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ABSTRACT 

 

 

Marine bivalve mollusks are valued as climate change recorders due to predictable growth 

rates and the recording of the ambient seawater environment into their shells (e.g., temperature, 

dissolved inorganic carbon (DIC)). Bivalves that endure extreme environmental perturbations 

also exhibit alteration of the shell microstructure in response to the stress. Numerous studies 

demonstrate correlations between shell isotopic values and environmental parameters, such as 

δ18O and temperature, but the possibility of confounding isotopic signatures between shell layers 

and microstructures in a single organism, induced by environmental stress factors, has not been 

sufficiently studied.  

Two bivalve species (Trachycardium procerum and Chione subrugosa), collected from the 

Peruvian coast after the 1982-1983 El Niño, exhibit microstructural alterations in the shell in 

correlation with the sea surface temperature (SST) anomaly during the event. Common 

biomineral alterations include changes in the relative thickness of certain microstructural types 

and the loss of intercrystalline organic matrix components.  

δ18Oshell and  δ13Cshell data show no significant changes in correlation with the El Niño growth 

scar in any shell layers of T. procerum. C. subrugosa, an intertidal species, shows δ13Cshell and 

δ18Oshell depletion in the affected area. These data indicate that biomineralization changes are not 

synchronized with isotopic signatures. Furthermore, bivalve biogeochemical proxies may not be 

sufficiently sensitive to detect rapid fluctuations in SST, but potentially useful in detecting other 

localized El Niño associated events, such as an increase in rainfall. 

 



 

iii 

 

 

LIST OF ABBREVIATIONS AND SYMBOLS 
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CHAPTER 1 

INTRODUCTION 

Atmosphere and ocean interactions play a major role in the climate around the world, and 

many ecosystems and economic industries rely on consistent, predictable weather conditions. 

The seafood industry is of major economic significance along the Pacific coast of South 

America, and the eastern equatorial Pacific is extremely productive, largely due to the Humboldt 

Current upwelling system (Arntz et al., 2006). This region of the Pacific remains surprisingly 

cool, despite constant heating by the equatorial sun (Barber and Chavez, 1983). During normal 

conditions, trade winds trigger upwelling of deep cold water from below the thermocline (~ 40 m 

depth) at the Peruvian coast, which is rich in nutrients (Philander, 1990). El Niño-Southern 

Oscillation (ENSO) is a major contributor to weather variation in the eastern equatorial Pacific, 

causing mortality of organisms and weather disruptions in South America during warm cycles, 

and climate variability around the world (Barber and Chavez, 1983). During El Niño (warm) 

cycles, the trade winds reverse and the thermocline is depressed, changing the source of 

upwelled water to shallow, warm, and nutrient-poor seawater (Philander, 1990). El Niño occurs 

every 2-7 years, and lasts for 6 to 18 months (Barber and Chavez, 1983), though the frequency 

and severity are highly variable. The history of the modern El Niño is recent, appearing in the 

archaeological record ca. 5,800 years ago (Sandweiss et al. 2001). Previous to ca. 3,000 years 

ago, El Niño events only appear to occur once or twice every hundred years (Sandweiss et al. 

2001).  
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 The El Niño mega-event of 1982-1983 was the most severe of the century (Glynn, 1988), 

up until the 1996-1997 event. Sea surface temperature (SST) increased to 8˚C above average in 

some areas and persisted for nearly 18 months, as well as occurring out of the typical season for 

El Niño (Glantz, 2001). The Peruvian coast experienced an increase in rainfall and flooding in a 

normally arid environment, a decrease in nutrients and chlorophyll, and sea level and turbidity 

increased (Glynn, 1988). Biologic changes include seabird reproductive failure, migration of fish 

down the continental slope, and mortality of many invertebrates (Barber and Chavez, 1983).  

 Also, some organisms are able to survive climate perturbations such as El Niño but 

undergo permanent changes; especially benthic organisms that are unable to migrate in response 

to stress (Glynn, 1988), which occurred during the 1982-83 event. 

 Calcium carbonate-biomineralizing organisms (e.g., bivalve mollusks) have been 

recognized as excellent archives to record environmental changes, such as sea-surface 

temperature, via chemical proxies (e.g., stable isotopes), due to their equal-time incremental 

growth and the recording of ambient seawater conditions in their skeletons (Andrus et al., 2005, 

Carré et al. 2005, Gillikin et al. 2005). In Peru, where the temperate water is not optimal for 

tropical organisms, such as corals, bivalve mollusks are a viable alternative for recording 

climatic and environmental variability (Andrus et al., 2005, Carré et al. 2005, Gillikin et al. 

2005). 

 For this purpose, Trachycardium procerum is a bivalve species that has been used in 

previous studies (Rollins et al. 1987, Perrier et al. 1994, Houk 2002, Andrus et al. 2005, Pérez-

Huerta et al. 2013) due to its wide distribution and broad temperature tolerance. These studies 

observe a negative spike in δ18Oshell thought to be associated with maximum SSTs during the 

1982-83 El Niño.  Studies have also considered the potential for shells to record the changes in 
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upwelling source by the analysis of carbon isotopes, resulting in a positive spike in δ13Cshell 

associated with the event (Killingley and Berger, 1979, Andrus et al. 2005, Carré et al. 2005). 

Changes in shell microstructure have also been observed in this species (Pérez-Huerta et al. 

2013) related to El Niño, and other bivalve taxa (Lutz and Rhoads 1977, Lutz and Clark 1984, 

Rollins et al. 1987, Houk 2002, Nishida et al. 2012), associated with shifts in the temperature of 

ambient fluid. This is evidenced by a change in the relative thicknesses of certain microstructural 

layers correlated with temperature and a reduction in organic matter in the anomalous growth 

area. 

 Another bivalve species studied in relation to El Niño events is Chione subrugosa 

(Rollins et al. 1987, Houk 2002), and it shows the development of a growth scar, and changes in 

the relative thicknesses of shell layers, correlated with the 1982-83 El Niño (Rollins et al. 1987). 

This species has shown isotopic variation, but nothing reflective of ambient conditions attributed 

to its intertidal habitat, which experiences frequent fluctuations in temperature and salinity 

(Rollins et al. 1987).  

 In previous studies of these bivalves (T. procerum and C. subrugosa), and other species 

in relation to El Niño, coarse carbonate sampling strategies were used, and samples were only 

taken from the outer (or unknown) layer of the shell for studies relying on stable isotopic 

analyses. Literature is sparse regarding the potential disparity in calcification rates and 

composition differences among shell layers, and how that may affect stable isotope values. Most 

importantly, El Niño-induced biomineralization changes in bivalve shells are rarely reported, and 

nor is the possibility that there could be an associated effect on the stable isotopic data.  

 The objective of this study is to evaluate whether biomineralization changes in T. 

procerum and C. subrugosa influenced the recording of the 1982-83 El Niño mega-event, as 
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evidenced by synchronous changes in shell microstructures, including mineral and organic 

phases and stable isotopes. If these species are shown to reflect El Niño conditions in shell 

microstructure, archaeological specimens of these species can be analyzed to help elucidate the 

complex history of El Niño in South America. Furthermore, any detectable variation in isotopic 

values due to variations in organic matter content or shell layer could have far reaching 

implications when interpreting paleoenvironments using bivalve chemical proxies elsewhere.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 

 

 

 

CHAPTER 2 

SAMPLES AND METHODOLOGY 

2.1 Samples 

2.1.1 Peru and El Niño 

 Chimbote, Santa Province (9◦8’S 78◦35’W) (Figure 1) is the center of the Peruvian 

fishing industry, greatly benefitting from the cold, nutrient rich upwelling Humboldt Current. 

The average SST in this area is 20-23°C during Austral summer (Gutiérrez et al, 2011). It is a 

mild desert climate, with an average rainfall of less than 12 mm annually. Tumbes, Tumbes 

Province (3◦34’S, 80◦27’W) (Figure 1) experiences a slightly warmer, less arid climate than 

Chimbote with an average SST of 22-26°C during Austral summer (Gutiérrez et al, 2011) and 

258 mm of precipitation annually. Northwest Peru is normally arid, receiving little to no rainfall 

(Goldberg and Tisnado 1987, Marengo and Tomasella 1998, Douglas et al., 2000). Due to this 

limited rainfall and resulting low freshwater influx, the coastal salinity of northwest Peru remains 

relatively stable making it an ideal location for SST reconstructions. During ENSO, however, 

northwest Peru experiences massive rainfall events, moving from virtually no precipitation to up 

to 4,000 mm of rainfall in a 6 month period (Goldberg and Tisnado 1987, Douglas et al., 2000). 

These extreme precipitation events cause flooding and increased runoff, with river discharge 

reaching more than 300% of normal (Marengo and Tomasella 1998).  

2.1.2 Trachycardium procerum 

  T. procerum was once a popular shellfish to harvest due to its large size and widespread 

distribution. T. procerum is an infaunal, sessile filter feeder species that has a broad temperature 
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tolerance, ranging in the Pacific from14°S to 24°N (19-30°C), and lives in muddy substrates at 

water depths of 5-15 m (Bernard 1983). T. procerum first appears in the fossil record during the 

Pliocene (Bernard 1983). In relation to the 1982-1983 El Niño, shells of this bivalve species 

present a growth scar that has been associated with the period of maximum SST anomaly 

(Rollins et al. 1987) (Figure 1).  

2.1.3 Chione subrugosa 

 Chione subrugosa, a venerid clam, is an intertidal species, meaning it lives in mudflats, 

with depths shallow enough to experience open-air exposure at the lowest tides. C. subrugosa 

first appears in the fossil record during the Pleistocene (Bernard 1983) and is thought to inhabit 

latitudes from 3°S to 13°N, indicating that the specimens from Tumbes were likely living at their 

lower end of their temperature threshold (17° to 31°C) (Bernard 1983). In relation to the 1982-

1983 El Niño, shells of this bivalve species present a growth scar that has been associated with 

the period of maximum SST anomaly (Rollins et al. 1987) (Figure 1). 
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Figure 1. Map showing collection locations and examples of specimens analyzed in this study. 

