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ARTICLE INFO ABSTRACT

We use time-series 6'80 and 6'3C data from seawater and live-collected Conus shells from Panama's Pacific coast
to test the fidelity of the gastropod's '3C values as a proxy for the 6'>C of marine dissolved inorganic carbon
(DIC), and the potential of '80-8'3C correlations in shell profiles for resolving relative magnitudes of seasonal
upwelling and freshening. Water samples were collected from March 2011 to August 2012 from Naos Island Ma-
rine Laboratory, and Conus specimens were collected from nearby Veracruz Beach in July 2013. In general, pat-
terns corresponded with seasonal changes in rainfall and upwelling on the Pacific coast of Panama. During the

Article history:

Received 23 September 2016

Received in revised form 3 February 2017
Accepted 6 February 2017

Available online 12 February 2017

ﬁmﬂf& long rainy season, the upwelling signal is absent and seawater salinity, 5'®0, and 6'>Cp;c all decline. During the
Gastropod dry season, the upwelling signal increases and runoff declines increasing salinity, 6'%0, and 6'3Cp,c values.
Dissolved inorganic carbon Shell 8'C values strongly correlate with measured &'3Cp,c values, but are lower than expected equilibrium for
Isotopes aragonite by approximately + 2%. reflecting the incorporation of light metabolic C. The co-dependences of
Upwelling 5180 and 6'>C provide reliable indicators of upwelling (negative correlation) and freshening (positive correla-
Seasonality tion) for nearshore environments, allowing for the study of historical climate change and upwelling based on
beach-collected museum specimens.

Published by Elsevier B.V.

1. Introduction et al,, 2003; Beirne et al., 2012), but other studies have shown that mol-

Carbon isotopes ('3C/2C) potentially provide the best means of
studying the linkages between the carbon cycle, climate, and biotic
change through Earth history. Carbon isotope analyses on fine-grained
carbonate sediments show carbon cycle perturbations associated with
Snowhball Earth (Hoffman et al.,, 1998) and the end-Permian extinction
event (e.g., Baud et al., 1989). Fossils can provide a more refined carbon
isotope signal free of diagenetic and mixing artifacts (Grossman, 1994).
For example, researchers have used carbon isotopes in brachiopod
shells to explore linkages between carbon burial and Permo-Carbonifer-
ous glaciation (Popp et al., 1986; Grossman et al., 2008), and in forami-
niferal tests to document productivity collapse at the Cretaceous-
Paleogene boundary (Zachos et al., 1989) and Neogene changes in
deep sea circulation associated with the rise of the Isthmus of Panama
(Keigwin, 1982), among other events. In contrast, surprisingly few
studies have used carbon isotopic compositions of mollusk shells to
reconstruct past carbon cycle changes despite the rich molluscan fossil
record.

Numerous studies have shown that the dissolved inorganic carbon
(DIC) 8'3C composition of ambient water is the primary control on
shell 5'3C values (e.g., Mook, 1971; Fritz and Poplawski, 1974; Aucour
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luscan 8'3C values may be influenced by the incorporation of *C-de-
pleted metabolic carbon and/or kinetic disequilibrium effects (e.g.,
Wefer and Berger, 1991; Gillikin et al., 2006; Gillikin et al., 2007;
McConnaughey and Gillikin, 2008; Poulain et al., 2010). It is commonly
observed that around 10% of carbon incorporated into marine bivalve
shell carbonate is derived from '*C-depleted metabolic carbon (Cy)
(Gillikin et al., 2006; Gillikin et al., 2007; McConnaughey and Gillikin,
2008). The effect of this metabolic component, if not constant, can un-
dermine paleoenvironmental reconstructions. If, on the other hand,
Cy is relatively constant, then carbon isotope profiles of mollusk shells
could provide high-resolution seasonal records of climate change,
ENSO events, and upwelling.

