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ABSTRACT 

Mollusk shells from Peruvian archaeological middens provide brief (< 5 yr per 

shell) records of past marine conditions. Marine radiocarbon age, R, is recorded in shell 

carbonate at the time of precipitation. R varies with changes in upwelling: when 

radiocarbon-depleted sub-thermocline water wells up, R is large; increased contribution 

from radiocarbon-enriched surface water (due to seasonal cycles or an El Niño event) 

reduces R. Are molluscan records of R a useful proxy for Peruvian upwelling? If so, does 

R from archaeological shells reveal mid-Holocene upwelling changes that constrain the 

Holocene history of El Niño-Southern Oscillation (ENSO)? 

Profiles of R along ontogeny from early 20th century Argopecten purpuratus (bay 

scallop) shells and mid-Holocene A. purpuratus, Mesodesma donacium (surf clam), and 

Trachycardium procerum (cockle) shells from eight coastal Peru locations show that R 

varies by up to 530 ± 200 14C yr within individual shells. El Niño events are easily 

detectable in post-1950s shell carbonate due to increased radiocarbon contrast between 

sub- and super-thermocline water from “bomb carbon,” but R differences between El 

Niño and La Niña shells from the early 20th century are subtle. Decreasing precision in 

older shells due to 14C decay makes detecting El Niño events in the archaeological past 

using radiocarbon very difficult. 

Because of intrashell radiocarbon variation, caution is prudent when using marine 

material for chronometry in variable upwelling environments. Based on modeling, 

mollusks that grow seasonally rather than year-round can skew long-term average (> 1 
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yr) R reconstructions by nearly 200 14C yr toward R of the preferred growth season. Cold-

loving M. donacium, for example, records older marine reservoir ages on average than A. 

purpuratus in the same water, because A. purpuratus grows in both warm and cold 

conditions. Comparisons of R between species with opposite seasonal growth habits can 

compound this effect. 

Because of intrashell R variation, seasonal growth biases, and measurement 

uncertainties, a change in R due to past ENSO changes would have to be hundreds of 14C 

yr or greater to be identifiable. Thus far, clear evidence for such a Holocene change in R 

has not been seen. 
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CHAPTER 1: INTRODUCTION 

1.1. Statement of the problem 

The north central coast of Peru contains the oldest cities in the Western 

Hemisphere, contemporaneous with the civilizations of ancient Egypt and Mesopotamia, 

and characterized by artwork-covered temple mounds, irrigation agriculture, intensive 

fishing, and complex social organization. This Late Preceramic culture thrived for two 

millennia in the mid-Holocene, beginning about 5.8 cal kyr BP and ending abruptly about 

3.5 cal kyr BP. Sandweiss et al. (2001, 2009) hypothesize that both the development of 

this complex culture and its subsequent collapse were driven by changes in the El Niño-

Southern Oscillation (ENSO) cycle. El Niño, the marine component of ENSO, brings 

warm marine water, heavy rain, and catastrophic floods to the hyperarid Peruvian coast. 

Flooding from stronger El Niño events starting in the mid-Holocene may have spurred 

societal consolidation into cities and construction of impressive public temples, and a 

further increase in ENSO strength two millennia later may have led to their abandonment. 

Although parts of the Holocene history of El Niño are understood, details remain 

elusive. Models suggest a gradual increase in ENSO activity occurred during the 

Holocene following an early to mid-Holocene minimum (Clement et al. 2000). Proxy 

records (e.g. debris flow stratigraphy, lake varve grain size, and temperature-indicator 

species in shell middens) generally support this trend, but show a stepped increase: little 

Holocene ENSO activity occurred from about 9–5 cal kyr BP, activity increased but 

remained below modern levels from 5–3 cal kyr BP, and the modern ENSO setting began 
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about 3 cal kyr BP (e.g. Keefer et al. 1998, 2003; Fontugne et al. 1999; Rodbell et al. 

1999; Reitz and Sandweiss 2001; Moy et al. 2002; Riedinger et al. 2002; Rein et al. 

2005). 

Mid-Holocene conditions in the eastern Pacific Ocean near Peru are particularly 

poorly understood: foraminifera from the Galápagos Islands suggest cold marine 

conditions 8–5 cal kyr BP (Koutavas et al. 2002), but marine fauna from northern 

Peruvian coastal middens reveal warm conditions during the same period (Sandweiss et 

al. 1996, 1997; Andrus et al. 2002, 2003). There is debate over whether these northern 

Peruvian waters are truly marine or merely lagoonal (DeVries et al. 1997, Wells and 

Noller 1997, Béarez et al. 2003), and on what the implications of warm marine water 

would be for mid-Holocene ENSO (Clement et al. 2000). High-resolution, long-duration 

paleoclimate recorders, such as corals or lake sediments, could help clarify the mid-

Holocene Peruvian history of El Niño, but are absent near the Peruvian coast. Peruvian 

archaeological sites contain abundant mollusk shells, however, and paleoenvironmental 

data recorded in these shells may be useful for examining past changes in ENSO. 

El Niño events can leave isotopic signatures in marine mollusk shells (Rollins et 

al. 1987, Andrus et al. 2005). During an El Niño event, the source of Peruvian marine 

upwelling shifts from the typical cold, radiocarbon-depleted sub-thermocline water to 

warmer, radiocarbon-enriched near-surface water due to a thicker surficial warm layer 

and thus deeper thermocline (Huyer et al. 1987). Mollusk shells preserve marine 

radiocarbon content at the time of shell precipitation, so the radiocarbon age of seawater 

(the marine radiocarbon reservoir age) can be determined from the radiocarbon age of 
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shell carbonate when the antiquity of the shell is known independently, e.g. through 

historical records of harvesting or, for archaeological shells, radiocarbon dating of 

contemporaneous terrestrial material. Shell radiocarbon may thus be useful as a proxy for 

the sub- vs. super-thermocline origin of upwelling water, and may reveal El Niño events 

in the archaeological past. Studying the short-duration (less than 5 yr) radiocarbon 

records preserved in multiple mollusk shells may help elucidate the mid-Holocene history 

of ENSO by allowing reconstruction of Peruvian marine upwelling. A research question, 

then, is: Does mollusk shell radiocarbon reveal Holocene changes in Peruvian 

upwelling, and if so, what are these changes? 

Before using shell radiocarbon to investigate upwelling in the distant past, 

however, an understanding is needed of how recent, relatively well-understood changes 

in upwelling are preserved in a variety of mollusk shells. A second research question, 

consequently, is: Based on a study of 20th century mollusk shells, is marine 

radiocarbon in mollusk shells a viable proxy for upwelling? 

This dissertation is part of a project to examine isotopic evidence for upwelling in 

modern and archaeological shells, on which I am collaborating with Fred Andrus, Miguel 

Etayo-Cadavid, and Christie Jones (Department of Geological Sciences, University of 

Alabama) and Greg Hodgins (NSF-Arizona AMS Facility). The goals of our project are 

1) to quantify radiocarbon variations in modern mollusk shells of known age that grew 

under both non-El-Niño and El Niño conditions, to serve as a baseline for paleoupwelling 

comparisons; 2) to improve understanding of Peruvian marine radiocarbon reservoir age 

(R) in order to refine local marine radiocarbon chronometry; 3) to determine the 
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amplitude of variations in 14C in marine mollusk shells; and 4) to establish a history of 

Peruvian marine radiocarbon reservoir age, and thus marine upwelling, through the 

Holocene. This work will be useful to the paleoceanographic and archaeological 

communities by providing new data regarding paleo-ENSO and the paleocirculation of 

the eastern Pacific Ocean and refining chronometry on marine material from coastal Peru. 

1.2. Dissertation format 

Goals for this dissertation in support of our larger project are 1) to quantify 

variations in marine upwelling recorded in early 20th century Argopecten purpuratus (bay 

scallop) shells under both non-El-Niño and El-Niño conditions; 2) to investigate the 

relationship between δ18O, δ13C, and 14C in mollusk shell carbonate to determine whether 

faster, less expensive stable isotope analyses can reveal the best locations on a shell to 

target for more costly radiocarbon analyses; 3) to assess the effects of seasonal growth 

rate changes in mollusks on our ability to reconstruct and interpret marine conditions; and 

4) to select and radiocarbon-date paired samples of mollusk shell and contemporaneous 

terrestrial material from Peruvian archaeological sites to determine marine reservoir ages 

in the archaeological past. 

Archaeological shells selected for our collaborative project were divided between 

the University of Alabama and University of Arizona research teams. Under the direction 

of Greg Hodgins, my dissertation supervisor, I worked primarily with two marine 

mollusk species: Argopecten purpuratus (bay scallop) and Mesodesma donacium (surf 

clam), and on a particular set of archaeological sites: Ostra, Chankillo, Caral, Bandurria, 
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and Quebrada Jaguay (Figure 1). Concurrently, collaborators Andrus, Etayo-Cadavid, 

and Jones at the University of Alabama are investigating Donax marincovichi (surf clam) 

and Choromytilus chorus (mussel) shells, and the additional archaeological sites of Huaca 

de la Luna, Huaca Prieta, Catalina Huanca, and Lo Demás. Final analyses and 

publications will combine our work across the entire set of sites and species. 

The following chapter, “Present Study,” contains a brief summary of evidence for 

Holocene changes in ENSO affecting coastal Peru; a discussion of our Peruvian marine 

reservoir age determinations from modern and archaeological mollusk shells; and an 

analysis of the implications of these results for Holocene ENSO changes. I selected well-

preserved, short-lived terrestrial plant material from all sites for radiocarbon dating and 

performed all wet-chemical acid-base-acid pretreatment and combustion for radiocarbon 

analyses on these samples. All reported data and analyses in the Present Study chapter are 

my own. Providing the groundwork for this discussion, a published journal article 

(Appendix A) and three pre-publication manuscripts (Appendices B, C, and D) are 

appended to this dissertation. 

Appendix A, “Seasonal variations in Peruvian marine reservoir age from pre-

bomb Argopecten purpuratus shell carbonate” (Jones et al. 2007) appeared in the journal 

Radiocarbon in November 2007. This paper contains a discussion of 14C, δ13C, and δ18O 

in Peruvian A. purpuratus shells collected in 1908 and 1926 from Callao Bay, Salaverry, 

and Sechura Bay in central to northern Peru (Figure 1). The co-authors on this paper are 

Greg Hodgins, my dissertation supervisor; David Dettman, who assisted with stable 

isotope analyses of shell carbonate; Fred Andrus and Miguel Etayo-Cadavid, 
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collaborators on the project to investigate radiocarbon in Peruvian mollusks; and April 

Nelson, an undergraduate lab assistant who hydrolyzed a subset of carbonate samples for 

radiocarbon analyses under my supervision. I selected shells to be analyzed, collected 

carbonate powder from the shells, performed most hydrolyses on these powders (the 

remainder were hydrolyzed by April Nelson), analyzed the results, and wrote the 

manuscript. 

Appendix B, entitled “Upwelling signals in radiocarbon from early 20th century 

Peruvian bay scallop (Argopecten purpuratus) shells,” was submitted to the journal 

Quaternary Research in October 2008. This paper presents detailed radiocarbon profiles 

of four of the shells discussed in Jones et al. (2007) and contains a discussion of the 

upwelling information gleaned from them. Co-authors on this paper are Greg Hodgins, 

Miguel Etayo-Cadavid, and Fred Andrus, and their roles are the same as listed for 

Appendix A. I performed all new sampling and analyses in this paper and wrote the 

manuscript. 

Appendix C is entitled “Radiocarbon chronometry of Site QJ-280, Quebrada 

Jaguay, Peru,” and was prepared for inclusion as a chapter in a volume to be published on 

the archaeology of Site QJ-280, edited by Dan Sandweiss (Climate Change Institute, 

University of Maine). My co-author on this paper is Greg Hodgins. This paper contains a 

review of the extensive radiocarbon dating of QJ-280, re-calibration of existing terrestrial 

radiocarbon ages using current calibration curves (IntCal04 and SHCal04; Reimer et al. 

2004 and McCormac et al. 2004, respectively), a Bayesian analysis to refine the 

radiocarbon ages in one section of particularly intact stratigraphy, and the first 
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publication of several new ages on terrestrial and marine material from the site. This 

manuscript provides one detailed example of the archaeological settings from which I 

selected the paired mollusk shells and terrestrial material discussed in this dissertation. I 

calibrated the preexisting radiocarbon ages, interpreted the radiocarbon age sequences, 

performed the Bayesian analysis, carried out all laboratory work to yield new radiocarbon 

ages, and wrote the manuscript. 

Appendix D, entitled “Interpreting molluscan marine reservoir ages in a variable 

upwelling environment,” was submitted to the journal Palaios in April 2009. This paper 

shows how seasonally variable molluscan growth rates can skew the marine radiocarbon 

reservoir age record determined by sampling mollusk shells. This potential bias has 

implications for chronometry and for paleoenvironmental analyses using radiocarbon. My 

co-authors on this paper are Greg Hodgins, Fred Andrus, and Miguel Etayo-Cadavid; 

their roles are the same as those listed for Appendix A. I performed all modeling and 

analyses discussed in this paper and wrote the manuscript. 
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CHAPTER 2: PRESENT STUDY 

2.1. Background 

2.1.1. Physiographic setting 

The South Pacific Ocean near Peru is a region of marine upwelling. Alongshore 

stress from southeasterly trade winds causes offshore Ekman transport of surface water, 

allowing deeper water to well up (Brink et al. 1983). Upwelling intensity varies with 

seasonal fluctuations in the trade winds: the winds, and thus upwelling, are typically 

stronger in winter than in summer (Wyrtki 1975). The water that wells up along coastal 

Peru is typically Equatorial 13 ºC Water (Montgomery and Stroup 1962) derived from a 

part of the westerly Equatorial Undercurrent diverted to the southeast by the Galapagos 

Islands (Wyrtki 1963, Lukas 1986, Toggweiler et al. 1991). This water is cold (11–14 ºC, 

Montgomery and Stroup 1962), radiocarbon-depleted (–102 to –63‰ in ∆14C; 

Toggweiler et al. 1991, see also Appendix B), and nutrient-rich. This nutrient-rich water 

drives the productive Peruvian fishing industry. 

El Niño is the marine component of the coupled oceanic-atmospheric El Niño-

Southern Oscillation (ENSO, see Philander 1990 for a review). Near-surface marine 

water in the eastern Pacific Ocean is normally cold due to a shallow thermocline and 

upwelling of cold, deep, radiocarbon-depleted water. During El Niño events, which occur 

aperiodically but generally every 2–7 years at present, the thermocline deepens and  

upwelling is reduced, but the depth of upwelling is unchanged. The source of upwelling 
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thus shifts to super-thermocline water that is warmer and radiocarbon-enriched (Huyer et 

al. 1987, Toggweiler et al. 1991). This warmer water at the Peruvian coast causes heavy 

rain and flooding in the Peruvian Desert, and its nutrient depletion causes a temporary 

collapse of the local fishing industry. La Niña is the opposite condition, characterized by 

a shallow thermocline and strong upwelling of sub-thermocline water, and has generally 

benign effects at the Peruvian coast. Because of the different radiocarbon contents of the 

sub- and super-thermocline sources of upwelling, Peruvian marine radiocarbon reservoir 

age varies based on seasonal and ENSO-related changes in upwelling (see Appendices A 

and B). 

2.1.2. Holocene history of ENSO and El Niño events in Peru 

The strength and frequency of El Niño events have not remained constant through 

geologic time. Model-based, geological, and archaeological evidence exists for Holocene 

changes in ENSO. 

Modeling studies by Zebiak and Cane (1987) and Clement et al. (2000) predict 

weaker-than-present El Niño events in the early to mid-Holocene, with a gradual increase 

through the Holocene leading to stronger modern events. These changes are attributed to 

changes in Earth’s orbit: boreal summer insolation was greater in the early to mid-

Holocene, causing a more northerly Intertropical Convergence Zone and damping of 

Bjerknes feedback (Bjerknes 1969). Although models suggest a gradual increase in 

ENSO amplitude during the Holocene, physical evidence suggests that this increase was 

stepped, with sudden increases in amplitude at about 5 and about 3 cal kyr BP. 
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Debris flow records from Peruvian Desert canyons with headwaters below the 

altitude of seasonal rainfall presumably represent periods of unusually heavy rain 

associated with El Niño events. Quebradas Tacahuay and de los Burros in southern Peru 

contain no debris flow deposits 8.4–5.3 cal kyr BP (Keefer et al. 1998, 2003) and 9.6–3.4 

cal kyr BP (Fontugne et al. 1999), respectively, suggesting a lack of strong El Niño 

events during the early to mid-Holocene. 

Lake and deep-sea sediment cores from the region provide additional information 

on Holocene changes in ENSO. Generally, increased sediment grain size results from 

increased stream discharge, precipitation, and thus strong El Niño events. Laminae from 

Bainbridge Crater Lake, Galápagos Islands, show infrequent ENSO activity 7.1–4.6 cal 

kyr BP, and an increased frequency and intensity of El Niño events starting 3.1 cal kyr 

BP (Riedinger et al. 2002). A similar lake record from Ecuador shows few early to mid-

Holocene El Niño events strong enough to flush coarse sediments into the lake, but more 

such events in the late Holocene (Rodbell et al. 1999, Moy et al. 2002). A marine 

sediment core spanning 20,000 years retrieved 80 km off the coast of Lima shows an 

early Holocene ENSO maximum followed by a period of weak El Niño activity 8.0–5.6 

cal kyr BP (Rein et al. 2005). Greatest El Niño activity recorded in the core occurs more 

recently than 3 cal yr BP. 

Archaeological excavations on the north central coast of Peru reveal a complex 

culture, the Late Preceramic, which organized into large settlements containing 

monumental stone-faced temples starting about 5.8 cal kyr BP, possibly in reaction to 

increasingly regular flooding from El Niño events of increasing strength (Sandweiss et al. 



 23 

2001). The collapse of this society about 3.5 cal kyr BP may have been due to a 

combination of earthquakes and stronger El Niño events (Sandweiss et al. 2009). Peru is 

located along a seismically active subduction zone; earthquakes prime steep-sided coastal 

canyons with loose sediment that can then be channeled shoreward during El-Niño-

caused torrential rains. With increasingly strong El Niño events, longshore drift would 

have filled mid-Holocene coastal embayments with this sediment, and daily onshore 

winds would have ultimately covered once-fertile agricultural areas with sand sheets. El 

Niño events also disrupt Peruvian fisheries due to upwelling of nutrient-poor water. A 

sudden increase in ENSO strength starting about 3.5 cal kyr BP, then, may have disrupted 

both agriculture and the fishing industry enough to lead to the collapse of Late 

Preceramic society. 

Faunal assemblages from the Ostra Base Camp archaeological site (occupied 7.2–

5.2 cal kyr BP) suggest that early to mid-Holocene marine conditions were warmer than 

at present, but interannual variations such as El Niño events of modern magnitude were 

generally absent before 5.8 cal kyr BP (Reitz and Sandweiss 2001; Andrus et al. 2002, 

2003). No individuals of the 13 mollusk species recovered showed growth notches (see 

below) indicative of stress from El Niño events. The two most common species 

(comprising 80% of the individuals in the sample set), Argopecten circularis (calico 

scallop) and Chione subrugosa (semi-rough chione) are now absent near the site, but live 

in warmer waters about 500 km to the north. Warm-water individuals also dominate the 

vertebrate assemblage: 12 of 29 taxa present at the site are warm-water, 6 of 29 are cool-

water. After about 5.8 cal yr BP, dominance of warm-water species declines and cool-
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water species increase (Andrus et al. 2007). Galeichthys peruvianus (sea catfish) otoliths 

from Ostra dated to 6.0 cal kyr BP show summer sea surface temperatures 3 ºC warmer 

than those of modern summers, and annual sea surface temperature range 2 ºC more than 

at present (Andrus et al. 2002). Andrus et al. (2007) interpret these data as indicating a 

more northerly boundary between the warm Panamanian and cooler Peru-Chilean marine 

provinces in the mid-Holocene than in the late Holocene and at present. Some (DeVries 

and Wells 1990, DeVries et al. 1997, Wells and Noller 1997) propose that the 

paleotemperature data and presence of warm-water species indicate a temporary, 

enclosed warm-water lagoon instead of a warmer mid-Holocene ocean at the north coast 

of Peru. 

Other north coastal Peruvian sites contain warm-water faunal assemblages dated 

to the early to mid-Holocene (7–5 cal kyr BP). Mollusks at Siches (5ºS) change from 

warm-water taxa during 6.7–5.8 cal kyr BP to mixed warm- and cool-water taxa 5.3–4.8 

cal kyr BP (Sandweiss et al. 1996). The Almejas (Pozorski and Pozorski 1995) and 

Quebrada Chorrillos (Cárdenas et al. 1993) sites also contain abundant warm-water 

mollusks before 5 cal kyr BP.  

Despite the evidence for mid-Holocene warm conditions at the north Peruvian 

coast, Mg/Ca ratios in foraminifera from sea-floor sediments near the Galápagos Islands 

show that marine temperatures there during the mid-Holocene (8–5 cal kyr BP) were up 

to 1 ºC colder than those during the late Holocene (Koutavas et al. 2002). 

In far southern Peru, δ18O from three archaeological M. donacium shells suggest 

strong cold upwelling (2–3 ºC colder than at present) in the early Holocene (9–7.9 cal kyr 
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BP), with intermittent strong El Niño events (Carré et al. 2005). A single shell from the 

mid-Holocene (4.3 cal kyr BP) shows reduced δ18O variability and no evidence of El 

Niño events over its few-year lifespan; Carré et al. (2005) conclude this indicates weak 

mid-Holocene ENSO. 

Overall, evidence suggests that El Niño events were rare during the early to mid-

Holocene before about 6–5 cal kyr BP, and were frequent and strong (similar to modern) 

after 3.5–3 cal kyr BP. In Peru, the mid-Holocene picture from about 6 to about 3 cal kyr 

BP is unclear: El-Niño-caused debris flows in southern Peru were either active or absent, 

and waters off northern Peru were either warm or cold during this period.  

2.1.3. Molluscan growth bands 

Like other organisms that grow continuously during life, mollusks precipitate 

shell material in sequential growth bands that record environmental conditions and 

periodicity (Clark 1974). Growth bands contain physical (width, color, and spacing) and 

isotopic data. 

Stresses such as sudden temperature changes, storms, or spawning can cause 

shells to stop growing for a period of time, producing surficial notches on the shells 

(Kennish and Olsson 1975). Thermal shocks from El Niño events can produce such 

notches; Rollins et al. (1986) noted these marks in Trachycardium procerum  

(cockle) and C. subrugosa shells from individuals that lived through the 1982–1983 El 

Niño event. 
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 Most mollusks precipitate shell carbonate (CaCO3) in equilibrium with seawater 

(Mook and Vogel 1968). Carbonate δ18O is a function of the temperature and isotopic 

composition of seawater and can be used as a paleothermometer. The relationship 

between δ18O and temperature is inverse: a change in δ18O of +0.22‰ for aragonite 

(Grossman and Ku 1986) or +0.27‰ for calcite (Chauvaud et al. 2005) corresponds to a 

change in water temperature of –1 ºC. Radiocarbon in shell carbonate preserves the 

radiocarbon age of seawater (see Appendices A and B): shell growth during the 1982–

1983 El Niño event (identifiable by a notch in the shell surface) was recorded as a clear, 

dramatic radiocarbon excursion in the shell of a T. procerum collected near Casma, 

showing the change in radiocarbon age of upwelled water during the event (Andrus et al. 

2005). 

2.2. Study sites and samples 

To investigate Holocene upwelling signals preserved in Peruvian mollusk shells, 

we studied early 20th century shells from a Smithsonian Institution collection and shells 

excavated from archaeological sites spanning the Holocene. We did not analyze post-

1950 mollusk shells to avoid radiocarbon enrichment due to “bomb carbon” in the 

surface ocean from atmospheric nuclear testing, although for comparison, Andrus et al. 

