed outline of the methods adopted in this study. 

Organic-free (NaOCl treated) hydroxyapatite is dissolved in 0.5 M HN03 in a 15 mL 

polypropylene centrifuge tube, which was then partially neutralized using 0.5 M potassium 

hydroxide. Calcium ions are removed from the solution by precipitation ofCaF2 using a 0.1 

g/mL KF solution. The mixture is allowed to react for 5 minutes and then centrifuged at 4,500 

rpm for 4 minutes, after which the calcium-free supernatant is collected in a low binding 15 mL 

centrifuge tube. Ag3P04 is then precipitated by combining the dissolved calcium-free solution 

with a silver amine solution (0.2 M AgN03, 0.35 M NRtN03, 0.74 M NRtOH) and then placing 

samples in a 60°C drying oven. After Ag3P04is completely precipitated (~48 hrs), the crystals 

are rinsed in deionized water, dried, weighed, and then transferred to 3.5 x 5 mm silver capsules 

for isotopic analysis. 

Oxygen-isotope analysis was performed using the high-temperature pyrolysis method of 

Bassett et al. (2007). For this technique we used a Thermo High Temperature Conversion

Elemental Analyzer (TC/EA) coupled with a ThermoFinnigan DELTAplus XP continuous-flow 

isotope-ratio mass-spectrometer. The furnace temperature was set at 1450°C and samples were 

dropped into the TC/EA using a zero-blank autosampler. Results are reported in the standard 

delta (o) notation relative to Vienna Standard Mean Ocean Water (VSMOW). A suite of three 

external standards (ANU Sucrose, IAEA 601, C6H5COOH 71.4) were used to normalize the data, 

and precision was better than 0.3%o (±lo) for all standards. Our standard precision is similar to 
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that (0.25%o) reported by Bassett et al. (2007). The accuracy of this new methodology was also 

monitored by analyzing previously precipitated phosphate material used in a study by Stuart

Williams et al. (1996). The Ag3P04 precipitated in that study used a variety of different methods, 

which required a bromination line for the liberation of oxygen. Results from this analytical 

comparison produced an average difference of0.4%o from the original reported value. 

3. 3. Carbonate-associated stable-isotope analysis 

Prior to phosphate analysis, the sample was split for stable isotope analysis of carbonate (o 

13Ccarb, o180carb). It has been suggested by Iacumin et al. (1996) that samples that deviate from 

the relationship (o180phos = 0.98 x o180carb- 8.5) are more likely to have undergone diagenetic 

alteration. Preparation of the Rockfish vertebrae was performed using the method of Koch et al. 

(1997). See Fig. 2 for a detailed outline of the methods adopted in this study. After cleaning and 

removal the organics, samples were treated with a 1 M acetate buffer to remove any secondary 

carbonate. Secondary carbonate can lead to an alteration of the original isotopic signal and is 

caused by the addition of carbonate as pore-filling cement or adsorbing bicarbonate on the 

crystal surface (Krueger, 1991). Samples were then rinsed five times with deionized water and 

dried overnight at 60°C before isotopic analysis. Isotopic analysis was performed using a 

common acid-bath (at 90°C) ISOCARB system coupled with a VG OPTIMA isotope-ratio mass

spectrometer. Results are reported in the standard delta (o) notation relative to Vienna Pee Dee 

Belemnite (VPDB). Samples were corrected using NBS-19 reference material (o13C = +1.95%o, 

o180 = -2.20%o), which had an analytical precision better than 0.1 o/oo for both o13Ccarb and 

s:ts0u carb· 
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3.4. Water stable-isotope analysis 

In August 2006, water samples were collected from Namu Lake, at the headwater of the 

stream emptying Namu Lake, the stream contact with the sea, Namu Harbor and Kiltik Cove 

directly opposite Namu across FitzHugh Sound. These were collected on a rising high tide. 

Water samples were taken in 250 mL polypropylene bottles, which were triple rinsed with 

sample water before taking a sample. Bottles were then sealed, covered, and refrigerated at 4°C 

until analyzed. In the lab, water samples were filtered using Pall Corporation's Supor®-100 

membrane filters with a pore size of 0.1 J.lm. Filtered samples are kept in 9 mL glass vials and 

were again sealed, covered and refrigerated until isotope analysis. Isotopic analysis was 

preformed on a TCEA coupled with a DeltaPLUS XP using a method similar to Gehre et al. 

(2004). 

4. Results 

4.1. Fourier Transform Infrared (FT-IR) spectroscopy 

The results from the FT-IR spectra are provided in Fig. 3. The results are typical for 

hydroxyapatite spectra with pronounced v4P04 peaks at 565 and 605; VJ P04 at 1035 and VJ co3 

at 1415cm-1
• The CI ranged from 2.4 to 3.1, carbonate to phosphate ratios from 1.4 to 2.6, and 

there were no pronounced F-apatite associate peaks. 

4. 2. Phosphate-associated oxygen-isotope analysis 

The Rockfish vertebrae 8180phos results produced consistent reproducibility, with a few 

exceptions. A total of99 Rockfish vertebrae were analyzed in this study. Sample reproducibility 

ranged from 0.04%o (lo) to 3.2%o (la), with an average precision of0.67%o (la) for all replicate 
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Fig. 3. Fourier transform infrared spectroscopy of Rockfish (Sebastes spp.) vertebrae 
hydroxyapatite. Ages of Rockfish vertebrae are: 60-70B = ~2,500 BP; 80-90A = 

-3,000 BP; 110-120B = -3,100 BP; 180-190A = -3,500 BP; 290-300 = ~5,000 BP. 
DBS = depth below surface (em). Bold samples represent Rockfish vertebrae with an 
anomalous ()18

0phos and ()18
0carb relationship (see text for discussion). 



analysis: this is in agreement with the sample reproducibility reported in Bassett et al. (2007). 

Samples with decreased analytical precision are likely the result of improper silver phosphate 

precipitation (Stuart-Williams et al., 1996) and not due to fractionation during isotopic analysis 

since there was excellent precision of the standard reference materials. 818
0phos values ranged 

from+15.8%o to +22.5%o, although the majority of data ranged between---+ 18%o to +20%o (Fig. 

4). The average 8 18
0phos value for the complete dataset is +18.5%o (±l.l%o). 

4.3. Carbonate-associated stable-isotope analysis 

Isotopic analysis of the carbonate fraction exhibited excellent sample reproducibility. A total 

of 51 Rockfish vertebrae carbonate samples were analyzed. Three samples were run in duplicate 

18in order to evaluate analytical precision. o 0carb reproducibility ranged from 0.001 (lcr) to 

0.26%o (lcr) with an average of0.14%o (lcr). o13
Ccarb reproducibility ranged from 0.007 (lcr) to 

180.03 (lcr) with an average of0.02%o (lcr). Total variability in Rockfish vertebrae o 0carb ranged 

from -5.4%o to -0.7%o (-3.2%o, ± l.O%o), whereas o13
Ccarb ranged from -2.0%o to -6.4%o (-4.4o/oo, 

18± 0.9%o). A cross-plot of 813
Ccarb versus o 0carb is provided in Fig. 5. 

5. Discussion 

5.1. Sample preservation and diagenesis 

Sample preservation of the archaeological Rockfish vertebrae was evaluated using the FT-IR 

analysis. The infrared spectra for five samples of Rockfish vertebrae are shown in Fig. 3 and 

18Table 1. These samples were chosen because they represent the range ofo 0phos and age in the 

dataset in this study (Fig. 6). Based on the method proposed by Iacumin et al. (1996), samples 
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that are offset from the 818
0phos I 818

0carb linear relationship are considered likely to have been 

altered. 

Sample 60-70B (the youngest sample) is on the linear relationship of Longinelli and Nuti 

(1973) and Iacumin et al. (1996), and thus should produce a pristine CI value, which is 

equivalent to a modem value (Shemesh, 1990). In addition, the oldest sample (290-300) 

produces a 818
0phos value on the linear relationship within error and also has a pristine CI value. 

However, two samples that produce anomalous 818
0phos values (Fig. 6) also record the most 

elevated CI values and the lowest C/P ratios (Table 1 ). The CI values for these two samples are 

still within the modem range (Shemesh, 1990). Overall, FT-IR analysis suggests that all these 

samples are mineralogically and chemically pristine in order to extract an original isotopic 

signature. 818
0phos and 818

0carb do not appear to be correlated with CI or the C/P ratios as 

previously reported by Shemesh (1990) and Wright and Schwarcz (1996), although this is clearly 

an artifact of the sample size of this study. 

5.2. b18
0phos versus b18

0carb 

Sample preservation can also be evaluated using the linear relationship between 818
0phos and 

818
0carb as originally described by Longinelli and Nuti (1973) and updated by Iacumin et al. 

(1996). Iacumin et al. (1996) argue that 8180 in co-existing carbonate and phosphate should 

follow the linear relationship, as previously mentioned, which is a combination of modem 

marine organisms and living mammals. Note, that the variability around this linear relationship is 

between 1-2%o. Vennemann et al. (2002) also show considerable variability in shark 818
0phos and 

818
0carb of~1.5%o. In addition, they report a ~-p (818

0carb- 818
0phos) value of9.1 %o, which is in 
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agreement with equilibrium fractionations (Iacumin et al., 1996; Zheng, 1996). The average ~c-p 

for the Rockfish dataset is comparable (average, 8.6%o ± 0.7%o, N=99). 

The o180phosl<> 180carbcross-plot (Fig. 6) illustrates the range in archaeological Rockfish from 

Namu. The majority ofour data (>90%) falls within 2o/oo of the linear relationship in Iacumin et 

al. (1996), and thus within natural variability. Several data points deviate significantly from this 

relationship, which we suggest is the result of either improper silver phosphate precipitation or 

post-depositional diagenetic alteration. Post-depositional alteration to the ()180phos signal, and not 

the o180carb signal, has been found in samples that are altered by microbial-mediated degradation 

ofbioapatites (Blake et al., 1997; Zazzo et al., 2004). Therefore, since the () 180phos values deviate 

the greatest from the proposed linear relationship, we conclude that the () 180carb values are 

original. The four () 180phos values with error bars that completely lie outside of the 2%o envelope, 

as illustrated in Fig. 6, are excluded from further discussion. 

5.3. Trends in J18 
0phos, J13 

Ccarb and J18 
0carb 

The () 180phos frequency distribution (Fig. 4) shows skewness to the left, which could be the 

result of analyzing multiple species that either inhabits waters with variable isotopic 

compositions and/or vital effect. Unfortunately, different species ofRockfish are visually 

indistinguishable using vertebrae, therefore in order to more accurately assess this distribution an 

alternate form of identification would be required (e.g., DNA analysis). The extended tail at the 

more positive end of the ()180phos histogram (Fig. 4) is either the result of microbially-mediated 

degradation (Zazzo et al., 2004) or the result of improper silver phosphate precipitation. 

Positive correlations between ()13Ccarb and () 180carb have been suggested to be the result of 

changes in environmental conditions, such as salinity (McConnaughey, 1989). Fig. 5 illustrates 
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that ~50% of the variability between o13
Ccarb and o18

0carb falls on a positive correlation. This 

18concurrent change in o13
Ccarb and o 0carb is somewhat exhibited within the depth record from 

Namu (Fig. 7), which suggests that although minor environmental changes do occur, there are 

periods where the magnitude of the shifts are variable, which could be attributed to different 

individuals or species of fish that inhabit waters of different isotopic composition and/or salinity. 

The Holocene record ofo18
0phos shows little to no variability outside of analytical precision 

suggesting that there has been no significant change to Ow over the Holocene at Namu. 

A comparison of Holocene o18
0phos and o18

0carb is shown in Fig. 8. A significant correlation 

is recorded, however there are intervals that do not exhibit co-variation, and thus those segments 

have been removed. Note, areas on the plot where there is o18
0phos data but no or limited o18

0carb 

data the correlation is uncertain and thus illustrated by dashed lines. Since o18
0carb and o18

0phos 

follow a linear relationship (Fig. 6) this correlation would be expected, and portions that do not 

co-vary should be treated with caution (e.g., Iacumin et al., 1996). There are two major positive 

18 18and negative excursions in both o 0carb and o 0phos of similar magnitude at ~260 em and ~110 

em DBS (Fig. 8), which are --4,000 BP and ~3,100 BP respectively. The cause for this could be 

simply explained by a short-term change in Ow and paleotemperature. The magnitude of these 

shifts is well outside the analytical error for o18
0carb, but not for o18

0phos· Based on this it is 

difficult to assign which paleoenvironmental factor (ow and/or paleotemperature) was the cause. 

The fact that there are inconsistencies in the co-variance and magnitude ofchange between 

18 18o 0carb and o 0phos however suggests that a thorough screening process (e.g., diagenesis) is 

necessary for authentic paleoenvironmental interpretations. 

6. Paleoenvironmental implications 
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Since there is no significant change or trend in o180 carb and o180phos between ~6 ,500-2,200 

BP at Namu, we suggest that this represents no major long-term change in water temperature 

and/or Ow during this time interval. Unfortunately we are unable to identify the species of 

Rockfish and therefore the exact habitat of the population we have analyzed, since different 

species of Rockfish will inhabit different marine settings (Larson, 1980; Nagtegaal, 1983; 

Richards, 1986). Therefore, whether the record of o180 in Rockfish from Namu is sampling 

surface waters or deeper waters is uncertain. 