A) Map of Peru and Ecuador; specimens were collected from Puerto Pizarro and Chimbote. B) 

Chione subrugosa; growth scar shown by dotted line. Scale = 1 cm. C) Trachycardium 

procerum; growth scar shown by dotted line. Scale bar = 1 cm.  

 

Table 1. Specimens selected for analysis in this study. 

  

Identifier Species Date of Collection Location  

TP3-2 Trachycardium procerum 4/20/1984 Chimbote 

TP3-3 Trachycardium procerum 4/20/1984 Chimbote 

TP3-11 Trachycardium procerum 4/20/1984 Chimbote 

2PT1-2 Chione subrugosa 11/26/1984 Puerto Pizarro 

2PT1-6 Chione subrugosa 11/26/1984 Puerto Pizarro 

2PT1-7 Chione subrugosa 11/26/1984 Puerto Pizarro 
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2.2 Methodology 

 

2.2.1 Growth Incremental Analysis 

 T. procerum and C. subrugosa valves were sectioned and polished with Buehler 

Alpha Micropolish II 1.0 and 0.3 µm deagglomerated aluminum oxide, and etched in 10% HCl 

for 30 seconds in order to enhance the growth line visibility. The valves were imaged using a 

Nikon Instruments NI-150™ light microscope fitted with a Digital Sight DS-U3™ digital 

imaging device, collected with the NIS-Elements™ software, and spliced together using Adobe 

Photoshop™ v. 6.1 software.  

 

2.2.2 Scanning Electron Microscopy (SEM) 

 Scanning Electron Microscopy (SEM) is used in order to determine the type and 

arrangement of microcrystals in the shell and any obvious visual changes to the intercrystalline 

organic macromolecules. Three specimens of each for T. procerum and C. subrugosa were 

selected for imaging. Valves were cut longitudinally with a Dremel, embedded in Buehler 

EpoThin Epoxy Resin, and left to set for approximately 24 hours. The mounted samples were cut 

to size with a Buehler IsoMet 1000 Precision Saw equipped with a wafering blade. Samples were 

ground and polished using 1.0 and 0.3 µm deagglomerated aluminum oxide and then 

ultrasonicated to remove any debris. T. procerum samples were etched  in 2% HCl for 20 

seconds and C. subrugosa were etched in 5% HCl for 10 seconds in order to enhance 

topography. Samples were then coated with a thin layer of gold using a sputter coater for 1.5 

minutes and grounded with copper tape in an attempt to control unwanted charging of the 

sample.  



 

9 

 

 Imaging was carried out on a JEOL 7000 FEG-SEM, located in the Central Analytical 

Facility (CAF) at The University of Alabama. Images were shot using various accelerating 

voltages and magnifications, but consistent magnifications were used when comparisons were 

made. In order to compare the shell microstructures relevant to El Niño growth, images were 

taken before, during, and after using the growth scar as the marker.  

 

2.2.3 Raman Spectroscopy 

 To evaluate the relative amount of organic matter in each layer and through ontogenetic 

growth, the technique of In-situ Raman spectroscopy was used. The samples that were used in 

SEM imaging were reused, with the gold coating ground off and the samples re-polished. Spectra 

were obtained using a Princeton Instruments Monovista spectroscope with a 1200 groves/mm 

rating, located in the Nano Opto-Electronics Laboratory, Department of Electrical and Computer 

Engineering, at The University of Alabama. The laser source was a Coherent Verdi V-12 532 nm 

green diode laser focused at a 100x objective, with a spot size of about 500 µm at room 

temperature with 10 seconds of exposure for each point. The samples were set on a stand with a 

built in grid system so the relative x,y placement of each point could be controlled. T. procerum 

sample points were collected 1.2 mm apart in each layer and C. subrugosa points were 0.5 mm 

apart, with 9 samples obtained in each layer. Spectra were collected from 50 to 3,000 nm-1 using 

the stitch-and-paste method. Data was processed through HORIBA Scientific LabSpec 6 

Spectroscopy Suite software in order to remove background and improve peak visibility. 
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2.2.4 Stable Isotope Analysis  

 Three valves from each species were selected in order to obtain δ18O and δ13C values 

before, during, and after the El Niño growth scar in each layer. The sampling strategy was to 

obtain a high resolution, short-term time series in order to determine any changes in isotopic 

values correlated with El Niño, sample all layers discreetly to determine whether there are 

intrashell isotopic differences between layers that are thought to be deposited in equal time, and 

couple the results with imaging and Raman data to determine whether a reduction in organic 

matter coincides with an isotopic change. 

 Three T. procerum valves (TP3-2, TP3-3, TP3-11) were rinsed with DI water, cut 

longitudinally with a Dremel and trimmed down in order to fit on 2.7 x 4.6 mm glass slides, then 

ultrasonicated. Shell sections were affixed to glass slides using KwikWeld Quick-Setting Steel 

Reinforced Epoxy and allowed to cure for 24 hours. The mounted shells were cut to a thickness 

of approximately 4 mm using a lapidary saw. Three C. subrugosa valves (2PT1-2, 2PT1-6, 

2PT1-7) were prepared in the same manner as T. procerum, except the valve segments did not 

require trimming due to their smaller size. C. subrugosa required extra care in preparation at 

each stage due to the fragility of the shell material at the growth scar, which frequently caused 

brittle breakage at that area.  

 Samples were obtained using a New Wave MicroMill™ Automated Sampler. Ten sample 

points from each layer of each valve were collected for a total 90 samples, with the fourth, fifth, 

and sixth samples of each line in the area directly on or adjacent to the growth scar using a 100 

μm carbide dental drill bit.. The software used for milling enabled the same sampling size to be 

used each time, and the spacing between sample points was 320 µm. This spacing was selected 

because it maximized the density of points that were collected in a small area while minimizing 
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the possibility of contamination between points or layers. The shape of the samples collected 

were horizontal ellipses, slightly longer in the x-direction (approximately 500 μm in diameter).  

Samples were drilled to a depth of 300 to 900 μm, weighed out to 25 to 100 µg, and 

packed in 4.5 mL round-bottomed borosilicate vials. In preparation for analysis, vials were 

flushed with helium gas and injected with H3PO4 in a Thermo Gas Bench II at 50ºC in order to 

liberate CO2 from carbonate. Samples were run on a Thermo Delta V Plus CF-IRMS and Thermo 

Delta Plus CF-IRMS located in the Alabama Stable Isotope Laboratory. Each run of samples 

included 15 vials of NBS-19 as a reference standard in order to calibrate to V-PDB, assess 

analytical precision, and detect potential drift. Data are reported in per mil (‰) relative to V-

PDB and corrected for aragonite.  Precision (1σ) on the Delta V Plus was better than 0.09‰ for 

carbon and 0.1‰ for oxygen; on the Delta Plus, precision was better than 0.13‰ for carbon and 

0.17‰ for oxygen. Unfortunately, some samples were lost during the process; two vials were 

broken during automated processing, one turned yellow for unknown reasons, and four were lost 

due to contaminated vials.  
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CHAPTER 3 

RESULTS 

3.1 Sclerochronology 

 In order to verify that the visible growth scar in the bivalves correlated with El Niño, the 

growth lines were counted in the shells, using the first visible growth line from the margin as the 

date of death. Initially this study included scallop species Argopecten purpuratus that was 

thought to have growth during the 1982-83 El Niño event; however, upon the counting of daily 

growth striae (Thébault et al., 2008a), the growth scar did not correlate with El Niño (Appendix 

G).  

T. procerum are thought to exhibit tidal growth lines, however, these lines were very faint 

and irregular, which made it difficult to obtain a reliable age estimate for studied specimens 

(Figure 2A). This study relies on the assumption that the beginning of the anomalous growth on 

the shell profile of T. procerum corresponds with the onset of the 1982-83 El Niño, as shown in 

previous work (Rollins et al. 1987, Andrus et al. 2005). The time series in this study likely 

represents a time period of less than two months, right at the onset of El Niño (see Andrus et al. 

2005, Figure 4).  

 

C. subrugosa growth lines are deposited daily (Rollins et al. 1987, Houk 2002), and were 

visible throughout most of the shell (Figure 2B).  Not all growth lines were clearly visible in the 

area after the El Niño growth-scar, so some of the growth lines were inferred based on the 

declining trend of growth seen in the rest of the organism. As a result, the possibility of 



 

13 

 

introducing error in calculated dates needs consideration. The mean number of daily growth lines 

for C. subrugosa from the shell margin to the growth scar is 398 ± 44 (n=3), putting the calendar 

date for the growth scar at 10/24/1983. Although this date is considered to be the very tail end of 

the El Niño event of 1982-1983, this is assumed to be an underestimate due to stress-induced 

growth cessation (Rollins et al. 1987, Schöne 2008). Based on the trend of growth, the age of the 

C. subrugosa specimens is around 3.5 years.  

 

 

 
Figure 2. Images showing growth lines. A) Trachycardium procerum; increments shown with 

arrows. Scale bar = 1 mm. B) Chione subrugosa; daily increments shown with arrows. Scale bar 

= 150 μm.  

 

 

 

 

3.2 Shell Microstructure 

 T. procerum shells are composed completely of crossed-lamellar aragonite. Crossed-

lamellar aragonite is characterized by first and second order lamellae, which are inclined in 
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opposite directions (Shimamoto 1986). Three discreet layers exist in the shells, but all are 

composed of a crossed-lamellar microstructure. Biogenic crystals in bivalve mollusks are grown 

within an organic matrix (Weiner and Dove 2003). The remnants of this organic matrix can be 

found occluded inside the crystals as intracrystalline organic matrix and as organic envelopes 

between the microcrystals; intercrystalline organic matrix (Weiner and Dove 2003, Schöne et al. 