(2005) provide an example from 1983. Shells from the Smithsonian collection harvested 

alive in 1908, following a La Niña event, and 1926, following an El Niño event, provided 

a modern baseline for comparison with archaeological samples. Analyses of Argopecten 
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purpuratus (bay scallop) shells from the Smithsonian collection are detailed in 

Appendices A and B. 

Field archaeologists supplied excavated marine mollusk shells paired with 

terrestrial plant material. The samples in each pair were interpreted to be 

contemporaneous based on site stratigraphy. Radiocarbon dating of the plant material 

provided the age of each mollusk shell, so that shell radiocarbon could then be used to 

calculate marine reservoir ages. Archaeological sites sampled were Huaca Prieta (Bird 

1985), Huaca de la Luna (Uceda 2001), Ostra Base Camp (Sandweiss 1996), Chankillo 

(Ghezzi and Ruggles 2007), Caral (Shady et al. 2001), Bandurria (Chu 2008a, 2008b), 

Catalina Huanca (Agurto 1984), Lo Demás (Sandweiss 1992, Sandweiss et al. 2004), and 

Quebrada Jaguay (Sandweiss et al. 1998 and Appendix C). Locations of these sites are 

shown in Figure 1. Common mollusks in the archaeological collections were the surf 

clams Mesodesma donacium (locally called macha) and Donax marincovichi, the mussel 

Choromytilus chorus, and A. purpuratus. Terrestrial samples were typically wood 

charcoal and the remains of seeds, reeds, corncobs, and peanut shells. 

2.3. Methods 

Analytical methods for the early 20th century mollusk shells are detailed in 

Appendix B; archaeological mollusk shells were sampled for radiocarbon, δ13C, and δ18O 

in the same manner and using the same equipment. Each archaeological mollusk shell 

from Chankillo, Caral, Bandurria, and Quebrada Jaguay was sampled for radiocarbon 

from 6–14 places on the shell surface to show how marine reservoir age changed through 
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ontogeny and to produce the most robust estimates of annual marine reservoir age ranges 

(see Appendix D). Twenty existing radiocarbon ages (Andrus and Hodgins, unpublished 

data; see Andrus et al. 2005 for methodology) from a single T. procerum shell from the 

Ostra Base Camp site were also included in our analysis of Peruvian Holocene upwelling. 

All archaeological shells, including the T. procerum from Ostra Base Camp, were 

analyzed for δ13C and δ18O from at least 19 points per shell along ontogeny. 

Some sample pairs were rejected before sampling because mollusk shells were 

poorly preserved or were not whole, because terrestrial plant material was not identifiably 

short-lived (see Appendix C for a discussion of the “old wood effect” and the advantage 

of short-lived plant material for radiocarbon dating), or both. High standards are needed 

in order for paired marine and terrestrial material to yield reliable marine reservoir ages: 

contemporaneity of each pair must be unambiguous. Errors in contemporaneity directly 

translate to errors in reservoir ages, e.g. a sample pair deposited 100 14C yr apart but 

treated as contemporaneous will result in a 100 14C yr error in calculated reservoir age. 

Strata that were rapidly deposited and have not been subject to subsequent 

bioturbation are the most likely to contain suitable sample pairs. Up to six radiocarbon 

ages were measured from separate pieces of the plant material paired with each mollusk 

to provide an indication of rapid deposition and contemporaneity of archaeological 

material in the stratum. Dissimilar terrestrial ages would indicate a sample pair unlikely 

to be contemporaneous and unsuitable for reservoir age analysis. 

Ideally, a large number of well-dated samples from many archaeological sites 

would provide wide geographic and temporal coverage for our Holocene reservoir age 
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estimates. Because of the limited distribution of archaeological sites, limited availability 

of archaeological material, and difficulty of finding high-quality and contemporaneous 

sample pairs, however, the number of sites ultimately sampled is small, and the 

geographic and temporal spread of samples is limited. 

Marine radiocarbon reservoir ages from Ostra Base Camp, Chankillo, Caral, 

Bandurria, and Quebrada Jaguay are presented here. Our colleagues at the University of 

Alabama are analyzing mollusk shells from the remaining archaeological sites in 

Figure 1. 

2.4. Results 

Early 20th century shell radiocarbon ages and resulting marine radiocarbon 

reservoir ages are provided in Appendix B. Radiocarbon ages of terrestrial and marine 

material from archaeological sample pairs are presented in Table 1 and Table 2. Marine 

reservoir ages from modern and archaeological mollusk shells are plotted with respect to 

latitude in Figure 2. Weighted averages and ranges of marine reservoir ages from modern 

and archaeological mollusk shells are summarized in Table 3. 

The weighted mean reservoir age of the sample suites from most (6 of 10) modern 

and archaeological mollusk shells is 420–490 14C yr. Two shells exhibit older reservoir 

ages: the A. purpuratus shells collected in 1908 from Sechura Bay in northern Peru (540 

14C yr) and from Callao Bay in central Peru (580 14C yr). Two shells contain younger 

reservoir ages: the M. donacium shells from the mid-Holocene Caral site (240 14C yr) and 

from the early Holocene Quebrada Jaguay site (360 14C yr). 



 30 

The smallest range in molluscan marine reservoir ages from a shell (100 ± 80 14C 

yr) is from the A. purpuratus shell excavated from Bandurria. The largest range (530 ± 

200 14C yr) is from the oldest and southernmost shell sampled, the M. donacium from 

Quebrada Jaguay.  

2.5. Discussion  

This section contains a discussion of marine reservoir ages and δ18O data from 

archaeological mollusk shells excavated from Ostra, Chankillo, Caral, Bandurria, and 

Quebrada Jaguay, and their relation to similar data from early 20th century mollusk shells. 

Complete discussions of radiocarbon reservoir ages from early 20th century shells, 

terrestrial and marine radiocarbon dating from Quebrada Jaguay, and our modeling study 

of the effects of variable molluscan growth rate on radiocarbon sample ages are provided 

in Appendices A and B, Appendix C, and Appendix D, respectively. 

2.5.1. Annual mean marine reservoir age 

The mean marine reservoir age from most of our archaeological and modern 

shells from central Peru is 420–490 14C yr BP and varies little between most shells. This 

suggests that there was no change in overall upwelling conditions large enough to be 

clearly detected between the early to mid-Holocene and the 20th century. Outliers are an 

archaeological M. donacium shell from Caral with a younger mean reservoir age of 240 

14C yr BP, and an A. purpuratus shell collected from Callao Bay in 1908 with an older 

mean reservoir age of 580 14C yr BP. 
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The M. donacium from Caral (4.4–4.2 cal kyr BP) recorded a younger reservoir 

age than a nearly contemporaneous shell (4.2–4.0 cal kyr BP) of the same species from 

the nearby Bandurria site. This suggests that either the marine environment near one of 

these sites is somehow unusual, or that the two mollusks lived during periods of 

somewhat different upwelling—more El-Niño-like for the clam from Caral, more La-

Niña-like for the clam from Bandurria. It is impossible to determine which case is 

correct, although identifying and sampling additional marine-terrestrial sample pairs from 

these sites could show whether they have persistent environmental differences. This 

illustrates a difficulty in using short-lived mollusks to reconstruct marine conditions—the 

brief “snapshot” of marine conditions recorded by an individual mollusk makes 

interpreting unusual results difficult. Longer records (e.g. from corals) allow comparison 

of many years of growth and easier identification of anomalous periods. 

The A. purpuratus shell collected from Callao Bay in 1908, following a La Niña 

(cold) event, grew under older reservoir age conditions (mean shell R = 580 14C yr) than 

the shell collected from the same site in 1926, following the 1925–1926 El Niño event 

(mean shell R = 480 14C yr). This suggests that the difference in marine radiocarbon 

reservoir age between the two Callao Bay shells is due to an El-Niño-related decrease in 

upwelling from deep, radiocarbon-depleted water in 1926, as discussed in Appendix B. 

Clement et al. (2000) suggested that evidence for warm mid-Holocene seawater at coastal 

Peru was not the result of persistent El Niño conditions, but a mid-Holocene lack of cold 

La Niña events. If the reservoir age of the 1908 Callao Bay shell represents La Niña 

conditions in north-central Peru, the younger reservoir ages (by 90–160 14C yr) calculated 
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from the mid-Holocene north-central Peruvian mollusk shells may represent non-La-Niña 

(either average or El Niño conditions) growth, supporting the hypothesis of Clement et al. 

(2000). 

Our modern and mid-Holocene marine radiocarbon reservoir results are similar to 

those of Southon et al. (1995) from northern Chile (20ºS), calculated using paired pelican 

feathers and skin and camelid-hair yarn from a feathered garment, and paired sea lion or 

seal tissue and terrestrial-plant-fiber thread from a water bottle. Reservoir ages from these 

artifacts were 450–540 14C yr at 1.8–1.1 cal kyr BP. Considering the artifactual contexts, 

contemporaneity of these sample pairs should be excellent and the reservoir ages robust. 

Our marine radiocarbon reservoir ages are similar to but slightly younger than 

those from Owen (2002). Owen reports reservoir ages 630–870 14C yr at 0.7 cal kyr BP 

and 520 14C yr at 3.7 cal kyr BP, using paired C. chorus shells and small twigs from 

Loreto Viejo (17ºS). Two reservoir ages over 2000 14C yr were dismissed as erroneous. 

The scatter in these data and the presence of the two outliers suggest that sample pairs 

from the Loreto Viejo contexts may not be reliably contemporaneous and these reservoir 

ages should be interpreted cautiously.  

Fontugne et al. (2004) constructed a marine reservoir age chronology for southern 

Peru using paired mollusk shells and charcoal from Quebrada de los Burros and other 

nearby sites. Using 13 sample pairs and analyzing whole shells for radiocarbon, they 

report marine reservoir ages of 500–1400 14C yr during the early to mid-Holocene, and 

400–800 14C yr more recently than 5 cal kyr BP. We see much less reservoir age 

variability in our data. 
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Part of the reason for this may be geographic: only one of our sample sites, 

Quebrada Jaguay (17ºS), is located as far south as Quebrada de los Burros (18ºS), so it is 

possible that large early Holocene reservoir age variations occurred in southern Peru but 

did not extend northward. Our M. donacium shell from Quebrada Jaguay (mean shell R = 

360 14C yr) may have grown during a period of unusually young marine reservoir age for 

that time. 

The discrepancies between our data and those of Fontugne et al. (2004) may also 

result from the nature of the terrestrial material selected for their sample pairs. Fontugne 

et al. recognized the importance of contemporaneity of marine and terrestrial samples for 

reservoir age calculations, and selected very small (less than 1 mm) grains of “micro-

charcoal” from inside mollusk shells to ensure that the components of their samples were 

contemporaneous. It is possible, however, that charcoal grains this small may have 

diffused downward over time from younger overlying strata. Using such anomalously 

young charcoal powder in reservoir age calculations would produce anomalously old and 

possibly variable marine reservoir ages, such as those in the Fontugne et al. (2004) data. 

Critically analyzing the plant material used in reservoir age determinations and 

emphasizing to archaeologists the need for exceptional confidence in the 

contemporaneity of paired materials may produce more robust estimates of marine 

reservoir age. In the research reported here, terrestrial dates were obtained only from 

identifiably short-lived plant material that was large enough to hinder downward 

diffusion through archaeological strata over time. At least two and as many as six 

terrestrial ages from separate pieces of plant material for each archaeological shell 
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analyzed, with the exception of the shell from Chankillo. By verifying that these ages 

were within 2-sigma of one another, nearly contemporaneous deposition of the material 

in the archaeological stratum (including, by extension, the mollusk shell) could be 

established. The Chankillo shell and plant material were two components of an offering 

bundle deposited between two layers of clean, sterile sand at a possible observation point 

for the ancient solar observatory. Contemporaneity of this sample pair was established 

from its ritual context. 

2.5.2. Range in marine reservoir age 

The oldest (8.4–8.3 cal kyr BP) and southernmost (17ºS) shell analyzed as part of 

this study, a M. donacium from Quebrada Jaguay, recorded the greatest range in marine 

reservoir age (530 14C yr) of any Peruvian shell analyzed thus far (Figure 3). More recent 

and more northerly mollusks contain smaller radiocarbon age ranges. This suggests wide 

seasonal (intra-year) variations in upwelling to the south, in the early Holocene, or both. 

The effects of latitude and age cannot currently be distinguished because data on the 

seasonal range of reservoir age does not exist from other sites of similar age or latitude. 

The 530 14C yr range in marine radiocarbon ages calculated from samples of the 

Quebrada Jaguay M. donacium may be unreasonably large. Specifically, the youngest 

marine reservoir ages (as low as 195 ± 105 14C yr) in the shell seem anomalously young, 

compared with the few existing estimates of pre-bomb near-surface marine radiocarbon 

from corals (in the Galápagos Islands, coral ∆14C is as high as –62‰, R ≈ 500 14C yr; 

Druffel 1981). Mixing of this near-surface water and deeper, radiocarbon-depleted water 
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cannot produce the youngest observed marine reservoir ages in this shell. Possible 

explanations for the young reservoir ages are 1) diagenetic alteration of the shell, 2) 

increased air-sea carbon exchange resulting in younger marine reservoir ages in the surf 

zone, or 3) input of radiocarbon-enriched water from river discharge. 

Although it is possible that the young marine reservoir ages in the M. donacium 

shell from Quebrada Jaguay result from diagenetic alteration, we examined this shell 

using visible light microscopy and X-ray diffraction to ensure that no detectable 

alteration had occurred. Profiles of δ18O and δ13C in this shell appear typical, also 

suggesting no significant diagenetic alteration. 

Bubbles and turbulence from waves breaking in the surf zone greatly enhance air-

sea carbon exchange (Wallace and Wirick 1992, Farmer et al. 1993), which may cause 

nearshore marine reservoir age to approach the atmospheric radiocarbon age more closely 

than in the open ocean. This may produce younger than expected marine reservoir ages in 

shells of surf-zone mollusks, and may be partially responsible for the young marine 

reservoir ages in this surf clam. However, if enhanced air-sea carbon exchange could 

reduce the reservoir age of near-surface water from ~500 14C yr (Druffel 1981) to ~200 

14C yr (Appendix C), it could also reduce the marine reservoir age of water welled up 

from a deep, radiocarbon-depleted source, assuming similar wave conditions. To produce 

the oldest marine reservoir ages observed in this surf clam would thus require waters 

older than those of the Equatorial Undercurrent source of the Peruvian Upwelling (up to 

850 14C yr based on measurements from early 20th century A. purpuratus shells, see 

Appendix B and Toggweiler et al. 1991). This suggests that increased air-sea carbon 
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exchange in the surf zone cannot completely explain the marine reservoir age range seen 

in the M. donacium shell from Quebrada Jaguay. 

Site QJ-280 is located 20 km northwest of the perennial Río Camaná and 

immediately west of the Quebrada Jaguay, which flows only during summer. Discharge 

of the Río Camaná varies seasonally and has large interannual variations. During two 

decades in the mid-20th century, average late summer (March) discharge was 144 ± 126 

m3/s with a maximum of 560 m3/s; discharge was 13–53 m3/s during autumn, winter, and 

spring (ONERN 1973). Fresh, radiocarbon-enriched discharge from the Camaná or 

Quebrada Jaguay, carried northward along the coast by the surficial Humboldt Current, 

may mix with seawater and cause radiocarbon enrichment of coastal water near and just 

north of these drainages. This enrichment would be largest in summer due to increased 

discharge. In order to produce a reservoir age of 195 14C yr (∆14C ≈ –25‰) by mixing 

pre-bomb surficial marine water (∆14C ≈ –60‰) and pre-bomb river water (∆14C ≈ –5‰) 

would require nearly equal portions of each water mass. The distance from the Río 

Camaná to QJ-280 is great enough and the present flow in the Quebrada Jaguay is low 

enough that radiocarbon enrichment from river water is unlikely to completely account 

for the degree of radiocarbon depletion in the M. donacium shell from QJ-280. 

The range in marine reservoir ages from the A. purpuratus shell from the 

Bandurria archaeological site (Figure 4) is approximately half that from each of the four 

early 20th century shells of the same species investigated in detail (Appendix B), as well 

as half that of a nearly contemporaneous M. donacium shell from the same site. If M. 

donacium and A. purpuratus grow under identical marine conditions, modeling in 
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Appendix D suggests that A. purpuratus will record a larger range of marine conditions 

in its shell than M. donacium, so species-specific growth preferences cannot explain the 

small reservoir age range present in the Bandurria A. purpuratus. The δ18O profile from 

the Bandurria A. purpuratus shows that marine temperature was unusually stable 

throughout its life, however. It is possible that the A. purpuratus from Bandurria lived 

during a year of anomalously stable marine conditions. 

2.5.3. Relationship between δ18O and 14C 

A relationship exists between the δ18O water temperature proxy and shell 

radiocarbon content in 20th century shells from Peru: high δ18O (i.e. cold water) correlates 

with high reservoir age, as both result from cold, radiocarbon-depleted upwelling (see 

Appendices A and B for a detailed discussion). This relationship is clearest in isotopic 

data from shells that grew during the late 20th century, when radiocarbon from 

atmospheric nuclear testing increased the radiocarbon age contrast between surficial and 

deep marine water (Andrus et al. 2005). The relationship is detectable with more 

difficulty in early 20th century shells (Appendix B). Archaeological shells from the early 

and mid-Holocene, however, do not exhibit a clear relationship between δ18O and 

reservoir age (e.g. Figure 3): the radiocarbon data appear noisy, any trends obscured by 

seemingly random variation. Although it is possible that some scatter in radiocarbon data 

from archaeological shells may result from diagenetic alteration, as mentioned above, we 

examined our shells using visible light microscopy and selectively used 

cathodoluminescence and X-ray diffraction to ensure that detectable alteration had not 
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occurred. Profiles of δ18O and δ13C from early and mid-Holocene shells do not show the 

same loss of definition that radiocarbon profiles do, also suggesting that diagenesis is not 

the culprit. It is likely that the lack of clear radiocarbon cycles in archaeological shells is 

due to radioactive decay of 14C in the shells, decreasing the ratio of sample 14C to 

background 14C and thus decreasing radiocarbon measurement precision with increasing 

age. 

Although the correlation between radiocarbon reservoir age and δ18O is not 

obvious in ancient shells, δ18O profiles are still a useful tool to help select locations on a 

shell for radiocarbon sampling. As discussed in Appendix D, the least biased reservoir 

age determinations from a single-shell sample suite may come from sampling complete 

years of shell growth, and stable isotope sampling can show the locations of these years. 

Profiles of δ18O can also indicate temperature-related molluscan growth preferences, 

making it possible to account for skewed radiocarbon results due to seasonal growth. In 

Appendix D, we present an attempt to quantify these biases through modeling. Mollusks 

with growth rates that vary seasonally due to changing environmental conditions can 

skew environmental reconstructions by well over 100 14C yr, if the annual range in 

Peruvian marine reservoir age is 530 14C yr, as seen at Quebrada Jaguay (Appendix C). If 

seasonal marine reservoir age cycles typically have about 300 14C yr amplitude, as seen 

in 20th century shells, a skew of about 100 14C yr could still be introduced. 
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2.6. Conclusions 

Radiocarbon age variations within individual mollusk shells can be significant, 

exceeding 500 14C yr (Appendices A, B, and C). These variations are cyclic, positively 

correlated with shell carbonate δ18O, and negatively correlated with water temperature. 

Seasonal cycles in marine reservoir age are the result of changing proportions of sub- and 

super-thermocline water entrained in upwelling (Appendix B). Differences in radiocarbon 

ages between mollusk shells that grew during non-El-Niño and El Niño conditions are 

difficult to resolve in pre-bomb shells and will be increasingly difficult to resolve with 

greater shell antiquity (Appendices A and B). 

Caution is advisable when using marine radiocarbon for precise dating in variable 

upwelling environments: errors reported with published reservoir ages are misleadingly 

small for chronometric use, given uncertainties introduced by intrashell variation and 

variable molluscan growth rates. Seasonal rather than steady growth of shell through the 

year skews reservoir ages, possibly by more than 100 14C yr, toward those of the 

preferred growth season: in the case of cold-loving M. donacium, cold and thus 

radiocarbon-depleted conditions may be recorded preferentially over warm and 

radiocarbon-enriched conditions. It may be possible to correct for these biases when 

temperature tolerances and growth habits are known for mollusks used for chronometry. 

Given potential biases and intrashell radiocarbon variability, it is clear that to 

conclusively identify a change in marine radiocarbon conditions related to mid-Holocene 

changes in ENSO, these reservoir age changes would have to be very large (hundreds of 

14C yr). The early Holocene shell from Quebrada Jaguay in southern Peru (Appendix C) 
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contains a larger radiocarbon range than more recent shells, but without analyzing 

mollusk shells from more recent sites in southern Peru or from similarly ancient sites in 

northern Peru, it is unknown whether this increased variability is due to different marine 

conditions prior to the mid-Holocene, or a latitudinal change reflecting increased marine 

reservoir variability to the south. Additional shells and archaeological sites currently 

being investigated by colleagues at the University of Alabama should help clarify this 

picture. Although the mollusk shells discussed in this dissertation are only perhaps half of 

the shells that will ultimately be analyzed as part of the larger investigation of Peruvian 

paleoupwelling, thus far clear evidence for ENSO-related upwelling changes in the 

Holocene has not been seen. 
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Figure 1. Sample collection locations. White squares indicate early 20th century collection 

sites and black circles indicate archaeological sites for which marine reservoir ages were 

calculated as part of this dissertation. Grey circles indicate sites with mollusk shells 

currently being analyzed by researchers at the University of Alabama. 
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Figure 2. Marine reservoir ages (R) as measured in mollusk shell carbonate, plotted with 

respect to latitude. The Peruvian coastline and site locations from Figure 1 have been 

added for reference. Xs represent A. purpuratus samples (small Xs are from shells that 

grew during known El Niño years), circles represent M. donacium samples, and 

diamonds represent T. procerum samples (Andrus and Hodgins unpublished data). Black 

symbols are from the 20th century, medium gray symbols are from the mid-Holocene, and 

pale gray symbols are from the early Holocene. Error bars have been omitted for clarity. 

For reservoir age determinations using modern shells, typical σ is 50 14C yr; σ for 

archaeological samples can reach 170 14C yr. 
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Figure 3. Marine reservoir age (R) and δ18O profiles from a M. donacium shell excavated 

at Site QJ-280, Quebrada Jaguay, Peru. Error bars are 1-σ. 