Killingley and Berger (1979) were the first to investigate 5'>C and
530 in mollusk shells as an upwelling proxy. Using temperature records
and shell !0 to develop a chronology, they observed that 5'3C values
for the mussel Mytilus californianus tended to parallel the Bakun upwell-
ing index and §'3Cp,c estimated from apparent oxygen utilization
(AOU). Applying this approach to fossils requires independent evidence
for upwelling, leading researchers to explore inverse correlations be-
tween 6'3C and 6'80 as a proxy for upwelling of cool, low &'3Cp,c waters
(Killingley and Berger, 1979; Kroon and Ganssen, 1989; Geary et al.,
1992; Jones and Allmon, 1995; Tao et al., 2013; Dhillon et al., 2015).
Freshwater input can also be recorded in the isotopic records of mollusk
shells, as revealed by concurrent negative 6'0 and 6'C spikes (positive
correlation) in western North Atlantic bivalves (Krantz et al., 1987).
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Isotope sclerochronology studies of mollusks have attempted to use
5180-6'3C (0-C) correlations as upwelling and freshening proxies with
mixed success because of oft-seen ontogenetic declines in 6'3C, the
combined effects of upwelling and freshening (negative versus positive
correlation; Geary et al., 1992; Bemis and Geary, 1996; Tao et al., 2013),
and the potential influences of reproduction on shell 5'>C values (Wefer
and Berger, 1991; Putten et al., 2000; Gillikin et al., 2006). Ironically, the
shell studied by Killingley and Berger (1979) did not show a significant
inverse 6'80-8'3C correlation (R?> = 0.10). Tao et al. (2013) attempted to
codify the use of O-C correlations as upwelling and freshening indicators
using a comprehensive data set for the gastropod Conus from the Carib-
bean and Pacific coasts of Panama. These coasts provide a stark contrast
between strongly upwelling and non-upwelling environments. Shells
from 10 to 61 m depth in the Gulf of Panama showed a wide range in
580 values and no O-C correlation, suggesting contrasting seasons of
upwelling and freshening. If this is the case, it should be possible to sep-
arate the upwelling and rainy season components of the isotopic record
to observe negative and positive O-C correlations, respectively. Alterna-
tively, vital effects associated with metabolism may make the use of car-
bon isotopes in mollusks problematic.

Most stable isotope sclerochronology studies have focused on bi-
valve shells, which are spatially and temporally widespread, variety in
habitat and environment, and often thick-shelled and long-lived (e.g.,
Jones and Quitmyer, 1996; Dettman et al., 1999; Surge et al., 2003;
Schone et al., 2005; Butler et al., 2013). However, Conus shells have
many advantages for sclerochronology including widespread occur-
rence in tropical and subtropical environments since the Eocene, thick
and exposed spire for easy sampling, and rapid extension rates provid-
ing high resolution; furthermore, Conus tends to be stenohaline, slow
moving, and can live long than 20 years (e.g., Kohn and Perron, 1994;
Kobashi and Grossman, 2003; Gentry et al., 2008; Grossman, unpub-
lished data). Isotopic studies of Cenozoic cone shells have demonstrated
warm low-latitude temperatures in the Eocene and cooling throughout
the Cenozoic (Kobashi et al., 2001; Grossman et al., in prep.). Despite
Conus' utility in sclerochronology, no study (including Tao et al., 2013)
has compared its 530 and 6'>C with time-series data for local seawater
580 and DIC 6'3C (6'3Cpyc) to rigorously test the fidelity of Conus shells
to record the environmental signal.

Only a handful of natural system studies have combined time-series
data for local water 6'20 (6,,) and 8'>Cpc with sclerochronological 580
and 6'3C values of bivalves to demonstrate an environmental control on
shell 6'3C (Dettman et al., 1999; Yan et al., 2009; Versteegh et al., 2010),
and none to our knowledge have studied carbon isotope fractionation in
marine gastropod shells. Our study compares the 6'80 and 6'C profiles
in four live-collected Conus mahogani shells with a 17-month record of
concurrent seawater 6'80 and 6'3Cp,c measurements for the Pacific
coast of Panama to evaluate shell '3C values as a proxy for seasonal
fluctuations in 8'3Cp;c. We also examine the utility of O-C correlations
within shells as proxies for upwelling and freshwater input.