If we use a Ow value of -0.7%o from Namu harbor, the calculated temperatures for the 

Rockfish o180 data is not concordant with expected temperatures of the region, and therefore 

they must be inhabiting water with a different Ow value. Using the average modem sea surface 

temperature at Namu (+ 10.5°C) and the average Holocene o180phos from Namu Rockfish 

(+18.5%o), we can attempt to calculate paleo-Ow. Since, o180phos values equate to temperature 

based on the relationship provided in Longinelli and Nuti (1973a): 

Temperature (°C) = 111.4 - 4.3 X (o180phos -Ow) 

a Ow value of-5.0%o for the Namu region is calculated. However, using the temperature-based 

relationship ofBohm et al. (2000) for o180carb: 

Temperature (°C) = 20-4.42 X (o 180carb- Ow) 

where, the average o180carb value of -3.2%o is used, the Rockfish are recording a Ow value of-

5.3%o for the Namu region. The Ow values calculated using both the carbonate and phosphate 

equations are within analytical error suggesting a high level of consistency in the data. 

A value of - 5%o for Ow is not unreasonable considering the high level of variability recorded 

in our modem water samples (Table 1 ). The o180 value of the N amu harbor records a typical 

marine signal (Table 1 ), whereas the value ofNamu Lake water is within the range of 
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precipitation for the region (-6%o and -14%o SMOW) (IAEA/WMO, 2004). The mouth of the 

Namu Lake stream has a mixed marine-freshwater isotopic signature, which may be the result of 

sampling during a rising high tide and therefore influenced by encroaching marine-type waters. 

However, a water sample taken from Kiltik Cove across Fitz Hugh Sound (Fig. 1 ), which is 

heavily influenced by the influx of freshwater from 6 streams, has a ~ 180 value that is 

representative of freshwater input. The Namu Harbor area did not record such depleted values at 

the time of sampling because Namu Lake provides a reservoir effect, thus homogenizing 

seasonal variations in the o180 value of precipitation and restricting outflow of freshwater into 

the harbor during Summer. 

Our uriderstanding of modem o18
0carb and o18

0phos in marine bioapatite is limited, even 

though it is essential for the accurate interpretation of ancient data. This study shows that a more 

rigorous diagenetic screening process is necessary in order to assess post-mortem alteration of 

bone apatite, since CI alone is not definitive in assessing diagenetic alteration when investigating 

stable isotope geochemistry. A Holocene record ofo18
0phos from Rockfish at Namu shows no 

distinct trend and therefore we conclude that Ow of the Rockfish habitat has not changed over the 

Holocene. Thus, the Ow value of estuarine/shallow marine seawater at Namu over the past ~6,500 

years was -5%o ± 0.6%o, which will provide the basis for future paleoenvironmental 

interpretations of the region during the Holocene. 
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Abstract 

In this study we use stable-isotope ratios of two modem Saxidomus gigantea specimens from 

Namu, British Columbia to investigate intra- and inter-specimen isotopic variation. Seasonal 

stable isotope profiles (<5 13Cshen, <5 180shen) were generated along the axis ofmaximum growth: a 

standard method for sclerochronolgical investigations. The profiles show that analogous seasonal 

variation is recorded in <5 
180shell however, significant variability is recorded in <5 

13Cshell· We 

suggest this is caused by differences in metabolic activity between the individuals. Intra-shell 

variability was evaluated using a Hendy-type test and a multi-axial growth analysis. Isotopic 

analysis along growth horizons (Hendy-type test) produced good reproducibility for <5 13Cshen, but 

significant variability in <5 
180sheii. especially at the sinistral margin. The multi-axial growth 

analysis generated several profiles crossing a prominent growth band from a single specimen. 

Similar seasonal variations are recorded in <5 180shell along all axes analyzed. <5 
13Cshell show 

significantly less co-variation and is possibly caused by internal metabolic activity. This study 

shows that <5 180shell profiles generated from any portion of the shell are useful in evaluating 

seasonal fluctuations, and may be an excellent method to evaluate the types and rates of shell 

growth. These results have implications for stable isotope sclerochronological studies involving 

the use of fragmented shell material, such as that derived from archaeological sites (e.g., shell 

middens) or sediment cores. 

Keywords: stable isotopes, sclerochronology, Saxidomus gigantea, Namu, British Columbia 
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1. Introduction 

Bivalves are becoming popular materials for reconstructing climatic and environmental 

conditions through the application of stable-isotope and trace-element geochemistry. Previous 
18studies have shown that the stable isotope ratio (o13

Cshelb o 0shen) of bivalve shell carbonate can 

successfully record environmental conditions, such as temperature and salinity, and therefore 

have been applied to investigate seasonal variations in environmental conditions [Krantz et al., 

1987; Goodwin eta/., 2003a; Schone et al., 2006]. These studies have typically used complete 

valves that are cross-sectioned along their axis of maximum growth, and thus provide the most 

complete geochemical record through its life history. However, in some cases complete valves 

are not available for geochemical analysis, and at present it is not understood how stable isotope 

profiles appear around the concave shape ofa bivalve. Fragmented shells retrieved from cores in 

which coring process has only recovered part of the complete shell. Alternatively the shells have 

become fragmented through human and/or natural depositional processes. 

In order to fully utilize shell material that has been fragmented either through the process of 

deposition or retrieving samples via coring we have investigated the distribution of stable 

isotopes in a single species of bivalve, Saxidomus gigantea (Deshayes 1839). The possibility of 

shell isotope inhomonegenities is the main concern which could arise due to several reasons 

including: (a) proximity to the location where the precipitating fluid is produced; (b) faster 

growth rate at the axis of maximum growth compared with adjacent areas; and (c) other 

undefined biological fractionation processes. The results of this study will help contribute to the 

current understanding of bivalve shell stable isotope geochemistry, and whether fragmented or 

partial valves can be used in paleoclimatological studies. Two types of techniques have been 

employed in this study: 

(1) A Hendy-type test [Hendy, 1971] is a technique that is typically applied to speleothem 

studies in order to determine whether the speleothem is in isotopic equilibrium with its 

surrounding environment. In the case of speleothems the test is used to determine ifprocesses 

such as limited amounts of bicarbonate in solution and/or evaporation have affected the isotopic 

composition of the carbonate along a growth horizon [Lauritzen and Lundberg, 1999]. The 

Hendy-type test involves taking a series of samples along a growth horizon (Figure 1A), where 

in principle, all the stable-isotope values should be the same if the precipitation ofcarbonate is in 
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equilibrium. A similar, but lower-resolution study was conducted by Klein et al. [1996] on 

Mytilus trossulus, who indicated significant changes in o13Cshell at the lateral margins, and minor 
18changes in o 0shell· Recently, problems associated with this sampling technique have been 

identified, in that the difference between the drill diameter (0.5 mm) and the size of growth 

horizons (down to the micron scale) would mean that sampling a consistent layer would be very 

difficult [Lauritzen and Lundberg, 1999]. 

(2) Previous studies using sclerochronological techniques have sampled along the maximum 

axis of growth (axis 3; Figure 1B), in order to capture all possible time preserved in the shell. 

Another method in which to determine reproducibility would be to sample multiple axes of 

growth (Figure 1B): termed multi-axial growth analysis hereafter. Using a prominent growth line 

as a marker along the shell, three or more transects can be produced in which a direct comparison 

can be made. 

2. Methods 

2.1. Sampling strategy 

Stable-isotope profiles of two modernS. gigantea samples collected from Namu, British 

Columbia (16th August 2006) were generated along the axis ofmaximum growth in order to 

show the cyclicity recorded in these bivalves. One of these modern samples (MNBC 4) was used 

for the Hendy-type test and multi-axial growth analysis outlined below. 

2.1.1. Hendy-Type Test 

A traditional Hendy test is accomplished by drilling a series of samples along a time

equivalent horizon, most typically applied to the isotopic analysis of speleothems. In our Hendy

type test the left valve of a modernS. gigantea was used. The surficial portion of the valve (0.5

1.0 mm) was removed using an aluminum oxide grinding stone attached to a dentist-type drill. 

The shell was then washed in an ultrasonic bath using deionized water. Discrete sub-samples 

along and beside the designated growth line were drilled to a depth of no more than 0.5 mm 

below the surface of the valve (Figure 1B). Care was taken to remain within <0.5 mm of the 

desired growth line, but towards the edge of the shell this type of sampling technique may 

homogenize more time than that sampled along the axis of maximum growth. 
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Figure 1. Sampling approaches on a modern Butterclam, Saxidomus gigantea, Namu, 
British Columbia. Scale bars are 2cm. (A) Hendy-type test on left valve. Transect 1 is 
on a visible growth band, whereas Transect 2 is off the growth band. (B) Multi-axial 
growth analysis was completed on the right valve of the same specimen. 
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2.1.2. Multi-Axial Growth Analysis 

A multi-axial growth analysis was preformed in order to remove sampling errors associated 

with the edge of the shell and determine if fragmentary segments of the shell can be used to 

construct seasonality profiles. Rather than using another modem shell, the right valve of the 

same modem specimen used for the Hendy-type test above was used (Figure 1B). The valve was 

cross-sectioned four times, with each cut being as perpendicular to the growth lines as possible 

(axis 3 being the typical cut for sclerochronological investigations). Discrete sub-samples were 

drilled (distance between samples was --.{).6 mm) from the upper prismatic layer using a growth 

line as a reference point (Figure 1B). Across the designated growth band 10 sub-samples were 

obtained with 8 samples prior to the growth band (older) and 2 after the growth band (younger). 

The distances to each sample point along the individual profiles were normalized in order to 

make a direct comparison between the profiles produced on axes ofdifferent length. The 

normalized distance ( dn) was achieved using the following equation 

dn = distance to point I total axis length 

2.2. Stable-Isotope Analysis 

Isotopic analysis was performed using a common acid-bath ISOCARB system coupled with a 

VG OPTIMA isotope-ratio mass-spectrometer. Results are reported in the standard delta (o) 

notation relative to Vienna Pee Dee Belemnite (VPDB). Samples were corrected using NBS-19 

reference material (o13C = +1.95%o, o180 = -2.20%o ), which had an analytical precision better 

than O.l%o for both o13C and o180. 

3. Results and Discussion 

The profile ofMNBC 3 and 4 are shown in Figure 2. Each of these profiles show distinct 

cycles in o180shell that exhibit larger spacing at the umbo end, with closer spacing towards the 

commissure. Cycles within o13Cshell are not as apparent although a minor trend (<0.4%o) towards 

more negative numbers from the umbo to commissure is recorded. The different value and trend 

for the final analyses of each profile may be the result of sampling across growth increments, 

based on the fact that MNBC 3 is in a mature phase ofgrowth, whereas MNBC 4 is senile 

(Figure 4 ). Senile growth is slower and more irregular than mature growth, which leads to a 
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Figure 4. Thin-sections of MNBC 3 and MNBC 4. Note that MNBC 3 is 
classified as mature, whereas MNBC 4 is senile. The disparity between the final 
set of ()13Cshell and ()180 shell values are the result of not being able to sample at a 
high enough resolution in MNBC 4 to capture the same record as that produced 
in MNBC 3 (see text for discussion). 



29 

compaction of growth increments towards the commissure. Thus, the last point for MNBC 4 may 

represent a mixture of the last 3 samples recorded in MNBC 3. 

To illustrate the reproducibility between these two specimens, as shown previously for 

Mercenaria mercenaria in Elliot eta/. [2003] and S. gigantea in Gillikin et al. [2005], the x-axis 

ofthe 818
0shell profile of one specimen was fixed (MNBC 3) and the other profile (MNBC 4) 

stretched and condensed in order to produce a single curve (Figure 3). The last value for MNBC 

4 was deliberately fixed to the nearest 818
0shell segment of the curve near the commissure. The 

reproducibility for 818
0shell is exceptional, although due to changing growth rates between the 

specimens and sample spacing some segments of the curve are not represented. It is interesting to 

note that these differences mainly occur at the most enriched and depleted segments of the 

profile, which would indicate that each specimen had different levels of tolerance to 

environmental parameters and/or a result of time averaging. Additionally, the magnitude in 

seasonal818
0shell decrease through the lifespan of both individuals, which may be related to 

environmental factors, but are probably a time-averaging effect of sampling [Goodwin et al., 

2003a]. 813
Cshell did not produce reproducibility as good as 818

0sheth however there are segments 

along the profile where 813
Cshell is very reproducible and show the same trend~ in some years. A 

similar finding was reported by Gillikin eta/. [2005]. The differences in 813
Cshell are possibly the 

result of the individuals having varying levels of respired carbon incorporated into the shell. 

3.1. Hendy-Type Test 

Results from the traditional Hendy-type test are provided in Figure 5. Total variability in 

818
0shell on the growth increment (Transect 1) and off the growth increment (Transect 2) was 

greater than 2.5%o. All the data along both transects produced relatively large standard deviations 

(Transect 1, -0.39%o ± 0. 76%o; Transect 2, +0.11 %o ± 0.48%o). Removing the sinistral portions of 

the profile (3 samples from Transect 1; 1 sample from Transect 2) the standard deviations are 

reduced by half(Transect 1, -0.13%o ± 0.34%o; Transect 2, +0.20%o ± 0.21%o). The increased 

variability at the sinistral portion is most likely the result of the sampling process, although it is 

interesting to note that 813
Cshell shows no significant variability at this margin, but the values 

converge. 

813
Cshell exhibits far less variability across the entire sample set (Transect 1, +0.14%o ± 

0.15%o; Transect 2, +0.03%o ± 0.09%o). Unlike 818
0sheth 813

Cshell shows greater variability on the 

29 




1 

-ID 
0 

b--D--o 

0... 
>-0 

0 ?ft. 
Qi 
.c:; 

"' u 
M1 
c;o 

-ID 00 -1
0... 
>-0 
;:,g -10 

~ .c:; 
Ul 

0 
DO 

-2c;o . _.o 
[:( 

-3 Sinistral Dextral 

0 5 10 15 20 25 

Sample Number 

Figure 5. o13Cshen (diamonds) and 0180 shen (squares) results from the Hendy-type 
test on S. gigantea, MNBC 4 (Fig. lA). Transect 1 (on growth line)= open 
symbols. Transect 2 (off growth line)= filled symbols, 



30 

dextral margin of the shell. Removing the last 5 samples from the dextral margins reduces the 

variability in Transect 1 by half but does not reduce the variability in Transect 2. Again this may 

be associated with the sampling process, as noted by the overlap of isotopic values at the sinistral 

and dextral margins. 