 

0 20 40 60
shell height (mm)

0

1

2

18
O 

(‰
)

200

400

600

800

R (
14

C 
yr)



 50 

 

Figure 4. Marine reservoir age (R) and δ18O profiles from an A. purpuratus shell 

excavated at Bandurria, Peru. Variations in R and δ18O are less than those seen in early 

20th century A. purpuratus shells. Error bars are 1-σ. 
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Location Lab nr δ13C 

14C content ± σ 
(pMC) 

14C age ± σ 
(14C yr BP) 

2-σ calibrated age 
(cal kyr BP) 

Ostra Base Camp, 9ºS AA75281 –27.4 49.09 ± 0.23 5720 ± 40  
 AA75282 –27.0 49.32 ± 0.23 5680 ± 40  
 AA75283 –27.8 48.92 ± 0.23 5740 ± 40  
 AA75284 –27.5 48.36 ± 0.25 5840 ± 40  

Weighted avg.   48.94 ± 0.12 5740 ± 20 6.5–6.4 
Chankillo, 10ºS AA80512 –26.7 76.27 ± 0.37 2180 ± 40 2.3–2.0 
Caral, 11ºS AA75267 –26.4 60.81 ± 0.27 4000 ± 40  
 AA75268 –25.2 61.98 ± 0.27 3840 ± 40  

Weighted avg.   61.40 ± 0.19 3920 ± 30 4.4–4.2 
Bandurria, 11ºS AA71433 –24.6 62.59 ± 0.51 3760 ± 70  
 AA71434 –26.0 61.47 ± 0.51 3910 ± 70  
 AA74855 –12.9 62.14 ± 0.28 3820 ± 40  
 AA74861 –25.4 62.18 ± 0.29 3820 ± 40  
 AA75913 –25.8 61.87 ± 0.27 3860 ± 40  
 AA75915 –26.8 62.33 ± 0.27 3800 ± 40  

Weighted avg.   62.12 ± 0.13 3830 ± 20 4.2–4.0 
Quebrada Jaguay (QJ-280), 17ºS AA75279 –24.7 38.83 ± 0.20 7600 ± 40  
 AA75280 –24.4 38.49 ± 0.27 7670 ± 60  

Weighted avg.   38.71 ± 0.16 7630 ± 30 8.4–8.3 

Table 1. Radiocarbon ages of plant material from archaeological sample pairs. Calibrated 

ages are from the SHCal04 calibration curve (McCormac et al. 2004). 
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Location and shell data Lab nr Shell height (mm) 

14C content 
(pMC) ± σ 

14C age 
(14C yr BP) ± σ 

R 
(14C yr) ± σ 

Ostra Base Camp, 9ºS UGa-204a 1.4 46.53 ± 0.29 6150 ± 50 410 ± 50 
T. procerum shell UGa-203a 5.1 46.38 ± 0.29 6170 ± 50 430 ± 50 
Terrestrial 14C age:  UGa-202a 7.9 46.67 ± 0.30 6120 ± 50 380 ± 60 
5740 ± 20 14C yr BP UGa-200a 11.3 46.63 ± 0.30 6130 ± 50 390 ± 60 
 UGa-199a 14.9 46.71 ± 0.30 6120 ± 50 370 ± 60 
 UGa-198a 17.7 46.51 ± 0.29 6150 ± 50 410 ± 50 
 UGa-197a 20.5 46.87 ± 0.30 6090 ± 50 350 ± 60 
 UGa-196a 23.8 46.71 ± 0.30 6120 ± 50 370 ± 60 
 UGa-195a 26.2 46.60 ± 0.30 6130 ± 50 390 ± 60 
 UGa-194a 29.8 46.26 ± 0.30 6190 ± 50 450 ± 60 
 UGa-193a 32.5 45.96 ± 0.29 6250 ± 50 510 ± 50 
 UGa-192a 34.6 46.24 ± 0.30 6200 ± 50 460 ± 60 
 UGa-191a 37.3 45.85 ± 0.30 6260 ± 50 520 ± 60 
 UGa-188a 42.4 45.85 ± 0.31 6260 ± 50 520 ± 60 
 UGa-187a 44.2 45.99 ± 0.30 6240 ± 50 500 ± 60 
 UGa-186a 45.9 45.62 ± 0.30 6310 ± 50 570 ± 60 
 UGa-185a 48.2 45.77 ± 0.30 6280 ± 50 540 ± 60 
 UGa-184a 49.1 45.82 ± 0.34 6270 ± 60 530 ± 60 
 UGa-183a 50.5 45.43 ± 0.30 6340 ± 50 600 ± 60 
 UGa-182a 51.5 45.71 ± 0.30 6290 ± 50 550 ± 60 
Chankillo, 10ºS AA-83384 30.2 72.50 ± 0.53 2580 ± 60 410 ± 70 
M. donacium shell AA-83385 33.5 73.00 ± 0.52 2530 ± 60 350 ± 70 
Terrestrial 14C age:  AA-83386 34.1 72.59 ± 0.52 2570 ± 60 400 ± 70 
2180 ± 40 14C yr BP AA-83387 34.7 71.67 ± 0.68 2680 ± 80 500 ± 90 
 AA-83388 35.6 72.24 ± 0.63 2610 ± 70 440 ± 80 
 AA-83389 40.2 71.90 ± 0.47 2650 ± 50 470 ± 70 
Caral, 11ºS AA-83679 26.0 59.66 ± 0.66 4150 ± 90 230 ± 90 
M. donacium shell AA-83680 28.0 58.31 ± 0.75 4330 ± 100 410 ± 100 
Terrestrial 14C age:  AA-83681 31.0 60.04 ± 0.48 4100 ± 70 180 ± 70 
3920 ± 30 14C yr BP AA-83682 42.0 59.89 ± 0.55 4120 ± 70 200 ± 80 
 AA-83683 46.0 59.69 ± 0.67 4150 ± 90 230 ± 90 
 AA-83684 50.0 59.37 ± 0.59 4190 ± 80 270 ± 80 
Bandurria, 11ºS AA-80421 38.7 58.81 ± 0.53 4260 ± 70 440 ± 80 
M. donacium shell AA-80422 39.6 57.85 ± 0.59 4400 ± 80 570 ± 80 
Terrestrial 14C age:  AA-80423 40.8 59.59 ± 0.46 4160 ± 80 330 ± 80 
3830 ± 20 14C yr BP AA-80424 42.0 58.60 ± 0.61 4290 ± 80 470 ± 90 
 AA-80425 43.2 58.97 ± 0.50 4240 ± 70 420 ± 70 
 AA-80426 44.4 58.45 ± 0.61 4310 ± 80 490 ± 90 
 AA-80427 45.2 58.79 ± 0.51 4270 ± 70 440 ± 77 
 AA-80428 46.1 58.51 ± 0.77 4310 ± 110 490 ± 110 
Bandurria, 11ºS AA-80672 26.2 58.87 ± 0.47 4260 ± 70 430 ± 70 
A. purpuratus shell AA-80673 28.3 58.68 ± 0.40 4280 ± 60 460 ± 60 
Terrestrial 14C age:  AA-80674 57.0 58.78 ± 0.46 4270 ± 60 440 ± 70 
3830 ± 20 14C yr BP AA-80675 58.8 58.71 ± 0.54 4280 ± 70 450 ± 80 
 AA-80676 62.2 58.63 ± 0.43 4290 ± 60 460 ± 60 
 AA-80677 64.2 58.75 ± 0.48 4270 ± 70 450 ± 70 
Quebrada Jaguay (QJ-280), 17ºS AA-79558 18.7 36.86 ± 0.35 8020 ± 80 390 ± 80 
M. donacium shell AA-79559 23.2 36.01 ± 0.50 8200 ± 110 580 ± 120 
Terrestrial 14C age:  AA-81665 24.5 37.68 ± 0.28 7840 ± 60 220 ± 70 
7630 ± 30 14C yr BP AA-81666 25.8 37.28 ± 0.25 7930 ± 50 300 ± 60 
 AA-79560 27.1 36.85 ± 0.34 8020 ± 70 390 ± 80 
 AA-80391 28.2 37.21 ± 0.46 7940 ± 100 320 ± 110 
 AA-80392 29.4 36.42 ± 0.51 8110 ± 110 490 ± 120 
 AA-79561 30.4 37.63 ± 0.54 7850 ± 120 230 ± 130 
 AA-80393 31.8 36.51 ± 0.38 8100 ± 80 470 ± 90 
 AA-80394 32.8 36.92 ± 0.35 8010 ± 80 380 ± 80 
 AA-79562 33.9 37.77 ± 0.49 7820 ± 100 200 ± 110 
 AA-80395 35.2 36.74 ± 0.42 8040 ± 90 420 ± 100 
 AA-80396 37.0 37.06 ± 0.33 7600 ± 70 350 ± 80 

 AA-79563 52.2 35.37 ± 0.73 8350 ± 170 730 ± 170 
 

a Previously unpublished data from Andrus and Hodgins. 

Table 2. Radiocarbon ages and reservoir ages (R) of marine component of sample pairs. 
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Location Mollusk shell 

Weighted 
average R 
(14C yr)  

R range 
(14C yr) 
± σ 

Sechura Bay, 6ºS A. purpuratus 540 120 ± 90 
Salaverry, 8ºS A. purpuratus 480 170 ± 90 
Ostra, 9ºS T. procerum 460 250 ± 80 
Chankillo, 10ºS M. donacium 420 150 ± 110 
Caral, 11ºS M. donacium 240 230 ± 120 
Bandurria, 11ºS A. purpuratus 470 100 ± 80 
Bandurria, 11ºS M. donacium 420 240 ± 120 
Callao Bay, 12ºS A. purpuratus 490 170 ± 60 
Callao Bay, 12ºS A. purpuratus 580 290 ± 80 
Quebrada Jaguay, 17ºS M. donacium 360 530 ± 200 

Table 3. Summary of weighted average marine reservoir ages (R) and range in marine 

reservoir age range from each shell for which a 14C profile was measured. 
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APPENDIX A: SEASONAL VARIATIONS IN PERUVIAN MARINE RESERVOIR 

AGE FROM PRE-BOMB ARGOPECTEN PURPURATUS SHELL CARBONATE 

Kevin B. Jones, Gregory W. L. Hodgins, David L. Dettman, 

C. Fred T. Andrus, April Nelson, and Miguel F. Etayo-Cadavid 

Jones KB, Hodgins GWL, Dettman DL, Andrus CFT, Nelson A, Etayo-Cadavid MF. 
2007. Seasonal variations in Peruvian marine reservoir age from pre-bomb 
Argopecten purpuratus shell carbonate. Radiocarbon 49: 877–888. 
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A.1. Abstract 

Marine upwelling along coastal Peru can be intense and variable, making 

radiocarbon dating marine and coastal systems complex. Historical and proxy records of 

upwelling along coastal Peru are few and long-lived species such as corals do not grow in 

the cold coastal waters. Mollusk shell carbonate, however, can record both the magnitude 

of the local marine reservoir correction, ∆R, and of seasonal oscillations in the ventilation 

age of coastal waters. If large, these seasonal oscillations would complicate radiocarbon 

dating of marine organisms. To examine this possibility we sampled for δ13C, δ18O, and 

14C content a set of pre-bomb Argopecten purpuratus shells collected from coastal Peru 

during 1908 and 1926. Intrashell variations of up to 216 14C yr were noted, but these were 

not consistently correlated with seasonal changes in δ18O or δ13C. Only an 11 yr 

difference was observed in the weighted average ΔR of Callao Bay shells collected 

during normal (1908) and El Niño (1926) years. Despite the intrashell 14C variation 

noted, weighted average ∆R values from all three sample sites and from normal and El 

Niño years all overlap at 1 σ. We report ∆R of 183 ± 18 and 194 ± 23 yr from Callao Bay 

(12°4´S), 165 ± 24 yr from Salaverry (8°14´S), and 189 ± 23 yr from Sechura Bay 

(5°45´S). 

A.2. Introduction 

Marine upwelling along coastal Peru has a significant effect on the apparent 

ventilation age of local seawater. In the absence of El Niño, deep, nutrient-rich upwelling 
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predominates. During an El Niño event, however, the upwelling source shifts to shallow, 

warmer, nutrient-depleted super-thermocline water of younger ventilation age (e.g. Huyer 

et al. 1987, Toggweiler et al. 1991). Upwelling also varies based on local winds (e.g. 

Huyer et al. 1987). Because of the different ventilation ages of the different sources of 

upwelling water, the marine reservoir age may vary depending on the pattern of 

upwelling. 

Corals are excellent isotopic recorders, providing long continuous marine isotopic 

records. High-resolution studies in the tropical Central Pacific (Grottoli et al. 2003) and 

tropical Eastern Pacific (Druffel et al. 2004) show that corals record surface ocean 14C 

content on a sub-annual scale. Unfortunately, suitable corals do not exist in the Eastern 

Pacific cold tongue near Peru.  

Mollusk shells are alternative isotopic recorders, typically used to determine local 

marine reservoir ages (e.g. Taylor and Berger 1967, Southon et al. 1990). Mollusks are 

abundant in Peruvian archaeological middens throughout the Holocene (e.g. Sandweiss et 

al. 1996, 2001; Sandweiss 2003) and in earlier fossil assemblages (e.g. Hsu et al. 1989). 

Their disadvantage is that they are short-lived and thus provide only brief records of 

marine conditions. 

Generally, measurements on marine shell assume a homogeneous intrashell 14C 

content (e.g. Ascough et al. 2005, Cage et al. 2006). Although perhaps generally true, 

variation may be significant in regions with large seasonal changes in upwelling 

intensity, such as along the Peruvian coast. The research we report here focuses on 

whether these variations are detectable within modern pre-bomb mollusk shell carbonate, 
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and whether they are significant for calculations of the modern regional marine reservoir 

correction, ΔR. A similar approach has been taken by Culleton et al. 2006, studying pre-

bomb shells from the Santa Barbara Basin. Their findings indicate that intrashell 

variations in radiocarbon content are significant.  

Several investigations have documented regional variation in the marine reservoir 

age over time (e.g. Southon et al. 1990, Eiríksson et al. 2004, Hutchinson et al. 2004, 

Ascough et al. 2005). The few marine reservoir age studies for Peru suggest significant 

changes during the Holocene are possible. Owen (2002) found late Holocene reservoir 

ages to be 670 to 760 years in far southern Peru. Fontugne (2004) also investigated the 

marine reservoir age in far southern Peru and found it to be about 600 years in the late 

Holocene and 500 to 1300 years in the early- to mid-Holocene. 

The question of what constitutes a suitable species for upwelling and 14C analysis 

remains open. Rollins et al. (1986, 1987) showed that the El Niño of 1982–1983 was 

recorded in the shells of Peruvian Chione subrugosa and Trachycardium procerum as 

notches or bands of closely spaced growth lines that were compressed as a consequence 

of physiological stress. Andrus et al. (2005) showed that a record of this event was also 

recorded isotopically in a modern T. procerum valve from near Casma, Peru (~9.30°S). 

The isotopic profile along a growth axis revealed a decrease of about 1.5‰ in δ18O and a 

14C increase of about 8 percent modern carbon (pMC) coincident with the El Niño event. 

The 14C increase reflected shell growth in 14C-enriched surface waters, the enrichment 

accentuated by the presence of bomb-derived radiocarbon. 
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Smaller oscillations with amplitudes of about 1‰ in δ18O and 2.1 pMC are also 

recorded in the modern T. procerum shell. A similar isotopic investigation of a 5800 BP 

archaeological T. procerum shell showed amplitudes in variation of 1.8‰ in δ18O and 1.5 

pMC (Andrus and Hodgins, unpublished results). These may reflect seasonal changes in 

upwelling intensity, although the influences of biology, local environment, and 

diagenesis need to be considered. 

In the research we report here, we quantify the variation in stable isotopes and 14C 

content in pre-bomb Argopecten purpuratus (Peruvian or Chilean bay scallop) shells. 

This species is distributed widely along the west coast of South America, from 5°S to 

37°S (Wolff and Mendo 2000). It lives between 0 and 30 m depth (Stotz and González 

1997, Cantillánez et al. 2005), and has a natural life span of 4 to 5 years. Modern fishing 

practice harvests individuals of 90 mm length, a size obtained within 14 to 16 months if 

cultured, or up to 27 months in natural beds (González et al. 2002). Scallops are motile, 

but capture and release experiments by Wolff and Mendo (2000) from May 1983 to May 

1984 (an El Niño year) recovered all individuals within 100 m of the release point. The 

species is beyond warm-temperature tolerant: studies have shown dramatic increases in 

Argopecten populations after El Niño events (Wolff 1987, 1988; Wolff and Mendo 

2000). Argopecten have long been exploited as a food source and so occur in Peruvian 

coastal archaeological sites (e.g. DeVries and Wells 1990). 

It will be important to understand isotopic variations in modern shells of known 

provenance before investigating archaeological shells of unknown age. If, for example, El 

Niño significantly alters the ventilation age preserved in mollusks, it will be important to 
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recognize this effect and correct for it when estimating the reservoir effect from ancient 

shells. 

A.3. Material and methods 

The A. purpuratus (Figure A-1) shells analyzed in this study are part of a 

Smithsonian Institution collection comprising a variety of species collected alive on 

known dates during the early 20th century. We are investigating A. purpuratus because 

they are abundant in the collection and cover a range of locations and collection dates. 

We sampled eight A. purpuratus valves for δ13C, δ18O, and 14C content. 

Our samples were collected alive in 1908 and October and November 1926 from 

three locations (Sechura Bay, 5°45´S; Salaverry, 8°14´S; and Callao Bay, 12°4´S; Figure 

A-2). Two A. purpuratus valves from different individuals were sampled for each 

combination of geographic and temporal setting. 

The 1908 and 1926 collection dates allow us to examine differences in shells 

between normal and El Niño years. 1907 and 1908 were normal years. An El Niño event 

occurred in 1926, as shown by a >2°C positive sea surface temperature (SST) anomaly in 

the Kaplan Extended SST Anomaly dataset (Kaplan et al. 1998). 

For stable isotope measurements, each valve was milled using a fixed dental drill 

and carbide dental bur at multiple locations along a single growth axis, powdering the 

carbonate within a roughly 0.5 mm diameter hemispherical divot. The resulting powder 

was collected, reacted with dehydrated phosphoric acid in vacuo, and analyzed for δ13C 

and δ18O using a Finnigan MAT 252 mass spectrometer with a Kiel III automated 
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sampling device. At least one internal NBS-19 calcite laboratory standard was run for 

every 19 shell carbonate samples. 1σ precision on repeated standards is ± 0.1‰ for δ18O 

and ± 0.06‰ for δ13C. 

Because δ18O can be used as a water temperature proxy (e.g. Epstein et al. 1953, 

Kim and O’Neil 1997, Dettman et al. 1999, Chauvaud et al. 2005), the δ18O curve 

produced by stable isotope sampling was then used to determine where to take larger (~5 

mg) samples for 14C in order to capture the expected greatest range in 14C. Carbonate for 

14C measurement was collected along paths parallel to growth lines to a width and depth 

of about 0.5 mm. To compare the effects of sampling depth, four additional 14C samples 

were taken from 2-mm-deep divots. The collected carbonate was reacted with phosphoric 

acid at room temperature in vacuo. The reaction was allowed to proceed to completion 

and the CO2 produced was cryogenically isolated and graphitized using standard 

procedures (Slota et al. 1987). 

A.4. Reservoir correction calculations 

Because of both upwelling of 14C-depleted deep water and slow mixing of carbon 

across the ocean-atmosphere interface, the marine surficial mixed layer is depleted in 14C 

relative to the atmosphere. Marine mollusks tend to precipitate carbonate in isotopic 

equilibrium with local seawater (Mook and Vogel 1968), and seawater dissolved 

inorganic carbon is the dominant source of carbon in shell carbonate, although a small 

proportion (usually <10%) of metabolized food carbon is also incorporated (Lorrain et al. 

2004). The difference between contemporaneous marine and atmospheric 14C ages can be 
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reported as the marine reservoir age, R, or as the marine reservoir correction, ∆R (Stuiver 

et al. 1986). 

The 14C marine reservoir age, R(t), is the difference between local marine and 

atmospheric 14C ages at calendar age t. This can be expressed as 

€ 

R(t) = Mm (t) − A(t) , 

where Mm(t) is the measured 14C age of a marine organism of known calendar age, t, and 

A(t) is the atmospheric 14C age, obtained from a terrestrial calibration curve such as 

IntCal04 (Reimer et al. 2004) for a historic sample of known age. If R(t) for a given year 

and location are known, it can be used with Mm(t) to calculate the equivalent A(t), which 

can then be calibrated using a terrestrial calibration curve to find the calibrated age of the 

marine organism. R(t) can vary significantly from year to year because high-frequency 

changes in atmospheric 14C are not instantaneously mirrored by the marine reservoir 

(Stuiver et al. 1986). 

The marine reservoir correction, ∆R, is a more accepted and less time-dependent 

way to describe marine 14C depletion. Stuiver et al. (1986) developed a marine 14C 

calibration curve for a theoretical global ocean, requiring a local reservoir age correction 

that can vary over both time and place, ∆R, to be applied to marine 14C-dated samples 

(Stuiver and Braziunas 1993) because the real ocean is not uniform. This correction is 

calculated from a marine sample of known age as 
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€ 

ΔR(t) = Mm (t) −Mcalib (t) , 

where Mcalib(t) is from the Marine04 calibration curve of Hughen et al. (2004). Once ∆R 

is known for an area at a time of interest, ages of marine samples can be corrected for 

local effects by adding ∆R before calibration with the Marine04 curve. 

A.5. Results 

∆R on individual shell carbonate samples ranges from 45 ± 85 to 261 ± 55 yr 

(Table A-1). ∆R within single shells varied by up to 216 yr. At Callao Bay, the only site 

for which we have samples from both 1908 and 1926, ∆R weighted averages for each 

collection date overlap within 1σ: 183 ± 18 and 194 ± 23 yr in 1908 and 1926, 

respectively. Farther north, the Salaverry (1926) weighted average ∆R is 165 ± 24 yr, and 

the Sechura Bay (1908) weighted average ∆R is 189 ± 23 yr, both overlapping with the 

Callao Bay ∆R averages within 1σ. 

Most δ18O and δ13C records from A. purpuratus valves collected at the same place 

and time are not identical but show similar amplitudes and patterns of variation (seen 

clearly in Figure A-3, 5, and 6). The variation seen in Figure A-4a is similar to that in the 

distal portion of the larger shell profiled in Figure A-4b. Shells collected at the same 

place but different times (contrasting growth during normal conditions and during El 

Niño) show different patterns of variation: those that grew during El Niño show strong, 

erratic negative excursions in δ18O and positive excursions in δ13C (e.g. Figure A-5 and 6, 
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particularly Figure A-5a). In most A. purpuratus valves sampled, δ18O and δ13C covary 

within 10 to 20 mm of the umbo, but vary inversely across the rest of the valve. 

Some, but not all, shells that grew during El Niño show possible growth hiatuses, 

reflected in abrupt changes in isotopic variation, in shell curvature, or both. The possible 

growth hiatus shown isotopically as an abrupt change in δ18O in Figure A-6b 

approximately corresponds to a slight break in shell curvature at 35 mm from the umbo. 

A more prominent break in shell curvature on this valve at 60 mm from the umbo, 

however, does not correspond to an abrupt isotopic shift. 

Three of four deeper 14C samples contained the same amount (at 1σ) of 14C as the 

shallower samples (Table A-1), while the fourth deep-and-shallow sample pair 

(AA68998 and AA68791) had disparate 14C contents. In this pair, the deeper sample 

appears 150 14C yr older than the shallow sample. 

A.6. Discussion 

Based on counting the approximately daily growth bands (Clark 1974, Chauvaud 

et al. 2005) and on examining what we suspect is an annual cycle in δ13C and δ18O, we 

conclude that the A. purpuratus shells we sampled are 1 to 1.5 years old, while the largest 

shell, 207760B (Figure A-4b), may approach 2 years old. This conclusion is supported by 

growth rate studies in Wolff (1987). Although shells of this age allow us to investigate 

seasonal variations in isotopic content, they preclude direct analyses of interannual 

variations. Longer-lived mollusks would be more useful for such studies. 
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Chauvaud et al. (2005) experimentally determined a linear relationship between 

water temperature, water δ18O, and scallop (Pecten maximus) calcite δ18O: 

T = 14.84 – 3.75(δ18Ocalcite – δ18Owater), 

where T is water temperature in °C, δ18Ocalcite is expressed in ‰ relative to VPDB, and 

δ18Owater is expressed in ‰ relative to SMOW. This equation is very similar to the Kim 

and O’Neil (1997) δ18Ocalcite-temperature equation based on abiogenic calcite 

precipitation. If we assume that the Chauvaud et al. (2005) relationship holds for A. 

purpuratus, and assuming that δ18Owater changes due to salinity are much less than the 

variation measured in δ18Ocalcite, then the 1.37 to 2.10‰ variation in shell δ18O 

corresponds to recorded water temperature variations of 5.2 to 8.0 °C over the lives of the 

scallops. This is in reasonable agreement with expected annual water temperature 

variations along coastal Peru: Puerto Chicama (8°S), for example, experienced a SST 

range of about 5 °C during normal years and greater than 11 °C during strong El Niño 

years from 1980–99 (see http://www.jisao.washington.edu/data_sets/chicama_sst/). 