2. Study area, samples and methods
2.1. Study area

The semi-enclosed Gulf of Panama on Panama's Pacific coast (Fig. 1)
experiences rainy and dry seasons. During the rainy season, from May to
December, surface water temperatures are relatively stable at 28 °C,
while freshening drives declining salinities. In the dry season (January
to April), wind jets from trade winds passing over the Isthmus of Pana-
ma drive strong upwelling of deep, cool and nutrient-rich waters, low-
ering surface water temperatures to <18 °C and intensifying
chlorophyll-a levels as the thermocline reaches the surface (D'Croz
and O'Dea, 2007; D'Croz and O'Dea, 2009). The study site at Veracruz
Beach (8°55’00”N, 79°35’49"W), about 8 km southwest of the water
collection site at Naos, was chosen because of its accessibility, proximity
to Naos, and the known occurrence of live gastropods.

2.2. Oxygen and carbon isotope analyses of water and DIC, respectively

Water samples were collected from early March 2011 to mid-August
2012 from the seawater pumping system at the Naos Island Marine Lab-
oratory (Fig. 1), from which salinity, 6'20 of water (,,), and 6'3Cp;c
were measured. The seawater intake was from 7.6 m depth at high
spring tide and 24 m from shore. Samples were collected two to three
times a week until May 2012, after which they were collected once
every two weeks. Bottles were stored on their side in cool, dark condi-
tions until they could be shipped to Texas A&M University (TAMU) for
analysis. For collection of §'3Cp,c samples, evacuated serum bottles
with 20 mm blue butyl rubber stoppers (Bellco™ 2048-11,800) and
aluminum caps were pre-poisoned with mercuric chloride (HgCl,). A
syringe pre-rinsed with the sample water was then used to inject sam-
ples into each 6'3Cp,c vial. The 6'3Cp,c samples were collected one to
two times per week for the majority of the sampling period with dupli-
cate vials taken every two to three sampling days (duplicating 20% of
samples). These vials were refrigerated until they could be shipped in
coolers to TAMU, where they were kept refrigerated until analysis.

Salinity measurements were conducted using an Orion 3-Star con-
ductivity meter. Each sample bottle was measured in triplicate, with
an internal precision of 0.08%.. For 6'20 analyses, 2 mL of sample were
pipetted into sample vials for analysis on a Picarro cavity ring down
spectrometer (L2120-i) in the Stable Isotope Geosciences Facility
(SIGF) at TAMU. These samples were run alongside a suite of in-house
standards that are periodically calibrated to international standards
(VSMOW, GISP, and SLAP). Six injections of 2.1 pL each were used for
each sample vial, with the first three removed due to memory effect. Ex-
ternal precision for these analyses is 0.1%..

The §'3Cpic measurements were performed with a Thermo Finnigan
Delta®™ S XP isotope ratio mass spectrometer with a Thermo GasBench II
gas analyzer and an A200S auto-sampler in the SIGF at TAMU. 0.5 mL of
sample water was acidified for at least 2 h before analysis with ~150 pL
of phosphoric acid (specific gravity 1.925) in Exetainers flushed with
ultra-high purity helium gas at ~25 °C. These samples were run along-
side analyses of NBS-19 and sodium bicarbonate reacted with phospho-
ric acid at room temperature overnight; additional sodium bicarbonate
samples were mixed with degassed ultra-pure water before acidifica-
tion. Results were standardized based on the NBS-19 analyses
(813C = +1.95%), and corrected by +0.2%. to account for residual
CO, in solution, as determined by results for powdered and dissolved bi-
carbonate samples. External precision of replicate analyses was 0.07%o.