Klein eta/. [1996] report significant ~ 13Cshell variation (between 0.5%o to 0.8%o) around the 

margins ofM trossulus in comparison to the central portions of the shell. In comparison, 

~ 180shell recorded very little variation along each transect (0.2%o to 0.4%o). However this study 

only analyzed 3 to 5 samples along each transect around the shell, and hence the variability 

reported may be a reflection of errors in sampling. Klein eta/. [ 1996] explain the variability in 

~ 13Cshell around the margins as a metabolic activity resulting in non-equilibrium effects in 

comparison to seawater. Based on the data in this study, it would indicate the opposite in that 

~ 13Cshell is in equilibrium around the growth line ofS. gigantea, but that ~ 180shen is not in 

equilibrium at the sinistral margin. 

3.2. Multi-Axial Growth Analysis 

A traditional sclerochronological transect of the shell was taken from the axis of maximum 

growth from which 51 samples were analyzed (Figure 2). The multi-axial growth analysis of 3 

other slices around a prominent growth line (grey region in Figure lB) produces excellent 

reproducibility for ~180shelt, but not for ~ 13Cshell (Figure 6). Total variation in ~13Cshen values 

within all axes was 1.07%o with the highest value associated with axis 3 and the lowest with axis 

2. The largest range (0.82%o) is seen in axis 3. What is apparent in the ~ 13Cshell record is that 

when ~ 180shell values are at their lowest the variability in ~ 13Cshell is greatest. However, when 

positive ~ 180shell values are recorded ~ 13Cshell values show less variability amongst all axes. It is 

interesting to observe that axis 1 and 2 exhibit the highest covariance in both ~13Cshell and 

~ 180shelb in comparison to the other axes. It is suggested that a complex interaction between 

biological effects, such as metabolic activity (i.e., respiration), and environmental effects is the 

cause of the variation in ~13Cshen (i.e., ecosystem metabolic activity). 

All four axes have reproducible profiles for ~ 180shell when normalized for variable axial 

lengths. This suggests that any transect through a shell can be used for seasonality analysis, 

although if using shell material closer to the margins the sample spacing will need to be closer in 

order to capture the full cycle in ~ 180shell· The minor differences in ~ 180shell profiles (Figure 6) 
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may be a result of the normalizing procedure. However, the largest difference recorded at a 

normalized distance of~0.67 (peak in o180shen) is 0.86%o between axis 1 and axis 4. This range 

in values is likely the result of the sampling process, because all isotopic samples are taken as 

discrete aliquots and not continuously sampled. As a result it is not possible to sample all 

portions of the isotopic profile using the drilling techniques employed in this study. A continuous 

milling method, such as that used by Schone et a/. [2006] would avoid this issue. 

Differences in the portion of the profile used in this study are governed by the length of the 

axis. In smaller axial lengths (e.g., margins) the isotopic record is recorded through less material 

and therefore the record is condensed in comparison to axes of longer length (e.g., axis 3). For 

this reason, after normalization of the data the shortest axis (axis 1) records more of the seasonal 

profile per unit distance. Axis 3 is the longest, and therefore is typically used in 

sclerochronological studies to generate a profile of the whole shell. However, we have extended 

the normalization technique back an extra 8 samples in axis 3 in order to encompass the length of 

the profile recorded in axis 1 (Fig. 6). The ability to sample more time along axis 3 reveals a 

small fluctuation at 0.54 on the normalized distance scale, which is not recorded in the shorter 

axis (e.g., axis I). To generate a record with the highest resolution to show subtle changes it is 

advisable to analyze the axis of maximum growth (axis 3). !flow-resolution or time-averaged 

isotopic values are sufficient, which could be more economical in larger bivalve species, it is 

advisable to analyze the shorter axis. 

4. Conclusions and Implications 

Seasonal profiles generated from two individualS. gigantea specimens from Namu, British 

Columbia show excellent reproducibility in o180shell· o13Cshen from these two individuals show 

that during earlier growth stages there was good covariance, although the reproducibility of 

absolute o13Cshen was poor. Other periods of growth show good reproducibility however the 

covariance was reduced. Hendy-type tests from an individual used to generate one of the above 

profiles produced excellent reproducibility along a growth horizon in o13Cshen, whereas o180shen 

produced greater variability especially at the sinistral margin. Multi-axial growth analysis results 

show that similar seasonal o180shell profiles are recorded in all portions of the shell. o13Cshell 

profiles did not exhibit reproducible profiles, except in axis I and 2. We suggest that metabolic 

processes control the variability in o13Cshelb whereas o180shell is controlled by environmental 
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changes independent of internal metabolic activity: thus, the poor reproducibility in o13Cshell in 
18comparison to o 0shell· Therefore, provided sample spacing is matched to axial length, using a 

normalization process, shell fragments can be accurately used to investigate seasonal profiles in 

bivalves. 
18o 0 profiles of shells from a single site and timeframe can be accurate recorders of seasonal 

changes that produce excellent reproducibility. Fragments from whole shells can also be used to 

generate seasonality profiles, which is important when investigating shell-poor or fragmented 

shells from archaeological deposits (e.g., shell middens). 

Multi-axial growth analysis using o180shell profiles could prove to be an excellent method in 

which to investigate the types [Goodwin et al., 2003b] and rates ofgrowth within a shell. 
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Abstract 

In this study we investigate the environmental and biological controls affecting the stable 

isotope composition of an estuarine bivalve species, Saxidomus gigantea. Bivalve stable 

isotope profiles were constructed from modem and archaeological material in order to 

investigate seasonal variations recorded in shell carbonate. The o180shell values were 

found to be dominantly affected by variations in freshwater input from intense local 

precipitation rather than temperature fluctuations. Using o180shell cyclicity as a proxy for 

seasonality, a mechanism for seasonal o13Cshen variability is proposed. A combination of 

multiple mechanisms including temperature, growth rate, and internal bivalve 

metabolism are suggested as the main controlling factors. The results of this study have 

implications for the application ofS. gigantea seasonality analysis for 

paleoenvironmental/climatological and archaeological studies. 

Keywords: stable isotopes, sclerochronology, Saxidomus gigantea, Namu, British 

Columbia 
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1. INTRODUCTION 

Sclerochronology is the study of the chemical (and physical) variation within the 

growth increments recorded in the accretionary hard parts oforganisms (Buddemeier et 

al., 197 4 ). Throughout the life span of a bivalve they secrete carbonate to produce a shell, 

which records the environmental conditions at the time ofdeposition. Stable-isotope 

18sclerochronology (o13
Cshen, o 0shen) focuses on the incremental analysis and variation of 

these proxies along the axis of maximum growth to investigate changes in seasonal 

temperature, salinity and metabolism (e.g., Killingley and Berger, 1979; Krantz et al., 

1987; Bemis and Geary, 1996; Goodwin et al., 2001; Dettman et al., 2004; Schone et al. 

2006; Gillikin et al., 2006, 2007). 

Using incremental stable-isotope analysis of bivalves, Epstein et al. (1951, 1953) 

18reported that o 0shell could provide meaningful paleotemperature determinations, which 

was subsequently applied in the work ofEmiliani et al. (1964), Shackleton (1973) and 

Arthur et al. (1983), for example. Schone et al. (2002) took paleothermometry in shells 

one step further and argued that daily temperature fluctuations can also be extracted from 

18o 0shell provided that sampling was at high-resolution or the growth rates of the shell 

material was fast. 

o13 18
Cshell in bivalves is equally as useful as o 0shelb and can provide information about 

environmental and biological processes affecting bivalve growth. It has been proposed 

that o13
Cshell values closely approximate the o13

C of dissolved inorganic carbon (o13
Cmc) 

in seawater (Mook and Vogel, 1968; Killingley and Berger, 1979; Arthur et al., 1983). 

13Recently it has been suggested that o Cshell is most likely the result ofa combination of 
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813Cmc and C02 derived from internal bivalve respiration (e.g., Tanaka et al., 1986; 

McConnaughey et al., 1997; Lorrain et al., 2004, Gillikin et al., 2005). The magnitude of 

the metabolic effect is under debate, with some researchers estimating values <10% (e.g., 

McConnaughey et al., 1997; Gillikin et al., 2005), whereas others propose values as high 

as 35% (Gillikin et al., 2007): but this is dependent on different species effects. 

Knowledge of past 813Cmc is essential to understanding the carbon cycle (e.g., Mook and 

Tan, 1991; Hellings et al., 1999; Bouillon et al., 2003) and thus a greater understanding 

of carbon synthesis in bivalves would improve our understanding of shallow-water 

carbon dynamics. 

In this study, we construct 813Cshell and 8180shell profiles for 17 Saxidomus gigantea 

(Deshayes 1839) shells (15 archaeological and 2 modem) from Namu, British Columbia. 

These profiles were used to create models attempting to explain the biological effects and 

seasonal variations in environmental conditions on S. gigantea stable-isotope 

geochemistry. A semi-quantitative explanation is then provided to describe changes in 

813Cshell and 8180shell through the Holocene from Namu, British Columbia. 

2. STUDY SITE 

Namu is located on the central coast of British Columbia ~100 km north ofVancouver 

Island (Fig. 1 ). It is situated on Fitz Hugh Sound partially sheltered from the Pacific by 

Hunter Island and Calvert Island. The site is located in a temperate rainforest 

environment. An Environment Canada weather station, which operated sporadically at 

Namu from 1931-1985, provides us with a historical record ofprecipitation. Precipitation 
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is dominant in the winter months with up to 400 mm per month in winter, and less in the 

summer months with about 125 mm. Yearly rainfall regularly exceeds 3000 mm. Winter 

daily average air temperatures approach 0°C in February and reach~15°C in August. 

Water temperatures are far less variable, typically ranging during the year from~7°C to 

~14°C (Fig. 2). 

The archaeological site at Namu is positioned near the mouth of the outlet from Namu 

Lake. It is the longest continuously occupied site on the coast of British Columbia and 

therefore contains an extensive record of cultural material. The oldest cultural deposits at 

Namu date back to ~11,000 cal years BP (Carlson, 1996), however sufficient quantities 

and preservation of faunal material dates back to ~7,000 BP (Cannon, 1996). Previous 

archaeological studies have indicated a change in settlement and subsistence patterns 

after ~.000 BP, which could be related to environmental stress in the region (e.g., 

Cannon et al., 1999; Cannon, 2002; Cannon and Yang, 2006). 

3. ECOLOGY OF S. GIGANTEA 

S. gigantea is an infaunal bivalve species which inhabits the inter-tidal zone from 

northern California to the Aleutian Islands of Alaska (Quayle and Bourne, 1972). They 

are found in a variety of porous substrates including sediments ranging in grain size from 

mud to gravel/shell fragments (Fraser and Smith, 1928). Burrows have a maximum depth 

of25-35 em and are at or below low tide level and occur to a maximum water depth of 

30m (Abbott and Haderlie, 1980). The preferred habitat ofS. gigantea is around 

sheltered coastal areas and river mouths, thereby encompassing estuarine to marine 
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environments and thus salinity changes (Fig. 3). A survey of British Columbian S. 

gigantea indicates that spawning takes place in late Spring however it can occur 

throughout the Summer (Quayle and Bourne, 1972), although this could vary year to year 

(Fraser, 1929). Laboratory culture experiments indicate that the most successful 

temperature for spawning is ~15°C (Quayle and Bourne, 1972). Daily air temperature 

maxima for Namu however, can reach up to 13°C in April and 17°C in May. Therefore, 

spawning ofS. gigantea could occur in Spring or early Summer in a typical year. Growth 

rate is thought to be most rapid in the spring and summer months when food availability 

is highest due to local phytoplankton blooms (Quayle and Borne, 1972). Growth rate 

slows after ~10 years (Fraser and Smith, 1928), however S. gigantea can live for up to 20 

years (Quayle and Borne, 1972). 

3. METHODS 

3.1. Collection and sampling of Saxidomus gigantea 

S. gigantea samples were collected in 1977-1978 during archaeological excavations 

conducted by Simon Fraser University (Carlson, 1979), and were subsequently made 

available for study at McMaster University. Samples were screened such that only those 

that had complete valves (excluding one sample) and had the best visual preservation 

were selected for isotopic investigation. The valves used in this study all had enough 

upper prismatic carbonate preserved for sampling. Samples that were visually friable and 

chalky were not selected as to avoid possible post-depositional alteration. The units were 

dated using fragments of charcoal associated with distinctive horizons and ranged in age 
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from 6,000-500 BP (for details see Cannon, 1991; Carlson, 1996; Cannon and Yang, 

2006). 

Modem S. gigantea samples were collected directly from the local clam beach at 

Namu, which was a potential source of S. gigantea shells to the Namu midden (Fig. 4). 

The valves were cleaned in deionized water and freeze-dried using a VIRTIS Lyo-Centre 

for ~12 hours. 

Modem and archaeological bivalves were rinsed in deionized water and then sectioned 

along their axis of maximum growth. Cross-sectional surfaces were then partially 

polished using 0.5 f.tm carbide wet sand paper, this allowed growth bands analysis. The 

middle prismatic layer was sampled using a dentist-type drill with a 0.5 mm carbide drill 

bit with spacing between adjacent samples ranging from 0.5-1.0 mm. 

3.2. Collection of modern water samples 

Stable-isotope analyses were conducted on 6 water samples collected from Namu 

Lake, at the headwater of the stream emptying Namu Lake, the stream contact with the 

sea, Namu Harbor and Kiltik Cove directly opposite Namu across FitzHugh Sound. 

Waters samples were collected in 250 mL polypropylene bottles that were triple rinsed 

with sample water prior to taking the sample and sealed so that no headspace was present. 