These variations exceed the range in SST measured by Coker (1918) suggesting annual 

temperature variations of 2–5 °C during 1907–08 along coastal Peru. 

We hypothesized that part of the cause of marine temperature variations along 

coastal Peru is varying intensity of upwelling of deep cold water, with coldest water 

temperatures (and highest shell δ18O values) corresponding to the greatest contribution of 

upwelling. This upwelled water is 14C-depleted relative to warmer surficial water, so we 
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expected shell samples with high δ18O to be relatively depleted in 14C. We also expected 

shell that grew during the 1926 El Niño, when upwelling was significantly diminished 

and 14C-enriched runoff may have increased, to be enriched in 14C compared with shell 

that did not grow during this event. 

14C ages within single shells varied by up to 216 14C yr, several times larger than 

the typical σ on individual 14C measurements (Table A-1). However, no clear pattern in 

14C with respect to shell δ18O maxima and minima was noted (Figure A-3 to Figure A-6). 

As shells were only sampled for 14C measurement at δ18O maxima and minima, the 

possibility exists that the points of minimum and maximum 14C content were missed. 

Despite these large intrashell variations, no significant differences in weighted-average 

14C age were observed between shells that lived during El Niño and during normal 

conditions. 

The lack of major differences in weighted average 14C age between shells that 

grew during normal and during El Niño conditions is difficult to explain. Although A. 

purpuratus thrives in El Niño conditions, possible growth hiatuses noted in shells that 

grew during the 1926 El Niño event (e.g. Figure A-6b) suggest that these scallops may 

occasionally stop growing even under favorable conditions. This is consistent with 

observed growth cessations in the scallop P. maximus that occur after environmental 

change, handling, or during phytoplankton blooms (Chauvaud et al. 2005). Perhaps, then, 

A. purpuratus shell carbonate does not record the full range of marine isotopic variation 

over the life of the organism. Other possibilities for the lack of clear differences between 
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normal and El Niño 14C weighted averages, such as these scallops migrating or living in 

areas sheltered or buffered from changing upwelling, are unlikely. 

As with δ18O, δ13C shows no clear correlation with 14C. An inverse correlation 

between δ13C and δ18O is apparent except near the umbones of the A. purpuratus shells 

we sampled. This suggests that, like δ18O, δ13C is influenced (perhaps indirectly) by 

temperature over much of the lives of these scallops. The covariance in these isotope 

ratios near the umbones suggests the additional influence of a biological or metabolic 

process that changes during ontogeny. This process may be species specific, as Peruvian 

T. procerum (Andrus et al. 2005) and Mesodesma donacium (Carré et al. 2005) shells do 

not show a similar relationship between δ13C and δ18O. 

The ∆R values we report are lower than the two (243 ± 49, 670 ± 44 yr) 

previously reported for Peru (Table A-2). The 670 yr ∆R, however, was treated as an 

outlier by Stuiver et al. (1986), and Owen (2002) suggests it may not have been collected 

live or may have been affected by an extreme local hard water effect. Our weighted 

average ∆R values of 165 ± 24 to 194 ± 23 yr are not far out of line with the remaining 

243 yr value previously reported. As geography may influence the marine reservoir age, 

local marine 14C variations might also explain the difference between the ∆R values. (The 

exact collection location of the shell with ∆R = 243 yr is unknown.) 

Because of the range of up to 216 14C yr in ages from a single shell and the 

possibility of growth cessations, researchers using 14C ages from marine organisms in an 

area with variable upwelling should exercise caution. Recent findings by Culleton et al. 

2006 support this as well. Samples collected for 14C dating, whether whole-shell or small 
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portions of a shell, may not be representative of the overall marine environment in which 

the mollusks grew due to growth rate changes and hiatuses. Also, regional ∆R values may 

have been calculated on shells that grew during atypical upwelling conditions. More 

research is needed on the influences of seasonality and upwelling on shell 14C. The best 

sampling strategy for marine shells in a variable upwelling environment remains unclear 

and is a focus of our ongoing work. 

A.7. Conclusions 

Based on our 14C dating of multiple A. purpuratus valves, we report modern pre-

bomb ∆R values of 183 ± 18 and 194 ± 23 yr at Callao Bay, 12°4´S (shells collected in 

1908 and 1926); 165 ± 24 yr at Salaverry, 8°14´S; and 189 ± 23 yr at Sechura Bay, 

5°45´S. When multiple 14C samples are averaged, interannual variations in ∆R are 

minimal; a difference of only 11 yr was calculated between shell carbonate precipitated 

in Callao Bay during the normal years 1907–8 and the strong El Niño of 1926. 

The results reported here suggest that intrashell variations in 14C can be 

significant (>200 14C yr), but these do not correlate clearly with seasonal cycles in SST as 

reflected by mollusk carbonate δ18O. Moreover, rapid fluctuations in δ18O apparent 

within some valves argue against δ18O oscillations stemming solely from seasonal SST 

changes. Because of this intrashell 14C variation, we advise caution in using 14C for high-

precision dating in environments with variable marine upwelling such as Peru. 
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A.8. Addendum 

My co-authors and I continued to investigate the relationship between shell 14C 

and δ18O after publication of this article. We learned that shell 14C content is in fact 

directly related to δ18O (and inversely related to water temperature), but a phase shift of 

days or weeks sometimes exists between shell 14C and δ18O. This phase shift obscures the 

relationship between shell 14C and δ18O when shell 14C samples are only collected at δ18O 

extremes. We present a discussion of more complete 14C profiles from four of the eight 

shells discussed here in Appendix B. [KBJ, April 2009] 
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Figure A-1. A. purpuratus valve. Growth bands are visible within the distal portion of the 

valve. 

 

Figure A-2. Map showing locations of A. purpuratus collection sites. 
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Figure A-3. Stable isotope analyses of two A. purpuratus valves from different scallops 

collected live at Sechura Bay in 1908. Solid circles with 1σ error bars represent 14C 

measurements, expressed as ∆R. Solid squares represent δ18O, open diamonds represent 

δ13C, and error bars show 1σ precision on repeated NBS-19 standards. Patterns of 

variation and amplitudes in both valves are similar. The isotopic signals covary near the 

umbo but vary inversely beyond 20 mm from the umbo. 
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Figure A-4. Stable isotope analyses of A. purpuratus valves from scallops collected live 

at Callao Bay in 1908. Solid circles with 1σ error bars represent 14C measurements, 

expressed as ∆R. Solid squares represent δ18O, open diamonds represent δ13C, and error 

bars show 1σ precision on repeated NBS-19 standards. 
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Figure A-5. Stable isotope analyses of A. purpuratus valves from scallops collected live 

at Callao Bay in late 1926, following the early 1926 El Niño event. Solid circles with 1σ 

error bars represent 14C measurements, expressed as ∆R. Solid squares represent δ18O, 

open diamonds represent δ13C, and error bars show 1σ precision on repeated NBS-19 

standards. Shell 368498A in particular shows rapid oscillations in δ13C and δ18O during a 

possible period of growth during El Niño. 
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Figure A-6. Stable isotope analyses of A. purpuratus valves collected live at Salaverry in 

October 1926, following the early 1926 El Niño event. Solid circles with 1σ error bars 

represent 14C measurements, expressed as ∆R. Solid squares represent δ18O, open 

diamonds represent δ13C, and error bars show 1σ precision on repeated NBS-19 

standards. The abrupt drop or subsequent abrupt increase in δ18O in the middle of valve 

368560B may represent a growth hiatus. Growth curves from Wolff (1987) suggest this 

individual was part of the spring cohort, and, based upon size, June or July 1926 as the 

time of the hiatus. 
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Table A-1. AMS 14C ages of A. purpuratus shell samples, calibrated ages, and resulting 

marine reservoir ages. 1σ errors are reported for ages. Samples in italics were collected 

from a 2-mm hemispherical divot. All other samples were collected along 0.5-mm-deep 

arcs parallel to growth lines. Weighted averages (Long and Rippeteau 1974) for each 

collection location and date combination are shown in bold. 

Laboratory 
nr Shell nr Collection location and date  

Distance 
from 
umbo 
(mm) 

δ18O 
(‰) 

δ13C 
(‰) 

14C content 
(pMC) 

14C age 
(BP) 

Reservoir 
age 
R(t) (yr)a 

Reservoir 
correction 
∆R (yr)b 

AA69000 207760A Callao Bay (12°4´S), 1908 8.5 –0.15 0.82 92.30 ± 0.52 643 ± 44 550 ± 45 195 ± 50 
AA68793 207760A  8.5 —  92.79 ± 0.41 601 ± 35 508 ± 36 153 ± 42 
AA69001 207760A  44.8 1.68 0.72 92.02 ± 0.57 668 ± 50 575 ± 50 220 ± 55 
AA68794 207760A  44.8 —  91.56 ± 0.50 708 ± 44 615 ± 45 260 ± 50 
AA68797 207760B  14.5 0.06 1.27 93.30 ± 0.60 557 ± 51 464 ± 51 109 ± 56 
AA68798 207760B  58.5 1.30 1.21 93.06 ± 0.54 578 ± 47 485 ± 48 130 ± 53 
AA68800 207760B  84.0 0.11 1.10 92.38 ± 0.49 637 ± 42 544 ± 43 189 ± 48 
AA68799 207760B  90.0 1.58 0.93 92.14 ± 0.55 657 ± 48 564 ± 49 209 ± 54 

 weighted average: 538 ± 16 183 ± 18 
AA69380 207761A Sechura Bay (5°45´S), 1908 13.2 0.38 1.06 93.47 ± 0.57 543 ± 47 450 ± 48   95 ± 53 
AA69379 207761A  55.7 1.75 0.97 91.62 ± 0.63 703 ± 54 610 ± 54 255 ± 59 
AA74686 207761C  10.5 0.23 1.01 92.39 ± 0.38 636 ± 32 543 ± 33 188 ± 40 
AA74687 207761C  38.1 1.58 0.76 92.09 ± 0.38 662 ± 32 569 ± 33 214 ± 40 

   weighted average: 545 ± 20 189 ± 23 
AA68998 368498A Callao Bay, 7 Nov. 1926 26.0 –0.32 2.13 94.02 ± 0.99 496 ± 82 360 ± 82   45 ± 85 
AA68791 368498A  26.0 0.00 1.05 92.27 ± 0.52 646 ± 45 510 ± 46 195 ± 51 
AA68792 368498A  84.4 1.31 1.02 92.05 ± 0.49 666 ± 42 530 ± 43 215 ± 48 
AA68999 368498A  84.6 1.78 1.20 92.02 ± 0.64 668 ± 55 532 ± 55 217 ± 60 
AA68795 368498B  17.0 –0.18 1.83 91.52 ± 0.57 712 ± 50 576 ± 50 261 ± 55 
AA68796 368498B  70.0 1.51 0.93 92.81 ± 0.51 600 ± 44 464 ± 45 149 ± 50 

   weighted average: 510 ± 21 194 ± 23 
AA69382 368560A Salaverry (8°14´S), Oct. 1926 38.4 1.54 0.95 93.35 ± 0.59 552 ± 50 416 ± 50 101 ± 55 
AA69381 368560A  49.6 0.21 1.47 92.92 ± 0.59 589 ± 49 453 ± 49 138 ± 55 
AA69429 368560B  34.0 1.86 0.70 92.00 ± 0.42 670 ± 36 534 ± 37 219 ± 43 
AA69430 368560B  38.5 –0.16 0.54 92.61 ± 0.42 617 ± 36 481 ± 37 166 ± 43 

   weighted average: 481 ± 21 165 ± 24 
a R(t) calculations use atmospheric 14C ages from IntCal04 (Reimer et al. 2004) of 93 ± 7 yr for 1908 and 136 ± 7 yr for 1926. 
b ∆R calculations use model marine mixed layer 14C ages from Marine04 (Hughen et al. 2004) of 448 ± 23 yr for 1908 and 451 ± 23 yr 
for 1926. 
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Table A-2. Reported modern values for ∆R based on 14C dates on marine shells from the 

west coast of South America. Latitudes for ambiguous Peruvian locations estimated in 

Stuiver et al. 1986. 

Location Collection date Species ∆R (yr) Reference 
Guayaquil, Ecuador (3°S) 1927 Cerithidea valida –216 ± 37 Taylor and Berger 1967 
Guayaquil, Ecuador 1927 Thais biserialis 84 ± 45 Taylor and Berger 1967 
Northern Peru (about 10°S) 1930–1940 Strombus peruvianus 243 ± 49 Taylor and Berger 1967 
Peru (about 14°S) 1930–1940 Oliva peruviana 670 ± 44 Taylor and Berger 1967 
Angofagasta, Chile (24°S) 1925 Concholepas concholepas 175 ± 34 Taylor and Berger 1967 
Valparaiso, Chile (33°S) 1930–1940 Tegula aler 313 ± 76 Taylor and Berger 1967 
Valparaiso, Chile 1939  370 ± 51 Ingram and Southon 1996 
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B.1. Abstract 

Marine mollusk shell carbon and oxygen isotope values contain information about 

the water in which the shell formed. In the Pacific Ocean near Peru, cool, radiocarbon-

depleted water typically wells up from below the thermocline. During the El Niño (warm) 

phase of the El Niño-Southern Oscillation (ENSO), the thermocline deepens and marine 

upwelling shifts to warm, radiocarbon-enriched super-thermocline water, providing an 

opportunity to study past El Niño events by examining upwelling changes recorded in 

shell ∆14C. We have quantified intrashell ∆14C, δ18O, and δ13C cycles in four shells from 

the bay scallop Argopecten purpuratus collected from Callao Bay, Salaverry, and 

Sechura Bay, Peru following the non-El-Niño years 1907–1908 and following the 1925–

1926 El Niño. ∆14C and δ13C generally covary, and ∆14C and δ18O vary inversely. Shell 

∆14C supports an Equatorial Undercurrent source for sub-thermocline Peruvian 

upwelling. Simultaneous decreases in ∆14C and increases in δ18O in non-El-Niño shells 

are followed by constant ∆14C and gradually decreasing δ18O. We interpret this pattern as 

evidence for discrete upwelling events followed by gradual warming of the initially cold 

upwelled water. Upwelling changes from El Niño events are detectable in mollusk shell 

∆14C, although this detection is easiest in post-bomb shells (using bomb carbon as a 

tracer) and more difficult with antiquity in pre-bomb shells. 



 

 

83 

B.2. Introduction 

Cold, nutrient-rich, radiocarbon-depleted, sub-thermocline waters normally well 

up along the Peruvian coast. Characteristics of this upwelling change during the El Niño 

(warm) phase of the El Niño-Southern Oscillation (ENSO), however. During El Niño 

events, upwelling shifts to a warmer, nutrient-depleted, radiocarbon-enriched source 

above the thermocline. Using marine radiocarbon preserved by carbonate-precipitating 

organisms as a tracer, it is possible to examine past changes in marine radiocarbon 

content, and thus upwelling source waters, along coastal Peru. 

Although corals provide long continuous records of tropical marine radiocarbon 

content (e.g. Druffel, 1981, 1987; Grottoli et al., 2003; Druffel et al., 2004), corals are not 

found in the eastern Pacific cold tongue near Peru. Mollusks, however, are abundant in 

Peruvian geological strata to well beyond the limits of radiocarbon dating, and in cultural 

deposits from the Terminal Pleistocene (Sandweiss, 2003) to the present. Mollusks 

preserve histories of marine radiocarbon content and upwelling in their shells (e.g. 

Fontugne et al., 2004; Carré et al., 2005a, 2005b; Jones et al., 2007). Although the 

records are often brief (up to several years) due to generally short molluscan lifespans, 

they can provide weekly to monthly temporal resolution for upwelling reconstructions. 

These reconstructions reveal seasonal changes in radiocarbon content of upwelling 

waters, and short-term upwelling changes during El Niño events. In this paper, we 

discuss information gleaned from radiocarbon profiles of four early 20th century 

Peruvian bay scallop (Argopecten purpuratus) shells. 
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B.2.1. Marine radiocarbon dating 

Radiocarbon is produced by cosmic ray interactions in the upper atmosphere, 

primarily through the reaction 14N(n,p)14C (Kamen, 1963). Atomic 14C oxidizes rapidly to 

14CO and then to 14CO2, which becomes well mixed in the atmosphere. 14C decays to 14N 

with a half-life of 5730 yr (Godwin, 1962), but continuous production generally keeps the 

atmospheric radiocarbon level approximately constant. Changes in the geomagnetic field, 

solar activity, cosmic ray flux, terrestrial carbon reservoirs, and human activity can alter 

the atmospheric radiocarbon concentration, however. 

Anthropogenic emissions must be considered when investigating radiocarbon 

fixed during the 20th century. As a result of radiocarbon-depleted fossil fuel burning, the 

atmospheric concentration of radiocarbon gradually decreased between about 1900 and 

1950 (Suess, 1955; Stuiver and Quay, 1981). Coral records show that the magnitude of 

this decrease, called the Suess Effect, in the northern hemisphere surface ocean was 7–

11‰ in ∆14C (Druffel et al., 2001; Druffel, 1997), but less in the South Pacific Ocean 

(Toggweiler et al., 1991). Radiocarbon sampling of corals from the Galápagos Islands 

reveals a Suess Effect of (6 ± 5)‰ in ∆14C (Druffel, 1981). Assuming that the Suess 

Effect at the Galápagos is similar to that at coastal Peru, fossil fuel burning may have 

depressed early 20th century Peruvian shell ∆14C by several per mil relative to ∆14C of 

shells that grew under similar but pre-1900 conditions. 

Atmospheric thermonuclear weapons testing during the 1950s and 1960s 

produced a large spike of “bomb” radiocarbon in the atmosphere, complicating 

radiocarbon analyses involving post-1950 atmospheric radiocarbon (Broecker and 
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Walton, 1959). Because the mollusk shells we discuss in this paper were collected in pre-

bomb time, bomb carbon is not a factor in our study. 

During life, the radiocarbon concentration within an organism is the same as the 

radiocarbon concentration of its carbon source, after correcting for biological 

fractionation using δ13C. Terrestrial plants (and consumers of these plants) have 

radiocarbon activities similar to atmospheric CO2. Marine organisms have radiocarbon 

levels reflecting that of marine dissolved inorganic carbon (DIC), and carbonate shells of 

marine mollusks preserve a record of the DIC radiocarbon at the time of growth band 

precipitation, although a small amount, typically < 10%, of metabolized food carbon is 

also incorporated (Lorrain et al., 2004). Once an organism dies or shell carbonate has 

precipitated, its 14C gradually decays to 14N without being replenished, and this decay 

permits radiocarbon dating. 

DIC in seawater, and in organisms obtaining their carbon from it, is radiocarbon 

depleted and generally appears about 400 14C yr older than CO2 in the atmosphere. This 

depletion occurs because of slow mixing across the ocean-atmosphere interface and 

ocean currents that isolate deep water from the atmosphere for hundreds or thousands of 

years (Stuiver et al., 1986). In this paper, we discuss marine radiocarbon values in terms 

of ∆14C, expressed in per mil, calculated as follows: 
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where fm is the fraction modern of a shell sample, λ is the 14C decay constant based on its 

true 5730-yr half-life, and y is the year of mollusk shell precipitation. 

B.2.2. Previous work 

Few detailed studies of intrashell radiocarbon variation exist. Before the use of 

accelerator mass spectrometry (AMS) for radiocarbon dating, examining intrashell 

radiocarbon variation was not possible due to the large amount of carbonate required for 

conventional radiocarbon assays. 

Weidman and Jones (1993) analyzed changes in radiocarbon within a shell of the 

long-lived mollusk Arctica islandica (ocean quahog). Their specimen lived for 54 years 

and its 13-point radiocarbon profile from 1939 to 1990 showed the progressive 

incorporation of bomb radiocarbon into North Atlantic marine waters. 

Andrus et al. (2003) examined a shell of the cockle Trachycardium procerum 

excavated at the Ostra Base Camp archaeological site, Peru (8.9ºS), from a stratum dated 

to 5830 ± 90 14C yr BP (Sandweiss et al., 1996). Twenty-one samples from this shell 

revealed radiocarbon age variations of 222 14C yr (Andrus and Hodgins, unpublished 

data). Andrus et al. (2005) also examined the shell of a T. procerum from near Casma, 

Peru (9.4ºS) that lived through the 1982–1983 El Niño event (Rollins et al., 1986, 1987). 

A sharp negative excursion in δ18O occurred at nearly the same point in the shell (but 3 

mm closer to the hinge) as the shell radiocarbon maximum (Figure B-1). Shell carbonate 

(in this case, aragonite) δ18O varies inversely with seawater temperature (Grossman and 

Ku, 1986), so the negative δ18O excursion corresponds to warm surficial water from the 
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El Niño event (Table B-1). The related radiocarbon increase is due to bomb carbon in the 

modern surface ocean. Before the El Niño event, the shell contained less radiocarbon 

because the water in which it lived contained a larger proportion of radiocarbon-depleted 

deep water. Shells from pre-bomb time would show a smaller change in radiocarbon 

content as a result of El Niño events, as pre-bomb surface water would be less 

radiocarbon-enriched than post-bomb surface water. 

Culleton et al. (2006) and Jones et al. (2007) studied early 20th century mollusk 

shells to determine whether radiocarbon variations in pre-bomb mollusks are generally 

detectable, and what these reveal about seasonal changes in marine upwelling. These 

studies used four or fewer point samples per shell. Culleton et al. (2006) reported 

intrashell radiocarbon age variations of up to 240 14C yr on two modern pre-bomb and 

two archaeological Mytilus californianus shells from near Santa Barbara, California. 

Jones et al. (2007) similarly studied eight modern pre-bomb Argopecten purpuratus 

shells from three locations in Peru. Intrashell radiocarbon age variations of approximately 

200 14C yr corresponding to radiocarbon content variations of 2.0 percent modern carbon 

(pMC) were noted in shells that grew for approximately 1 yr. 

We have now constructed 13- to 15-point radiocarbon profiles along ontogeny of 

four of the eight shells discussed in Jones et al. (2007). In this paper, we report the results 

of this profiling and examine the observed cycles in ∆14C and δ18O with respect to 

seasonal and El-Niño-related upwelling changes and ocean circulation in the eastern 

South Pacific. 
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B.2.3. Physiographic setting 

The South Pacific Ocean along the Peruvian coast is a region of deep marine 

upwelling. Alongshore wind stress from the southeasterly trades results in offshore 

Ekman transport, driving surface water away from the coast and allowing deeper water to 

well up. Upwelling water originating below the thermocline is cold, radiocarbon-

depleted, and nutrient-rich. The source of this radiocarbon-depleted water is the lower 

part of the westerly Equatorial Undercurrent, some of which is diverted southeastward by 

the Galapagos Islands (Wyrtki, 1963; Lukas, 1986; Toggweiler et al., 1991). 