2008).  A previous study (Pérez-Huerta et al. 2013) showed a loss in intercrystalline organics in 

affected T. procerum valves at the El Niño growth scar, collected from a different locality. SEM 

images confirm a loss in intercrystalline organics, especially in the outer layer (Figure 3A, B). 

The middle layer showed a change in the size and shape in the first order lamina (Figure 3C, D). 

Before the El Niño growth scar, first order laminae tend to be elongate with high continuity 

(Figure 3C). After the El Niño growth scar, the laminae are shortened and discontinuous (Figure 

3D). Observable changes in microstructure in the inner layer were not apparent.  

 C. subrugosa shells have three distinct microstructures typical of venerid clams. The outer 

most layer is composed of composite prismatic aragonite (CPL), which is characterized by 

aggregates of feathery prisms that are arranged in a radial manner around the axis of each prism 

(Shimamoto 1986). The middle layer is a thin white band of crossed-lamellar aragonite (CLA), 

as typically seen in many other aragonitic bivalves, including T. procerum. The inner layer is 

composed of homogenous acicular aragonite. Homogenous acicular microstructure (HOM) is 

characterized by an aggregation of granules of various sizes and shapes with sub-layers of 

slightly more ordered granules that sometimes resemble crossed-lamellar microstructure 

(Shimamoto 1986).  Rollins et al. (1987) found that the relative thickness of the CPL and the 

CLA changed in correlation with the period of maximum SST anomaly of El Niño, while this 

study places the growth scar closer to the end of El Niño. Near the growth scar, the CPL 
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becomes thin, and at the growth scar it completely disappears in one specimen (Figure 4). Within 

the CLA, there is an observed loss in organic matter, which is shown by the absence of organic 

sheets (Figure 4) and Raman peaks (Figure 6, Appendix E). Changes in the HOM were not 

apparent in these specimens.  
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Figure 3. SEM images of the microstructure in T. procerum. A) Detail of cross-lamella in 

middle layer before El Niño; arrows indicate intercrystalline organics. B) Detail of cross-lamella 

in middle layer during abnormal El Niño growth period showing reduction of organics. C) 

Normal shape of lamella in middle layer before El Niño, indicated by arrows. D) Abnormal 

lamella shape in middle layer during El Niño growth, indicated by arrows. 
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Figure 4. SEM images of C. subrugosa. A) Relative thicknesses of composite prismatic (cpl), 

cross-lamellar (cla), and homogenous acicular (hom) layers, showing the recovery of the cpl 

after El Niño. B) Disappearance of the cpl at El Niño growth scar. C) Normal organic sheets 

(arrows) in cla. D) Reduction of organic sheets during El Niño growth. 
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3.3 Organic Matrix Components 

 A clear change around the growth scar in the Raman spectral bands are observed in the 

outer layer of T. procerum. The relative intensity of each peak represents the abundance of 

molecular bonds that are attributed to certain vibrational bands (Bergamonti et al. 2013). The 

most prominent peak, labeled as A (Figure 5), is an aragonite feature (Bergamonti et al. 2013). 

The ν2 peak (1100-1200 cm-1) corresponds to C-C bonding, and is a typical value for methylated 

carotenoids (Bergamonti et al. 2013) or aliphatic ethers (Lambert 1987). The ν1 peak (1450-1680 

cm-1) corresponds to C=C bonding, likely to be alkanes (Bergamonti et al. 2013). The less 

prominent ν4 (1000-1015 cm-1) and ν3 (1285-1315 cm-1) peaks are assigned to HC=CH and CH-

CH, respectively (Bergamonti et al. 2013), with the former possibly attributed to the amino acid 

Phenylalanine. The peak labeled u may be attributed to Cysteine which is also an amino acid 

(Jenkins et al. 2005). There is a clear weakening of the peak intensities at the growth scar and 

signs of recovery are shown after the growth scar (Figure 5, Appendix E). 

 Spectra for C. subrugosa show the same corresponding vibrational band peaks (Figure 6, 

Appendix E), however, the intensity of the bands do not seem to change at the growth scar, and a 

gradual increase in intensity with ontogeny is observed. 
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Figure 5. In-situ Raman spectra for the outer layer of Trachycardium procerum. Gray numbers 

and spectra correspond to El Niño affected shell growth.  
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Figure 6. In-situ Raman spectra for the composite prismatic outer layer of Chione subrugosa. 

Gray numbers and spectra correspond to El Niño affected shell growth. 
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3.4. Stable Isotopes 

3.4.1. Trachycardium procerum  

 Stable isotope analysis of T. procerum showed varying results in each specimen. The 

mean δ18O values of the outer, middle, and inner layers at the growth scar are -1.4‰, -1.5‰, and 

-0.4‰, respectively (Figure 8). The δ18O of TP3-11 (Figure 7 A-C) is typical of all T. procerum 

specimens analyzed, showing some minor (< 1.0‰) variation. The mean δ18O of all layers show 

a <0.3‰ negative trend with ontogeny (Figure 8). The inner layer is also on average 0.9‰ more 

enriched in δ18O than the outer and middle layers (Figure 8).  

δ13C values for the outer, middle, and inner layers of T. procerum are 0.6‰, 1.0‰, and 

1.2‰, respectively at the growth scar (Figure 8). The outer layer of TP3-11 (Figure 7A) showed 

the most change in δ13C at the growth scar, with a decrease of 0.5‰. The middle and inner layers 

(Figure 7B, C) show little variation, with a slight overall negative trend with ontogeny that is less 

than 1σ.  The mean δ13C values in all the layers again show little variation at the growth scar, 

with an insignificant (<1σ) negative spike in that area. Overall, the outer layer was most depleted 

and the inner layer was most enriched (±0.3‰ from the mean on average, respectively) (Figure 

7).  

 

3.4.2. Chione subrugosa   

The δ18O values of C. subrugosa also varied from specimen to specimen. δ18O mean 

values for the CPL, CLA, and HOM are -2.1‰, -2.0‰, and -2.2‰, respectively at the scar area 

(Figure 9). One specimen, 2PT1-7, shows a negative spike of 1.3‰ in the CPL at the growth 

scar, and the CLA shows a negative spike of 0.8‰ (Figure 7D, E). The HOM shows a negative 

spike of 1.7‰, but it is well after the growth scar (Figure 7F). The mean δ18O of all layers shows 
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a slight (0.5‰) decrease with ontogeny. In general, the HOM was slightly more enriched in δ18O 

compared to the other layers.  

The mean δ13C values for all specimens are very chaotic (Figure 9). 2PT1-7 shows a 

0.6‰ negative spike at the growth scar, quickly followed by a 1.3‰ positive spike in the CPL 

(Figure 7D). The CLA shows a deep negative spike at the scar (2.1‰) (Figure 7E). The HOM 

shows two negative spikes (1.4‰ and 2.5‰) but they are before and after the growth scar 

(Figure 7F). The means of all layers show no clear trend, however various positive and negative 

spikes are observed (Figure 9).  
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Figure 7. Stable isotope results for two representative specimens of both species, with the El 

Niño growth scar represented by the dashed gray line. Triangles represent δ13C and circles 

represent δ18O. Error bars = 1σ. A) Outer layer, T. procerum (TP3-11). B) Middle layer, T. 

procerum (TP3-11). C) Inner layer, T. procerum (TP3-11). D) Composite prismatic outer layer, 

C. subrugosa (2PT1-6). E) Crossed-lamellar middle layer, C. subrugosa (2PT1-6). F) 

Homogenous acicular inner layer, C. subrugosa (2PT1-6). 
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Figure 8. Mean stable isotope results for all layers of all specimens of T. procerum.The dashed 

line represents the multi-layer mean. Error bars = 1σ. 

 

 

Figure 9. Mean stable isotope results for all layers of all specimens of C. subrugosa. The dashed 

line represents the multi-layer mean. Error bars = 1σ.  
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CHAPTER 4 

DISCUSSION 

4.1 Timing of the Shell Growth Scar 

 The incremental growth of bivalve mollusks is one of the main reasons why they are 

considered useful as environmental recorders, but a thorough understanding of growth 

periodicity and physiology is essential for a correct interpretation (Carré et al. 2005, Gillikin et 

al. 2005, Schöne 2008). The species in this study have different growth increment periodicities; 

T. procerum is thought to have tidal growth increments, while C. subrugosa has circadian growth 

increments, which range from 24-29 hours (Bernard 1983, Houk 2002, Schöne 2008). The 

growth lines in T. procerum were irregular, especially during El Niño shell growth, and the 

irregularities varied from specimen to specimen. Counting tidal resolution proved difficult; the 

lines are of different thicknesses and contrasts, and often clustered or overlapping each other. 

The growth was estimated using the growth scar as an identifying feature and comparing it to 

specimens from Andrus et al. 2005, which are from the same cohort.  

 C. subrugosa growth lines were regular throughout most of the shell in each specimen 

(Figure 2), but did they become chaotic at the growth scar. A clear slow-down in growth over 

time was evident, which is expected with ontogeny (Schöne 2008). The growth increment 

analysis of this species resulted in the growth scar occurring at the end of El Niño. This is likely 

an underestimate because bivalves will stop growing in response to temperatures approaching 

their tolerance threshold, and dissolution of previous shell growth can also occur during extended 
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periods of growth cessation (Lutz and Rhoads 1977, Lutz and Clark 1984, Rollins et al. 1987, 

Houk 2002).  