Bottles were then sealed, covered, and refrigerated at 4 oc until analyzed. In the lab, water 

samples were filtered using Pall Corporation's Supor®-100 membrane filters with a pore 

size of 0.1 f.tm. Filtered samples are kept in 9 mL glass vials and were again sealed, 

covered and refrigerated until isotope analysis. 
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3.3. Stable-isotope analysis 

Isotopic analysis was performed using a common acid-bath ISOCARB system coupled 

with a VG OPTIMA isotope-ratio mass-spectrometer. Results are reported in the standard 

delta (o) notation relative to Vienna Pee Dee Belemnite (VPDB). Samples were corrected 

using NBS-19 reference material (813C = +1.95%o, 8180 = -2.20%o), which had an 

analytical precision better than O.l%o for both 813C and 8180. 

8 
18

0water analysis was conducted using high-temperature pyrolysis methods modified 

from Gehre et al. (2004). The manual injection system consists of a modified (smaller 

diameter) stainless steel sleeve with a septum centered over the high-temperature reaction 

column containing glassy carbon. The carrier gas is injected from the bottom of the 

reaction column and subsequently flows to the top of the column providing positive 

pressure, which carries water vapor efficiently from the reaction column to the mass

spectrometer. On average 10 aliquots of water were injected and analyzed, from which 

the average 8 
18

0water was then corrected using a combination of external (SLAP and 

SMOW) and internal (DTAP) standards. The average 8 
18

0water reproducibility for the 

water samples was 0.3%o (ranging from 0.6%o to 0.2%o). All measurements were 

conducted on a Thermo TC/EA coupled with a Deltaplus XP continuous-flow isotope-ratio 

mass-spectrometer. 

3.4. Preservation of shell material 

It has been proposed that in order to accurately use archaeological shell material in 

either paleoenvironmental/climatic or seasonality studies, sufficient evidence for pristine 
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preservation (Killingley, 1983; Bailey et al., 1983; Mannino et al., 2003) must be 

obtained. Aragonitic bivalves provide an excellent candidate since aragonite is a meta

stable form of calcium carbonate and therefore post-depositional alteration is likely to be 

associated with the formation of calcite as opposed to secondary aragonite (Grossman 

and Ku, 1986). X-ray Diffraction analysis was used to assess the mineralogy ofS. 

gigantea shells in modem and archaeological specimens. The archaeological samples 

ranged in age from ~5,000 BP (ElSx-1, unit: 68-70 S, 6-8 W, 280-290cm DBS), ~3,500 

BP (ElSx-1, unit 68-70 S, 4-6 W, 170-180cm DBS), and 500 BP (ElSx-1, unit: 68-70 S, 

6-8 W, 50-60cm DBS). In addition, a poorly preserved specimen based on visual/physical 

characteristics (i.e., chalky, disaggregated appearance: ElSx-1, unit 68-70 S, 4-6 W, 180

190B). 

All samples, even 180-190B were composed entirely of aragonite with no traces of 

calcite, which suggests pristine preservation. Spectral peaks of modem and the young 

archaeological ( ~500 BP) specimens have a broader, smaller, and less defined shape than 

older archaeological specimens. This indicates that either the aragonite crystals are small 

or there is still considerable organic matter bound within the shell structure (Lowenstam 

and Weiner, 1983). 

4. RESULTS AND DISCUSSION 

A cross-plot of o13Cshen and o180shen from all archaeological S. gigantea profiles 

indicate there is no correlation (Fig. 5). Previous work has suggested that a correlation 

between o13Cshen and o180shen would be expected if bivalve carbonate is controlled by 
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changes in salinity associated with freshwater input (McConnaughey, 1989a,b; Gillikin et 

al., 2005). Because there is no correlation other mechanisms must be invoked to explain 

the isotopic variation inS. gigantea from Namu, British Columbia. 

The profile of two modernS. gigantea (MNBC 3 and MNBC 4) are shown in Fig. 6. 

Each of these profiles show distinct cycles in 8180shell that exhibit larger spacing at the 

umbo end, with closer spacing towards the commissure. Cycles within 813 Cshell are not as 

apparent although a minor trend (<0.4%o) towards more negative numbers from the umbo 

to commissure is recorded. The different value and trend for the final analyses of each 

profile may be the result of sampling across growth increments, based on the fact that 

MNBC 3 is only mature, whereas MNBC 4 is senile. Thus, the last point for MNBC 4 

may represent a mixture of the last 3 samples recorded in MNBC 3. 

The isotopic profiles of 15 archaeological S. gigantea are not all depicted here, but 

two that show excellent seasonal cycles in 813Cshell and 8180shell are provided (Fig. 7). It 

should be noted that the majority of the specimens generated similar profiles. Although 

813Cshell seasonality is not as well defined as 8180shell cycles, it is certainly clearer in 

comparison to the modern samples. The reason for this may stem from the presence of 

carbonate-bound organic matter present in modem shells. Typically, 813Cshell occurs with 

a similar frequency to 8180sheth however it is of smaller amplitude and has a different 

shape with respect to 8180 shell cycles. The fact that 813Cshell exhibits a similar frequency to 

8180shell this suggests that it is due to seasonally varying process. However, it does not 

elucidate whether this process is environmentally or biologically controlled. 
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4.1. Mechanism for 3180shell cycles 

~180shell profiles ofS. gigantea exhibit a sinusoidal shape (Fig. 7) that has been shown 

in many other bivalve isotopic studies (e.g., Gillikin et al., 2005). Such sinusoidal 

variation has been proposed to represent seasonal fluctuations in temperature and/or 

salinity. Based on the aragonite temperature equation by Grossman and Ku (1986), 

updated by Bohm et al. (2000), and using a ~w value from the Namu river mouth of-

2.0%o and S. gigantea ~180shen (n = 724) this would produce unreasonably high 

temperatures (6.3-33.4°C) with an average of20.1 °C. Sea surface temperatures (SST) 

measured by local British Columbian lighthouses exhibit an annual temperature variation 

in the range of7-14°C. In addition to the anomalous temperatures, the amplitude ofthe 

fluctuation inS. gigantea ~180shen is far greater than expected from fluctuations in SST in 

the area, which suggests another environmental mechanism is affecting ~ 180she11· A 

different ~w of seawater in comparison to modem values may explain this discrepancy in 

~ 180shen and SST, however, this would seem unlikely considering that the shells are only 

Holocene in age. SST calculated from phosphate ~ 180 of co-occurring archaeological 

Rockfish from Namu (see Chapter 1) also suggests that ~w has not changed and a long

term average value of-5%o for the Holocene is recorded. 

A value of -5%o for ~wis not unreasonable considering the high level ofvariability 

recorded in our modem water samples. The ~ 180water value of the Namu Harbor records a 

typical marine signal (-0.7%o), whereas the value ofNamu Lake water (-8.4%o) is within 

the range ofprecipitation for the region ( -6%o and -14%o; IAEAIWMO, 2004). The 

mouth of the Namu Lake stream has a mixed marine-freshwater isotopic signature(
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2%o), which may be the result of sampling during a rising high tide and therefore 

influenced by encroaching marine-type waters. However, a water sample taken from 

Kiltik Cove across Fitz Hugh Sound (Fig. 1) is heavily influenced by the influx of 

freshwater from 6 streams, and has a 5180water value that reflects this high freshwater 

input (-3.6%o). The Namu Harbor area did not record such depleted values at the time of 

sampling because N amu Lake provides a reservoir effect, thus homogenizing seasonal 

variations in the 5180 value of precipitation and restricting outflow of freshwater into the 

harbor during Summer. 

In addition, the high annual rainfall (>3000mm/yr), and therefore large changes in 

salinity/freshwater input must have a dramatic impact on seasonal 8w and thus, the 

5180shell ofS. gigantea. Seasonal variation in 8180 ofprecipitation (IAEAIWMO, 2004) 

for the greater Namu region varies between -6%o and -14%o SMOW. The 8180 value of 

the Namu Lake sample collected in mid-August has an isotopic composition of-8.4%o, 

which represents the average annual precipitation value of the region. Increased supply of 

160-enriched water during the late Fall and Winter at Namu will dramatically affect 

bivalve 8180 carbonate, thus producing the anomalously warmer temperatures. Similar 

seasonal salinity/freshwater effects on bivalve 5180shell have been used by Dettman et al. 

(2004). Therefore, we interpret the seasonal changes in 5180sheU ofS. gigantea at Namu to 

be dominantly controlled by variability in the annual fluxes of freshwater, with a minor 

contribution from temperature. 
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4.2. Mechanisms for seasonal o13Cshen in archaeological S. gigantea 

Based on the evidence that o180shell values inS. gigantea are dominantly controlled by 

precipitation at Namu, British Columbia, the most negative o180shell values should 

correspond to the highest months of rainfall (Fig. 2). This would occur in the late Autumn 

-early Winter (October-December). However, the most positive o180shell values would 

correspond to the Summer months, when precipitation is low. Based on this a schematic 

representation ofo13Cshen and o180shen for S. gigantea from Namu (Fig. 8) can be 

constructed using the two profiles in Fig. 7. The profiles illustrated in Fig. 7 are typical of 

the dataset from Namu, although a few exceptions are noted. By fixing the o180shell curve 

to the seasonal periods as described above, an interpretation can be made on explaining 

the cause and variability in o13Cshell· 

There are several potential mechanisms that can control o13Cshell values, including 

salinity, o13Cmc, temperature and respired metabolic carbon. Due to the high levels of 

precipitation at Namu S. gigantea are heavily influenced by changes in 

salinity/freshwater input. Since freshwater is depleted in both 13C and 180, one would 

expect to see a positive correlation between o13Cshen and o180sheii. with more negative 

o13Cshen occurring when o180shen is most negative. However, this is clearly not the case as 

shown in the complete dataset (Fig. 5) and the isotopic profiles (Figs. 7,8). Thus, we 

suggest that the change in freshwater input is not a controlling factor of S. gigantea 

o13Cshen at Namu. 

Phytoplankton blooms can significantly affect o13C01c, which can cause changes in 

o13Cshen values. However, at British Columbia the majority ofblooms occur during the 
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Fig. 8. Graphical representation of o13
Csheu (dashed line) and 018

0sheu 

(solid line) in archaeological S. gigantea against seasonal periods. 
Grey vertical bars represent growth bands. MR signifies the portion 
of the 013

Cshell curve affected by changes in metabolism and T,Gr 
represents the portion affected by temperature change and growth 
rate, respectively. The o18

0shell curve is fixed with the most negative 
values associated with Autumn/Winter and the most positive values 
with Summer (see text for discussion). 
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Spring and early Summer (Sancetta, 1989). Increased phytoplankton production leads to 

13elevated o Cmc in surface waters by preferentially incorporating 12C into phytoplankton 

during the process ofphotosynthesis (Kirby et al., 1998; McConnaughey, 1989a,b). With 

<1 0% of metabolic respired carbon being incorporated into bivalve carbonate and the 

remaining 90% being incorporated from o13C01c (McConnaughey et al., 1997), periods of 

increased phytoplankton production should result in more positive o13Cshell values. Fig. 8 

shows that phytoplankton blooms are most prolific during intervals when o13Cshen is most 

negative. Thus, it is suggested that o13C01c of surface waters are not a dominate factor to 

13explain the o Cshen relationship with o180shen reported in this study. 

Temperature can also affect o13Cshen values but to a lesser extent. Emrich et al. 

(1970) demonstrated a shift in o13C of inorganically precipitated calcium carbonate of 

0.035%o per °C. However, Grossman and Ku (1986) reports a shift in mollusc o13C of 

0.13%o per °C. This would invoke a variation in o13Cshell of0.9%o for the recorded 

temperature range at Namu. Such variation could easily explain the total variation of 

o13Cshen ofmany individualS. gigantea shells. Based on our interpretation ofo180shen the 

most negative o13Cshell (i.e., warmer temperatures) should occur close to the most positive 

o180shen values. Such a relationship is clearly indicated in Fig. 8, where o13Cshen gradually 

decreases from the Spring to Summer and reaches a minimum just prior to when the 

growth band is formed. In addition to temperature an increase in growth rate, most likely 

13during the Spring and Summer periods, has been shown to cause a decrease in o Cshen 

(Erez, 1977, 1978; McConnaughey, 1989a,b; Klein et al., 1996). Thus, both temperature 

and growth rate may be affecting this portion of the o13Cshell record depicted in Fig. 8. It 
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is interesting to note that directly after the growth band o13Cshell is suddenly more 

elevated, which would indicate another mechanism. 

Changes in internal metabolic rate and the incorporation of respired carbon can also 

affect o13Cshell values. Periods after the formation of a growth band are typically 

associated with elevated o13Cshell values (Fig. 7). Elevated o13Cshen has been shown to be 

associated with the period following spawning during the energy recovery process 

(Gillikin et al., 2006). AsS. gigantea spawns during the Spring/ Summer close to the 

timing of forming a growth band, this may result in the more positive o13Cshell values 

observed. The subsequent gradual decline in o13Cshell may be related to an increase in 

metabolic rates due to the need for increased shell production for the coming year. 