The intensity of Peruvian upwelling varies seasonally, as the trade winds are 

weaker in summer and stronger in winter (Wyrtki, 1975). Although these winds may 

weaken significantly or shift direction during El Niño events, upwelling continues. The 

thermocline deepens during El Niño events while the depth of upwelling remains 

essentially constant, resulting in upwelling of warm, radiocarbon-enriched, super-

thermocline water (Wyrtki, 1975). Sea surface temperature (SST) records from Puerto 

Chicama, Peru (7ºS) during four mid-20th century El Niño events show that austral 

winter SSTs remain about the same during El Niño and normal conditions, but austral 

summer SSTs increase during El Niño events by up to 4ºC over those of normal 

conditions (Wyrtki, 1975). Because of the strength and variability of its marine 

upwelling, Peru is an ideal location to study effects of upwelling on mollusk shell 

isotopes.  
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B.3. Material and methods 

B.3.1. Samples and collection sites 

The epifaunal bay scallop Argopecten purpuratus inhabits shallow bays along the 

west coast of South America from 5ºS (Paita, Peru) to 33ºS (Valparaiso, Chile) (Wolff 

and Mendo, 2000; Cantillánez et al., 2005), with extinct beds found to 37ºS (Bahia 

Vincente, Chile) (Wolff and Mendo, 2000). A. purpuratus typically lives in beds at 

depths of 3 to 25 m below sea level, reaches a size of about 90 mm in 18 months, and can 

live for 4–5 years (Stotz and González, 1997). A. purpuratus, like many mollusks, forms 

approximately daily growth bands (Clark, 1974; Wheeler et al., 1975; Stotz and 

González, 1997). As a result of El Niño conditions, its population can increase by over an 

order of magnitude (a 60-fold increase occurred after the 1982–3 El Niño) due to a 

decrease in the number of predators (e.g. Cancer spp.) and competitors (e.g. Aulacomya 

ater) (Wolff, 1987; Wolff and Mendo, 2000). The success of A. purpuratus during El 

Niño events suggests that the shells of these scallops should preserve a record of marine 

conditions during both normal and El Niño years. 

In this study, we used four of the eight shells discussed in Jones et al. (2007), 

collected live in 1908 and late 1926 and obtained from an archival collection at the 

Smithsonian Institution, Museum of Natural History. Two shells were collected from 

Callao Bay (12.1ºS) in 1908 and 1926, one shell was collected from Salaverry (8.2ºS) in 

1926, and one shell was collected from Sechura Bay (5.8ºS) in 1908 (Figure B-2). 1907 

and 1908 were non-El-Niño years, while the shells collected in 1926 lived through the 
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1925–1926 El Niño event, shown as a > 2ºC positive SST anomaly in the Kaplan 

Extended SST Anomaly dataset (Kaplan et al., 1998). 

B.3.2. Analytical methodology 

Before sampling, shells were ultrasonically cleaned in deionized water, dried, and 

briefly abraded at sample locations with a dental bur to remove surficial contamination. 

13 to 15 ~3-mg carbonate samples per shell for radiocarbon analyses were collected 

using a 0.5-mm dental bur. These samples were taken through ontogeny, along transects 

parallel to growth bands to a depth of < 0.5 mm. Samples were hydrolyzed in vacuo 

using phosphoric acid; the CO2 produced was cryogenically collected, purified, and 

graphitized using standard procedures (Slota et al., 1987); and the 14C was measured at 

the NSF-Arizona AMS Facility. 

Shell heights were measured as linear distances from the umbo along the axis of 

greatest dimension using a caliper. Shell growth lines were typically visible at the shell 

surface in the ventral one-half to one-third of the shell. Where distinguishable, these 

bands were counted visually along the outer shell surface from the ventral margin using a 

binocular microscope. Because of the possibility of missing growth lines, these counts are 

considered minima (Clark, 1968). 

Stable carbon and oxygen isotope data for these shells are from Jones et al. 

(2007). 
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B.4. Results 

Each of the scallops sampled lived for approximately one year, based on observed 

δ18O cycles and on growth curves for A. purpuratus in northern Chile (DiSalvo et al., 

1984; Stotz and González, 1997). Surface growth lines were visible, with difficulty, only 

in the distal thirds of each of the shells. Despite this, approximate counts of the 

observable growth lines (74 to 131) in the outer portions of shell generally support 

growth durations of approximately one year. 

∆14C for the four shells analyzed are listed completely in Table B-2 and 

summarized in Table B-3. ∆14C maxima for all four shells are the same within 1 sigma. 

∆14C minima are the same at 1 sigma for all shells with the exception of 207760A, which 

grew in Callao Bay during the non-El-Niño conditions of 1907–1908 and contains the 

most depleted ∆14C, –101.6‰, amongst the shells studied. 

The stable isotope ranges for each of the four shells in this study (from Jones et 

al., 2007) are reported in Table B-4. The δ18O maxima (i.e. water temperature minima, 

see Table B-1) for all four shells, from both El Niño and non-El-Niño years, are similar 

within 0.3‰. δ18O minima (i.e. water temperature maxima) have a 1.1‰ range, with the 

lowest minima (i.e. highest temperatures) from the El Niño shells. 

∆14C generally covaries with δ13C and varies inversely with δ18O. δ18O and δ13C 

generally vary inversely, except within 10–20 mm of the umbo (Figure B-3–Figure B-6). 

Near the umbones of three of the four shells analyzed here (excepting 368560B), δ18O 

and δ13C covary. 
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Upon closer inspection, there are two potentially meaningful deviations from the 

overall inverse variation between ∆14C and δ18O. 1) The shells that grew under non-El-

Niño conditions (207761C, Figure B-3; 207760A, Figure B-5) show a similar pattern of 

simultaneous ∆14C minima and δ18O maxima (at shell heights of ~38 mm in 207761C and 

~39 mm in 207760A). ∆14C then remains essentially constant for a period (~22 mm in 

207761C, ~9–14 mm in 207760A) as δ18O gradually decreases. 2) The shell collected in 

Salaverry in late 1926 (368560B, Figure B-4) shows a sharp, brief decrease in δ18O to the 

lowest value (–0.89‰) in any A. purpuratus shell discussed here. A corresponding 

increase in ∆14C is not simultaneous, but occurs ~3 mm farther from the umbo. Possible 

explanations for these deviations are examined below, in the Discussion section. 

Callao Bay is the only location for which we analyzed shells that grew during 

both non-El-Niño (1907–1908, Figure B-5) and El Niño (1925–1926, Figure B-6) 

conditions, allowing a comparison of the changes in shell isotopes brought about by an El 

Niño event. Surprisingly, the range in δ18O is similar for both shells, suggesting that they 

precipitated in waters of similar temperature. The El Niño shell (368498A) is enriched by 

about 0.5‰ in δ13C relative to shell 207760A that grew under non-El-Niño conditions. 

The ∆14C maxima are similar for both shells, although the minima are different, showing 

that the 1907–1908 shell grew in conditions of, or at least preserved, more radiocarbon 

depletion than the 1925–1926 El Niño shell. 
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B.5. Discussion 

B.5.1. Source of Peruvian upwelling 

Based on temperature, salinity, and scant pre-bomb radiocarbon measurements of 

seawater, Toggweiler et al. (1991) proposed that the sub-thermocline Peru upwelling 

consists of Equatorial 13º Water (Montgomery and Stroup, 1962), typically ranging in 

temperature from 11 to 14ºC, derived from the lower part of the Equatorial Undercurrent 

(Lukas, 1986) and ultimately originating as Subantarctic Mode Water. Calcite from the 

four shells analyzed in our study ranges from –102 to –63‰ in ∆14C. This is in good 

agreement with the suggestion of Toggweiler et al. (1991) that, based on measurements 

from Galapagos corals, Peruvian coastal upwelling water should have unusually depleted 

∆14C values of –81 to –72‰ at the surface. Such depleted ∆14C is typically found at 500 

to 700 m depth in the subtropics. Although we note a larger range in ∆14C than expected 

by Toggweiler et al., bulk ∆14C values from these shells would fall within the expected 

range. 

Our shells contain annual ∆14C cycles in both El Niño and non-El-Niño years. 

This suggests that either the Equatorial Undercurrent varies in ∆14C during the year, or 

that the proportion of sub- to super-thermocline water entrained in upwelling, or the 

depth of the thermocline, changes seasonally. 
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B.5.2. Relationship between δ13C, δ18O, and ∆14C 

Where inverse variations in shell calcite ∆14C and δ18O along ontogeny are in 

phase (e.g. Figure B-5, shell heights 10–39 and 50–60 mm), we infer that active 

upwelling is taking place. Changes in source water are recorded in shell ∆14C, and 

corresponding changes in water temperature are preserved in δ18O due to temperature-

dependent fractionation of biogenic calcite. These general relationships are summarized 

in Table B-1. Where δ18O decreases (i.e. warming) but ∆14C does not change (e.g. Figure 

B-5, shell heights 39–50 mm), however, this suggests that upwelling has diminished, 

allowing initially cold coastal water to warm near the coast without being immediately 

replaced by new upwelling water. A parcel of upwelled water may require only 1 month 

to warm through interaction with the atmosphere and thus reduce the δ18O of mollusk 

shell precipitating in this water, but about 10 years to equilibrate isotopically with the 

atmosphere (Broecker and Peng, 1974; Toggweiler et al., 1991). The original ∆14C of the 

upwelled water is conserved as it warms. Changes in mollusk shell ∆14C, then, are the 

result of physical transport of upwelling water, whereas shell δ18O changes can result 

from both transport and in situ warming of water. 

∆14C and δ18O of our A. purpuratus shells suggest that Peruvian upwelling is not a 

continuous flow of upwelled water, but rather temporally limited plumes (e.g. Kelley et 

al., 1975). Spans of nearly constant ∆14C and gradually decreasing δ18O (i.e. warming) 

from shell heights of 38–62 mm in 207761C (Figure B-3) and 39–50 mm in 207760A 

(Figure B-5) correspond to periods of reduced upwelling and warming water derived 
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from a single source. Based on growth band counting and a Peruvian A. purpuratus 

growth rate curve (Wolff, 1987), these periods of reduced upwelling last for 3–6 weeks. 

The shell δ18O change resulting from these upwelling reductions is about –0.6‰ 

in shells 207760A and 207761C, suggesting that water warmed by ~2.4ºC, if temperature 

change accounts for the entire change in shell δ18O. Assuming a 20-m depth of the water 

column in which the scallops lived, about 20 kJ of energy are required to raise 1 cm2 of 

this 20-m water column by 2.4ºC (1 cal, or 4.184 J, are needed to raise the temperature of 

1 cm3 of water by 1ºC). Using the average global insolation of 342 W/m2, about a week 

would be required to achieve the inferred warming. In reality, the required time would be 

longer because of a) longwave re-radiation reducing the water temperature, b) mixing and 

advection of the water parcel, and c) possible coastal fog reducing the insolation reaching 

the sea surface. Ultimately, though, the necessary time for the inferred warming agrees 

with our observations within an order of magnitude. 

The pattern of a sharp δ18O decrease immediately preceding a ∆14C peak in shell 

368560B (Figure B-4), which grew through the 1925–1926 El Niño event, is similar to 

that shown by Andrus et al. (2005) in a T. procerum shell that grew through the 1982–

1983 El Niño (Figure B-1). In both shells, the decrease in δ18O, interpreted as an increase 

in water temperature, precedes the increase in ∆14C, interpreted as a shift from a sub-

thermocline to super-thermocline source for upwelling. The isotopic changes are 

separated by ~3 mm in shell 368560B, corresponding to ~1 week of shell growth using a 

growth rate estimate of 0.4 mm/day at 35 mm shell height (Wolff, 1987) and assuming 

continuous growth. This phase lag between δ18O and ∆14C is difficult to explain. 
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Possibly, typical sub-thermocline coastal upwelling shut down, allowing recently 

upwelled sub-thermocline water to remain near the coast and warm. As discussed above, 

seawater would retain its sub-thermocline ∆14C signature, but warming would produce 

lower δ18O values in precipitated carbonate. Coastal upwelling then resumed, but from 

the super-thermocline source typical for El Niño. The resumption of upwelling would 

produce the depleted ∆14C and somewhat depleted δ18O (i.e. somewhat warm) values 

observed. This possible upwelling hiatus immediately preceding the radiocarbon-depleted 

phase of the El Niño event is not observed in shell 368498A (Figure B-6), in which the 

El-Niño-related increase in ∆14C and decrease in δ18O occur simultaneously, within 

sampling resolution. This suggests that upwelling hiatuses may not always or everywhere 

accompany El Niño, or are not always recognizable in mollusk shell isotopic profiles. 

The observed covariance between δ13C and δ18O less than 10–20 mm from the 

umbones of three of the four shells analyzed is difficult to explain in the absence of 

detailed, species-specific studies of shell δ13C. Generally, mollusk shell δ13C records 

changes in both seawater chemistry and organism biology to a degree that can vary with 

species and with age of the organism (McConnaughey and Gillikin, 2008). Argopecten 

reach sexual maturity at small size (DiSalvo et al., 1984; González et al., 2002), and this 

change in isotopic relationship occurs near the size of first spawning in some species 

(Cruz et al., 2000), so the observed covariance may be a vital effect resulting from this 

physiological change. 
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B.5.3. Detectability of El Niño events 

The Callao Bay shells that formed during non-El-Niño (1907–1908: shell 

207760A, Figure B-5) and El Niño (1925–1926: 368498A, Figure B-6) conditions have 

similar ∆14C maxima, but the non-El-Niño shell has a deeper ∆14C minimum (–101.6 ± 

6.9‰) than the El Niño shell (–82.4 ± 6.4‰). This suggests that one effect of the 1925–

1926 El Niño event was a disruption of the typically strong winter upwelling, either by 

upwelling cessation or by a shift to upwelling of radiocarbon-enriched super-thermocline 

source waters. The ∆14C minima of shells 207760A and 368498A are distinguishable at 1 

sigma but not at 2 sigma, showing that such differences are near the limits of detection in 

modern shells and may be undetectable in older shells because of additional 14C decay. 

Post-bomb El Niño events should be much easier to detect due to the presence of bomb-

derived radiocarbon in the surface ocean. 

The low bulk difference noted in ∆14C between normal and El Niño shells at 

Callao Bay agrees with observations that although post-bomb annual growth bands in 

Galapagos corals show deviations of +2 to +3 pMC during El Niño events (Druffel, 1981, 

1987), pre-bomb ∆14C changes in near-surface water at Urvina Bay, Galapagos are too 

small to be detectable in annual coral growth bands (Druffel, 1981; Toggweiler et al., 

1991). 

Paleotemperature equations for inorganic precipitation of calcite (e.g. Kim and 

O’Neil, 1997; Chauvaud et al., 2005) allow estimation of the water temperature in which 

calcitic scallop shells precipitated, given shell δ18O and source water δ18O. A change in 

shell δ18O of –1‰ results from a water temperature change of about +4ºC. Salinity is 
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related to seawater δ18O and thus shell δ18O: a change of –1‰ in shell δ18O corresponds 

to a change of –1‰ in seawater δ18O. It is difficult to quantify a relationship between 

shell δ18O and water salinity, however, because the amount of fresh, low-δ18O water input 

required for a reduction of 1‰ in water δ18O varies geographically, depending on the 

chemical and isotopic characteristics of the fresh water involved. 

As expected based on SST data from Wyrtki (1975), minimum water 

temperatures estimated from δ18O of all four shells during both normal and El Niño years 

were similar within 1ºC, assuming constant water δ18O at minimum temperature, and 

using the paleotemperature equation of Bemis et al. (1998), reformulated from the data of 

Kim and O’Neil (1997). The shells that formed during the 1925–1926 El Niño event 

(368560B and 368498A) show the lowest calcite δ18O values, and thus recorded the 

highest temperatures, of the four shells discussed here. The difference at Callao Bay 

between maximum normal (1907–1908) and El Niño (1925–1926) temperatures is < 1ºC. 

Water δ18O decreases from El Niño rains may cause El Niño water temperatures 

calculated assuming constant seawater δ18O to be slightly overestimated, however. 

Clearly, we do not observe the ~4ºC difference between normal and El Niño years shown 

in a mid-20th-century SST record from Puerto Chicama (7ºS) (Wyrtki, 1975), or the over 

+2ºC SST anomaly estimated in the Kaplan Extended SST Anomaly dataset (Kaplan et 

al., 1998). 

Examining the temperature profile of the shell from Salaverry (368560B, Figure 

B-4), which also grew during El Niño conditions, the El Niño temperature spike is very 

narrow (< 3 mm). It is possible that our sampling missed this spike in the Callao Bay El 
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Niño shell, causing an underestimation of the maximum water temperature, or that our 

0.5-mm-diameter stable isotope samples averaged several adjacent growth bands, 

reducing the amplitude of the temperature spike. The < 3 mm width of the temperature 

spike coupled with a growth rate estimate of 0.4 mm/day at a shell height of 35 mm 

(Wolff, 1987) indicate that the spike was precipitated over the course of only a week. 

Because increased temperature may accelerate the growth rate of juvenile scallops 

(Wolff, 1987), the precipitation time may have actually been less. The warm water pulse 

accompanying an El Niño in Peru lasts for weeks or longer, however (Wyrtki, 1975; 

Kaplan et al., 1998). 

Could A. purpuratus temporarily stop growing during El-Niño-related 

temperature maxima, making the temperature spike narrower than expected in these 

shells? Knick points in shell curvature, possibly the result of pauses in growth, exist near 

the area of El Niño deposition in shell 368560B. Such notches and growth pauses due to 

El Niño events were observed in Chione subrugosa and Trachycardium procerum shells 

by Rollins et al. (1987). Despite A. purpuratus populations favoring warm temperatures, 

the sudden onset of El Niño conditions may cause a growth hiatus and El Niño marine 

conditions may not be completely recorded. 

B.6. Conclusions 

Based on ∆14C profiles of four 20th-century pre-bomb Peruvian Argopecten 

purpuratus shells, we conclude the following: 1) ∆14C measurements from A. purpuratus 

shells support the Equatorial Undercurrent as the sub-thermocline source of the Peru 
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upwelling. 2) Seasonal cycles in ∆14C of upwelled water in both normal and El Niño 

years suggest an annual cycle in the proportion of sub- to super-thermocline water 

entrained in upwelling. 3) Combined ∆14C and δ18O profiles show evidence for 

discontinuous upwelling plumes, allowing cold water to well up and gradually warm 

before being replaced by newly upwelled water. Evidence also exists for a possible 

upwelling cessation at the start of some El Niño events, based on a lag between δ18O and 

∆14C deviations along ontogeny. 4) Despite the warm water tolerance of A. purpuratus, it 

may undergo growth hiatuses associated with stress from El Niño events. 5) El Niño 

events are potentially detectable in modern shells based solely on shell ∆14C, but reliable 

detection will be increasingly difficult with greater shell antiquity.  
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Table B-1. General relationships between upwelling source water, water temperature, and 

shell isotopic values for coastal Peru 

 non-El-Niño conditions El Niño conditions 
Upwelling source deep (sub-thermocline) shallow (super-thermocline) 
Temperature colder (–) warmer (+) 
∆14C depleted (–) enriched (+) 
δ18O enriched (+) depleted (–) 
δ13C depleted (–) enriched (+) 
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Table B-2. 14C fractions modern, ages, and ∆14C of A. purpuratus shell samples 

 Lab nr Dist. 
from 
umbo 
(mm) 

14C 
percent 
modern 
(pMC) 

14C age 
(14C yBP) 

± 1σ 

∆14C (‰) 
± 1σ 

207761C: Sechura Bay (6ºS), 1908 
AA74686 10.5 92.4 ± 0.4 640 ± 30 –80.7 ± 3.8  
AA78923 17.0 93.4 ± 0.8 550 ± 70 –71.2 ± 8.0 

 AA78924 24.0 93.5 ± 0.6 540 ± 50 –69.6 ± 6.2 
 AA78925 31.0 92.4 ± 0.5 630 ± 40 –80.5 ± 4.9 
 AA74687 38.1 92.1 ± 0.4 660 ± 30 –83.7 ± 3.8 
 AA77375 41.3 92.6 ± 0.7 620 ± 60 –79.2 ± 6.8 
 AA77376 43.7 92.5 ± 0.5 630 ± 40 –80.2 ± 4.9 
 AA77377 46.2 92.6 ± 0.5 620 ± 40 –78.6 ± 5.0 
 AA77378 53.6 92.1 ± 0.6 660 ± 50 –83.9 ± 6.1 
 AA77379 56.2 92.5 ± 0.6 630 ± 50 –79.6 ± 5.7 
 AA77380 58.4 92.1 ± 0.6 660 ± 50 –83.4 ± 5.5 
 AA77381 60.5 92.4 ± 0.6 630 ± 50 –80.5 ± 6.1 
 AA77382 62.6 92.6 ± 0.7 620 ± 60 –78.4 ± 6.7  
368560B: Salaverry (8ºS), 1926 

AA75762 7.4 92.3 ± 0.5 640 ± 40 –79.8 ± 4.5  
AA75763 13.0 92.5 ± 0.5 620 ± 40 –77.4 ± 4.8 

 AA75764 24.3 92.2 ± 0.5 650 ± 50 –80.9 ± 5.3 
 AA75765 29.3 92.5 ± 0.4 630 ± 30 –78.0 ± 3.8 
 AA69429 30.4 92.0 ± 0.4 670 ± 40 –82.6 ± 4.2 
 AA75766 33.6 92.7 ± 0.5 610 ± 40 –75.4 ± 4.7 
 AA69430 34.6 92.6 ± 0.4 620 ± 40 –76.6 ± 4.2 
 AA75767 35.9 92.8 ± 0.4 600 ± 30 –74.7 ± 3.8 
 AA78926 38.0 93.7 ± 0.6 520 ± 50 –65.3 ± 5.6 
 AA75768 40.5 93.4 ± 0.5 550 ± 40 –68.9 ± 4.6 
 AA75769 46.4 93.1 ± 0.5 580 ± 40 –72.0 ± 4.6 
 AA75770 53.0 92.0 ± 0.4 670 ± 30 –83.0 ± 3.8 
 AA75771 55.4 92.5 ± 0.4 630 ± 30 –77.9 ± 3.8 
 AA75772 56.9 92.9 ± 0.4 600 ± 30 –74.2 ± 3.8 
 AA75773 63.5 91.7 ± 0.4 690 ± 40 –85.3 ± 4.1 
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207760A: Callao Bay (12ºS), 1908 

AA74300 7.1 93.6 ± 0.7 528 ± 57 –68.3 ± 6.6  
AA74301 11.7 93.0 ± 0.7 585 ± 59 –74.9 ± 6.8 

 AA74302 15.1 93.0 ± 0.6 580 ± 50 –74.4 ± 5.8 
 AA74303 18.9 92.4 ± 0.8 634 ± 66 –80.5 ± 7.6 
 AA74304 23.9 93.0 ± 0.6 583 ± 54 –74.7 ± 6.2 
 AA74305 27.9 92.9 ± 0.6 590 ± 50 –75.5 ± 5.8 
 AA74306 31.1 92.4 ± 0.5 638 ± 47 –81.0 ± 5.4 
 AA74307 34.3 92.6 ± 0.6 618 ± 51 –78.8 ± 5.9 
 AA74293 38.3 91.5 ± 0.5 718 ± 44 –90.1 ± 5.0 
 AA74294 40.1 90.4 ± 0.5 813 ± 48 –100.8 ± 5.4 
 AA74295 42.6 90.4 ± 0.7 812 ± 60 –100.6 ± 6.8 
 AA74296 45.8 90.3 ± 0.7 820 ± 62 –101.6 ± 6.9 
 AA74297 49.2 90.5 ± 0.6 803 ± 51 –99.7 ± 6.0 
 AA74298 54.1 91.7 ± 0.5 700 ± 44 –88.1 ± 5.0 
 AA74299 59.7 92.0 ± 0.6 673 ± 53 –85.0 ± 6.1 
368498A: Callao Bay (12ºS), 1926 

AA71441 6.6 92.5 ± 0.6 627 ± 55 –77.8 ± 6.3  
AA71442 9.8 92.3 ± 0.6 642 ± 53 –79.5 ± 6.1 

 AA71443 14.7 92.4 ± 0.4 639 ± 32 –79.2 ± 3.7 
 AA71444 18.3 92.2 ± 0.4 657 ± 32 –81.2 ± 3.7 
 AA68998 22.7 94.0 ± 1.0 496 ± 82 –62.5 ± 9.9 
 AA71445 29.0 93.5 ± 0.4 539 ± 32 –67.6 ± 3.8 
 AA71446 35.8 92.7 ± 0.6 608 ± 49 –75.6 ± 5.7 
 AA71447 41.0 93.3 ± 0.5 561 ± 40 –70.1 ± 4.6 
 AA71448 48.1 92.7 ± 0.4 606 ± 32 –75.4 ± 3.8 
 AA71449 54.1 93.1 ± 0.4 577 ± 32 –72.0 ± 3.8 
 AA71450 60.6 93.1 ± 0.5 574 ± 45 –71.7 ± 5.2 
 AA71451 66.5 92.3 ± 0.4 645 ± 32 –79.9 ± 3.7 
 AA68999 74.8 92.0 ± 0.6 668 ± 55 –82.4 ± 6.4 
 AA71452 78.5 92.2 ± 0.6 654 ± 50 –80.9 ± 5.8 

 



 

 

109 

Table B-3. ∆14C ranges for each shell profiled 

Collection location and date ∆14Cmin (‰) 
± 1σ 

∆14Cmax 
(‰) ± 1σ 

∆14C 
range 
(‰) 

207761C: Sechura Bay (6ºS), 1908 –83.9 ± 6.1 –69.6 ± 6.2 14.3 
368560B: Salaverry (8ºS), 1926 –85.3 ± 4.1 –65.3 ± 5.6 20.0 
207760A: Callao Bay (12ºS), 1908 –101.6 ± 6.9 –68.3 ± 6.6 33.3 
368498A: Callao Bay (12ºS), 1926 –82.4 ± 6.4 –62.5 ± 9.9 19.9 
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Table B-4. δ13C and δ18O ranges (VPDB) for each shell profiled 

Collection location and date δ13Cmin 
(‰) 

δ13Cmax 
(‰) 

δ18Omin 
(‰) 

δ18Omax 
(‰) 

207761C: Sechura Bay (6ºS), 1908 0.64 1.22 0.23 1.58 
368560B: Salaverry (8ºS), 1926 0.35 1.45 –0.89 1.86 
207760A: Callao Bay (12ºS), 1908 0.69 1.42 –0.15 1.68 
368498A: Callao Bay (12ºS), 1926 1.02 2.13 –0.27 1.78 
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Figure B-1. Isotopic analyses of T. procerum valve collected live at Callao Bay in 1984, 

following the 1982–1983 El Niño event. Black circles with 1σ error bars represent ∆14C. 