 Several problems exist in the interpretations of growth lines in this study and in many 

other studies that use bivalve sclerochronology. One major issue in using bivalve growth lines is 

that they are not always deposited at a constant rate (Carré et al. 2005, Gillikin et al. 2005, 

Schöne 2008). The growth rate varies due to multiple factors; age, seasonality, environmental 

conditions, and food availability (Schöne 2008). Bivalves grow faster when they are young 

during certain seasons, and grow rapidly in favorable conditions while slowing down or stopping 

growth during less favorable conditions, all of which are species specific (Schöne 2008). In order 

to ensure the best possible interpretation, pertinent information such as age, season of growth, 

growth periodicity (determined experimentally), and environmental conditions must be already 

known, either first hand or by other proxies. Another technique for resolving micro-growth 

increments is the immersion in Mutvei’s solution, which dyes the organic rich growth lines blue 

(Schöne 2008). Future studies that rely on counting growth lines should use this method to 

ensure maximum accuracy in counting. Another weakness in this study lies in the sampling 

method for isotopic analysis. Due to the aforementioned variations in growth rate, equal size and 

spacing in microsampling does not likely represent equal periods of growth, so some data points 

will represent a longer period of time averaging than others. Although the time series represents 

a fairly short period of the lifespan which would minimize the ontogenetic growth differences, 

the fact that the environment was extremely variable throughout the time series likely affects 

equal timing of growth.  
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4.2 Shell Microstructural Changes 

 SEM images showed a reduction in organic coatings during the El Niño affected growth 

areas in the outer layer (CPL) of T. procerum and the CLA of C. subrugosa. The mechanism of 

biomineralization involves the deposition of CaCO3 biominerals within an organic matrix 

(Weiner 1979, Weiner and Dove 2003, Schöne et al. 2010). During crystal nucleation and 

growth, the organic matrix components are relegated to the margins of the crystal, while a small 

amount is occluded inside the crystal (Schöne et al. 2010). The intercrystalline organic material 

is considered to be soluble organic matrix (SOM), and the intracrystalline material is insoluble 

(IOM), making up <0.5 wt% (Schöne et al. 2010). These organic matrix macromolecules are 

composed of various carbohydrates and amino acids (Weiner 1979). The loss of organic matrix 

macromolecules may be a result of an alternative biomineralization mechanism employed during 

times of environmental stress.  As SSTs approach the temperature tolerance upper threshold, 

bivalve shells experience increased stress and are unable to devote the energy required for 

normal biomineralization processes. The precursor to the crystallites is amorphous calcium 

carbonate (ACC), and the addition of the organic matrix proteins and cations help stimulate 

crystal nucleation and growth; however, ACC can be directly precipitated into aragonite with 

only the addition of cations and in the absence of matrix proteins (Addadi et al. 2003, Pérez-

Huerta et al. 2013).  This alternative mechanism for biomineralization may require less 

metabolic energy, and enables the organism to continue to manufacture the important protective 

shell material even in a taxed metabolic state. The highest SSTs could also result in the 

denaturation of proteins, which would disrupt the structure of the organic matrix. The CPL of C. 

subrugosa showed no apparent reduction in organic matrix proteins; however, the blocky, highly 

mineralized prismatic microstructure showed very little intercrystalline organic matter to begin 
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with as compared to the thin fibrils of the CLA. It follows that the change in organics in the CPL 

may be too minute of a fraction to see. It is important also to note that in one specimen of C. 

subrugosa, as will be elaborated further, the CPL is completely absent at the growth scar, and so 

only the existing CPL adjacent to the growth scar was able to be evaluated in this way.  

 A change in the relative thicknesses of certain microstructural types in correlation to 

environmental change is well documented (Lutz and Clark 1984, Rollins et al. 1986, Nishida et 

al. 2012, Pérez-Huerta et al. 2013). Nishida et al. (2012) showed an increase in crossed-lamellar 

microstructure production during seasonal temperature highs and an increase in composite 

prismatic microstructure production during seasonal lows in Scapharca broughtonii. The same 

effect is encountered in C. subrugosa (Rollins et al. 1987, Houk 2002, this study). The relative 

thickness of the CLA increases while the CPL decreases at the El Niño growth scar, which 

correlates with the high SSTs seen during El Niño. Despite the fact that this microstructure-

temperature relationship is well established, little insight as to why this occurs has been offered. 

One explanation may be a phylogenetic adaptation: the ability to shift from one microstructural 

type to another in response to external stimuli (i.e. temperature). It has been demonstrated that a 

suite of genes control biomineral microstructure and the expression of those genes change over 

the life of the organism (Miyazaki et al. 2010). Temperature, or physiological changes 

undergone due to temperature, could affect which genes are expressed and which are not, which 

could dictate the microstructural type. Another explanation, according to Lutz and Clark (1984), 

is the dissolution of shell material during growth cessation. During periods of environmental 

stress, bivalves will often close for extended periods of time and enter a prolonged period of 

anaerobiosis. This generally results in the loss of previously deposited shell material, which may 

predominate over any new shell growth (Lutz and Rhoads 1977, Lutz and Clark 1984, Rollins et 
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al. 1987, Houk 2002). The CPL could be more prone to dissolution than the CLA, and the 

resulting shell erosion may give the appearance of a change in relative thicknesses. Lutz and 

Clark (1984) only cite this occurring in low temperature extremes, but any stress that results in 

prolonged bivalve growth cessation could result in this dissolution. A third, less likely 

interpretation is DNA damage resulting from the temperature changes. Some Peruvian bivalve 

species show evidence of chromosomal damage due to the effects of El Niño (Sotil et al. 2008). 

While it is possible that the bivalves in this study may have endured DNA damage, the fact that 

normal biomineralization resumed after El Niño suggests that any genetic damage that may have 

occurred does not affect biomineralization.  

 

4.3 Organic Matrix Components 

 The outer layer of T. procerum shows a reduction in peaks attributed to various organic 

bonds during the El Niño growth. Many of these substances are chromoproteins, which are 

responsible for the coloration seen in shells (Pérez-Huerta et al. 2013, Bergamonti et al. 2013). 

Another possible organic substance, aliphatic ether (Lambert 1987), is found in the cuticular 

waxes of various arthropods (Génin et al. 1987) and plants, which help decrease surface wetting 

and moisture loss. Although this substance has not traditionally been associated with bivalves, it 

is possible that it is one of the many organic components. A reduction in chromoproteins, such as 

methylated carotenoids, is consistent with what can be observed in the shell; at the anomalous 

growth, the coloration of the shell transitions from purple to white. Bergamonti et al. (2013) 

conducted a Raman study on the chromoproteins of various carbonate shells, including bivalve 

mollusks. They found that the darker colors (reds and browns) are characterized by weak bands, 

while lighter colors (whites and yellows) are characterized by strong bands (Bergamonti et al., 
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2013). This result is the opposite of what is observed in the T. procerum shells, where the lighter 

colors produce weak bands. One possible reason for this inconsistency could be a matter of 

species. Bergamonti et al. (2013) looked at several different species, including bivalves, corals, 

and gastropods, and found differing results in many of them. It is plausible that T. procerum has 

different resonant vibrational node characteristics than those that they studied.  

 C. subrugosa shows a gradual increase the polyyene associated peaks with ontogeny in 

the CPL. This indicates that a reduction in chromoproteins is not found, and that the organism 

may incorporate more organic matter or chromoproteins into its shell as it ages. The fact that 

there is a distinct color change at the growth scar (light to dark brown) indicates that the Raman 

bands may be indicating the color rather than the concentration of chromoproteins. Spectra for 

the other layers (Appendix F) show various trends. Data for C. subrugosa in the other layers only 

show carbonate peaks with high background, which makes it difficult to interpret the results.  

 

4.4 Shell Record of Environmental Conditions 

 Stable isotopes values for T. procerum do not show abrupt changes in δ18Oshell or δ13Cshell 

correlated with El Niño for the period of time sampled. In the time period represented in this 

study, however, the absolute isotopic values do closely match those values found in previous 

studies (Rollins et al. 1987, Perrier et al. 1994, Andrus et al. 2005). Although one specimen 

(TP3-11) showed a negative spike in δ13C in the outer layer correlated with El Niño, none of the 

other layers of that, or any other T. procerum specimen used in this study reflected that trend. 

The δ18O in T. procerum stays nearly static throughout the time series, with most variations less 

than 1σ. During El Niño-induced warming, carbonate precipitated by bivalve mollusks should be 

more depleted in 18O (Urey 1948, Dansgaard 1964, Grossman and Ku 1986, and others). At the 
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time of maximum SST anomaly, which was approximately 8°C above normal for the month of 

May, we would expect 1.8‰ depletion in δ18Oshell compared to normal conditions, with the 

relationship that a δ18O increase of 0.22‰ is equivalent to a 1°C of cooling in water (Urey 1948). 

This suggests that the period of time sampled in T. procerum does not show the sudden SST 

increase associated with El Niño, but further sampling throughout ontogeny may show a 

different result. 

There are many plausible reasons as to why the negative spike in δ18O was not found in 

T. procerum, ranging from species suitability to complications in sclerochronology. As 

previously discussed, there are several concerns when counting the growth lines in this species, 

and the possibility exists that the sclerochronological interpretation was incorrect or slightly off. 

The sampling strategy in previous studies (Rollins et al. 1987, Perrier et al. 1994, Andrus et al. 

2005) is much coarser and longer than in this study, so it is likely that these data do not represent 

a sufficient amount of time to record overall trends throughout the duration of El Niño, and the 

δ18O shown in this study is only a snapshot of an overall much broader negative shift in δ18O. 

The period of time represented in this study, based on the work of Andrus et al. 2005, is about 50 

days. The growth lines also could not represent equal time increments and significant time 

averaging is a consideration. Furthermore, it has been shown that bivalves, even of the same 

species, grow at different rates throughout ontogeny, and in order to have an accurate 

comparisons of a large sample size, the organisms must be of similar or precisely known age 

(Schöne 2008). This may explain why the specimens in this study, although the same species and 

taken from the same location, but not likely the same age due to observed size differences, do not 

show the same trends in isotopic data. Another possibility is due to the fact that this species is 

infaunal, meaning it lives burrowed in the sediment. Although the ocean is generally thought to 
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be well-mixed, coastal waters are extremely complex, and there is a high probability that 

microhabitats occur at scales not represented by a broad SST measurement taken in one location 

(Jorissen 2003, Carré et al. 2005). The sediment could act as a buffer, resulting in a microhabitat 

that may have a different oxygen isotope concentration or temperature than the ambient 

seawater, as has been shown in foraminifera (Jorissen 2003); although T. procerum may not 

burrow deep enough to have that occur. This is also extremely unlikely because infaunal clams 

filter water through a siphon, which is well above the influence of pore water.  