4.3. Implications for geochemical investigations on estuarine bivalves 

The bivalve species under investigation, S. gigantea, inhabits an estuarine 

environment which is affected by both temperature and salinity fluctuations. Based on 

depleted 6180shell values recorded in shell carbonate we conclude that 6180shell ofS. 

gigantea at Namu is dominantly affected by freshwater input from intense local 

precipitation. Therefore ()180shell from bivalves in estuarine settings may not only be 

controlled by temperature, but is more likely affected by a combination of temperature 

and salinity. We conclude that an understanding of the isotopic composition of modern 

water is required for any sclerochronological investigation especially in estuarine 

settings. 

o13Cshen records exhibit cyclicity with a similar frequency to o180shen however, display 

a different shape signifying that factors external to o180shell are affecting 613Cshell· We 
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propose that a multiple mechanistic effect is responsible for controlling o13Cshell 

variability in the archaeological record. We suggest that a combination of temperature, 

internal metabolic respiration, and growth rates control the seasonal variations in o13Cshen 

values 

Therefore, unless the environmental factors that affect o180shell and o13Cshell are 

understood in a modern setting it is unlikely than any definitive conclusions regarding 

ancient records can be inferred. 
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ABSTRACT 

Archaeological shell middens provide a unique insight into the historical record ofresource 

collection strategies and environmental change. Saxidomus gigantea (Butter Clam) from a shell 

18midden at Namu, British Columbia have been analyzed for o 0shell in order to detennine climate 

18during the Holocene. The o 0shell values from archaeological S. gigantea at Namu indicate that 

precipitation is the dominant factor, and not temperature. A 5,000-year record ofaverage 818
0shell 

indicates that a major increase in precipitation occurred between 4,000-2,000 BP. This shift 

corresponds with other independent records indicating a change in the Aleutian Low Pressure 

system and the strength ofENSO. Concordant with this environmental shift is a change in 

subsistence and settlement strategies of the Native peoples suggesting that this mid-Holocene 

event had a major impact on human lifestyles. 

Keywords: oxygen isotopes, sclerochronology, Saxidomus gigantea, ENSO, precipitation, 

Namu, British Columbia 
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INTRODUCTION 

Archaeological deposits can enable a novel approach to paleoenvironmental questions 

because of their unique depositional characteristics and associated archaeological context. 

Archaeological sites occupied continuously over extended periods of time offer the advantage of 

containing extensive amounts of material at high temporal resolution. Shell middens at such sites 

have the potential to provide relatively long-term, high-resolution paleoenvironmental records. 

Sclerochronology encompasses the study of the physical and chemical variation within the 

growth increments recorded in the accretionary hard parts oforganisms (Hudson et al., 1976). 

Detailed studies of the environmental effects on bivalve growth increments and stable isotopes 

have been conducted in numerous studies (e.g., Krantz et al., 1987; Bemis and Geary, 1996; 

Dettman et al., 1999; Goodwin et al., 2001) and indicate that bivalves faithfully record 

environmental conditions in isotopic equilibrium. 

The first application of archaeological sclerochronology to paleoclimatology was on 

mollusks from the Arene Candide and Haua Fteah caves in Italy and Cyrenaica (Libya) 

respectively (Emiliani et al., 1964). This study involved examining the seasonal variation in 

() 
18

0shell of two species of mollusks (Patella coerulea, Trocus turbinatus), over the past 175,000 

years. This temporal timeframe permitted the analysis of () 180 variations over a glacial period 

and revealed a rapid temperature rise after 10,000 years BP concurrent with the end of the 

Pleistocene glaciation. In a more recent application, Kennett and Voorhies (1995) conducted 

stable-isotope analysis of molluscs (Polymesoda radiata) from the late Archaic period on the 

Pacific coast of Mexico. Their study consisted of seasonality analysis of archaeological bivalves 

over a 5,000-year time period in order to investigate both season of site occupation and potential 

climate change of this time period. Kennett and Voorhies (1995) concluded that bivalve <> 
180 at 
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their site, located in an estuarine environment was dominantly controlled by fluctuations in river 

discharge. Comparing modem seasonal variations in S180, salinity, rainfall and river discharge 

they determined that there were no significant changes in climate over the past 5,000 years at 

their study site. However, more recent evidence suggests that changes in the global climate 

occurred during the Holocene (e.g., Chang and Patterson, 2005). 

The archaeological site ofNamu on the BC coast provides an excellent opportunity to study 

Holocene climate change using sclerochronological techniques. Radiocarbon-dated shell from 

Namu (ElSx-1) indicates that the shell record ofSaxidomus gigantea (Deshayes 1839) extends 

back to 5,000 BP, therefore providing an excellent opportunity to use the Namu record ofS. 

gigantea to reconstruct the paleo-environment and -climate of the region during the late 

Holocene. 

STUDY SITE 

Namu is located on the central coast ofBritish Columbia ~100 km north ofVancouver 

Island (Fig. 1 ). The site is located in a temperate rainforest environment. An Environment 

Canada weather station, which operated sporadically at Namu from 1931-1985, provides an 

historical record ofprecipitation. Precipitation is dominant in the winter months with up to 400 

rom per month in winter, and less in the summer months with about 125 mm. Yearly rainfall 

regularly exceeds 3000 mm. Winter daily average air temperatures approach 0°C in February and 

reach ~15°C in August. Water temperatures are far less variable, typically ranging during the 

year from ~7°C to ~14°C 

Namu is the longest continually occupied site on the coast ofBritish Columbia and therefore 

has a rich prehistory. Excavations of the archaeological site at Namu (ElSx-1) revealed 

prehistoric occupation extending back ~11,000 BP (Carlson, 1996). These excavations exposed 
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several large midden deposits at Namu. Bivalve samples (S. gigantea) were collected in 1977

1978 during archaeological excavations conducted by Simon Fraser University (Carlson, 1979), 

and were subsequently made available for analysis at McMaster University. 

METHODS 

ModemS. gigantea samples were collected in August 2006 from the clam beach at Namu. 

Bivalves were cleaned of all soft-tissue and scrubbed to remove other extraneous material. 

Modem and archaeological bivalve samples were washed in deionized water and then cut along 

the axis of maximum growth producing a clean surface, which aided in determining the position 

ofgrowth bands. The lower portion of the upper prismatic layer was sampled using a dentist-type 

drill with a 0.5 mm carbide drill bit. Stable-isotope analyses were performed on a VG OPTIMA 

gas-source mass-spectrometer using a common 100% phosphoric-acid bath at 90°C. Analytical 

precision for NBS-19 was better than 0.1 %o for o180. 

At the time of collecting modem S. gigantea marine and freshwater samples were taken from 

the ambient water near the clam beach as well as Namu Lake and Namu Lake outlet (nearest 

source of freshwater). Water samples were taken in 250 mL polypropylene bottles, which were 

triple rinsed with sample water before taking a sample. Bottles were then sealed, covered, and 

refrigerated at 4°C to prevent post-sampling photosynthetic/biological effects. In the lab, water 

samples were filtered using Pall Corporation's Supor®-100 membrane filters with a pore size of 

0.1 J..tm. Filtered samples are kept in 9 mL glass vials and were again sealed, covered and 

refrigerated until isotope analysis. Isotopic analysis was preformed on a high temperature reactor 

(Thermo TC/EA) coupled with a DeltaPLus XP using a method similar to Gehre et al. (2004). 
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RESULTS AND DISCUSSION 

<i 180shell profiles ofS. gigantea exhibit a sinusoidal shape (Fig. 2) that has been shown in 

many other bivalve isotopic studies (e.g., Gillikin et al., 2005) and represents seasonal 

fluctuations in temperature and/or salinity. Based on the aragonite temperature equation by 

Grossman and Ku (1986), updated by Bohm et al. (2000), and using a Ow value from the Namu 

river mouth of -2.0%o and S. gigantea o180shell (n = 724) would produce unreasonably high 

temperatures (6.3-33.4°C) with an average of20.1 °C. Sea surface temperatures (SST) measured 

by local British Columbian lighthouses exhibit an annual temperature variation in the range of7

140C. However, the amplitude of the fluctuation inS. gigantea o180shell is far greater than SST in 

the area, suggesting another environmental mechanism. A different Ow may explain this 

discrepancy in o180shell and SST. SST calculated from phosphate o180 ofco-occurring Rockfish 

from Namu would indicate that a Ow value of-5%o over the past 6,500 years is required to obtain 

reasonable SST (Kingston and Grocke, unpublished data). Modem Ow values from Namu Lake ( 

8.4%o) and the Namu Harbor (-0.7%o) would suggest the Rockfish record an annual mean Ow and 

that <>w fluctuates seasonally as a result ofchanges in precipitation. 

The high annual rainfall (>3000mm/yr), and therefore large changes in salinity/freshwater 

input must have a dramatic impact on seasonal Ow and thus, the o180shell ofS. gigantea. Seasonal 

variation in ()180 of precipitation (IAEA/WMO, 2004) for the greater Namu region varies 

between -6%o and -14%o SMOW. The ()180 value of the Namu Lake sample collected in mid

August has an isotopic composition of-8.4%o, which represents the average annual precipitation 

value of the region. Increased supply of 160-enriched water during the late Fall and Winter at 

Namu will dramatically affect bivalve ()180 carbonate, thus producing values suggesting 

anomalously warmer temperatures. Similar seasonal salinity/freshwater effects on bivalve 
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18o 0shen have been used by Dettman et al. (2004). Therefore, we interpret the seasonal changes in 

18o 0shen of S. gigantea at Namu to be dominantly controlled by variability in the annual fluxes of 

freshwater, with a minor contribution from temperature. 

18o 0shen profiles of 17 S. gigantea shells for the past ~6,000 years were produced, and a 

18subsequent long-term record of average o 0shen over this time period was generated (Fig. 3). A 

18trend from near-modem o 0shen values at ~5,000 BP to more negative values is recorded 

between ~4,000-2,000 BP, before gradually returning to modem values. Based on our 

18understanding ofo 0shell in bivalves, the two dominate environmental changes that could cause 

the negative shift between 4,000-2,000 BP would be an increase in temperature and/or an 

increase in precipitation (freshwater flux). We favor the latter at Namu, and suggest that this may 

be directly linked to climate change in the Pacific during the Holocene. 

PACIFIC PALEOCLIMATOLOGICAL EVIDENCE 

Other proxy records ofHolocene climate in British Columbia also suggest increased 

precipitation from 4,000 years BP. Terrestrial evidence for this comes from the lowering of the 

alpine treeline glacial advance (Clague et al., 2004) and an increase in western hemlock pollen 

(Spooner et al., 2003), which indicates that cooler and wetter conditions existed in the region 

during this time period (Fig. 3). Marine evidence derived from a 4,400-year diatom record from 

Effingham Inlet located on the western side ofVancouver Island indicates that from 4,400

2,000 BP cooler and wetter conditions existed (Fig. 3), as indicated by a shift in diatom species 

assemblages, increased pollen abundances and a movement towards non-laminated sediments 

(Chang and Patterson, 2005). 

Spooner et al. (2003) suggest that the late Holocene change in climate affecting British 

Columbia may be the result of a change in intensification of the Aleutian Low Pressure system in 
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the North Pacific. Changes in the position of this system are known to have affected climate in 

the historical past (Mantua et al., 1997) and could be related to larger scale climatic variations, 

such as El Nino-Southern Oscillation (ENSO) events. Several studies from Pacific coastal South 

America have shown an increase in ENSO events (Abbott et al., 1997; Sandweiss et al., 2001; 

Rein et al., 2005) concurrent with the North Pacific precipitation event recorded inS. gigantea 

D18
0shell at Namu (this study, Fig. 3). 

Water level records from Lake Titicaca (Abbott et al., 1997) indicate that after 3,500 BP 

there was a transition from massive, inorganic-clay facies to laminated organic-rich silts 

interpreted as a result of increased water levels from a previous dry period (Fig. 3 ). 

Archaeological evidence from the Lake Titicaca region also supports this finding, since a dry 

climate would not be conducive to agriculture, and hence the lack of archaeological sites before 

3,500 BP (Binford et al., 1997). However, from ~3,500 BP there is an increase in cultivation and 

development of multiple archaeological sites in the region (Binford et al., 1997). 

Mollusk assemblages from archaeological sites along the north and central coasts ofPeru 

suggest a shift from tropical to temperate precipitation regimes from 3,200-2,800 (Fig. 3), which 

has been ascribed to increased frequency of ENSO events (Sand weiss et al., 2001 ). High

resolution marine sediment records off the coast ofPeru record increasing lithic content 

associated with an increase in extreme flood events (Rein et al., 2005), which has also been 

attributed to enhanced ENSO activity. 

The contemporaneous nature ofan intensification of the Aleutian Low Pressure system 

(Spooner et al., 2003), increased ENSO frequency (Sandweiss et al., 2001), the Pacific Decadal 

Oscillation (Mantua et al., 1997), and the increased precipitation event as recorded at Namu (this 
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study) suggests an intrinsic link between climatic variability along the Pacific coast of North and 

South America. 

ARCHAEOLOGICAL RESPONSE TO CLIMATE CHANGE 

Binford et al. (1997) provide evidence for a cultural response (e.g., agricultural development) 

as the result of a shift in precipitation and lake levels surrounding the Lake Titicaca region. It is 

intriguing to extend such a climate-human interaction to the Namu region. Evidence for 

archaeological shifts at Namu occur from ~4,000 BP, such as a peak inS. gigantea abundance 

associated with a significant decrease in pink salmon remains (Cannon, 2000; Cannon and Yang, 

2006) and paleodietary evidence for the increased consumption of food from lower trophic 

levels, such as shellfish (Cannon et al., 1999) and ratfish (Cannon, 1995). In addition, there is 

also concurrent expansion of the number and variety of site types around Fitz Hugh Sound 

(Cannon, 2002). 

The effect of climate change on human populations is receiving ever-increasing attention. 

This study provides a unique isotopic approach into the use of sclerochronological material to 

study environmental records of climate change, and in collaboration with available 

archaeological evidence provide information of the subsequent response ofhumans. 
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MSc Thesis: Andrew W. Kingston McMaster- School of Geography & Earth Sciences 

Concluding Remarks 

This thesis highlights the potential ofmultidisciplinary approaches to solve 

paleoenvironmental/climatic problems. The combination ofmultiple taxons with 

different mineralogies provides multi proxy reconstruction of past environmental 

conditions. A novel approach to investigate the isotopic composition ofpaleo-waters 

using carbonate and phosphate associated oxygen isotopes has been used, which provided 

an accurate representation of the environmental conditions within the estuary at Namu. 