Light-gray squares represent δ18O (VPDB). Data are from Andrus et al. (2005). The δ18O 

minimum occurs ~3 mm closer to the hinge than the ∆14C maximum. 
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Figure B-2. Map showing location of A. purpuratus collection sites. 
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Figure B-3. Isotopic analyses of A. purpuratus valve 207761C, collected live at Sechura 

Bay in 1908. Black circles with 1σ error bars represent ∆14C. Medium-gray diamonds 

represent δ13C (VPDB), light-gray squares represent δ18O (VPDB), and error bars show 

1σ precision on repeated NBS-19 standards. δ13C and δ18O data are from Jones et al. 

(2007). The stable ∆14C and decreasing δ18O from shell heights 38 to 62 mm may 

represent a period of reduced upwelling allowing coastal water to warm. 
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Figure B-4. Isotopic analyses of A. purpuratus valve 368560B, collected live at Salaverry 

in October 1926, following the 1925–1926 El Niño event. Black circles with 1σ error 

bars represent ∆14C. Medium-gray diamonds represent δ13C (VPDB), light-gray squares 

represent δ18O (VPDB), and error bars show 1σ precision on repeated NBS-19 standards. 

δ13C and δ18O data are from Jones et al. (2007). The sharp decrease in δ18O near shell 

height 36 mm may represent an interruption of upwelling. 
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Figure B-5. Isotopic analyses of A. purpuratus valve 207760A, collected live at Callao 

Bay in 1908. Black circles with 1σ error bars represent ∆14C. Medium-gray diamonds 

represent δ13C (VPDB), light-gray squares represent δ18O (VPDB), and error bars show 

1σ precision on repeated NBS-19 standards. δ13C and δ18O data are from Jones et al. 

(2007). The stable ∆14C and decreasing δ18O from shell heights 39 to 50 mm may 

represent a period of reduced upwelling allowing coastal water to warm. 
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Figure B-6. Isotopic analyses of A. purpuratus valve 368498A, collected live at Callao 

Bay in late 1926, following the 1925–1926 El Niño event. Black circles with 1σ error 

bars represent ∆14C. Medium-gray diamonds represent δ13C (VPDB), light-gray squares 

represent δ18O (VPDB), and error bars show 1σ precision on repeated NBS-19 standards. 

δ13C and δ18O data are from Jones et al. (2007). 
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C.1. Introduction 

A single Terminal Pleistocene radiocarbon date (10,200 ± 140 14C yr BP) on 

charcoal from Frédéric Engel’s 1975 test pit first suggested very early settlement at 

Quebrada Jaguay (Figure C-1) (Coppens et al. 1979, Engel 1981:45). Subsequent 

excavations led by Daniel Sandweiss in 1996 and 1999 yielded enough charcoal and 

other organic material to establish a clear radiocarbon chronology for Site QJ-280. Based 

on 42 terrestrial radiocarbon dates, human occupation at Quebrada Jaguay spanned the 

Terminal Pleistocene to the mid-Holocene (about 13–8.3 cal kyr BP). This encompasses 

the Jaguay and Machas Phases of the local archaeological chronology (Sandweiss 2008). 

While terrestrial radiocarbon dates provide the chronometric framework for the 

site, radiocarbon data from a marine mollusk shell has revealed a snapshot of marine 

upwelling conditions during occupation. Radiocarbon from a Mesodesma donacium shell 

from the mid-Holocene Manos Phase implies a marine reservoir age that varied between 

195 and 725 14C yr over the course of a single year, suggesting strong and variable deep 

marine upwelling. Although this snapshot shows upwelling conditions similar to modern 

(Jones et al. 2007 and Appendix B), the complete picture of upwelling during occupation 

at Quebrada Jaguay certainly may be more complex. 

Before discussing in detail the radiocarbon chronometry of Site QJ-280, we 

provide a primer on radiocarbon dating. We then summarize and interpret the terrestrial 

chronometric sequence, expressed in both raw radiocarbon years (14C yr BP) and 

calibrated calendar years (cal yr BP) calculated using current calibration data. We also 

report a set of marine radiocarbon dates from QJ-280 and discuss their implications for 
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interpreting marine conditions during occupation and for marine chronometry in southern 

Peru. 

C.2. Radiocarbon Dating 

C.2.1. Basic theory 

Radiocarbon, or 14C, is a naturally occurring radioactive isotope of carbon, and 

decays to 14N with a half-life of 5730 yr (Godwin 1962). It forms in the upper atmosphere 

by interactions between thermal neutrons and 14N (Lingenfelter 1963). Oxidation of 14C 

to 14CO and then 14CO2 proceeds rapidly, and 14CO2 circulates throughout the global 

atmosphere. 

Radiocarbon enters the biosphere through photosynthesis and the food chain. The 

level of atmospheric radiocarbon is mirrored in living plant and animal tissue, after 

correcting for biological fractionation using the stable isotopes 13C and 12C. During life, 

organisms exchange carbon with the atmosphere, keeping the biological and atmospheric 

radiocarbon levels similar. At death, the radiocarbon clock begins: radiocarbon decays 

without being replenished. By measuring the radiocarbon level in biogenic material and 

assuming an initial atmospheric radiocarbon level, time since death can be calculated 

(Arnold and Libby 1949). 

The amount of radiocarbon in a sample can be measured by counting beta 

particles emitted during radiocarbon decay, or by measuring the 14C/13C or 14C/12C ratio 

by accelerator mass spectrometry (AMS). Modern AMS radiocarbon dating requires a 
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sample of only about 75 µg of carbon (although precision improves with larger samples), 

three to four orders of magnitude less than typically required for decay counting (Linick 

et al. 1989). 

C.2.2. Calibration 

The concentration of atmospheric radiocarbon varies with changes in cosmic ray 

flux due to solar activity or geomagnetic field changes, and with changes in sinks and 

fluxes of the terrestrial carbon cycle (e.g. Stuiver et al. 1991). 

Because of atmospheric radiocarbon variation, raw radiocarbon ages in units of 

14C yr BP (which assume a constant level of atmospheric radiocarbon in the past) must be 

calibrated in order to provide calendar ages in units of cal yr BP. The current global 

calibration curve, IntCal04 (Reimer et al. 2004), is constructed from radiocarbon age 

measurements on dendrochronologically dated tree rings to 12.4 cal kyr BP, and beyond 

this from radiocarbon ages of marine corals and foraminifera. Calibration can result in 

greater uncertainty in a calibrated calendar age than in an uncalibrated radiocarbon age. 

Where the calibration curve is fairly flat (e.g. 11–10 14C kyr BP), high-precision 

radiocarbon chronometry is impossible, because even very precise radiocarbon ages map 

to a large range of potential calendar ages (Guilderson et al. 2005). 

Southern Hemisphere (south of the intertropical convergence zone) radiocarbon 

ages appear several decades older than contemporaneous northern hemisphere ages (e.g. 

Hogg et al. 2002, Lerman et al. 1970, Vogel et al. 1993), although the magnitude of this 

offset changes over time (McCormac et al. 2002, Turney and Palmer 2007). This 
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Southern Hemisphere effect may be due to the larger area of oceans in the Southern 

Hemisphere, which are radiocarbon-depleted relative to the atmosphere (see below) 

(Braziunas et al. 1995). For precise Southern Hemisphere radiocarbon calibration, a 

Southern-Hemisphere-specific calibration curve, SHCal04, has been constructed to 11.0 

cal kyr BP (McCormac et al. 2004). 

C.2.3. Old wood effect 

A radiocarbon date on wood or charcoal does not necessarily date events of 

archaeological interest such as deposition or wood use—it dates death of plant tissue and 

cessation of carbon exchange with the atmosphere. Heartwood of long-lived trees can be 

hundreds of years older than the outer sapwood, and radiocarbon dates on inner and outer 

tree-rings reflects this (e.g. Arnold and Libby 1949). Prolonged use of wood before its 

final deposition at a site, or the use and redeposition of wood that has remained at the 

surface for an extended period, can also result in radiocarbon dates significantly older 

than the event of interest. These factors are known as the “old wood effect,” and this 

effect has been documented on the hyperarid Peruvian coast (e.g. Kennett et al. 2002). 

Some old wood effects can be avoided by sampling the outermost rings of trees (revealed 

by the presence of bark), or short-lived botanical remains unlikely to be re-used, such as 

twigs, grasses, or leaves. 
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C.2.4. Marine radiocarbon dating 

The marine surface mixed layer is depleted in radiocarbon relative to the 

atmosphere because of upwelling of radiocarbon-depleted deep water and slow mixing 

across the ocean-atmosphere interface. Dissolved inorganic carbon in seawater, and 

calcite or aragonite precipitated in equilibrium with seawater, thus appear radiocarbon-

old—typically ~400 14C yr older than contemporaneous terrestrial or atmospheric carbon 

(Stuiver et al. 1986). Along coastal Peru, southeasterly trade winds drive water away 

from the coast through Ekman transport, allowing deeper water to well up from below the 

thermocline and replace the surficial water (Brink et al. 1983). Peruvian upwelling varies 

seasonally with changes in the strength of the trade winds (Wyrtki 1975). Occasionally, 

the warm, El Niño phase of the El Niño-Southern Oscillation (ENSO) shifts the 

upwelling source to warmer, radiocarbon-enriched, nutrient-depleted, super-thermocline 

water. Both these variations can alter the radiocarbon content of coastal marine water and 

of carbonates precipitated from it. 

Paired radiocarbon dates from contemporaneous marine mollusk shell and 

terrestrial wood, charcoal, or other organic material allow calculation of the apparent 

radiocarbon age of seawater, called the marine reservoir age, R(t) (Stuiver et al. 1986). 

The reservoir age at calendar age t is 

 

! 

R(t) = M
m
(t) " A(t)
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where Mm(t) is the measured radiocarbon age of a marine organism, and A(t) is the 

measured radiocarbon age of contemporaneous terrestrial biogenic carbon, or the 

atmospheric radiocarbon age, all at calendar age t. Because mollusk shell radiocarbon 

ages and their variability have been used to calculate past marine reservoir ages and 

variability of marine upwelling, we investigated radiocarbon variations within a 

Mesodesma donacium (surf clam or macha) shell from an early Holocene level in Site 

QJ-280 and report these results below. 

C.3. Site and Samples 

Site QJ-280 is located on an alluvial terrace just west of the Quebrada Jaguay 

(Figure C-2). The site is divided into four sectors: I, II, and IV are on a higher terrace and 

have been radiocarbon dated; III is on a lower terrace and has not (Sandweiss et al. 1998). 

Stratigraphic sections from Sectors I and II are provided in Tanner (2001). 

A charcoal sample collected from sector I in 1975 yielded a Terminal Pleistocene 

radiocarbon age of 10,200 ± 140 14C yr BP (Coppens et al. 1979, Engel 1981:45). 42 

terrestrial radiocarbon dates now exist for Site QJ-280: 15 dates from sector I, 25 from 

sector II, and 2 from sector IV. 

Nearly all terrestrial dates are on charcoal. Two samples (I-3-B levels 1c and 1d) 

are on small bottle gourd (Lagenaria siceraria) rind fragments (Erickson et al. 2005). 
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C.4. Terrestrial Radiocarbon Ages 

C.4.1. Sector I 

Uncalibrated terrestrial radiocarbon ages from Sector I are compiled in Table C-1, 

from Sector II in Table C-2, and from Sector IV in Table C-3. Where δ13C values are 

provided, radiocarbon ages have been corrected for isotopic fractionation to δ13C = 

−25‰, otherwise no fractionation correction has been performed, effectively assuming 

that sample δ13C = −25‰. Calibrated ages, shown as probability distributions calculated 

using OxCal v4.0.5 (Bronk Ramsey 1995, 2001) are plotted in stratigraphic order (based 

on profiles from Tanner 2001) for Sector I in Figure C-3, Sector II in Figure C-5, and 

Sector IV in Figure C-6. Curve SHCal04 (McCormac et al. 2004) was used for 

calibration of samples up to 11.0 cal kyr BP in age. Older samples were calibrated using 

the IntCal04 curve (Reimer et al. 2004) and subtracting a 56 ± 24 14C yr Southern 

Hemisphere correction (the average offset for the oldest 500 yr of SHCal04) before 

calibration. Our use of updated calibration curves and an updated Southern Hemisphere 

correction results in slight differences from previously published calibrated ages in 

Sandweiss et al. (1998) and Tanner (2001). 

Some of the differences in probability distribution widths (and thus precision of 

calibrated ages) in Figures 2–4 are due to the shape of the calibration curves, and some 

are due to differences in dating technology. A calibration curve plateau occurs around 

11–12 cal kyr BP, which results in unusually imprecise calibrated ages during this period. 

The samples with the lowest standard deviations and resulting narrow probability 



 

 

125 

distributions were dated by AMS, which typically results in very high precision. Shaded 

rows in Tables 1–3 indicate AMS dates. 

The Sector I ages make stratigraphic sense—within 1 sigma, they consistently 

decrease in age up-section. The stratigraphically lowest four ages (levels 4c–3b) show 

potentially two components of a Terminal Pleistocene Jaguay Phase (Sandweiss 2008) 

occupation, at about 13 (level 4c) and 12 (1992 layer 4 and I-2-D level 3b) cal kyr BP. 

Based on a stratigraphic profile of Section I, these lower levels were cut and then 

overlying early Holocene strata (levels 3–2a) were deposited. Three radiocarbon ages 

date the early Holocene layers to about 11 to 10.5 cal kyr BP. 

The remaining later Holocene strata (levels 1f–1a) from the Machas Phase 

(Sandweiss 2008) were then deposited. These upper levels are dated on charcoal from 

individual floor layers of a semi-subterranean house. Five dates from levels 1a–1e are 

nearly identical, overlapping at 1 sigma, suggesting that successive floors were deposited 

in rapid succession. The basal floor layer (level 1f) dates slightly older than the other 

floors, which can be explained by excavation reports suggesting that the charcoal in this 

layer is probably a mixture of charcoal from the floor and from older underlying deposits. 

Clear stratigraphic information recorded during excavations can be used to refine 

the radiocarbon age calibrations for individual dates in a sequence. This use of a priori 

information is known as Bayesian analysis (e.g. Buck et al. 1996). Although Bayesian 

techniques result in higher precision and tighter calibrated radiocarbon ages, their 

careless use can result in data artifacts and reduced accuracy (Steier and Rom 2000). 

Because of their unambiguous stratigraphy, the later Holocene strata in Sector I, levels 1e 
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to 1a2, are perhaps the best candidates for Bayesian analysis among all radiocarbon 

samples from Site QJ-280. We have applied Bayesian techniques in order to refine the 

calibrated radiocarbon dates of the later Holocene strata. We defined a sequence 

comprising the seven dates from I-3-B level 1e to the pair of dates from I-3-B level 1a2, 

meaning that we interpret each level in this sequence as having been deposited in 

stratigraphic order and not been disturbed from this order. Because of the possibility of 

mixing with charcoal from lower layers, we excluded I-3-B level 1f from this analysis. 

Using this sequential deposition as our prior information, the resulting calibrated 

probability distributions for each of these dates are significantly smaller (Figure C-4). 

C.4.2. Sector II 

Sector II chronometry follows stratigraphy with some exceptions. Most terrestrial 

radiocarbon ages from Sector II are from the Terminal Pleistocene Jaguay Phase. Ages 

generally decrease upward, although II-4-D level 2bi is anomalously old, and several 

levels (II-5-B/II-7-D level 2ci3, II-4-D level 2cii, II-1-C feature 5bii, and one age from II-

1-D level 2c3) are anomalously young. The upper stratigraphic portion of Sector II 

(features 30biii, 30bii, and level 1ii) dates to the early Holocene, 11.5–10 cal kyr BP, and 

the dates are in stratigraphic order. 

The old wood effect cannot be invoked as the cause for the dates younger than the 

general stratigraphic trend. Bioturbation may have transported more recent charcoal from 

higher strata downward, resulting in anomalously young ages. It is also possible, 

however, that the young ages are the “true” ages for the sequence while the remaining 
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dates are anomalously old due to the old wood effect. Evidence for this comes from II-1-

D level 2c3, which was dated twice. The older date was a conventional radiocarbon age 

on bulk charcoal. The younger date was an AMS date (requiring less carbon) on tiny 

charred twigs unlikely to have persisted at the surface for a long time, suggesting that the 

old wood effect is probably not a factor. If the younger date of this pair is the true date for 

level 2c3, this suggests that many of the other Terminal Pleistocene dates could also 

exhibit old wood effects, making accurate dating in this portion of the section difficult. 

Even so, the ~500 cal yr magnitude of the old wood effect in level 2c3 suggests that most 

of Sector II still dates to the Terminal Pleistocene, with or without the old wood effect. 

II-4-D level 2bi is anomalously old—in fact, the age from this layer is the oldest 

radiocarbon age from Site QJ-280 at 11,343 ± 300 14C yr BP. This date is on charcoal 

from within the “indurated layer,” thought to have been hardened by the precipitation of 

halite from seawater added to this stratum (Andrus et al., this volume). This anomalously 

old date is unlikely to be the result of the old wood effect, as any old wood at the site 

would probably have been consumed during the preceding period of occupation. Another 

possibility is that the seawater used to indurate this layer contained sufficient organic 

material, either dissolved or particulate (McNichol and Aluwihare 2007), to build up in 

the charcoal, contaminating it and causing it to date older than it would otherwise. 
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C.4.3. Sector IV 

Two radiocarbon ages exist from Sector IV, one from the Terminal Pleistocene 

Jaguay Phase and one from the early Holocene Machas Phase. They are in correct 

stratigraphic order. 

C.5. Marine Radiocarbon Ages 

We dated twelve ~2 mg aragonite samples from a valve of a Mesodesma 

donacium (surf clam or macha) that lived ~5 yr and was collected from a floor level of 

the Machas Phase semi-subterranean house, I-3-B level 1a2. The samples were milled as 

troughs following growth lines (to minimize the amount of time averaged within 

individual samples) using a dental bur 0.5 mm in diameter to a depth less than 0.5 mm. 

Sample analysis techniques are the same as those outlined in Jones et al. (2007). 

Marine radiocarbon ages from the M. donacium shell, ranging from 7820 ± 100 to 

8350 ± 170 14C yr BP, are compiled in Table C-4. Based on a terrestrial age of 7625 ± 34 

14C yr BP for the level containing the clam (the weighted average of the two terrestrial 

dates from I-3-B level 1a2), estimated marine reservoir ages at this time ranged from 195 

± 106 to 725 ± 173 14C yr, a range of 530 ± 203 14C yr in marine reservoir age from 

samples from a shell that formed over a 5-yr period. 

The range of marine reservoir ages (195–725 14C yr) preserved in the M. 

donacium shell investigated here overlaps other marine reservoir ages reported for the 

early Holocene at Quebrada de los Burros in southern Peru (Fontugne et al. 2004), 

although the lowest of these other reservoir ages was 520 ± 135 14C yr. Some reservoir 
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ages seen at QJ-280, then, are younger than those previously reported for southern Peru. 

This suggests that either 1) the sea near Quebrada Jaguay experienced less upwelling of 

deep water than that near Quebrada de los Burros, 2) the mollusk analyzed here lived 

during a period of anomalously little upwelling of deep water, or 3) reservoir age 

variations are too complex to be adequately represented by a single value, as suggested 

by Jones et al. (2007). 

If relatively little upwelling of deep, 14C-depleted water occurred either near 

Quebrada Jaguay or during the lifetime of the mollusk analyzed here, this suggests 

reduced seasonal variability in marine upwelling (a shutdown of the normally strong 

winter upwelling of deep water), and implies that the range in marine reservoir ages 

recorded in its shell would likely be less than the calculated 530 14C yr. This range is 

larger than the typical intrashell marine reservoir age ranges of ~300 14C yr reported for 

modern (Appendix B) and other archaeological mollusk shells (Chapter 2) from Peru. 

The reservoir ages reported by Fontugne et al. (2004), for example, have σ of 42–

148 14C yr. The range of reservoir ages within our single shell is 530 14C yr, over three 

times the largest reservoir age σ from Fontugne et al., suggesting that their reported errors 

are probably misleadingly small. Additionally, the use of sub-millimeter grains of 

“micro-charcoal” by Fontugne et al. (2004) to calculate marine reservoir ages may have 

affected their reservoir age results. If some charcoal grains diffused downward through 

sandy sediments over thousands of years, reservoir ages calculated using atmospheric 

radiocarbon ages from these grains would be variable and anomalously old (see Chapter 
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2). This suggests that our bulk marine reservoir age from this mollusk shell may not, in 

fact, be discordant with previously reported results. 

The 530 14C yr range in marine radiocarbon ages calculated from samples of the 

mollusk shell analyzed here may be unreasonably large. Specifically, the youngest 

marine reservoir ages recorded in the shell seem anomalously young, compared with the 

few existing estimates of near-surface marine reservoir age. Bubbles and turbulence 

created in the surf zone by breaking waves greatly enhance air-sea carbon exchange 

(Wallace and Wirick 1992, Farmer et al. 1993), which may cause the marine reservoir 

age to approach the atmospheric radiocarbon age more closely than in the open ocean. 

This may produce younger than expected marine reservoir ages in mollusk shells that 

grew in or near the surf zone, and may be partially responsible for the large range in 14C 

ages preserved in this surf clam. [-60 = -497 (Galapagos), -40 = -328 (central pacific); -

102 = -864 + 328]. range is okay (ish) shift from bubbles? 