Although a negative spike in δ18O was not shown in T. procerum for this time period, the 

data was applied to various existing paleotemperature equations (Appendix C). The three most 

reasonable equations used were from Houk (2002), Zhou and Zheng (2003), and Carré et al. 

(2005). Houk (2002) derived his equation to fit his data to T. procerum analyzed from the same 

sample set as this study, however, the equation from Carré et al. (2005) for Mesodesma 

donacium had a better fit (Appendix C) to this temperature data for both organisms: 

T (°C) = (17.41 ± 1.15) – (3.66 ± 0.16) * (δ18Oarag./PDB - δ
18Owat../SMOW).   

The temperatures calculated from this equation are reasonable, but not likely reflective of the 

actual ambient temperatures. The equation from Carré et al. (2005) was the closest to actual SST 

temperatures in C. subrugosa (Appendix C), also resulting in reasonable but not accurate 

calculated temperatures. A consideration in back-calculating paleotemperature data is the 

δ18Owater, which in this case, and in most cases in which a paleotemperature equation is applied, 

is not known. The δ18Owater in this case was assumed to be 0.0‰ however this is an assumption 

that should be used with caution. 

In T. procerum, 13Cshell was also relatively unchanging throughout the time series, with 

the exception of the outer layer of one specimen having a marked depletion at the El Niño 
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growth anomaly. Previous studies (Perrier et al. 1994, Andrus et al. 2005), have found an 

increase in δ13C during El Niño, resulting from a change in upwelling source. Typically, the 

water that is upwelled is deep, cold, and nutrient dense. This causes enhanced productivity at the 

surface, and those organisms will preferentially uptake the lighter carbon isotope. During El 

Niño, the water that is upwelled is warm and nutrient poor, decreasing productivity (Killingley 

and Berger 1979, Andrus et al.2005), leaving the DIC pool more enriched in the heavy isotope. 

Bivalves will incorporate the heavier DIC pool into their shells.  Even though the previous 

studies did find a correlation of more enriched δ13C, the shift overall was less than the increase 

over ontogeny (Andrus et al. 2005), due to increased metabolic carbon contribution with age 

(McConnaughey et al. 1997). This study did not find a positive shift in correlation with El Niño 

in T. procerum.  

The observation of a change in organic matter did not influence the isotopic content of T. 

procerum. Any of the soluble organic matter (SOM) contained within the carbonate should be 

left behind when the CO2 is liberated with acid reaction, although a small amount (<0.5 wt%) is 

insoluble (IOM) (Schöne et al. 2010). No isotopic variation has been found coexisting with a 

change in organic matter concentration, so any remaining fraction of IOM does not influence the 

isotopic content at detectable amounts. Converse to that are the slight differences in enrichment 

between the layers in δ13Cshell. The inner layer is overall isotopically heavier than the middle or 

outer layers in T. procerum, while in C. subrugosa, the outer layer is heavier. The inner layer of 

mollusk shells is thought to contain the most organic matter because it is in closest contact with 

the body of the organism, but if that were the controlling factor in this case, the same trend 

should be observed in other species. The differences are likely due to the unequal timing of 

growth of shell layers, compounded with the fact that not all shell growth is lateral, and most 
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shell growth increases the thickness of the shell rather than length (Weiner and Dove 2003) 

throughout the life of the organism.  

 C. subrugosa, δ18O did show some relative depletion in one specimen correlated with El 

Niño, the greatest of which would correspond to a 4.5°C increase from the beginning of the 

elevated SST anomaly. This result was not reproducible in the other organisms. A factor to 

consider in the case of C. subrugosa is the latitude. C. subrugosa are found in slightly warmer 

waters than T. procerum, and are bordering tropical temperatures. The effects of El Niño, 

although still seen, are not as pronounced in this area as further south. Salinity also plays a role 

in decreased δ18O (Gilikin et al. 2006, Poulain et al. 2010), and intertidal species often 

experience spikes in temperature and salinity, which may further exaggerate δ18O values 

negatively. The δ18O values were likely impacted due to the increased rainfall during El Niño, 

and the intertidal habitat of this species, and in some cases δ18O and rainfall correlate (Appendix 

D).  

The only consistent isotopic change in this study was a negative shift in the δ13C seen in 

C. subrugosa, which is contrary to a change in upwelling source. There are multiple reasons for a 

decrease in δ13C, the most reasonable being due to the increase in rainfall. With an increase in 

rainfall, the intertidal habitat would experience a decrease in salinity and an increase in river 

runoff, to include riverine DIC and organic matter. Another big contributor to negative δ13C is an 

increase in metabolic carbon contribution to the internal DIC pool (Gilikin et al. 2006). All of 

these environmental changes should result in a decrease in δ13C (Gilikin et al. 2006, Poulain et 

al. 2010). However, the δ13CDIC-water was not measured, so it is impossible to make empirical 

comparisons. Additionally, very small carbonate samples were used because of the small size 

and thinness of the shells; although the weights were within the accepted limits, some of the 
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lighter mass samples generated weak beam amplitudes, and as a result, some of the data has a 

larger than desired standard deviation (0.17‰ in the most severe case). 
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CHAPTER 6 

CONCLUSIONS 

 

1) Growth increment analyses show that the growth scar observed in C. subrugosa 

correlates to the 1982-1983 El Niño. In T. procerum, the timing of growth was estimated 

using a previous study that analyzed a specimen fromt eh same cohort (Andrus et al. 

2005), which assumes the scar correlates with the timing of the onset of El Niño. In C. 

subrugosa, daily growth increments were counted, placing the growth scar at the end of 

El Niño. This is likely an underestimate due to growth cessation during maximum 

temperatures. Due to the irregular periodicity of growth lines, especially during 

environmental stress events, growth experiments in the laboratory and in nature should be 

conducted on these species to further understand the growth rates, and Mutvei’s solution 

should be used in increment counting to increase confidence in the results. 

2) SEM images show microstructural changes in the shells in response to El Niño. In T. 

procerum, a reduction in organic macromolecules was observed in the outer and middle 

layers, along with changes in the thickness and shape of the first-order lamellae at the 

growth scar. In C. subrugosa, the relative thicknesses of the outer CPL and the middle 

CLA changed at the El Niño growth scar. Before and after the growth scar, the CPL and 

CLA are similar thicknesses, but during El Niño, the CPL is thinner and completely 

overshadowed by the CLA. The changes in relative thicknesses are likely correlated with 

temperature and are probably due to a genetic response to environmental stimuli or, more 

likely, dissolution of the previously deposited CPL during growth cessation, which would 

give the illusion of relative thickness variation. There was also a reduction in organic 
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coatings observed in the CLA, but not in the CPL or the HOM. Observation of a larger 

sample size would be beneficial to study to see if this is observed in a more statistically 

robust population. 

3) In-situ Raman spectroscopy in the outer layer of T. procerum shows a reduction in 

polyyenes, interpreted as chromoproteins and amino acids during El Niño. C. subrugosa 

shows a strengthening of Raman intensity with ontogeny in the CPL, which is interpreted 

as a reflection of color change at the El Niño growth scar. The other layers of C. 

subrugosa were difficult to interpret due to high background and low peak intensity. The 

reduction in chromoproteins and amino acids seen in T. procerum may be the result of an 

alternative mechanism of biomineralization, where ACC is directly precipitated, with less 

organic matrix molecules involved. Further study of the shells using Fourier transform 

infrared spectroscopy or another lower wavelength Raman laser source would likely 

enhance the results and reduce background dramatically.  

4) Stable isotope data for T. procerum do not reflect the changes associated with El Niño. 

This may be due to inadequate sensitivity of the species, sediment buffering, unknown 

vital effects, or an error in sclerochronological analysis (i.e. time averaging), but is likely 

the result of too short of a time series to encompass the entire El Niño event. C. 

subrugosa shows stable isotope changes in correlation with El Niño. Based on the data, 

this species is likely highly influenced by the increase in rainfall experienced during El 

Niño, which would impact the salinity and the source of DIC and diet, all of which is 

reflected in the time series. Some variation is seen between the shell layers; the outer 

layer of T. procerum is more depleted than the inner layer, and the converse is true for C. 

subrugosa. This is likely due to different growth rates of different shell layers, and the 
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fact that shells thicken throughout their lives. It is not likely that the small fraction of 

IOM affects stable isotopes, as a reduction in organic matter was observed in T. 

procerum, yet the stable isotopes did not change in detectable amounts.  

5) C. subrugosa seems to be the more reliable indicator of El Niño of the species studied. 

While paleotemperature reconstructions are not likely to be reliable, especially without 

prior knowledge of δ18Owater, the massive increase in rainfall seen during El Niño is 

reflected in this intertidal species, and could serve as geochemical identifier for when El 

Niños occurred in the archaeological record, while the intensity and duration are not 

necessarily detectable. Biomineralogical changes, especially relative thickness, have been 

demonstrated in this and other studies to be correlated with SST. This could serve as an 

invaluable paleoclimate tool, as the microstructure does not rely on the geochemical 

integrity of the shells. Absolute SST could not be calculated with these data, but relative 

warm and cool periods could be determined with this methodology. The most promising 

indicators of El Niño events in bivalve mollusk shells are observed changes in shell 

microstructure paired with shifts in stable isotope values.  
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APPENDIX A: STABLE ISOTOPE DATA 

Table A-1. Shell sample distance from umbo, layer, δ18Oshell, δ
13Cshell. Blank spaces represent 

lost samples. In C. subrugosa specimens (2pt1-2, 2pt1-6, 2pt1-7), cpl corresponds to outer layer, 

cla corresponds to middle layer, and hom corresponds to inner layer. 