In addition the database of 8180 from modern marine fishbone has been greatly increased 

highlighting the lack of research in area which is crucial to the accurate interpretation of 

ancient material. The long term record generated using bivalve isotope geochemistry has 

provided a broader understanding of climate change invoking the aspect of human

climate interactions within the paleoclimatic interpretations. The attempt to explain the 

environmental and biological controls on 813Cshen is also lacking from other 

sclerochronological studies and is suggested to provide valuable physiological and 

environmental information, however more constraints are needed for a more accurate 

interpretation. 

I conclude by suggesting that future sclerochronological studies of archaeological 

material should employ similar methodologies as used in this thesis. This includes the 

use of multiple taxons, development ofmodels of the modern system, and a robust 

dataset capable ofproviding accurate statistical analysis. 
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Sample Name Distance (mm) 8 Cshell (%o VPDB) 

EISx-1-50-1 
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EISx-1-50-3 
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EISx-1-50-9 
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EISx-1-50-18 
EISx-1-50-19 
EISx-1-50-20 
EISx-1-50-21 
EISx-1-50-22 
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EISx-1-50-28 
EISx-1-50-29 
EISx-1-50-30 
EISx-1-50-31 
EISx-1-50-32 
EISx-1-50-33 
EISx-1-50-34 
EISx-1-50-35 
EISx-1-50-4C 
EISx-1-50-3C 
EISx-1-50-2C 
EISx-1-50-1 C 

33 
34 
35 

36.5 
37.5 
38.5 
39.5 
40.5 
41.5 
42.5 
43.5 
44.5 
45.5 
46.5 
47.5 
48.5 
49.5 

51 
52.5 
54 

55.5 
57 

58.5 
60 
62 
64 

65.5 
67 

68.5 
70 

71.5 
73 

74.5 
76 

77.5 
78.5 
79.5 
80.5 
81 

0.49 
0.62 
0.75 
0.31 
0.19 
0.44 
0.25 
-0.04 
0.14 
0.10 
0.63 
0.37 
0.44 
0.46 
0.07 
-0.07 
0.13 
0.46 
0.25 
0.22 
0.06 
0.07 
0.25 
-0.31 
-0.35 
-0.67 
-0.14 
-0.62 
-0.65 
-0.60 
-0.19 
-0.31 
-0.08 
-0.06 
-0.03 
-0.17 
0.00 
0.05 
-0.29 

-3.26 
-3.91 
-3.93 
-3.42 
-3.20 
-2.61 
-2.53 
-2.00 
-0.85 
0.45 
-2.02 
-3.45 
-0.77 
-2.70 
-3.60 
-3.52 
-2.30 
-1.24 
-2.11 
-2.49 
-2.44 
-2.37 
-0.25 
-3.15 
-2.81 
-1.79 
-3.00 
-3.56 
-3.82 
-3.33 
-1.30 
-2.75 
-2.34 
-3.46 
-1.76 
-3.41 
-2.14 
-2.62 
-2.12 



Site: EISx-1 

Unit: 32-34 S, 2-4 W 


50-608 em DBS 

ca. 2,700 yr. BP 


2.0 

1.5 

1.0 
~ 
r; 

0.5] 
~ 
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0.0 <-o 
0 
CXl
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-1 .0 

-1 .5 
85 

1.0 

0.0 

co -1.0 . -~0 
c... 
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0 
'£. -2.0 ~ 

"' ~ 
.,0 

-3.0c:o 
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-5.0 
25 35 45 55 

Distance from Umbo (mm) 
65 
 75 


• 




Sample Name Distance 
EISx-1-508-1 
EISx-1-508-2 
EISx-1-508-3 
EISx-1-508-4 
EISx-1-508-5 
EISx-1-508-6 
EISx-1-508-7 
EISx-1-508-8 
EISx-1-508-9 
EISx-1-508-10 
EISx-1-508-11 
EISx-1-508-12 
EISx-1-508-13 
EISx-1-508-14 
EISx-1-508-15 
EISx-1-508-16 
EISx-1-508-17 
EISx-1-508-18 
EISx-1-508-19 
EISx-1-508-20 
EISx-1-508-21 
EISx-1-508-22 
EISx-1-508-23 
EISx-1-508-24 
EISx-1-508-25 
EISx-1-508-26 
EISx-1-508-27 
EISx-1-508-28 
EISx-1-508-29 
EISx-1-508-30 
EISx-1-508-31 
EISx-1-508-32 
EISx-1-508-33 
EISx-1-508-34 
EISx-1-508-35 
EISx-1-508-36 
EISx-1-508-37 
EISx-1-508-38 
EISx-1-508-39 
EISx-1-508-40 
EISx-1-508-41 
EISx-1-508-42 
EISx-1-508-43 
EISx-1-508-44 
EISx-1-508-45 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

35.5 
37.5 
38.5 
39.5 
40.5 
41.5 
42.5 
43.5 
44.5 
46 
47 
48 
49 
50 
51 
52 

53.5 
54.5 
55.5 
56.5 
57.5 
58.5 
59.5 
61 
62 

63.5 
64.5 
65.5 
66.5 
67.5 
68.5 
69.5 
70.5 
71.5 
72.5 

0.66 
0.83 
0.79 
0.41 
0.32 
0.28 
0.63 
0.28 
0.13 
0.22 
0.37 
0.58 
0.45 
0.15 
0.12 
0.03 
-0.07 
-0.26 
-0.36 
0.38 
0.45 
0.53 
0.49 
0.34 
0.34 
0.18 
0.21 
-0.04 
0.18 
0.16 
0.43 
0.18 
0.31 
-0.10 
-0.19 
0.19 
0.17 
0.01 
0.00 
-0.02 
-0.20 
-0.23 
0.35 
0.44 
0.28 

-0.59 
-1.26 
-2.40 
-2.91 
-2.88 
-3.79 
-3.22 
-2.15 
-1.92 
-1.89 
-0.16 
-1.42 
-2.58 
-3.57 
-3.95 
-3.79 
-2.88 
-2.38 
-2.04 
-0.09 
-1.16 
-1.90 
-3.26 
-3.93 
-3.26 
-3.26 
-2.77 
-1.63 
-0.95 
-0.58 
-1.13 
-2.07 
-3.12 
-3.45 
-2.14 
-1.90 
-2.29 
-2.93 
-3.29 
-3.11 
-3.30 
-3.00 
-0.95 
-1.26 
-2.49 



EISx-1-508-46 73.5 0.19 -3.17 
EISx-1-508-47 
EISx-1-508-48 
EISx-1-508-49 
EISx-1-508-50 
EISx-1-508-51 
EISx-1-508-52 
EISx-1-508-53 
EISx-1-508-54 
EISx-1-508-55 
EISx-1-508-56 

74.5 
75.5 
77.5 
78.5 
79.5 
80.5 
81 .5 
82.5 
83.5 
84 

0.00 -3.32 
-0.20 -3.46 
0.34 -1 .59 
0.20 -2 .89 
-0.17 -4.02 
-0.17 -4.26 
-0.15 -3.41 
-0.05 -0.89 
-0.16 -2.64 
-0.13 -2.96 

• 




Site: EISx-1 

Unit: 26-28 S, 2-4 E 


70-80 em DBS 

ca. 1,000 yr BP 


2 
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Distance from Umbo (mm) 

• 




Sample Name Distance {mm) 8
13 

Cshell {%o VPDB) 

EISx-1-70-1 
EISx-1-70-2 
EISx-1-70-3 
EISx-1-70-4 
EISx-1-70-5 
EISx-1-70-6 
EISx-1-70-7 
EISx-1-70-8 
EISx-1-70-9 
EISx-1-70-10 
EISx-1-70-11 
EISx-1-70-12 
EISx-1-70-13 
EISx-1-70-14 
EISx-1-70-15 
EISx-1-70-16 
EISx-1-70-17 
EISx-1-70-18 
EISx-1-70-19 
EISx-1-70-20 
EISx-1-70-21 
EISx-1-70-22 
EISx-1-70-23 
EISx-1-70-2C 
EISx-1-70-24 
EISx-1-70-25 
EISx-1-70-1C 

20 

22 


24.5 

27 


28.5 

30.5 

32 


33.5 

35.5 

37.5 

39 


40.5 

42 

44 


45.5 

47 


49.5 

51 

52 


53.5 

54.5 
56 


57.5 

60 

61 


62.5 

63 


0.47 
0.58 
0.41 
1.04 
0.50 
0.57 
0.27 
0.40 
0.16 
0.23 
0.30 
0.13 
0.35 
0.36 
0.13 
0.13 
0.17 
0.37 
0.07 
0.17 
-0.20 
-0.01 
0.18 
0.42 
0.26 
0.03 
-0.10 

-2.30 
-3.19 
-2.35 
-0.24 
-1.74 
-2.91 
-3.71 
-2.33 
-0.17 
-0.58 
-1.80 
-2.60 
-1.85 
-0.76 
-0.49 
-3.79 
-1.01 
-1.94 
-1.03 
-1.70 
-2.78 
-0.77 
-2.64 
-2.10 
-1.61 
-1.42 
-2.66 



Site: EISx-1 

Unit: 32-34 5,4-6 W 


90-1 00 em DBS 

ca. 3,000 yr. BP 


2 

1.5 

- 0 
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Distance from Umbo (mm) 



Sample Name Distance (mm) 8, 3Cshell (%o VPD8) 8, 80shell (%o VP08) 

EISx-1-E 29.5 0.90 -2.51 
EISx-1 -F 32 0.77 -1.65 
EISx-1-G 34.5 0.41 -0.49 
EISx-1-H 36.5 0.91 -1 .17 
EISx-1-1 38.5 0.64 -2 .60 
EISx-1-90-1 8 39.5 0.64 -3.24 
EISx-1 -J 40.5 0.68 -3.12 
EISx-1-90-28 41 0.26 -3.17 
EISx-1-K 42.5 0.26 -2.59 
EISx-1-90-38 43 0.05 -3.10 
EISx-1-L 44.5 0.44 -0.49 
EISx-1-90-48 45 0.40 -1 .34 
EISx-1-M 46.5 1.08 -3.16 
EISx-1-90-58 47 0.18 -4.22 
EISx-1-N 48.5 0.51 -2.02 
EISx-1-90-68 48.5 0.20 -3.32 
EISx-1-0 50 0.17 -1 .67 
EISx-1 -90-78 50.5 0.12 -1 .80 
EISx-1-P 51.5 0.08 -2.29 
EISx-1-90-88 52 -0.14 -2.86 
EISx-1-Q 53 0.38 -3.05 
EISx-1-90-98 54 0.04 -2.93 
EISx-1-R 55 0.44 -0.87 
EISx-1-S 56 0.38 -1 .48 
EISx-1-90-1 08 56.5 0.28 -1.52 
EISx-1-T 57.5 0.50 -2.11 
EISx-1-U 58.5 0.57 -2.69 
EISx-1-V 59.5 0.24 -1 .79 
EISx-1-W 60.5 0.13 -3.35 
EISx-1-X 61 .5 -0.14 -4.99 
EISx-1-90-3C 62 -0.16 -4.20 
EISx-1-Y 63 0.14 -1.42 
EISx-1-90-2C 64 0.09 -3.21 
EISx-1-90-1C 64.5 -0.10 -4.68 



Site: EISx-1 

Unit: 32-34 S, 4-6 W 


90-1008 em DBS 

ca. 3,000 BP 


2 
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Distance from Umbo (mm) 



3 
Sample Name Distance (mm) 0, Cshel (%o VPD8) o,8

0sheH (%o VPD8) 

EISx-1-908-1 35 -0.23 -2.47 
ELSX-1-908-1 8 35.5 -0.03 -0.59 
ELSX-1-908-2 36 0.52 -1.19 
ELSX-1-908-3 36.5 0.80 -2.32 
ELSX-1-908-4 37 0.46 -3.73 
ELSX-1-908-5 37.5 0.54 -4.78 
ELSX-1-908-6 38 0.42 -4.09 
ELSX-1-908-7 38.5 0.18 -3.12 
ELSX-1-908-8 39 -0.01 -1.79 
ELSX-1-908-9 39.5 0.59 -1.45 
ELSX-1-908-10 40 0.42 -3.81 
ELSX-1-908-11 40.5 0.20 -3.90 
ELSX-1-908-12 41 0.16 -2.97 
ELSX-1-908-13 41.5 0.45 -0.94 
ELSX-1-908-14 42 0.66 -0.47 
ELSX-1-908-15 42.5 1.07 -1.79 
ELSX-1-908-16 43 0.85 -3.02 
ELSX-1-908-17 43.5 0.29 -3.52 
ELSX-1-908-18 44 0.36 -3.07 
ELSX-1-908-19 44.5 0.18 -1.88 
ELSX-1-908-20 45 0.27 -0.96 
ELSX-1-908-21 45.5 0.72 -0.56 
ELSX-1-908-22 46 0.64 -1.00 
ELSX-1-908-23 46.5 0.67 -2.14 
ELSX-1-908-24 47 0.66 -3.40 
ELSX-1-908-25 47.5 0.63 -3.68 
ELSX-1-908-26 48 0.63 -2.90 
ELSX-1-908-27 48.5 0.32 -1.99 
ELSX-1-908-28 49 0.10 -1.42 
ELSX-1-908-29 49.5 0.06 -0.51 
ELSX-1-908-30 50 0.92 -1.23 
ELSX-1-908-31 50.5 0.84 -2.86 
ELSX-1-908-32 51 0.61 -3.83 
ELSX-1-908-33 51.5 0.60 -2.55 
ELSX-1-908-34 52 0.29 -2.23 
ELSX-1-908-35 52.5 0.53 -0.93 
ELSX-1-908-36 53 0.51 -1.11 
ELSX-1-908-37 53.5 0.68 -1.35 
ELSX-1-908-38 54 0.94 -2.80 
ELSX-1-908-39 54.5 0.60 -4.29 
ELSX-1-908-40 55 0.63 -3.37 
ELSX-1-908-41 55.5 0.48 -1.70 
ELSX-1-908-42 56 0.46 -0.41 
ELSX-1-908-43 56.5 0.32 -3.05 
ELSX-1-908-44 57 0.33 -3.84 