Although the range of hundreds of 14C yr in age within an individual mollusk 

shell clearly makes radiocarbon dating using marine mollusk shell complex in an area 

with variable upwelling and variable marine reservoir ages such as Peru, it does suggest 

that mollusk shell 14C shell can be used as a proxy for upwelling (e.g. Culleton et al. 

2006, Jones et al. 2007). 

The marine reservoir ages revealed by our early Holocene M. donacium shell are 

similar to the range (360 ± 82 to 615 ± 45 14C yr) seen in a suite of 22 small radiocarbon 

samples from eight early twentieth century Argopecten purpuratus (bay scallop) shells 

(Jones et al. 2007). This suggests that, generally, upwelling characteristics along the 
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Peruvian coast in the early Holocene were not vastly different than those in the early 

twentieth century. 

C.6. Conclusions 

Based on 42 terrestrial radiocarbon ages, the earliest occupation at Quebrada 

Jaguay dates to the Terminal Pleistocene (about 13,000 cal yr BP). Other stages of 

occupation span the Terminal Pleistocene to the mid-Holocene (about 8300 cal yr BP). 

Mollusk shell radiocarbon ages from a mid-Holocene level suggest a marine reservoir age 

at 8300 cal yr BP that varies between 225 and 725 14C yr, depending on upwelling.  
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Stratum Lab nr Material 
δ13C 
(‰) 

14C age ± σ 
(14C yr BP)a 

2-σ calibrated age 
(cal yr BP)b 

I-3-B level 1a2 AA-75279 plant remains –24.7 7599 ± 42c 8424–8291 p = .852 
8264–8206 p = .102 

I-3-B level 1a2 AA-75280 plant remains –24.4 7670 ± 56c 8546–8329 
1992 level 1b BGS-1700 charcoal — 7500 ± 130d 8516–8496 p = .009 

8480–7998 p = .949 
I-3-B level 1b BGS-1959 charcoal — 7690 ± 100d 8629–8616 p = .006 

8610–8276 p = .893 
8270–8200 p = .055 

I-3-B level 1c  Beta-134112 gourd fragment –27.5 7650 ± 50e 8541–8321 

I-3-B level 1d Beta-134111 gourd fragment –24.4 7660 ± 50e 8541–8333 
I-3-B level 1e BGS-1958 charcoal — 7620 ± 100d 8582–8572 p = .006 

8561–8177 p = .948 
I-3-B level 1f BGS-1944 charcoal — 8053 ± 115d 9246–9174 p = .027 

9142–8554 p = .927 
I-2-B level 2a BGS-2023 charcoal — 9657 ± 220d 11,614–10,274 
I-3-B feature 9 BGS-1960 charcoal — 9597 ± 135d 11,218–10,508 
1992 level 3 BGS-1701 charcoal — 9120 ± 300d 11,097–9532 
I-2-D level 3b BGS-1943 charcoal — 10,274 ± 125d 12,566–12,506 p = .014 

12,398–11,388 p = .933 
11,379–11,351 p = .007 

1970 layer 4 Ny-383 charcoal — 10,200 ± 140f 12,358–12,272 p = .028 
12,242–11,265 p = .926 

I-2-B level 4c BGS-2024 charcoal — 11,088 ± 220d 13,400–12,624 p = .949 
12,443–12,416 p = .005 

I-2-D level 4c BGS-1942 charcoal — 11,105 ± 260d 13,482–12,396 
 
a Gray background indicates AMS 14C dates; other dates are conventional. 
b Calibration calculations were performed using OxCal v4.0.5 (Bronk Ramsey 1995, 2001) and either the IntCal04 calibration curve 
(Reimer et al. 2004) with a 56 ± 24 14C yr Southern Hemisphere correction or the SHCal04 curve (McCormac et al. 2004). Italicized 
ages indicate use of SHCal04. Where more than one calibrated age range is reported for a sample, probability (p) is given for each 
range. 
c Previously unpublished. 
d Data from Sandweiss et al. 1998. 
e Data from Tanner 2001. 
f Data from Coppens et al. 1979. 

Table C-1. Terrestrial radiocarbon ages from Sector I. 



 

 

136 

 

Stratum Lab nr Material 
δ13C 
(‰) 

14C age ± σ 
(14C yr BP)a 

2-σ calibrated age 
(cal yr BP)b 

II-3-A level 1ii BGS-2193 charcoal –25.4 9263 ± 75c 10,651–10,626 p = .023 
10,596–10,248 p = .931 

II-4-D feature 30bii BGS-2206 charcoal –25.7 9862 ± 80c 11,694–11,676 p = .006 
11,623–11,135 p = .948 

II-4-D feature 30biii BGS-2207 charcoal –25.9 9506 ± 125c 11,706–11,666 p = .015 
11,650–10,765 p = .939 

II-1-D level 1b M BGS-1957 charcoal — 10,190 ± 220d 12,636–12,436 p = .055 
12,421–11,199 p = .899 

II-5-D feature 33ii BGS-2198 charcoal –26.7 9973 ± 90c 11,752–11,194 
II-7-C feature 56 BGS-2199 charcoal –26.0 10,310 ± 275c 12,787–11,241 
II-4-D level 2bi BGS-2203 charcoal –24.6 11,343 ± 300c 13,822–12,754 
II-3-B feature 88/88b BGS-2204 post + fill –26.1 10,264 ± 165c 12,592–12,463 p = .044 

12,404–11,278 p = .910 
II-3-B feature 88b Beta-149398 wood cellulose –26.6 10,250 ± 40c 12,076–11,711 
II-5-B level 2ci2 BGS-2196 charcoal –26.2 10,516 ± 95c 12,737–12,062 
II-5-B/II-7-D level 2ci3 BGS-2197 charcoal –26.0 9839 ± 275c 12,342–12,325 p = .002 

12,236–12,206 p = .004 
12,174–10,408 p = .949 

II-4-D level 2cii BGS-2205 charcoal –26.5 9968 ± 90c 11,752–11,732 p = .009 
11,725–11,188 p = .945 

II-1-D level 2c BGS-1940 charcoal — 10,700 ± 300d 13,191–11,610 p = .952 
11,521–11,507 p = .002 

II-3-D level 2c+2c2 BGS-2194 charcoal –26.2 10,580 ± 140c 12,826–12,051 
II-3-A level 2c+2c2 BGS-2201 charcoal –26.1 10,867 ± 175c 13,145–12,355 p = .947 

12,274–12,242 p = .007 
II-1-D level 2c2 BGS-1939 charcoal — 10,600 ± 135d 12,826–12,086 
II-1-D feature 5bi BGS-1936 charcoal — 10,475 ± 125d 12,780–11,960 p = .938 

11,878–11,830 p = .016 
II-1-C feature 5bii BGS-1956 charcoal — 9850 ± 170d 11,955–11,924 p = .006 

11,826–10,686 p = .948 
II-1-D level 2c3 BGS-1938 charcoal — 10,560 ± 125d 12,806–12,066 
II-1-D level 2c3 Beta-149397 wood cellulose –23.4 10,220 ± 40c 12,046–11,694 p = .905 

11,676–11,624 p = .049 
II-8-C feature 59b BGS-2200 charcoal –25.6 10,630 ± 90c 12,822–12,342 p = .904 

12,324–12,236 p = .044 
12,202–12,187 p = .006 

II-3-A feature 68 BGS-2202 storage pit fill –26.1 10,782 ± 90c 12,895–12,588 p = .909 
12,466–12,404 p = .045 

II-3-D level 2c4 BGS-2195R charcoal –26.4 10,277 ± 180c 12,620–12,446 p = .069 
12,413–11,276 p = .885 

II-1-D level 2c4 BGS-1937 charcoal — 10,725 ± 175d 12,942–12,086 
1992 level 3 BGS-1702 charcoal — 10,770 ± 130d 12,941–12,361 p = .947 

12,270–12,244 p = .007 
 

a Gray background indicates AMS 14C dates; other dates are conventional. 
b Calibration calculations were performed using OxCal v4.0.5 (Bronk Ramsey 1995, 2001) and either the IntCal04 calibration curve 
(Reimer et al. 2004) with a 56 ± 24 14C yr Southern Hemisphere correction or the SHCal04 curve (McCormac et al. 2004). Italicized 
ages indicate use of SHCal04. Where more than one calibrated age range is reported for a sample, probability (p) is given for each 
range. 
c Data from Tanner 2001. 
d Data from Sandweiss et al. 1998. 

Table C-2. Terrestrial radiocarbon ages from Sector II. 
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Stratum Lab nr Material 
δ13C 
(‰) 

14C age ± σ 

(14C yBP)a 
2-σ calibrated age 
(cal yr BP)b 

1992 level 4 BGS-1703 charcoal — 9020 ± 170c 10,492–10,456 p = .016 
10,440–9560 p = .938 

IV-1-C level 2c BGS-2025 charcoal — 10,507 ± 125c 12,804–12,075 
 

a Dates were determined conventionally. 
b Calibration calculations were performed using OxCal v4.0.5 (Bronk Ramsey 1995, 2001) and either the IntCal04 calibration curve 
(Reimer et al. 2004) with a 56 ± 24 14C yr Southern Hemisphere correction or the SHCal04 curve (McCormac et al. 2004). Italicized 
ages indicate use of SHCal04. Where more than one calibrated age range is reported for a sample, probability (p) is given for each 
range. 
c Data from Sandweiss et al. 1998. 

Table C-3. Terrestrial radiocarbon ages from Sector IV. 



 

 

138 

 

Sample nr Lab nr 

Shell 
height 
(mm) 

14C age ± σ 
(14C yBP) R ± σ 

101 AA-79558 18.7 8017 ± 76 392 ± 83 
102 AA-79559 23.2 8200 ± 110 575 ± 115 
103 AA-79560 27.1 8019 ± 74 394 ± 81 
107 AA-80391 28.2 7941 ± 99 316 ± 105 
108 AA-80392 29.4 8110 ± 110 485 ± 115 
104 AA-79561 30.4 7850 ± 120 225 ± 125 
109 AA-80393 31.8 8095 ± 84 470 ± 91 
110 AA-80394 32.8 8005 ± 77 380 ± 84 
105 AA-79562 33.9 7820 ± 100 195 ± 106 
111 AA-80395 35.2 8043 ± 93 418 ± 99 
112 AA-80396 37.0 7975 ± 72 350 ± 80 
106 AA-79563 52.2 8350 ± 170 725 ± 173 

Table C-4. Radiocarbon ages of aragonite powder and resulting marine reservoir ages (R) 

from a single Mesodesma donacium shell excavated from I-3-B level 1a2. 
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Figure C-1. Map showing location of Quebrada Jaguay and Site QJ-280 (from Sandweiss 

et al. 1998). 



 

 

140 

 

Figure C-2. Plan of Site QJ-280 showing locations of the Quebrada Jaguay, Sectors I–IV, 

and excavations (from Sandweiss et al. 1998). 
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Figure C-3. Calibrated radiocarbon ages from Sector I. Calibrations were performed 

using OxCal v4.0.5 (Bronk Ramsey 1995, 2001). The SHCal04 curve (McCormac et al. 

2004) was used for dates younger than 11,000 cal BP and the IntCal04 calibration curve 

(Reimer et al. 2004) was used with a Southern Hemisphere correction of 56 ± 24 14C yr. 

Brackets indicate 95% confidence intervals. 
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Figure C-4. Results of Bayesian analysis of radiocarbon ages from Sector I, levels 1e–

1a2. Analysis was performed using OxCal v4.0.5 (Bronk Ramsey 1995, 2001) and the 

SHCal04 calibration curve (McCormac et al. 2004). Outlined probability distributions 

show calibrations without using Bayesian methods, solid distributions result from 

considering prior information (sequential deposition of layers). Brackets indicate 95% 

confidence intervals. 
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Figure C-5. Calibrated radiocarbon ages from Sector II. Calibrations were performed 

using OxCal v4.0.5 (Bronk Ramsey 1995, 2001) and the IntCal04 calibration curve 

(Reimer et al. 2004) with a Southern Hemisphere correction of 56 ± 24 14C yr. Brackets 

indicate 95% confidence intervals. 
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Figure C-6. Calibrated radiocarbon ages from Sector IV. 1992 level 4 was calibrated 

using SHCal04 (McCormac et al. 2004). 
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IN A VARIABLE-UPWELLING ENVIRONMENT 
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D.1. Abstract 

Changes in marine upwelling can affect marine radiocarbon reservoir age (the 

radiocarbon content of seawater), and these radiocarbon variations are preserved in 

mollusk shell carbonate. Shell-based marine reservoir age estimates can be biased by 1) 

changes in molluscan growth rate due to fluctuating environmental conditions and 2) 

time-averaging due to homogenization of days or weeks of precipitated carbonate during 

sampling. We modeled the growth and radiocarbon sampling of two Peruvian mollusks, 

Argopecten purpuratus (bay scallop) and Mesodesma donacium (surf clam), to 

investigate these biases. A. purpuratus grows year-round, but M. donacium prefers cold 

conditions and its growth rate decreases in summer in Peru. Given an annual reservoir 

age variation of 530 14C yr, our model shows that multiple samples of carbonate from a 

single A. purpuratus shell can capture the whole range of annual marine radiocarbon 

variation; the median average-radiocarbon-age of a suite of A. purpuratus samples is 

within 30 14C yr of the actual marine mean. Suites of M. donacium samples from a single 

shell, however, typically reveal less than 75% of the annual marine radiocarbon variation, 

and the mean radiocarbon age of sample suites may be skewed about 140 14C yr older 

than the actual marine mean. Comparing reservoir ages from shells with opposite 

seasonal growth preferences may compound this effect. If growth tolerances and 

parameters of mollusks used for radiocarbon reservoir analyses are known, it may be 

possible to correct for these biases and improve the accuracy of marine radiocarbon 

chronometry. 
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D.2. Introduction 

Marine mollusk shell carbonate preserves a record of the radiocarbon age of 

seawater (marine radiocarbon reservoir age) at the time of shell precipitation. At the coast 

of Peru, the marine reservoir age varies seasonally due to changing proportions of sub- 

and super-thermocline water entrained in upwelling (Appendix B). Deep, sub-

thermocline water is cold and radiocarbon-depleted; shallow, super-thermocline water is 

warm and radiocarbon-enriched. Although this cycle complicates local marine 

radiocarbon chronometry, it provides an opportunity to use molluscan radiocarbon as an 

upwelling proxy (Andrus et al. 2005). 

Goodwin et al. (2003) modeled the effects of molluscan temperature tolerances 

and growth rates on shell records of δ18O, a water temperature proxy (Grossman and Ku 

1986, Kim and O’Neil 1997). Assuming a simple sinusoidal annual water temperature 

cycle, they found that complex δ18O profiles can result from normal water temperature 

cycles, typical seasonal and age-related changes in shell growth rate, and the resulting 

differential recording of environmental conditions in shell carbonate. This modeling has 

implications for radiocarbon analyses of shells, where a radiocarbon age determination on 

shell carbonate reflects the combined effects of 1) marine radiocarbon reservoir age, 2) 

shell growth rate, and 3) sampling methodology. To what extent do these factors affect 

the radiocarbon signal revealed by a sample or suite of samples from a mollusk shell? 

Here we address this question quantitatively by modeling mollusk shell precipitation 

from dissolved inorganic carbon of known radiocarbon ages in a theoretical ocean, 

simulating radiocarbon sampling of these model shells, and comparing the resulting 
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radiocarbon ages of the samples with the known radiocarbon ages of the theoretical 

ocean. 

D.3. Factors affecting radiocarbon in shell carbonate samples 

D.3.1. Peruvian marine conditions 

Marine radiocarbon reservoir age varies geographically (Stuiver et al. 1986) and 

temporally (e.g. Fontugne et al. 2004), on sub-annual to millennial time scales. Sub-

annual variations in marine reservoir age at the Peruvian coast result from seasonal 

upwelling changes. Although these marine radiocarbon cycles have not been measured 

directly, they can be inferred. In Peru, warmer sea surface temperatures imply upwelling 

from a super-thermocline radiocarbon-rich source (Huyer et al. 1987). Colder sea surface 

temperatures imply deeper upwelling from sub-thermocline radiocarbon-depleted waters. 

A complex but generally direct relationship between δ18O and radiocarbon age in mollusk 

shells (Andrus et al. 2005, see also Appendix B) shows that marine radiocarbon cycles 

can be estimated qualitatively using measured or reconstructed seawater temperature. 

Temperature measurements from a scallop bed at 10-m depth in Bahía 

Independencia (14ºS, Figure D-1) and near-surface sea temperature records from Bahía 

Paracas (14ºS; Wolff 1987, 1988) and Boca del Rio, Peru (18ºS, Carré et al. 2005) show 

annual temperature variations that are roughly sinusoidal. El Niño and La Niña 

conditions and large intraday temperature fluctuations can disrupt this annual cycle. 

Intraday temperature changes at 10-m depth are greatest in austral summer and can 
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exceed the amplitude of the annual daily-mean-temperature cycle (Cantillánez et al. 

2005). Fourier analysis on hourly temperature measurements from Bahía Independencia 

shows that these high-frequency temperature changes have a period of 24 hours. 

We expect that annual cycles in marine radiocarbon content are, like marine 

temperature cycles, sinusoidal to a first-order approximation, and there is evidence of this 

in mollusk shell carbonate profiles (Appendix B). The amplitude of radiocarbon age 

cycles preserved in 20th century Peruvian mollusk shell carbonate is up to 290 14C yr 

(Figure D-2, see also Appendix B), and a range of 530 14C yr exists in carbonate from the 

shell of an archaeological Mesodesma donacium (surf clam) from Quebrada Jaguay in 

southern Peru (Appendix C). 

D.3.2. Mollusk growth 

Many marine mollusks precipitate shell carbonate in equilibrium with seawater 

(Mook and Vogel 1968), and the dominant (greater than 90%) source of carbon in this 

carbonate is marine dissolved inorganic carbon; metabolic food carbon contributes only a 

minor amount (Lorrain et al. 2004, McConnaughey and Gillikin 2008). Shell growth rate 

varies depending on organism tolerance for local environmental conditions, and slows 

with age (e.g. Clark 1968, 1974). Mollusks may also become less environmentally 

tolerant with age (Goodwin et al. 2003). 

Daily variations in marine conditions are unlikely to affect samples of shell 

carbonate large enough for radiocarbon analyses if mollusk shell precipitation occurs 

steadily throughout the day, because these large samples homogenize carbonate 



 

 

150 

precipitated over multiple days. If shell precipitation occurs preferentially at a particular 

time of day, however, shell carbonate may not record mean marine conditions, 

particularly during the increased intraday temperature changes of summer. In at least 

some mollusks, shell precipitation is correlated with tidal cycles (e.g. Evans 1975, 

Wheeler et al. 1975, Carré et al. 2005). Because of the changing phase shift between 

solar-day (24 hour) cycles in marine conditions and lunar-day (24 hour 50 minute) cycles 

in shell precipitation, tide-correlated shell carbonate precipitation may reduce the 

precision of environmental determinations based on this carbonate. For strings of several 

days each lunar month, tide-correlated shell precipitation would preferentially record 

either the warm or the cold portion of the daily cycle; which portion of the daily cycle 

(warm, cold, or somewhere in between) is present in a particular carbonate sample would 

be unknown without detailed analysis. 

To investigate the dependence of shell radiocarbon measurements on mollusk 

species, we modeled radiocarbon sampling of shells of two common Peruvian mollusks: 

the epifaunal bay scallop Argopecten purpuratus and the infaunal surf clam, or macha, 

Mesodesma donacium. Both occur in Holocene shell middens in Peru and so may be 

useful for reconstructing Holocene marine conditions. 

Argopecten purpuratus (Figure D-3a) lives in beds 3–25 m below sea level in 

shallow bays along the west coast of South America from 5ºS (Paita, Peru) to 33ºS 

(Valparaiso, Chile) (Wolff and Mendo 2000; Cantillánez et al. 2005). Its range formerly 

reached 37ºS (Bahia Vincente, Chile; Wolff and Mendo 2000). A. purpuratus typically 

reaches a size of about 90 mm in 18 months, and can live for 4–5 years (Stotz and 
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González 1997). Most individuals we have examined from early 20th century and 

archaeological collections are smaller (about 60 mm) and lived for about 1 year. 

Although A. purpuratus inhabits cold Peruvian waters, it survives warmer El Niño 

conditions: as a result of El Niño, its population can increase by more than an order of 

magnitude (a 60-fold increase occurred after the 1982–1983 El Niño) due to a decrease in 

the number of warm water intolerant predators (e.g. Cancer spp.) and competitors (e.g. 

Aulacomya ater) (Wolff 1987; Wolff and Mendo 2000). The success of A. purpuratus 

during El Niño events, when many mollusks suffer, suggests that the shells of these 

scallops should grow during and thus record the full range of marine conditions, 

including El Niño and La Niña periods. 

Because A. purpuratus typically grows during both cold and warm periods, a δ18O 

profile of an A. purpuratus shell along ontogeny appears roughly sinusoidal (Figure D-2), 

showing both cold (high-δ18O) and warm (low-δ18O) temperature extremes. The 

corresponding radiocarbon profile (also in Figure D-2) shows the relationship between 

δ18O and radiocarbon age. 

Mesodesma donacium (Figure D-3b) lives less than 10 m below sea level, buried 

up to 20 cm deep in the sand of gently sloping beaches (Tarifeño-Silva 1980). Its range 

spanned 5ºS (Sechura Bay, Peru) to 43ºS (Chiloe Island, Chile) in 1980, but overfishing 

and strong El Niño events during the late 20th century truncated its northern extent. In 

2006, local fishermen reported that M. donacium was too rare to be fished north of Arica, 

Chile (19ºS). 
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M. donacium can reach a size of about 120 mm and can live for 10 years 

(Tarifeño-Silva 1980), although the individuals we have examined from Peruvian 

archaeological contexts are typically about 60 mm in size and lived for 3–4 years. The 

growth rate of M. donacium decreases through ontogeny, from a first-year rate of ~25 

mm/yr to ~5 mm/yr after the fifth year of life (Tarifeño-Silva 1980). Surf clams close 

their valves and stop precipitating carbonate when the water level is critically low, so 

tides and mollusk location on the shoreface also strongly influence growth rate (Evans 

1975, Lutz and Rhoads 1980). Peruvian coastal waters are near the warm-tolerance limit 

of the cold-loving M. donacium, so shell growth of Peruvian and northern Chilean M. 

donacium slows greatly during the January–March warm season, producing dark austral-

summer growth bands (Carré et al. 2005). This growth rate change causes differential 

recording of marine conditions, with more shell material resulting from winter growth 

and less from summer growth, producing a spiky or cycloidal δ18O profile (Figure D-4). 

Marine radiocarbon is also likely to be recorded differentially, with cold, radiocarbon-

depleted conditions preserved preferentially over warm, radiocarbon-enriched conditions. 

El Niño (warm) events may not be recorded at all in M. donacium shells, as the mollusks 

may not survive these events. 

D.3.3. Radiocarbon sampling 

Shell carbonate samples for radiocarbon analyses homogenize carbonate 

precipitated over a period of time. Unlike carbonate powder samples for δ13C and δ18O 

analyses, which can be as small as 20 µg (David Dettman, pers. comm.), approximately 1 
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mg of carbonate is required for a reasonably precise radiocarbon determination using 

accelerator mass spectrometry (Donahue et al. 1990). To collect this amount of powder, 

we typically use a 0.5-mm-diameter dental bur and sample to a depth of less than 0.5 mm 

along a transect parallel to growth lines (Jones et al. 2007). Under ideal conditions, when 

growth lines are clear and can be followed closely, this homogenizes about 0.5 mm of 

shell growth into a single sample. Under typical conditions, homogenization of about 1 

mm of shell material may occur. Depending on shell growth rate, this may time-average 

days, weeks, or months of precipitated carbonate. This time-averaging of samples affects 

radiocarbon measurements, and thus our perception of marine radiocarbon conditions 

over the life of a mollusk. 