2.3. Oxygen and carbon isotope analyses of gastropod shells

Four specimens of the gastropod Conus mahogani were live-collected
at night during lowest low tide (spring tide) from Veracruz Beach in the
Gulf of Panama (Table 1). After collection, gastropod soft-bodies were
removed and shells cleaned to remove surface contaminants by lightly
sanding and scrubbing with dilute soap and water. Samples for C and
0 isotopic analyses were drilled around the spire at <0.5 mm depth
using a 0.5 mm dental bur and a dental drill at low speed. Samples
were drilled at 2 mm intervals. Powdered shell carbonate (40-80 pg)
was analyzed for 6'0 and §'3C on a Thermo Scientific MAT 253 IRMS/
Kiel IV instrument at the Stable Isotope Geosciences Facility at Texas
A&M University. At least every 5th sample was run in duplicate. Preci-
sion was 0.07%. for 6'80 and 0.03%. for 6'3C based on replicates of
standards.

2.4. Sclerochronology and calculation of predicted 50 values of aragonite

To determine the growth chronology and whether the shell 620
profiles accurately recorded annual temperature and seawater 6'20 cy-
clicity, we calculated predicted shell aragonite 6'20 values (5'%0,, ver-
sus VPDB) from water temperatures (T), seawater 5'30 values (8,
versus VSMOW), and the Grossman and Ku (1986, Eq. (1)) equation
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Fig. 1. Map of study area in Panama. Study site is labeled with black filled dot. Naos Marine Station and Taboguilla are denoted with unfilled circles. Inset map shows study area within the

map of Panama.

as modified by Hudson and Anderson (1989) to reference 6., to SMOW/
VSMOW instead of “PDB” (see Grossman, 2012, for more details):

T(°C)=19.7—4.34 (6‘8oar—aw) (1)

Water temperatures were provided by the Smithsonian Tropical Re-
search Institute's (STRI) Physical Monitoring Program (http://www.stri.
si.edu/sites/esp//mesp/research_sites.htm). Dates were assigned to
shell length by matching predicted and measured §'80 minima and
maxima as anchor points. Between anchor points, dates were assigned
to shell length by matching predicted and measured 5'%0 values with
the understanding that mollusk growth will have periods of growth ces-
sation and growth spurt, especially during seasonal extremes and
spawning (e.g., Goodwin et al., 2001; Gentry et al., 2008). For instance,
VC04-6 and VC04-8 exhibit a period of growth cessation during the
summers of 2011 and 2012, which may be attributed to the seasonal
temperature extreme and/or spawning in late summer that has been
observed in other Conus (Gentry et al., 2008).

Table 1

3. Results
3.1. Oxygen isotopes in seawater (6,,)

Seawater 6'80 and salinities for the Pacific coast of Panama from
March 2011 to August 2012 show trends expected with seasonal rainfall
(Fig. 2). During the dry season (January through April) salinity ranged
from 23.6 to 34.6 with monthly averages of 30.6 to 33.8; during the
rainy season (May through December) salinities varied from 28.1 to
32.7. Seawater §'%0 ranged from — 2.8 to + 0.2%., with monthly aver-
ages of —0.8 to —0.1%. in the dry season and — 1.8 to —0.2% in the
rainy season. Averaging monthly 6'80,, and salinity (S) data for the Pa-
cific coast of Panama yields a robust correlation defining the relation:

Sw (%VSMOW) = 0.242 (+£0.010) S—8.23 (+0.30) (R2 - 0.985) 2)

with the y intercept approximating runoff on the Pacific side of Panama
(Lachniet and Patterson, 2009; Lachniet, 2009). This equation is slightly

Specimen information, isotopic data, and relationships for Conus mahogani specimens collected from Veracruz Beach (8°53'00"N, 79°35'49” W) on July 24-26, 2013. Specimen ages and
growth rates are determined from oxygen isotope profiles. 580 and 5'>C are the range in 5'®0 and '3C, respectively. Cy, is the calculated percentage of metabolic CO, incorporated into the

shell (see discussion in text). Statistically significant R? values shown as bold.