ELSX-1-908-45 

ELSX-1-908-46 

ELSX-1-908-4 7 

ELSX-1-908-48 

ELSX-1-908-49 

ELSX-1-908-50 

ELSX-1-908-51 

ELSX-1-908-52 

ELSX-1-908-53 

ELSX-1-908-54 

ELSX-1-908-55 

ELSX-1-908-56 

ELSX-1-908-57 

ELSX-1-908-58 

ELSX-1-908-59 

ELSX-1-908-60 

ELSX-1-908-61 

ELSX-1-908-62 

ELSX-1-908-63 

ELSX-1-908-64 

ELSX-1-908-65 

ELSX-1-908-66 

ELSX-1-908-67 

ELSX-1-908-68 

ELSX-1-908-69 

ELSX-1-908-70 

ELSX-1-908-71 

ELSX-1-908-72 


57.5 
58 

58.5 
59 

59.5 
60 

60.5 
61 

61.5 
62 

62.5 
63 

63.5 
64 

64.5 
65 

65.5 
66 

66.5 
67 

67.5 
68 

68.5 
69 

69.5 
70 

70.5 
71 

0.33 -2.58 
0.74 -1.30 
0.53 -3.52 
0.57 -3.87 
0.30 -0.98 
0.22 -2.10 
0.31 -3.95 
0.30 -1.50 
0.44 -1.30 
0.26 -3.46 
0.07 -3.41 
0.37 -2.20 
0.28 -0.71 
-0.30 -2.01 
-0.04 -3.46 
0.35 -0.86 
0.23 -0.84 
0.18 -3.00 
0.28 -0.60 
0.17 -3.30 
0.31 -2.06 
0.62 -0.10 
-0.19 -3.82 
0.12 -2.30 
0.36 -0.28 
0.40 -0.89 
0.52 -0.54 
0.02 -1.90 



Site: EISx-1 

Unit: 24-26 5, 2-4 E 

100-11 0 em DBS 

ca. 1 ,300 yr. BP 
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13 
Sample Name Distance (mm) 8 Cshell (%o VPDB) 

EISx-1-1 00-1 

EISx-1-1 00-2 

EISx-1-1 00-3 

EISx-1-1 00-4 

EISx-1-1 00-5 

EISx-1-1 00-6 

EISx-1-1 00-7 

EISx-1-100-8 

EISx-1-100-9 

EISx-1-100-10 

EISx-1-100-11 

EISx-1-100-12 

EISx-1-100-13 

EISx-1-100-14 

EISx-1-100-15 

EISx-1-1 00-16 

EISx-1-1 00-17 

EISx-1-100-18 

EISx-1-1 00-19 

EISx-1-100-20 

EISx-1-100-21 

EISx-1-1 00-22 

EISx-1-1 00-23 

EISx-1-100-24 

EISx-1-1 00-25 

EISx-1-100-26 

EISx-1-1 00-27 

EISx-1-1 00-28 

EISx-1-1 00-29 

EISx-1-1 00-30 

EISx-1-100-31 

EISx-1-1 00-32 

EISx-1-1 00-33 

EISx-1-1 00-34 

EISx-1-100-36 

EISx-1-1 00-35 

EISx-1-1 00-37 

EISx-1-1 00-38 

EISx-1-100-39 

EISx-1-100-40 


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 

66 

67 

68 

69 


0.25 
0.72 
0.48 
0.36 
0.37 
0.10 
0.28 
0.43 
0.69 
0.58 
0.02 
0.28 
0.27 
0.52 
0.62 
0.73 
0.90 
0.23 
0.49 
0.48 
0.63 
1.01 
0.69 
0.87 
0.39 
0.27 
0.44 
0.22 
0.49 
0.17 
0.74 
0.43 
0.29 
0.15 
0.07 
0.09 
0.31 
0.01 
0.24 
0.30 

0.40 
-0.64 
-1.92 
-2.60 
-2.03 
-0.62 
-0.27 
-0.20 
-1.03 
-2.55 
-0.90 
0.27 
0.29 
-1.00 
-2.30 
-3.23 
-2.67 
-2.67 
-1.79 
-0.12 
-0.17 
-0.81 
-2.22 
-3.03 
-2.23 
-0.26 
-0.74 
-1.75 
-3.00 
-2.26 
-0.43 
-0.25 
-1.57 
-3.18 
-3.85 
-2.58 
0.29 
-0.71 
-2.63 
0.17 



Site: EISx-1 

Unit: 24-26 S, 2-4 E 


11 0-120 em DBS 

ca. 1,300 yr. BP 
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13
Sample Name Distance (mm) 8 Cshell (%o VPDB) 

EISx-1-11 0-1 

EISx-1-110-2 

EISx-1-110-3 

EISx-1-110-4 

EISx-1-110-5 

EISx-1-110-6 

EISx-1-110-7 

EISx-1-110-8 

EISx-1-110-9 

EISx-1-110-10 

EISx-1-11 0-11 

EISx-1-110-12 

EISx-1-11 0-13 

EISx-1-110-14 

EISx-1-110-15 

EISx-1-110-16 

EISx-1-11 0-17 

EISx-1-110-18 

EISx-1-110-19 

EISx-1-110-20 

EISx-1-110~21 
EISx-1-110-22 
EISx-1-11 0-23 
EISx-1-110-24 
EISx-1-110-25 
EISx-1-110-26 
EISx-1-110-27 
EISx-1-110-28 
EISx-1-110-29 
EISx-1-110-30 
EISx-1-110-31 
EISx-1-110-32 
EISx-1-110-33 
EISx-1-110-34 
EISx-1-110-35 
EISx-1-110-36 
EISx-1-110-37 
EISx-1-110-38 
EISx-1-110-39 
EISx-1-110-40 

35 

37 


38.5 

40 

41 

43 

45 


46.5 

48.5 

50.5 

52.5 

54 


55.5 

57 


58.5 

60.5 

62 


63.5 

66 


67.5 

69 


70.5 

72 


73.5 

75 


76.5 

78 


79.5 

81 


82.5 

84 


85.5 

87 


88.5 

90 


91.5 

93 


94.5 

96 

97 


0.61 
0.41 
0.30 
0.43 
0.46 
0.83 
0.26 
0.15 
0.28 
0.49 
0.65 
0.05 
0.46 
0.26 
0.19 
-0.07 
0.12 
0.49 
0.11 
0.30 
0.61 
0.25 
0.10 
0.21 
0.31 
0.19 
0.31 
0.34 
0.30 
0.46 
0.18 
-0.38 
-0.40 
-0.21 
-0.47 
-0.68 
-0.57 
-0.84 
-0.43 
-1.03 

-3.07 
-4.24 
-3.12 
-0.85 
-1.24 
-2.75 
-3.03 
-3.18 
-0.25 
-1.99 
-2.21 
-1.71 
0.76 
-1.72 
-2.70 
-1.73 
-0.08 
-1.83 
-1.01 
0.09 
-0.15 
-1.99 
-1.63 
0.02 
-1.91 
-1.74 
0.20 
-2.51 
-1.39 
-0.67 
-2.24 
-3.22 
-1.45 
-2.78 
-1.87 
-3.11 
-1.54 
-2.03 
-2.23 
-0.50 



Site: EISx-1 


Un it : 68-70 5,4-6 W 


160-1 70 em DBS 

ca. 3,400 yr. BP 


2 

1.5 0 
iii 

Distance from Umbo (mm) 
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Sample Name Distance (mm) 

ELSX-1-160-20 
ELSX-1-160-21 
ELSX-1-160-22 
ELSX-1-160-23 
ELSX-1-160-24 
ELSX-1-160-25 
ELSX-1-160-26 
EISx-160-28 
EISx-160-29 
EISx-160-30 
EISx-160-31 
EISx-160-32 
EISx-160-33 
EISx-160-34 
EISx-160-35 
EISx-160-36 
EISx-160-37 
EISx-160-38 
EISx-160-39 
EISx-160-40 
EISx-160-41 
EISx-160-42 
EISx-160-43 
EISx-160-44 
EISx-160-45 
EISx-160-46 
EISx-160-47 
EISx-160-48 

31 

33 

35 


36.5 

38 


39.5 

41 

44 


45.5 

47 


48.5 

50 


51.5 

52.5 

54 


55.5 

56.5 

57.5 

59 


59.75 

60.75 

61.75 

68.25 

69.75 

70.5 

72 

73 

74 


0.43 
0.57 
0.17 
0.21 
0.10 
0.26 
0.29 
0.27 
-0.07 
0.12 
-0.19 
0.18 
0.12 
0.20 
0.03 
0.40 
0.36 
-0.15 
0.00 
0.09 
0.02 
-0.32 
-0.20 
-0.34 
-0.41 
-0.51 
-0.23 
-0.34 

-2.02 
-2.92 
-2.50 
-0.46 
-2.21 
-2.48 
-2.32 
-1.64 
-1.17 
-1.68 
-1.58 
-3.10 
-2.37 
-1.13 
-0.43 
-1.70 
-2.81 
-0.81 
-2.76 
-2.04 
-1.10 
-1.85 
-1.02 
-1.57 
-2.22 
-1.19 
-1.85 
-0.64 



13
Sample Name Distance (mm) 8 CsheH (%o VPD8) 

EISx-1-1608-1 
EISx-1-1608-2 
EISx-1-1608-3 
EISx-1-1608-4 
EISx-1-1608-5 
EISx -1-1608-6 
EISx-1-1608-7 
EISx-1-1608-8 
EISx-1-1608-9 
EISx-1-1608-10 
EISx-1-1608-11 
EISx-1-1608-12 
EISx-1-1608-13 
EISx-1-1608-14 
EISx-1-1608-15 
EISx-1-1608-16 
EISx-1-1608-17 
EISx-1-1608-18 
EISx-1-1608-19 
EISx-1-1608-20 
EISx-1-1608-21 
EISx-1-1608-22 
EISx-1-1608-23 
EISx-1-1608-24 
EISx-1-1608-25 
EISx-1-1608-26 
EISx-1-1608-27 
EISx-1-1608-28 
EISx-1-1608-29 
EISx-1-1608-30 
EISx-1-1608-31 
EISx-1-1608-32 
EISx-1-1608-33 
EISx-1-1608-34 
EISx-1-1608-35 
EISx-1-1608-36 
EISx-1-1608-37 
EISx-1-1608-38 
EISx-1-1608-39 
EISx-1-1608-40 
EISx-1-1608-41 
EISx-1-1608-42 
EISx-1-1608-43 
EISx-1-160B-44 
EISx-1-1608-45 
EISx-1-1608-46 

30 
31.5 
33 

34.5 
35.5 
37 

38.5 
39.5 
40.5 
42 
43 
44 
45 
46 

47.5 
49 
50 

50.75 
52.25 
53.25 
54.25 
55.25 
56.25 
57.25 
58.25 
59.25 
60.25 
61.25 
62.25 
63.25 
64.25 
65.25 
66.25 
67.75 
69.25 
70.25 
71.25 
72.25 
73.25 
74.25 
75.25 
76.75 
77.75 
79.75 
80.75 

81 

0.04 
0.40 
0.36 
0.23 
-0.07 
-0.03 
-0.05 
0.33 
0.34 
-0.08 
-0.52 
0.09 
0.08 
0.02 
-0.23 
-0.31 
-0.32 
0.12 
0.34 
0.63 
0.60 
0.14 
-0.33 
-0.08 
0.19 
0.02 
0.16 
-0.07 
-0.19 
-0.19 
-0.30 
-0.13 
-0.04 
-0.25 
-0.40 
-0.20 
0.05 
-0.24 
-0.16 
-0.29 
0.24 
0.26 
0.26 
0.13 
-0.25 
-0.41 

0.18 
-1.02 
-1.87 
-2.49 
-2.66 
-1.43 
-0.19 
-0.70 
-2.31 
-3.58 
-2.15 
-0.43 
-0.60 
-1.70 
-2.84 
-2.91 
-1.34 
-0.17 
-1.92 
-2.36 
-2.28 
-1.87 
-1.63 
0.15 
-0.72 
-1.83 
-3.00 
-2.51 
-1.24 
0.00 
-0.40 
-1.84 
-2.03 
-2.24 
-1.57 
-0.06 
-0.69 
-2.53 
-2.12 
-0.47 
-1.93 
-1.56 
-2.63 
-2.06 
-1.53 
-3.39 



Site: EISx-1 
Unit:68-70 5,4-6 W 

180-190 em DBS 
ca. 3600 yr. BP 
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13 
Sample Name Distance (mm) 0 Cshell (%o VPDB) 