D.4. Methods 

To examine the effects of growth variations and sampling strategies on 

radiocarbon determinations from two mollusk species, we used a simplified 

approximation of annual radiocarbon cycles in Peruvian coastal water. We then 

constructed hypothetical radiocarbon profiles for A. purpuratus and M. donacium shells, 

modeled as having grown in this model ocean. Finally, we simulated our sampling of 

these hypothetical shells and compared our radiocarbon results with the known 

radiocarbon conditions in the model ocean. 

We modeled marine radiocarbon reservoir age as a sinusoid with a 1-yr period. 

This approximation was based on roughly sinusoidal temperature cycles measured in 

Peruvian nearshore waters, and on the generally inverse relationship between water 
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temperature and marine radiocarbon age seen in δ18O and 14C from early 20th century A. 

purpuratus shells (Appendix B). In reality the relationship is more complex, but this 

simple approximation highlights the effects of mollusk temperature tolerances and 

radiocarbon sampling parameters—a more complex reservoir age model could increase 

the scatter among individual radiocarbon measurements and obscure the effects in which 

we are most interested. The estimated radiocarbon age over the course of a year is 

expressed as 

€ 

R(d) =
−RangeR

2
⋅ cos 2π (d − dRmin )

365
 

 
 

 

 
  

where R(d) is the radiocarbon reservoir age on day-of-year d, relative to a mean annual R 

of zero; RangeR is the annual range in reservoir age; and dRmin is the day of the year when 

the reservoir age is at its minimum. A value of 530 14C yr was used for RangeR, the 

maximum range measured in an annual cycle from a Peruvian mollusk shell (Appendix 

C). The annual water temperature maximum at Bahía Independencia occurs near 14 

February (day 45). Because Jones et al. (Appendix B) estimated a phase shift on the order 

of a week between temperature and corresponding radiocarbon extremes, we estimated 

the annual marine radiocarbon age minimum to occur on approximately 21 February, so 

dRmin = 52. Both model shells began precipitating on 1 January, a reasonable estimate for 

the results of spring recruitments, as commonly seen in a collection of several early 20th 

century A. purpuratus shells from Peru (Jones et al. 2007) and in archaeological samples. 
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The hypothetical A. purpuratus shell was modeled as living for 1 yr, typical for 

shells from early 20th century harvesting (Jones et al. 2007) and from Peruvian 

archaeological sites, and to have grown equally well during summer and winter. Shell 

growth was calculated using a version of the von Bertalanffy growth function, 

€ 

L(t) = L∞ 1− e
−Kt( )  

where L(t) is the shell height at time t, L∞ is the asymptotic maximum shell height, and K 

is a rate constant (Bertalanffy 1938). Based on estimates in Stotz and Gonzales (1997), 

we used L∞ = 125 mm and K = 0.84 yr–1, resulting in a shell height of 71 mm after 1 year 

(Figure D-5).  

The hypothetical M. donacium shell was modeled as living 4 yr, typical for 

archaeological samples of M. donacium from southern Peru (e.g. Figure D-4). If M. 

donacium grew year-round, we would have modeled its growth using the von Bertalanffy 

growth equation above with parameters K = 0.32 yr–1 and L∞ = 84 mm, determined from 

measurements of a cohort of M. donacium from Santa María del Mar, Peru (12ºS, Arntz 

et al. 1987), resulting in shell height of 61 mm after 4 years. In Peru, near the northern 

(warm) limit of its range, however, M. donacium is a temperature sensitive species: it 

grows rapidly during austral winter, but its growth slows greatly and may stop during 

austral summer (Carré et al. 2005). We approximated the temperature-dependent growth 

of M. donacium with a sine-wave-growth von Bertalanffy model (Pitcher and MacDonald 

1973), altering the standard von Bertalanffy equation above to 
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€ 

L(t) = L∞ 1− e
−K1( )  

where 

€ 

K1 = C sin 2π (t − s)( ) + Kt. 

Here, C is a constant expressing the magnitude of the seasonal variation in growth rate, 

and s is the time of maximum growth rate during the year, expressed as a fraction of a 

year. We made a further minor alteration to the above equation by subtracting a constant 

from L(t) to set shell height to zero at t = 0. We estimated maximum growth rate for M. 

donacium to occur at the annual minimum in water temperature. At Bahía Independencia, 

this occurs at approximately 15 August, 62.2% of the way through the year, so s = 0.622. 

We estimated C by qualitatively matching a modeled δ18O profile with the δ18O profiles 

seen in archaeological M. donacium shells (e.g. Figure D-4). For our hypothetical M. 

donacium shell, C = 0.05. These parameters produce a model shell of 58 mm shell height 

after growing for 4 years (Figure D-6). 

 Whole-year shell ages (1 yr and 4 yr) were chosen to eliminate biases due to 

sampling partial years of growth. Although actual shells are unlikely to have grown for 

discrete whole years, partial-year biases can be eliminated by restricting sampling of 

actual shells to whole-year ranges as determined by growth band analyses or stable 

isotope profiling. The possibility of changes in temperature tolerance with age (Goodwin 

et al. 2003) was ignored in our modeling for simplicity. We assumed that our model 
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shells precipitated carbonate continuously rather than on a tidal cycle, so that our model 

highlights the effects of broadly predictable seasonal cycles rather than less-predictable 

intraday variations. 

The profile of shell carbonate radiocarbon age in the hypothetical A. purpuratus 

(Figure D-5) is sinusoidal. The profile of shell carbonate radiocarbon age in the 

hypothetical M. donacium (Figure D-6) is spiky or cycloidal in appearance, with more 

shell material precipitated during radiocarbon-depleted conditions than radiocarbon-

enriched conditions. Annual cycles in both shells become compressed with increasing 

shell height as a result of slower growth with age. 

We modeled the collection of individual samples from our model shells for 

radiocarbon dating by homogenizing 1 mm of shell growth, the size of the smallest 

samples useful for radiocarbon dating of shell carbonate, from sample locations. To 

investigate the effects of changing the number of small radiocarbon samples taken from 

different locations on a single shell on perceived marine reservoir age, we used a Monte 

Carlo technique to simulate the results of collecting and analyzing suites of 3 to 12 

radiocarbon samples, randomly distributed along ontogeny, from each model shell 

(10,000 simulations were performed for each scenario); examined the mean and range of 

these sample suites; and compared these with the known mean and range of the marine 

radiocarbon reservoir age in the model ocean. 
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D.5. Results 

Simulating the collection and radiocarbon dating of 1-mm samples from the 

model A. purpuratus shell reveals that the age of individual samples can range from –265 

to 265 14C yr (Figure D-7), spanning the entire range of radiocarbon ages in our 

simplified coastal waters. The distribution of possible ages from individual samples is 

bimodal; the most likely radiocarbon ages are the extremes. Similar small samples from 

the model M. donacium shell, however, can range from –210 to 265 14C yr, spanning only 

90% of the marine reservoir age range (Figure D-8). The youngest 10% of marine 

radiocarbon ages are absent from the set of possible radiocarbon ages from M. donacium. 

The most likely radiocarbon age for a single sample from the model M. donacium shell is 

greater than 250 14C yr. 

The mean of the radiocarbon ages of a suite of samples from a single shell 

remains nearly constant as the number of samples increases from 3 to 12. This mean 

value is –30 14C yr for the model A. purpuratus shell and 130–140 14C yr for the model 

M. donacium shell. Because the mean annual radiocarbon age of the model ocean is zero, 

these values can be considered biases—deviations from the actual marine radiocarbon 

age—resulting from growth parameters and radiocarbon sample size. The probability 

distributions of the mean radiocarbon ages of single-shell sample suites tighten as the 

number of samples in the suites increases (Figure D-9 and Figure D-10). The 95-

percentile range for the mean radiocarbon age of a sample suite from the model A. 

purpuratus shell (i.e. the range from the 2.5 percentile to 97.5 percentile values, within 

which the mean radiocarbon age of the suite will fall 95% of the time) shrinks from 440 
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14C yr when 3 samples are analyzed to 230 14C yr when 12 samples are analyzed (Table 

D-1). Similarly, the 95-percentile range for the mean 14C age of a sample suite from the 

model M. donacium shell drops from 490 14C yr when 3 samples are analyzed to 120 14C 

yr when 12 samples are analyzed (Table D-2). 

The range spanned by the radiocarbon ages of a single-shell sample suite 

increases as the number of samples in the suite increases. In the model A. purpuratus 

shell, this range quickly approaches the full range of radiocarbon ages (530 14C yr) in the 

model ocean as the number of samples in the suites increases (Figure D-11, Table D-1). 

The radiocarbon age range in suites of samples from the model M. donacium shell, 

however, increases more slowly, and even when 12 samples are collected from the shell, 

the median radiocarbon age range is only 400 14C yr, 75% of the full range in the model 

ocean (Figure D-12, Table D-2). 

D.6. Discussion 

Shell radiocarbon is useful to archaeologists and geologists in two primary ways: 

it can provide chronometric control for an archaeological or geological deposit, and it can 

quantify the radiocarbon content of seawater, a local proxy for the proportion of deep, 

radiocarbon-depleted water entrained in upwelling. To use shells for chronometry, it is 

desirable to use a metric that does not vary through the year. Because of the seasonality 

of marine radiocarbon age at the Peruvian coast, sub-annual “snapshot” marine 

radiocarbon ages are less useful for chronometry than a long-term (1 or more yr) mean 

marine reservoir age, which time-averages seasonal variations. To examine seasonal 
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upwelling changes, however, it is necessary to examine multiple snapshots of marine 

radiocarbon age throughout the year. The reservoir age range captured by suites of short-

term (days or weeks) marine radiocarbon samples provides an estimate of the degree of 

upwelling variation. 

The average radiocarbon age of a suite of samples from a single mollusk shell that 

grew in our model ocean is affected by the environmental preferences of the mollusk, but 

not by the number of samples in the suite. The model A. purpuratus, which precipitated 

carbonate steadily throughout the year, had a small negative (young) bias (–30 14C yr) 

relative to the mean reservoir age of the model ocean (zero). The model M. donacium, 

which preferred colder and thus radiocarbon-depleted waters, had a larger, positive (old) 

bias of 140 14C yr. The bias in the A. purpuratus shell results from decreasing growth rate 

through ontogeny and the season of growth initiation: because shell growth began when 

the model ocean was radiocarbon-enriched, this enrichment was recorded slightly 

preferentially. If growth had begun six months later during radiocarbon-depleted times, 

the bias in the average radiocarbon age of the A. purpuratus samples would have been 

positive (+30 14C yr), reflecting this depletion. The larger, positive radiocarbon age bias 

of the model M. donacium shell results from its preference for cold, radiocarbon-depleted 

marine conditions. Timing of growth initiation would also slightly affect the radiocarbon 

age bias of this organism: if the mollusk started growing six months later, its average 

radiocarbon age would be slightly older (more positive). To improve the accuracy of 

long-term mean reservoir age estimates for chronometry, the effects of environmental 
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conditions on growth of a particular species must be known, so that possible bias can be 

estimated and radiocarbon ages can be interpreted accordingly. 

Because of their higher tolerance for Peruvian water temperatures, shells of A. 

purpuratus may seem more suitable than those of M. donacium for reconstructing marine 

conditions in this area. However, researchers often lack the luxury of selecting a 

preferred species with which to work, because of limited biodiversity in a geological or 

archaeological assemblage, or when using previously published data, such as local 

marine reservoir ages from a particular mollusk. By understanding molluscan growth 

preferences, it may be possible to compensate for seasonal-growth-induced biases or the 

underestimation of annual reservoir age ranges. For example, our modeling shows that 

marine environmental reconstructions using M. donacium shells are biased towards cold, 

and thus radiocarbon-depleted, conditions. The marine reservoir age of the model ocean 

can be calculated from our model M. donacium shell as the mean of its measured 

radiocarbon ages after subtracting the bias specific to its growth habits and environment 

(130–140 14C yr). The 68% or 95% confidence interval can be estimated by the number 

of samples used (Table D-2). 

The difference in mean reservoir age bias between our two model mollusks 

illustrates a fundamental and often-ignored uncertainty in working with marine reservoir 

ages: only reservoir ages determined using organisms with similar growth preferences 

can be compared directly—the effects of growth preferences can skew interspecies 

comparisons. Reservoir ages determined using various species have been compared for 

decades without considering species-specific effects (e.g. Berger et al. 1966, Taylor and 
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Berger 1967, Robinson and Thompson 1981, Ingram and Southon 1996, and many 

others). Consider two locations with previously unknown marine reservoir ages. Shell 

samples for reservoir age calculations from one location are exclusively A. purpuratus, 

while samples from the other location are entirely M. donacium. If identical marine 

reservoir ages are calculated for these locations based on samples from our modeled A. 

purpuratus and M. donacium shells, this would not indicate identical true reservoir ages: 

the true mean marine reservoir age at the A. purpuratus locality would actually be 30 14C 

yr older than the calculated value, and the age at the M. donacium locality would be 140 

14C yr younger than its calculated value, resulting in a spread of true mean reservoir ages 

between the two sites of 170 14C yr. Because of species-specific effects, then, marine 

reservoir age comparisons without considering growth preferences may introduce errors 

of well over 100 14C yr. The bias and probability distributions from models like those 

reported here may help to compare marine reservoir ages calculated using different 

mollusk species. 

The range in marine reservoir ages recorded in a mollusk shell provides an 

indication of the seasonal upwelling variation the mollusk experienced through its life. 

Jones et al. (2007) hypothesized that the seasonal range in upwelling experienced by a 

mollusk could be determined by sampling its shell for radiocarbon at two points: the 

locations on the shell corresponding to the warmest and coldest marine conditions, as 

revealed by δ18O analyses. This idea was based on the reasoning that when deep, cold, 

radiocarbon-depleted upwelling made the greatest contribution to near-shore waters, 

these waters would be coldest. Similarly, when upwelling of deep water diminished, 
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near-shore waters would be warmer and radiocarbon-depleted. This turned out to be an 

oversimplification. As discussed in Appendix B, marine radiocarbon changes appear to 

lag behind marine temperature changes by a variable amount (generally on the order of a 

week), making it difficult to precisely identify where in a shell the radiocarbon extremes 

are based on a δ18O profile. After accounting for the lag, shell δ18O still does not correlate 

perfectly with shell 14C: both ocean temperature and radiocarbon content exhibit 

complex, essentially unpredictable variations superimposed on well-understood trends 

(see temperature profiles in Figure D-1 and Carré et al. 2005, and shell radiocarbon 

profiles in Chapter 2 and Appendix B). These unpredictable elements thwart attempts to 

describe changing marine conditions using few samples. Even when the δ18O profile of a 

shell is known, several radiocarbon measurements are needed to produce robust estimates 

of the reservoir age range recorded in shell carbonate. 

The range in radiocarbon ages from a suite of samples from a single shell tends to 

increase as the number of samples in the suite increases. In addition, the range in 

radiocarbon ages from a sample suite from the model A. purpuratus shell tends to be 

greater than that from the model M. donacium shell, because of reduced growth by M. 

donacium in warm, radiocarbon-enriched conditions and the time-averaging effect of the 

sizeable samples needed for radiocarbon dating. The values in Table D-1 and Table D-2 

can be used to estimate the full range of marine radiocarbon variation in the model ocean, 

given an observed reservoir age range from a single-shell suite of samples and the 

number of samples in the suite. For example, the model M. donacium shell exhibits a 

median range in radiocarbon ages of 350 14C yr, or 75% of the total variation in the 
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model ocean, when 12 samples are analyzed. If another M. donacium shell with similar 

growth preferences contains a range of 200 14C yr in 12 samples, the actual range in the 

ocean over the life of the mollusk may have been about 270 14C yr (200 14C yr ÷ 0.75). 

Interestingly, this suggests that the archaeological M. donacium shell containing 530 14C 

yr of variation from a suite of 12 samples (Appendix C) may actually represent an even 

larger marine reservoir age range of 700 (–280, +90 at the 95% confidence interval) 14C 

yr, if the model parameters used here are valid for this ancient shell. 

Empirical growth functions for specific species and locations could ultimately be 

calculated to produce more accurate estimates of biases in marine radiocarbon reservoir 

age than those from the idealized von Bertalanffy functions used here. These specific 

growth functions could be derived by first determining shell growth rate for a species as a 

function of water temperature (estimated from shell δ18O) and shell age, then combining 

this with a measured local marine temperature curve to produce an equation describing 

species- and location-specific shell growth as a function of time. Daily or tidal growth 

bands could provide temporal control within a shell for determining growth rate (Carré et 

al. 2005). Local marine radiocarbon content could also be estimated using the local 

marine temperature curve, assuming that water temperature and radiocarbon content 

covary with a slight lag (Appendix B). 

D.7. Conclusions 

The seasonal variation in Peruvian marine reservoir age of up to 530 14C yr as 

directly recorded in marine mollusks complicates radiocarbon chronometry, but provides 
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an opportunity to study past upwelling changes preserved in shell carbonate. Long-term 

mean marine reservoir age as recorded in shell carbonate varies due to differences in 

growth preferences between mollusk species: species that grow more rapidly in cold, 

radiocarbon-depleted conditions preserve more of this radiocarbon depletion through 

ontogeny than species that grow throughout the year. Based on our modeling of A. 

purpuratus and M. donacium shells that precipitated in a model ocean with marine 

radiocarbon variation of 530 14C yr amplitude, the mean marine reservoir age recorded in 

these two species under identical environmental conditions differs by 170 14C yr, 

demonstrating a potential error when making marine chronometric comparisons between 

multiple species. Additionally, the range in radiocarbon ages revealed by sampling a 

model M. donacium shell typically falls short of the actual range in reservoir ages in the 

ocean by over 120 14C yr. It may be possible to correct for these biases if temperature 

tolerances and growth preferences are understood for the mollusks used for chronometry, 

thereby improving the accuracy of marine radiocarbon dating in a variable upwelling 

environment. 
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Figure D-1. Hourly water temperatures from a scallop bed, ~10 m depth, Bahía 

Independencia, Peru, showing the annual temperature cycle. The narrow temperature 

maximum exceeding 18 ºC in early 2007 may be related to the weak 2006–2007 El Niño 

event. 
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Figure D-2. δ18O and marine reservoir age (R) profiles from an A. purpuratus shell 

collected in Callao Bay, Peru, 1908. δ18O and reservoir age covary with a slight phase 

shift. Error bars are 1-sigma. Data are from Appendix B. 
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Figure D-3. Argopecten purpuratus (a) and Mesodesma donacium (b) shells scaled to the 

sizes of the model shells. Transects along which radiocarbon samples are measured are 

shown, as is the along-transect size of a radiocarbon sample. Actual samples would 

extend to either side of the sample transect, parallel to growth lines, until 1 mg of 

carbonate could be collected from the upper 0.5 mm of shell. 
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Figure D-4. Profile of δ18O along ontogeny of a M. donacium shell from the Bandurria 

archaeological site, Peru. This shell grew for approximately 4 years; summer δ18O 

minima are located at shell heights of approximately 21, 40, 53, and 62 mm. Error bars 

are 1-sigma. 
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Figure D-5. Profile of marine radiocarbon reservoir age, R, as preserved in the model A. 

purpuratus shell. 

0 20 40 60 80
shell height (mm)

-300

-200

-100

0

100

200

300

R (
14

C 
yr)



 

 

174 

 

Figure D-6. Profile of marine radiocarbon reservoir age, R, as preserved in the model M. 

donacium shell. 
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Figure D-7. Histogram of possible sample 14C ages (i.e. marine reservoir ages, R) from 

the model A. purpuratus shell, using a sample size of 1 mm of shell height. Bins are 25 

14C yr wide. The distribution is bimodal, showing that the age of a single sample is more 

likely to be near an extreme than near the annual mean. 
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Figure D-8. Histogram of possible sample 14C ages (i.e. marine reservoir ages, R) from 

the model M. donacium shell, using a sample size of 1 mm of shell height. Bins are 25 

14C yr wide. The distribution is skewed left, showing that a single sample is more likely 

to reveal the high (old) extreme of radiocarbon age than the low (young) extreme. 
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Figure D-9. Distribution of mean sample radiocarbon age with respect to the number of 

samples collected from the model A. purpuratus shell. Box plots depict the lower 

quartile, mean, and upper quartile, with whiskers extending to the lower and upper 

deciles. The mean 14C age converges on a value of –30 14C yr. 
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Figure D-10. Distribution of mean sample radiocarbon age with respect to the number of 

samples collected from the model M. donacium shell. Box plots depict the lower quartile, 

mean, and upper quartile, with whiskers extending to the lower and upper deciles. The 

mean radiocarbon age varies slightly between 130 and 140 14C yr. 
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Samples 
per shell 

Median 
14C age 
(14C 
yr) 

Range for 
68th %ile  

Range for  
95th %ile 

Median 
14C age 
range 
(14C yr) 

Range for 
68th %ile 

Range for  
95th %ile 

3 –30 –110, +120 –200, +240 350 –200, +130 –320, +170 
4 –30 –100, +100 –180, +190 420 –170, +80 –340, +100 
5 –30 –90, +90 –160, +180 460 –140, +60 –310, +70 
6 –30 –80, +80 –150, +160 480 –110, +40 –270, +50 
7 –30 –70, +80 –140, +150 490 –80, +30 –240, +40 
8 –30 –70, +70 –130, +140 500 –70, +20 –210, +30 
9 –30 –60, +70 –130, +130 510 –60, +20 –180, +20 
10 –30 –60, +60 –120, +130 510 –50, +20 –160, +20 
11 –30 –60, +60 –110, +120 510 –40, +10 –130, +20 
12 –30 –60, +60 –110, +120 520 –40, +10 –110, +10 

Table D-1. Statistics from Monte Carlo simulations (n = 10,000 each) of sampling the 

hypothetical A. purpuratus shell a given number of times. 
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Samples 
per shell 

Median 
14C age 
(14C 
yr) 

Range for 
68th %ile  

Range for  
95th %ile 

Median 
14C age 
range 
(14C yr) 

Range for 
68th %ile 

Range for  
95th %ile 

3 140 –80, +70 –180, +110 200 –130, +160 –180, +240 
4 140 –70, +60 –150, +100 260 –130, +140 –210, +200 
5 140 –70, +60 –130, +100 290 –130, +120 –220, +160 
6 140 –60, +50 –120, +90 320 –130, +100 –230, +140 
7 140 –50, +50 –110, +80 350 –130, +90 –230, +120 
8 140 –50, +40 –100, +80 360 –120, +80 –230, +110 
9 130 –50, +40 –100, +80 380 –120, +70 –220, +90 
10 130 –40, +40 –90, +70 390 –120, +60 –220, +80 
11 130 –40, +40 –80, +70 400 –110, +50 –210, +80 
12 130 –40, +40 –80, +70 400 –110, +40 –210, +70 

Table D-2. Statistics from Monte Carlo simulations (n = 10,000 each) of sampling the 

hypothetical M. donacium shell a given number of times. 
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Figure D-11. Distributions of range in 14C ages in sample suite for the model A. 

purpuratus shell. Box plots depict the lower quartile, mean, and upper quartile, with 

whiskers extending to the lower and upper deciles. The measured range approaches the 

actual range in the model ocean of 530 14C yr. 

0

100

200

300

400

500

600

Ra
ng

e i
n s

am
ple

 14
C 

ag
e (

14
C 

yr)

3 4 5 6 7 8 9 10 11 12
Samples per shell



 

 

182 

 

 

Figure D-12. Distributions of range in 14C ages in sample suite for the model M. 

donacium shell. Box plots depict the lower quartile, mean, and upper quartile, with 

whiskers extending to the lower and upper deciles. The median measured range reaches 

400 14C yr when 12 samples are in a suite, but this is only 75% of the actual 530 14C yr 

range in the model ocean. 
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