 

Shell d (mm) Layer δ18Oshell 

PDB (‰) 

δ13Cshell 

PDB (‰) 

d (mm) Layer δ18Oshell 

PDB (‰) 

δ13Cshell 

PDB (‰) 

tp3-2 95.38 outer -1.5 1.0 93.78 middle -1.6 1.0 

tp3-2 95.06 outer -1.7 0.9 93.46 middle -1.9 0.9 

tp3-2 94.74 outer -1.5 0.9 93.14 middle -1.7 1.0 

tp3-2 94.42 outer -1.7 0.9 92.82 middle -1.8 0.8 

tp3-2 94.10 outer -1.7 0.9 92.50 middle -1.8 1.1 

tp3-2 93.78 outer -1.5 0.7 95.38 inner -0.7 1.6 

tp3-2 93.46 outer -1.6 0.8 95.06 inner -0.3 1.6 

tp3-2 93.14 outer -1.5 0.8 94.74 inner -0.8 1.4 

tp3-2 92.82 outer -1.5 0.7 94.42 inner 0.0 1.7 

tp3-2 92.50 outer -1.8 0.9 94.10 inner -0.6 1.6 

tp3-3 95.38 outer -1.6 1.7 93.78 middle -1.2 1.1 

tp3-3 95.06 outer -1.6 1.5 93.46 middle -1.1 1.1 

tp3-3 94.74 outer -1.6 1.1 93.14 middle -1.1 1.1 

tp3-3 94.42 outer -1.5 1.2 92.82 middle -0.8 0.9 

tp3-3 94.10 outer -1.4 0.7 92.50 middle -0.6 0.8 

tp3-3 95.38 outer -1.6 0.5 93.78 inner -1.2 1.6 

tp3-3 95.06 outer -1.3 0.5 93.46 inner -1.2 1.5 

tp3-3 94.74 outer -1.4 0.4 93.14 inner -1.1 1.6 

tp3-3 94.42 outer -1.1 0.3 92.82 inner  1.4 

tp3-3 94.10 outer -0.7 0.4 92.50 inner -1.0 1.0 

tp3-3 93.78 middle -1.8 1.8 95.38 inner -0.7 1.2 

tp3-3 93.46 middle  1.9 95.06 inner -0.3 1.4 

tp3-3 93.14 middle -1.7 1.7 94.74 inner  1.5 

tp3-3 92.82 middle -1.5 1.6 94.42 inner  1.6 

tp3-3 92.50 middle -1.6 1.1 94.10 inner -0.4 1.5 

tp3-11 85.20 outer -1.3 0.5 83.60 middle -1.4 1.0 

tp3-11 84.88 outer -1.3 0.4 83.28 middle -1.4 1.3 

tp3-11 84.56 outer -1.6 0.8 82.96 middle -1.9 1.3 

tp3-11 84.24 outer -1.3 0.5 82.64 middle -1.5 1.3 

tp3-11 83.92 outer -1.3 0.3 82.32 middle -1.5 1.1 

tp3-11 83.60 outer -1.5 0.3 85.20 inner -0.6 1.0 

tp3-11 83.28 outer -1.6 0.5 84.88 inner -0.9 0.8 

tp3-11 82.96 outer -1.3 0.8 84.56 inner -0.8 0.9 

tp3-11 82.64 outer -1.5 1.1 84.24 inner -0.8 0.8 

tp3-11 82.32 outer -1.5 0.9 83.92 inner -0.4 1.0 

tp3-11 85.20 middle -1.4 0.7 83.60 inner -0.5 0.9 

tp3-11 84.88 middle -1.5 0.7 83.28 inner -0.7 1.1 

tp3-11 84.56 middle -1.2 1.0 82.96 inner -0.4 1.1 

tp3-11 84.24 middle -2.0 0.6 82.64 inner -0.6 1.2 

tp3-11 83.92 middle -1.5 1.0 82.32 inner -0.4 1.2 

2pt1-2 33.88 cpl -2.2 -1.6 32.30 cla -2.2 -3.1 

2pt1-2 33.60 cpl -2.4 -2.2 31.96 cla -1.7 -2.3 

2pt1-2 33.24 cpl -2.2 -2.2 31.64 cla -1.6 -2.2 

2pt1-2 32.92 cpl -2.2 -2.2 31.32 cla -1.8 -1.6 

2pt1-2 32.60 cpl -1.6 -1.7 31.00 cla -1.1 -1.5 
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2pt1-2 32.30 Cpl -2.2 -2.1 33.88 hom -2.1 -3.7 

2pt1-2 31.96 Cpl -1.7 -2.3 33.60 hom -2.0 -3.5 

2pt1-2 31.64 Cpl -1.8 -2.0 33.24 hom -2.0 -3.6 

2pt1-2 31.32 Cpl -1.9 -2.0 32.92 hom -1.8 -1.3 

2pt1-2 31.00 Cpl -1.6 -2.3 32.60 hom -2.0 -1.1 

2pt1-2 33.88 Cla -2.4 -3.3 32.30 hom -2.0 -1.7 

2pt1-2 33.60 Cla -2.7 -2.5 31.96 hom -2.0 -2.1 

2pt1-2 33.24 Cla -2.8 -3.1 31.64 hom -1.9 -1.9 

2pt1-2 32.92 Cla -2.1 -2.6 31.32 hom -1.4 -2.0 

2pt1-2 32.60 Cla -2.3 -2.4 31.00 hom -1.3 -1.6 

2pt1-6 15.00 Cpl -2.1 3.3 16.60 cla -2.5 3.6 

2pt1-6 15.30 Cpl -2.2 3.6 16.90 cla -2.4 3.5 

2pt1-6 15.60 Cpl -2.4 3.5 17.20 cla -2.9 3.6 

2pt1-6 16.00 Cpl -2.3 3.4 17.60 cla -2.9 3.5 

2pt1-6 16.30 Cpl -1.9 3.3 17.90 cla -2.4 3.4 

2pt1-6 16.60 Cpl   15.00 hom -2.9 3.6 

2pt1-6 16.90 Cpl -2.5 3.5 15.30 hom -2.5 3.6 

2pt1-6 17.20 Cpl -2.6 3.3 15.60 hom -2.4 -2.6 

2pt1-6 17.60 Cpl -2.4 3.5 16.00 hom -2.3 -1.8 

2pt1-6 17.90 Cpl -2.2 3.6 16.30 hom -2.2 -1.7 

2pt1-6 15.00 Cla -2.9 3.4 16.60 hom -2.0 3.5 

2pt1-6 15.30 Cla -2.5 3.6 16.90 hom -2.1 -1.4 

2pt1-6 15.60 Cla -2.3 3.5 17.20 hom -2.0 -1.6 

2pt1-6 16.00 Cla -2.1 3.5 17.60 hom -2.2 -1.4 

2pt1-6 16.30 Cla -2.3 3.5 17.90 hom -2.2 -1.5 

2pt1-7 38.38 Cpl   36.78 cla -1.4 -1.8 

2pt1-7 38.06 Cpl -1.9 -1.5 36.46 cla -1.9 -3.8 

2pt1-7 37.74 Cpl -1.9 -1.5 36.14 cla -1.6 -3.3 

2pt1-7 37.42 Cpl -1.9 -0.8 35.82 cla -1.1 -1.8 

2pt1-7 37.10 Cpl -2.4 -1.0 35.50 cla -1.0 -1.7 

2pt1-7 36.78 Cpl -2.2 -1.9 38.38 hom -1.9 -4.0 

2pt1-7 36.46 Cpl -1.8 -2.1 38.06 hom -1.1 -2.6 

2pt1-7 36.14 Cpl -1.4 -1.6 37.74 hom -1.1 -3.2 

2pt1-7 35.82 Cpl -1.1 -1.5 37.42 hom -2.5 -1.3 

2pt1-7 35.50 Cpl -1.3 -1.7 37.10 hom -1.1 -1.7 

2pt1-7 38.38 Cla -1.1 -2.1 36.78 hom -1.1 -1.4 

2pt1-7 38.06 Cla -1.7 -2.1 36.46 hom -1.4 -1.1 

2pt1-7 37.74 Cla -1.6 -1.6 36.14 hom -1.6 -2.8 

2pt1-7 37.42 Cla -1.9 -1.6 35.82 hom -1.2 -1.7 

2pt1-7 37.10 Cla -1.5 -1.4 35.50 hom -1.2 -1.4 
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APPENDIX B: PALEOTEMPERATURE CALCULATIONS 

 

Table B-1. Shell sample layer, corresponding month increment, δ18Oshell, SST, calculated SSTs 

based on equations from Houk 2002, Zhou & Zheng 2003, and Carré et al. 2005. In C. 

subrugosa specimens (2pt1-2, 2pt1-6, 2pt1-7), cpl corresponds to outer layer, cla corresponds to 

middle layer, and hom corresponds to inner layer. SST data for T.procerum from Puerto 

Chicama data set; JISAO, University of Washington. SST data for C. subrugosa from NCEP 

(Houk 2002).  

 
Specimen Layer Month δ18Oshell 

PDB (‰) 

SST(°C)1 Houk 2002 

(°C) 

Zhou & Zheng  

2003 (°C) 

Carré et al. 