Identifier Shell diameter ~ Shell height ~ Age Mean growthrate  n 0-CR*> O-Cslope  Meand'®0  Means'®c A0  A’C Oy
(mm) (mm) (yrs)  (mm/yr) (%) (%) (%) (%) (%)
S & 6"3Cpye 181 —-0.9 —0.1 3.0 2.6
Predicted shell 0.46 1.0 —2.6 2.6 5.0 2.6
VC04-5 14 29 1.5 45 34 0.03 0.8 —2.1 1.2 2.7 0.8 11
VC04-6 15 35 3 20 30 045 19 —23 0.9 3.2 15 13
VCo4-7 15 34 2.5 23 30 0.46 1.9 —2.6 0.7 34 1.2 15
VC04-8 15 33 35 18 32 045 1.6 —24 1.3 34 14 11
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Fig. 2. Naos Marine Station water temperature (A) and rainfall (B) from nearby Culebra,
provided by STRI's Physical Monitoring Program (http://biogeodb.stri.edu/physical_
monitoring/). Daily temperatures are grey circles and a two-week average is a solid
black line. The rainfall diagram shows data collected at 15 min intervals over the study
period. Grey arrows with “U” show upwelling intervals. Water salinity (C), '%0 (%o vs.
VSMOW) (D), and 6'3Cpic (% vs. VPDB) (E) measurements collected biweekly from the
STRI Naos Marine Station from March 2011 to August 2012. Note that 5'20 axis (D) is
reversed. The 6'>Cpc data (E) defining decreasing (filled circles) and increasing (unfilled
circles) trends roughly correlate with rainy and dry seasons.

different from that reported in Tao et al. (2013),

Sw (%VSMOW) = 0.25 (+0.01) S—8.35 (+0.30) (R2 - 0.98) 3)

Eq. (2) averages monthly data from 2011 and 2012, producing a re-
gression line for the twelve months of the year, whereas the Tao et al.
regression (Eq. (3)) is based on monthly data for 18 months (March
2011-August 2012), weighing data for March through August twice as
much as that for September through February. Predicted 8'%0 values
prior to 3/2011 and after 8/2012 were estimated based on &,, values cal-
culated using salinity data from STRI's Naos Marine Station (http://
biogeodb.stri.edu/physical_monitoring) and the relation between aver-
age monthly S and 6, (Eq. (2)).

3.2. Carbon isotopes in DIC
Carbon isotopic compositions of DIC range from — 1.4 to + 1.1%..

Values decrease from + 0.4 to —0.6%. (on average) from March to Oc-
tober 2011, spanning the late dry season through most of the rainy

season; values then increase (—0.6 to +0.0%.) from November 2011
to April 2012, from the late rainy season through the dry season (Fig.
2B). Comparison between &'3Cpc and salinity (S) shows a more reveal-
ing pattern. Dissolved inorganic carbon '3C was lowest during strong
upwelling (high S) or freshwater influence (low S), and highest during
the dry season between intervals of strong upwelling, probably
reflecting productivity-driven drawdown of >C-depleted DIC (Fig. 3).
These processes are responsible for a negative 6'>Cp;c-S (and 8">Cpyc-
5'80,,) relationship (R? = 0.23) during the dry season. Conversely, dur-
ing the rainy season there is a positive 8'>Cp,c-S relationship reflecting
mixing between marine and terrestrial DIC (R? = 0.61).

3.3. Oxygen and carbon isotopes in shells

Oxygen isotope values for Veracruz Beach Conus show a large 3.7%.
range (—4.1 to —0.4%.) with an average of — 2.3%.. The profiles reveal
1.5 to 3.5 cycles, representing the age of the specimens in years (Fig. 4).
Three of the four profiles begin with decreasing values suggesting
spawning during the end of the dry (upwelling) season when food
availability is presumably greater. The fourth (VC04-6) begins in the
middle of the 6'80 minima (rainy season). Fig. 5 shows the 5'80 chro-
nology established using minima and maxima 6'80 values to tie mea-
sured and predicted curves. Extension rates based on this chronology
vary greatly between specimens, ranging from 45 mm/yr in VC04-5 to
18 mmy/yr in VC04-8.