EISx-1-180-31 

EISx-1-180-32 

EISx-1-180-33 

EISx-1-180-34 

EISx-1-180-35 

EISx-1-180-36 

EISx-1-180-37 

EISx-1-180-38 

EISx-1-180-39 

EISx-1-180-40 

EISx-1-180-41 

EISx-1-180-42 

EISx-1-180-43 

EISx-1-180-44 

EISx-1-180-45 

EISx-1-180-46 

EISx-1-180-47 

EISx-1-180-48 

EISx-1-180-49 

EISx-1-180-50 

EISx-1-180-51 

EISx-1-180-52 

EISx-1-180-53 

EISx-1-180-54 

EISx-1-180-55 

EISx-1-180-56 

EISx-1-180-57 

EISx-1-180-58 

EISx-1-180-59 

EISx-1-180-60 

EISx-1-180-61 

EISx-1-180-62 

EISx-1-180-63 

EISx-1-180-64 

EISx-1-180-65 

E1Sx-1-180-3C 

EISx-1-180-2C 

EISx-1-180-66 

EISx-1-180-1C 


26 

27.5 

29 

30 

31 

32 

33 


34.5 

36 


37.5 

39 


40.5 

42 

44 


45.5 

47 


48.5 

50 


51.5 

53 


54.5 

56 

57 

58 


59.5 

60.5 

62 

64 


65.5 

67 


68.5 

70 


71.5 

72.5 

74.5 

76 

77 

78 


78.5 


0.02 
0.27 
0.83 
0.61 
0.20 
0.41 
0.14 
0.04 
0.28 
0.79 
0.48 
0.32 
0.27 
-0.26 
-0.31 
-0.01 
-0.31 
-0.38 
-0.47 
-0.41 
-0.46 
-0.60 
-0.92 
-0.93 
-0.84 
-0.51 
-0.38 
-0.69 
-0.61 
-0.97 
-1.11 
-1.02 
-0.91 
-0.82 
-0.85 
0.35 
0.51 
0.18 
0.27 

-0.94 
-0.17 
-3.04 
-3.63 
-4.00 
-2.03 
-1.09 
-0.06 
-0.38 
-1.03 
-2.84 
-3.24 
-3.16 
-3.72 
-2.09 
-4.27 
-4.26 
-3.49 
-2.54 
-4.04 
-4.86 
-4.55 
-4.33 
-2.75 
-3.25 
-3.24 
-3.81 
-4.59 
-5.00 
-4.00 
-3.38 
-3.05 
-3.12 
-3.44 
-3.46 
-0.32 
-1.07 
-0.40 
-0.41 



13
Sample Name Distance (mm) 0 Cshell (%o VPD8) 

EISx-1-1808-15 
EISx-1-1808-16 
EISx-1-1808-17 
EISx-1-1808-18 
EISx-1-1808-19 
EISx-1-1808-20 
EISx-1-1808-21 
EISx-1-1808-22 
EISx-1-1808-23 
EISx-1-1808-24 
EISx-1-1808-8 
EISx-1-1808-25 
EISx-1-1808-1 
EISx-1-1808-2 
EISx-1-1808-3 
EISx-1-1808-4 
EISx-1-1808-5 
EISx-1-1808-6 
EISx-1-1808-7 
EISx-1-1808-9 
EISx-1-1808-10 
EISx-1-1808-11 
EISx-1-1808-12 
EISx-1-1808-13 
EISx-1-1808-14 

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 


0.70 
1.27 
1.67 
1.31 
0.74 
1.18 
0.94 
0.86 
0.59 
0.54 
0.56 
0.60 
1.18 
0.92 
1.09 
1.12 
0.77 
0.78 
0.93 
0.26 
0.36 
-0.22 
-0.79 
-0.95 
-0.87 

-1.05 
-1.63 
-2.61 
-3.52 
-3.43 
-3.01 
-2.75 
-2.03 
-1.42 
-0.98 
-1.10 
-1.15 
-2.24 
-2.80 
-3.20 
-3.26 
-2.02 
-2.09 
-2.24 
-2.08 
-2.42 
-1.72 
-1.75 
-1.57 
-1.74 



Site: EISx-1 
Unit:68-70 5,4-6 W 
180-1908 em DBS 

ca. 3600 yr. BP 
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Site: EISx-1 

Unit: 68-70 5,6-8 W 


210-220 em DBS 

ca. 5, 000 yr. BP 
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Sample Name Distance (mm) 0
13 

Cshell (%o VPDB) 

ELSX-1-210-1 
ELSX-1-210-2 
ELSX-1-21 0-3 
ELSX-1-210-4 
ELSX-1-210-5 
ELSX-1-210-6 
ELSX-1-210-7 
ELSX-1-210-8 
ELSX-1-210-9 
ELSX-1-210-10 
ELSX-1-210-11 
ELSX-1-210-12 
ELSX-1-210-13 
ELSX-1-210-14 
ELSX-1-210-15 
ELSX-1-210-16 
ELSX-1-210-17 
ELSX-1-21 0-18 
ELSX-1-21 0-19 
ELSX-1-210-20 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 


0.05 
-0.15 
0.13 
0.10 
-0.11 
0.06 
0.27 
0.19 
0.05 
0.32 
0.27 
0.25 
0.64 
0.28 
0.33 
0.42 
0.09 
0.35 
0.21 
0.54 

-1.16 
-1.36 
-3.41 
-1.86 
-2.70 
-1.66 
-3.01 
-2.41 
-2.92 
-1.13 
-0.26 
-1.82 
-1.32 
-0.51 
-2.34 
-1.71 
0.67 
-2.10 
-2.81 
-0.77 



Site: EISx-1 

Unit: 68-70 S, 6-8 W 

230-2408 em DBS 


ca. 4000 yr. BP 
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Sample Name Distance (mm) 8, 3Cshett (%o VPDB) 8,8
0sheu (%o VPDB) 

ELSX-1-230-1 30 0.58 -2.22 
ELSX-1-230-2 31 0.57 -2.08 
ELSX-1-230-3 32 0.71 -2.99 
ELSX-1-230-4 33 0.43 -3.18 
ELSX-1-230-5 34 0.69 -3.25 
ELSX-1-230-6 35 0.48 -2.82 
ELSX-1-230-7 36 0.55 -0.37 
ELSX-1-230-8 37 0.89 -1.31 
ELSX-1-230-9 38 0.55 -2.31 
ELSX-1-230-10 39 0.55 -3.13 
ELSX-1-230-11 40 0.57 -2.71 
ELSX-1-230-12 41 0.45 -3.18 
ELSX-1-230-13 42 0.48 -2.42 
ELSX-1-230-14 43 0.46 -0.33 
ELSX-1-230-15 44 0.63 -0.62 
ELSX-1-230-16 45 1.06 -1.40 
ELSX-1-230-17 46 0.95 -2.34 
ELSX-1-230-18 47 0.62 -3.31 
ELSX-1-230-19 48 0.54 -2.43 
ELSX-1-230-20 49 0.71 -0.80 
ELSX-1-230-21 50 0.39 -2.71 
ELSX-1-230-22 51 0.44 -0.81 
ELSX-1-230-23 52 0.49 -3.60 
ELSX-1-230-24 53 0.56 -2.28 
ELSX-1-230-25 54 0.64 -0.10 
ELSX-1-230-26 55 0.79 -1.77 
ELSX-1-230-27 56 0.55 -1.79 



Site: EISx-1 

Unit: 68-70 S, 6-8 W 


270-280 em DBS 

ca. 5,000 yr. BP 
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Sample Name Distance (mm) 

ELSX-1-270-1 
ELSX-1-270-2 
ELSX-1-270-3 
ELSX-1-270-4 
ELSX-1-270-5 
ELSX-1-270-6 
ELSX-1-270-7 
ELSX-1-270-8 
ELSX-1-270-9 
ELSX-1-270-1 0 
ELSX-1-270-11 
ELSX-1-270-12 
ELSX-1-270-13 
ELSX-1-270-14 
ELSX-1-270-15 
ELSX-1-270-16 
ELSX-1-270-17 
ELSX-1-270-18 
ELSX-1-270-19 
ELSX-1-270-20 
ELSX-1-270-21 
ELSX-1-270-22 
ELSX-1-270-23 
ELSX-1-270-24 
ELSX-1-270-25 
ELSX-1-270-26 
ELSX-1-270-27 
ELSX-1-270-28 
ELSX-1-270-29 
ELSX-1-270-30 
ELSX-1-270-31 
ELSX-1-270-32 
ELSX-1-270-33 
ELSX-1-270-34 
ELSX-1-270-35 

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 


0.19 
0.19 
0.72 
0.49 
0.19 
0.12 
0.31 
0.16 
0.35 
0.19 
0.23 
0.19 
0.03 
0.31 
0.37 
-0.10 
-0.09 
0.47 
0.26 
0.27 
0.25 
0.71 
0.20 
0.90 
-0.10 
0.32 
-0.06 
-0.15 
0.03 
-0.09 
0.10 
0.70 
0.60 
0.51 
0.26 

-1.62 
-2.45 
-2.87 
-3.11 
-2.24 
-1.50 
-0.33 
-0.27 
-0.43 
-1.10 
-2.60 
-2.94 
-1.67 
-0.52 
-1.56 
-3.19 
-3.45 
-1.68 
-1.05 
-2.76 
-3.07 
-0.72 
-2.96 
-0.66 
-2.87 
0.06 
-1.40 
-2.97 
-3.73 
-3.17 
-2.47 
0.01 
-0.66 
-1.16 
-1.67 



Rockfish Phosphate and Carbonate Data Table 

Sample ID 818Q 
carb 818Qehos Average 018

0ehos St. Dev. Depth (em) 

50 1SP 16.9 
50 1SP 18.7 
50-60a 29.1 19.8 
50-60b 27.1 19.5 18.7 1.3 50 
60-70a 27.1 19.8 
60-70b 28.5 19.3 

60A 19.5 
60A 18.4 
608 18.5 
608 17.8 
608 17.9 
60C 18.0 
60C 18.5 
60s 19.3 18.7 0.7 60 

80-90a 26.1 19.1 
80-90b 27.7 17.8 

BOA 20.9 
BOA 18.1 
BOA 19.0 
808 19.0 
808 16.8 
soc 19.4 
soc 18.6 
BOD 17.2 
BOD 17.0 
BOD 17.7 
80E 19.8 
80E 18.9 18.5 1.2 80 

90-100a 27.1 18.2 
90-100b 27.3 18.3 
90A-1 21.4 
90A-1 20.5 
90A-2 20.5 
90A-2 17.8 
908 19.2 
908 16.1 
90C 17.8 
90C 17.6 
90C 18.5 



900 17.8 
900-1 19.2 
900-2 18.5 
90E 17.2 
90E 17.9 

100-110a 26.1 17.8 
100-11 Ob 26.4 18.4 

100A 17.6 
100A 18.4 
100A 17.2 
1008 18.4 
1008 16.8 
1008 17.8 
100C 16.6 
100C 15.8 
1000 18.7 
1000 15.9 
100E 18.0 
100E 17.7 

100E-1s 16.4 
100E-2sam 17.5 
110-120a 28.2 19.7 
110-120b 29.2 16.6 
120-130a 27.7 19.3 
120-130b 27.1 19.6 

120A 17.4 
120A 18.2 
120A 18.5 
1208 19.1 
1208 19.4 
120C 17.2 
120C 15.5 

120C-1 16.9 
120C-2 17.1 
1200 19.7 
1200 19.2 

1200-1 18.0 
1200-2 17.0 
1200-3 18.1 
120E 17.8 

18.5 1.4 90 

17.4 0.9 100 

19.7 110 



120E 18.2 
120E-1s 18.0 
120E-2s 17.1 

130-140a 28.7 19.8 
130-140b 28.5 19.6 

130A 19.8 
130A 17.9 
1308 17.8 
1308 18.7 
1308 17.0 

140-150a 26.6 19.0 
140-150b 27.4 19.4 

140A 22.0 
140A 17.5 
1408 18.7 
1408 15.2 
140C 18.7 
140C 18.8 
140C 18.9 
1400 19.5 
1400 18.4 
1400 17.8 
140E 20.0 
140E 18.6 
170A 15.2 
170A 17.5 
1708 18.3 
1708 18.5 
170C 18.9 
170C 15.7 
1700 17.9 

1700-1 19.0 
1700-2 19.7 
170E 19.7 

170E-1s 18.7 
170E-2s 17.5 
180-190a 28.6 22.5 
180-190b 28.6 20.1 
190-200a 28.9 19.5 
190-200b 26.5 18.3 
2004A 30.9 15.8 

18.1 1.1 120 

18.6 1.1 130 

18.7 1.5 140 

18.1 1.4 170 

20.1 180 

18.9 0.9 190 



200-210a 28.5 19.2 
200-210b 27.4 18.3 

200s 18.9 18.0 0.5 200 
210-220a 27.6 18.4 

210A 18.4 
210A 17.5 
2108 18.4 
2108 18.0 
2108 15.9 
2108 18.3 

2108-2 17.9 
2108-2 16.8 
2108-3 18.1 

210C 17.8 
210C 18.0 
2100 15.3 

2100-1 17.9 
2100-2 18.2 
210E 18.0 
210E 16.8 17.6 0.9 210 

220-230a 27.2 18.9 
220-230b 27.8 18.7 18.8 0.1 220 
230-240a 26.9 18.4 
230-240b 26.2 19.9 18.4 230 
2404A 18.8 
2404A 17.8 

240-250a 27.9 18.6 
240-250b 26.5 17.9 

240s 17.7 18.2 0.5 240 
250-260 26.9 19.5 

250-260a 26.9 16.6 
250-260b 26.7 18.5 18.2 1.5 250 
260-270a 28.9 19.4 
260-270b 30.1 21.8 19.4 260 
280-290a 29.1 19.4 19.4 280 
290-300 26.7 17.7 17.7 290 
300-310a 27.0 18.3 
300-310b 28.6 20.0 19.1 1.2 300 
310-320a 28.2 19.4 
310-320b 28.1 19.0 



310A 18.3 
310A 14.9 
3108 18.6 
3108 18.7 
310C 18.1 
310C 18.1 
310C 18.8 

320-330a 28.5 19.9 
320-330b 27.4 18.8 
330 1SP 19.1 
330-340a 25.3 17.3 
330-340b 27.0 19.5 

330s 20.9 
340-350a 26.4 16.3 
340-350b 27.7 19.2 

340A 18.3 
340A 16.6 
3408 19.5 
3408 19.7 

18.2 1.3 310 

19.4 0.8 320 

19.2 1.5 330 

18.1 1.6 340 

• 
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