2005 (°C) 

tp3-2 outer Oct. 1982 -1.5 18.0 21.9 17.2 23.0 

tp3-2 outer Nov. 1982 -1.7 20.8 22.7 17.9 23.6 

tp3-2 outer Dec. 1982 -1.5 23.0 21.9 17.1 22.9 

tp3-2 outer Jan. 1983 -1.7 24.7 22.8 18.0 23.7 

tp3-2 outer Feb. 1983 -1.7 25.4 22.6 17.8 23.5 

tp3-2 outer Mar. 1983 -1.5 24.7 21.8 17.1 22.9 

tp3-2 outer Apr. 1983 -1.6 26.6 22.4 17.6 23.3 

tp3-2 outer May 1983 -1.5 27.1 21.6 16.9 22.7 

tp3-2 outer Jun. 1983 -1.5 26.5 22.0 17.3 23.1 

tp3-2 outer Jul. 1983 -1.8 20.3 23.1 18.2 23.9 

tp3-2 middle Oct. 1982 -1.7 18.0 22.5 17.7 23.5 

tp3-2 middle Nov. 1982 -1.7 20.8 22.6 17.8 23.5 

tp3-2 middle Dec. 1982 -1.6 23.0 22.5 17.7 23.4 

tp3-2 middle Jan. 1983 -1.7 24.7 22.6 17.8 23.5 

tp3-2 middle Feb. 1983 -1.6 25.4 22.3 17.5 23.3 

tp3-2 middle Mar. 1983 -1.6 24.7 22.1 17.4 23.2 

tp3-2 middle Apr. 1983 -1.9 26.6 23.6 18.7 24.3 

tp3-2 middle May 1983 -1.7 27.1 22.9 18.0 23.7 

tp3-2 middle Jun. 1983 -1.8 26.5 23.5 18.6 24.2 

tp3-2 middle Jul. 1983 -1.8 20.3 23.3 18.5 24.1 

tp3-2 inner Oct. 1982 -0.7 18.0 17.9 13.7 19.9 

tp3-2 inner Nov. 1982 -0.3 20.8 16.3 12.4 18.7 

tp3-2 inner Dec. 1982 -0.8 23.0 18.5 14.2 20.3 

tp3-2 inner Jan. 1983 0.0 24.7 14.8 11.1 17.5 

tp3-2 inner Feb. 1983 -0.6 25.4 17.4 13.3 19.5 

tp3-2 inner Mar. 1983 -0.9 24.7 18.9 14.6 20.6 

tp3-2 inner Apr. 1983 -1.7 26.6 22.6 17.8 23.5 

tp3-2 inner May 1983 -0.6 27.1 17.3 13.2 19.4 

tp3-2 inner Jun. 1983 -0.4 26.5 16.6 12.6 18.9 

tp3-2 inner Jul. 1983 -0.9 20.3 19.0 14.7 20.8 

tp3-3 outer Oct. 1982 -1.6 18.0 22.1 17.4 23.1 

tp3-3 outer Nov. 1982 -1.6 20.8 22.4 17.6 23.3 

tp3-3 outer Dec. 1982 -1.6 23.0 22.5 17.7 23.4 

tp3-3 outer Jan. 1983 -1.5 24.7 21.8 17.1 22.9 

tp3-3 outer Feb. 1983 -1.4 25.4 21.5 16.8 22.6 

tp3-3 outer Mar. 1983 -1.6 24.7 22.3 17.5 23.3 

tp3-3 upper Apr. 1983 -1.3 26.6 21.0 16.4 22.3 

tp3-3 outer May 1983 -1.4 27.1 21.4 16.7 22.5 

tp3-3 outer Jun. 1983 -1.1 26.5 20.0 15.6 21.5 

tp3-3 outer Jul. 1983 -0.7 20.3 17.9 13.8 19.9 

tp3-3 middle Oct. 1982 -1.8 18.0 23.2 18.3 24.0 

tp3-3 middle Nov. 1982  20.8    
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tp3-3 middle Dec. 1982 -1.7 23.0 22.6 17.8 23.5 

tp3-3 middle Jan. 1983 -1.5 24.7 21.9 17.2 23.0 

tp3-3 middle Feb. 1983 -1.6 25.4 22.2 17.5 23.2 

tp3-3 middle Mar. 1983 -1.2 24.7 20.5 16.0 21.9 

tp3-3 middle Apr. 1983 -1.1 26.6 19.8 15.3 21.3 

tp3-3 middle May 1983 -1.1 27.1 19.7 15.3 21.3 

tp3-3 middle Jun. 1983 -0.8 26.5 18.5 14.3 20.4 

tp3-3 middle Jul. 1983 -0.6 20.3 17.6 13.5 19.7 

tp3-3 inner Oct. 1982 -1.2 18.0 20.3 15.8 21.8 

tp3-3 inner Nov. 1982 -1.2 20.8 20.5 16.0 21.9 

tp3-3 inner Dec. 1982 -1.1 23.0 21.4 15.4 21.4 

tp3-3 inner Jan. 1983  24.7    

tp3-3 inner Feb. 1983 -1.0 25.4 19.4 15.0 21.0 

tp3-3 inner Mar. 1983 -0.7 24.7 17.9 13.7 19.9 

tp3-3 inner Apr. 1983 -0.3 26.6 16.2 12.3 18.6 

tp3-3 inner May 1983  27.1    

tp3-3 inner Jun. 1983  26.5    

tp3-3 inner Jul. 1983 -0.4 20.3 16.6 12.7 18.9 

tp3-11 outer Oct. 1982 -1.3 18.0 20.9 16.3 22.2 

tp3-11 outer Nov. 1982 -1.3 20.8 20.9 16.3 22.2 

tp3-11 outer Dec. 1982 -1.6 23.0 22.2 17.5 23.2 

tp3-11 outer Jan. 1983 -1.3 24.7 21.0 16.4 22.3 

tp3-11 outer Feb. 1983 -1.3 25.4 20.8 16.2 22.1 

tp3-11 outer Mar. 1983 -1.5 24.7 21.8 17.1 22.9 

tp3-11 outer Apr. 1983 -1.6 26.6 22.2 17.5 23.2 

tp3-11 outer May 1983 -1.3 27.1 20.9 16.3 22.2 

tp3-11 outer Jun. 1983 -1.5 26.5 22.0 17.3 23.0 

tp3-11 outer Jul. 1983 -1.5 20.3 21.9 17.2 23.0 

tp3-11 middle Oct. 1982 -1.4 18.0 21.5 16.8 22.6 

tp3-11 middle Nov. 1982 -1.5 20.8 22.0 17.3 23.0 

tp3-11 middle Dec. 1982 -1.2 23.0 20.5 16.0 21.9 

tp3-11 middle Jan. 1983 -2.0 24.7 24.3 19.3 24.8 

tp3-11 middle Feb. 1983 -1.5 25.4 21.7 17.0 22.8 

tp3-11 middle Mar. 1983 -1.4 24.7 21.3 16.7 22.5 

tp3-11 middle Apr. 1983 -1.4 26.6 21.2 16.6 22.5 

tp3-11 middle May 1983 -1.9 27.1 23.6 18.7 24.3 

tp3-11 middle Jun. 1983 -1.5 26.5 22.0 17.2 23.0 

tp3-11 middle Jul. 1983 -1.5 20.3 22.9 17.1 22.9 

tp3-11 inner Oct. 1982 -0.6 18.0 17.3 13.3 19.5 

tp3-11 inner Nov. 1982 -0.9 20.8 18.8 14.5 20.6 

tp3-11 inner Dec. 1982 -0.8 23.0 18.6 14.4 20.5 

tp3-11 inner Jan. 1983 -0.8 24.7 18.3 14.1 20.2 

tp3-11 inner Feb. 1983 -0.4 25.4 16.3 12.4 18.7 

tp3-11 inner Mar. 1983 -0.5 24.7 17.0 13.0 19.2 

tp3-11 inner Apr. 1983 -0.7 26.6 17.9 13.8 19.9 

tp3-11 inner May 1983 -0.4 27.1 16.4 12.5 18.8 

tp3-11 inner Jun. 1983 -0.6 26.5 17.5 13.4 19.6 

tp3-11 inner Jul. 1983 -0.4 20.3 16.3 12.4 18.7 

2pt1-2 cpl Oct. 1982 -2.2 23 25.0 19.9 25.4 

2pt1-2 cpl Nov. 1982 -2.4 24 26.1 20.9 26.1 

2pt1-2 cpl Dec. 1982 -2.2 25 25.0 19.9 25.4 

2pt1-2 cpl Jan. 1983 -2.2 26 25.4 20.2 25.6 

2pt1-2 cpl Feb. 1983 -1.6 27 22.2 17.4 23.2 

2pt1-2 cpl Mar. 1983 -2.2 28 25.1 20.0 25.5 

2pt1-2 cpl Apr. 1983 -1.7 28 22.8 17.9 23.6 

2pt1-2 cpl May 1983 -1.8 28 23.1 18.2 23.9 
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2pt1-2 cpl Jun. 1983 -1.9 26 23.8 18.9 24.4 

2pt1-2 cpl Jul. 1983 -1.6 24 22.1 17.3 23.1 

2pt1-2 cla  Oct. 1982 -2.4 23 26.0 20.7 26.1 

2pt1-2 cla  Nov. 1982 -2.7 24 27.4 22.0 27.2 

2pt1-2 cla  Dec. 1982 -2.8 25 27.8 22.4 27.5 

2pt1-2 cla  Jan. 1983 -2.1 26 24.8 19.7 25.2 

2pt1-2 cla  Feb. 1983 -2.3 27 25.8 20.6 26.0 

2pt1-2 cla  Mar. 1983 -2.2 28 25.1 19.9 25.4 

2pt1-2 cla  Apr. 1983 -1.7 28 22.8 18.0 23.7 

2pt1-2 cla  May 1983 -1.6 28 22.3 17.5 23.2 

2pt1-2 cla  Jun. 1983 -1.8 26 23.2 18.3 24.0 

2pt1-2 cla  Jul. 1983 -1.1 24 19.9 15.5 21.5 

2pt1-2 hom Oct. 1982 -2.2 23 25.0 19.9 25.3 

2pt1-2 hom Nov. 1982 -2.0 24 24.3 19.3 24.8 

2pt1-2 hom Dec. 1982 -2.1 25 24.4 19.4 24.9 

2pt1-2 hom Jan. 1983 -1.8 26 23.2 18.3 24.0 

2pt1-2 hom Feb. 1983 -2.0 27 24.0 19.0 24.6 

2pt1-2 hom Mar. 1983 -2.0 28 24.4 19.4 24.9 

2pt1-2 hom Apr. 1983 -2.0 28 24.1 19.1 24.7 

2pt1-2 hom May 1983 -1.9 28 23.6 18.7 24.3 

2pt1-2 hom Jun. 1983 -1.4 26 21.2 16.6 22.5 

2pt1-2 hom Jul. 1983 -1.3 24 20.6 16.1 22.0 

2pt1-6 cpl Oct. 1982 -2.1 23 22.1 19.5 25.0 

2pt1-6 cpl Nov. 1982 -2.2 24 24.5 19.9 25.3 

2pt1-6 cpl Dec. 1982 -2.4 25 25.0 21.0 26.3 

2pt1-6 cpl Jan. 1983 -2.3 26 26.2 20.5 25.9 

2pt1-6 cpl Feb. 1983 -1.9 27 25.7 18.7 24.3 

2pt1-6 cpl Mar. 1983  28    

2pt1-6 cpl Apr. 1983 -2.5 28 23.6 21.2 26.5 

2pt1-6 cpl May 1983 -2.6 28 26.4 21.9 27.1 

2pt1-6 cpl Jun. 1983 -2.4 26 27.2 20.8 26.1 

2pt1-6 cpl Jul. 1983 -2.2 24 26.0 20.2 25.6 

2pt1-6 cla  Oct. 1982 -2.9 23 28.5 23.0 28.0 

2pt1-6 cla  Nov. 1982 -2.5 24 26.5 21.2 26.5 

2pt1-6 cla  Dec. 1982 -2.3 25 25.7 20.5 25.9 

2pt1-6 cla  Jan. 1983 -2.1 26 24.7 19.6 25.1 

2pt1-6 cla  Feb. 1983 -2.3 27 25.5 20.4 25.8 

2pt1-6 cla  Mar. 1983 -2.5 28 26.7 21.4 26.7 

2pt1-6 cla  Apr. 1983 -2.4 28 26.3 21.0 26.3 

2pt1-6 cla  May 1983 -2.9 28 28.4 22.9 28.0 

2pt1-6 cla  Jun. 1983 -2.9 26 28.7 23.2 28.2 

2pt1-6 cla  Jul. 1983 -2.4 24 26.0 20.8 26.1 

2pt1-6 hom Oct. 1982 -2.5 23 26.5 21.2 26.5 

2pt1-6 hom Nov. 1982 -2.4 24 25.9 20.7 26.0 

2pt1-6 hom Dec. 1982 -2.3 25 25.5 20.4 25.8 

2pt1-6 hom Jan. 1983 -2.2 26 25.0 19.9 25.3 

2pt1-6 hom Feb. 1983 -2.0 27 24.2 19.2 24.7 

2pt1-6 hom Mar. 1983 -2.1 28 24.6 19.5 25.0 

2pt1-6 hom Apr. 1983 -2.0 28 24.1 19.1 24.7 

2pt1-6 hom May 1983 -2.2 28 25.1 20.0 25.4 

2pt1-6 hom Jun. 1983 -2.2 26 25.4 20.2 25.6 

2pt1-6 hom Jul. 1983 -2.3 24 25.4 20.2 25.6 

2pt1-7 cpl Oct. 1982  23    

2pt1-7 cpl Nov. 1982 -3.2 24 29.7 24.1 29.0 

2pt1-7 cpl Dec. 1982 -3.1 25 29.4 23.9 28.7 

2pt1-7 cpl Jan. 1983 -3.1 26 29.5 24.0 28.8 
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2pt1-7 cpl Feb. 1983 -3.6 27 31.9 26.2 30.7 

2pt1-7 cpl Mar. 1983 -3.5 28 31.2 25.5 30.1 

2pt1-7 cpl Apr. 1983 -3.0 28 29.0 23.5 28.4 

2pt1-7 cpl May 1983 -2.6 28 27.2 21.8 27.0 

2pt1-7 cpl Jun. 1983 -2.3 26 25.6 20.4 25.8 

2pt1-7 cpl Jul. 1983 -2.5 24 26.7 21.4 26.6 

2pt1-7 cla  Oct. 1982 -2.3 23 25.6 20.4 25.8 

2pt1-7 cla  Nov. 1982 -3.0 24 28.9 23.4 28.4 

2pt1-7 cla  Dec. 1982 -2.9 25 28.4 23.0 28.0 

2pt1-7 cla  Jan. 1983 -3.1 26 29.6 24.0 28.9 

2pt1-7 cla  Feb. 1983 -2.7 27 27.6 22.3 27.4 

2pt1-7 cla  Mar. 1983 -2.7 28 27.3 21.9 27.1 

2pt1-7 cla  Apr. 1983 -3.2 28 29.7 24.1 29.0 

2pt1-7 cla  May 1983 -2.9 28 28.2 22.8 27.8 

2pt1-7 cla  Jun. 1983 -2.4 26 25.9 20.7 26.0 

2pt1-7 cla  Jul. 1983 -2.2 24 25.3 20.2 25.6 

2pt1-7 hom Oct. 1982 -3.2 23 29.9 24.3 29.1 

2pt1-7 hom Nov. 1982 -2.4 24 26.1 20.9 26.2 

2pt1-7 hom Dec. 1982 -2.4 25 26.2 21.0 26.3 

2pt1-7 hom Jan. 1983 -3.8 26 32.8 27.0 31.4 

2pt1-7 hom Feb. 1983 -2.3 27 25.8 20.6 26.0 

2pt1-7 hom Mar. 1983 -2.4 28 26.2 20.9 26.3 

2pt1-7 hom Apr. 1983 -2.7 28 27.5 22.1 27.2 

2pt1-7 hom May 1983 -2.9 28 28.4 23.0 28.0 

2pt1-7 hom Jun. 1983 -2.6 26 26.8 21.5 26.8 

2pt1-7 hom Jul. 1983 -2.6 24 26.8 21.5 26.8 
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APPENDIX C: SST VS. CALCULATED SST FROM δ18OSHELL 

 
 

Figure C-1. Trachycardium procerum (TP3-2); A) outer, B) middle, C) inner. 
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Figure C-2. Trachycardium procerum (TP3-3); A) outer, B) middle, C) inner. 
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Figure C-3. Trachycardium procerum  (TP3-11); A) outer, B) middle, C) inner. 
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Figure C-4. Chione subrugosa  (2PT1-2); A) CPL (outer), B) CLA (middle), C) HOM (inner). 
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Figure C-5. Chione subrugosa  (2PT1-6); A) CPL (outer), B) CLA (middle), C) HOM (inner). 
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Figure C-6. Chione subrugosa  (2PT1-7); A) CPL (outer), B) CLA (middle), C) HOM (inner). 



 

56 

 

APPENDIX D: MONTHLY RAINFALL VS. δ18OSHELL, C. subrugosa 

 

 

 

 

 
Figure D-1. Monthly rainfall vs C. subrugosa  (2PT1-2) δ18Oshell, composite prismatic 

outer layer. Gray bars represent rainfall (mm) and black line represents δ18Oshell (per mil). 
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Figure D-2. Monthly rainfall vs C. subrugosa  (2PT1-2) δ18Oshell, crossed-lamellar middle     

layer. Gray bars represent rainfall (mm) and black line represents δ18Oshell (per mil). 
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Figure D-3. Monthly rainfall vs C. subrugosa  (2PT1-2) δ18Oshell, homogenous acicular 

inner layer. Gray bars represent rainfall (mm) and black line represents δ18Oshell (per mil). 
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Figure D-4. Monthly rainfall vs C. subrugosa  (2PT1-6) δ18Oshell, composite prismatic 

outer layer. Gray bars represent rainfall (mm) and black line represents δ18Oshell (per mil). 
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Figure D-5. Monthly rainfall vs C. subrugosa  (2PT1-6) δ18Oshell, crossed-lamellar 

middle layer. Gray bars represent rainfall (mm) and black line represents δ18Oshell (per 

mil). 
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Figure D-6. Monthly rainfall vs C. subrugosa  (2PT1-6) δ18Oshell, homogenous 

acicular inner layer. Gray bars represent rainfall (mm) and black line represents 

δ18Oshell (per mil). 
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Figure D-7. Monthly rainfall vs C. subrugosa  (2PT1-7) δ18Oshell, composite prismatic 

outer layer. Gray bars represent rainfall (mm) and black line represents δ18Oshell (per mil). 
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Figure D-8. Monthly rainfall vs C. subrugosa  (2PT1-7) δ18Oshell, crossed-lamellar middle 

layer. Gray bars represent rainfall (mm) and black line represents δ18Oshell (per mil). 
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Figure D-9. Monthly rainfall vs C. subrugosa  (2PT1-7) δ18Oshell, homogenous acicular 

inner layer. Gray bars represent rainfall (mm) and black line represents δ18Oshell (per mil). 
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APPENDIX E: ADDITIONAL RAMAN SPECTRA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. F-1. In-situ Raman spectra of T. procerum (tp3-3). 1-7 upper, 8-14 middle, 15-21 lower 

layers; El Niño affected growth in gray.   
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Figure. F-2. In-situ Raman spectra of C. subrugosa (2pt1-6). 1-7 HOM, 8-14 CLA, 12-18 CPL 

layers; El Niño affected growth in gray. 
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APPENDIX F: Argopecten purpuratus 

 

         This study initially included the common Peruvian scallop species, Argopecten purpuratus, 

which has been shown to record El Niño conditions in previous studies (Cantillanez et al. 2005, 

Jones et al. 2009). Growth increment analysis, using the daily striae method of Thébault et al. 

(2008a), showed that the growth scar occurred 45-60 days before death, which places it far after 

El Niño ended and during the La Niña event that followed. Based on daily striae, the specimens 

were determined to be 280-420 days old. Microstructural changes were observed in the outer 

layer of this calcitic species, however Raman and stable isotopic analysis showed no variation at 

that area. This may be due to scallops not being sessile; they have been shown to move during 

unfavorable conditions; however, further studies to investigate whether this species could be 

used as a proxy for La Niña should be performed. 