Carbon isotopic values for the four Conus shells range from — 1.6 to
+ 1.8%. and average + 0.8%.. There is a weak positive correlation be-
tween 6'3C and ontogenetic age in all specimens (R?> = 0.08 to 0.29;
Fig. 4). The oxygen isotope chronologies previously mentioned are
used to compare 6'3Cp,c to measured shell 5'3C values. The shell 5'3C
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Fig. 3. 6'%0 (A) and 6'3Cp,c (B) of seawater versus salinity for individual water samples
from the Naos Island Marine Laboratory on the Pacific coast of Panama. Separate
regressions are determined for dry-season (open diamond) and rainy-season (filled
diamond) samples. Extrapolation of data to 0 salinity suggests 5'20 values of —7.5 to
—7.9%, for river water and a 6'>C value of —6%. for river-derived (terrestrial) DIC.
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Fig. 4. Conus mahogani 5'%0 and 6'3C profiles versus distance from apex (mm) in Gulf of
Panama samples with corresponding shell photos (major units in scale in cm). 5'%0
profiles are black lines and 6'>C profiles are grey. Note that values are plotted negative
up. Top photo shows apex of VC04-8.

values were then matched to their corresponding 513Cpyc value using
the linear relationship shown in Fig. 2E. There is a significant positive
correlation between shell 6'3C values and &'>Cpc in all shells (R?> =
0.51 to 0.75; Fig. 6).

4. Discussion
4.1. Carbon isotope trends in 6">Cpic

The decline in 8'3Cp,c from March to October 2011, primarily during
the rainy season, appears contradictory given that upwelling, which
takes place principally from January to March, advects low &>Cpc
water upwards. However, the change in seawater 8'>Cp,c associated
with upwelling is less than that from freshwater input. The 6'Cp,c of
upwelled waters from 60 to 80 m depth (D'Croz and O'Dea, 2007) will
likely be ~1%. lower than surface 6'Cp,c (Quay et al., 2003), whereas
5'3Cpyc of freshwater discharge from tropical rivers will be —8 to
—12%. lower (Fig. 2; Moyer et al., 2013). Thus, waters with <31 salinity
(~10% fresh water) will be >1%. lower in &' 3Cpic. Restated, waters with
<31 salinity will have 6'3Cpc values lower than those of upwelled wa-
ters (Fig. 2). Complicating this relationship is the non-conservative be-
havior of 6'*Cp;c. Nutrient delivery from upwelling invokes a positive
feedback on §'3Cpc through preferential uptake of '*C-depleted DIC
during photosynthesis. This general trend may be complicated by a
desynchronization between upwelling, the resulting plankton blooms,
and the subsequent energy flux into the food chain that eventually im-
pacts shell growth in Conus mahogani. For example, Henson and Thomas
(2007) identified a 15-day lag between upwelling favorable winds and
phytoplankton blooms in the California Current system. Despite the
complexities, upwelling and freshwater input are the primary influ-
ences on seawater 6'3Cpc values as confirmed by the strong relation-
ship between salinity and 6'3Cpc (Fig. 3)
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Fig. 5. Measured versus predicted 5'20 profiles for Gulf of Panama Conus. The predicted
shell profiles for 3/2011 through 8/2012 are based on Grossman and Ku (1986) using
measured b, values and water temperatures measured at Taboguilla (STRI's Physical
Monitoring Program; Fig. 1; blue diamonds). Predicted 6'80 values for before 3/2011
and after 8/2012 (dashed blue lines) were estimated based on &,, values that were
calculated using a relation between average monthly salinity and &,, shown in Eq. (2).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

4.2. Environmental resolution of isotopic record

Comparison between measured and predicted shell 5'20 profiles
tests the resolution of isotope sclerochronology of Conus shells (Fig.
5). For individual shells, the mean measured §'20 value is statistically
identical (t-test) to the predicted value (— 2.6%.). The mean measured
5'80 range (A'®0 = 3.4%.), however, is less than the predicted ranges
for fortnightly averages, 4.0%.. Based on the two-week averages, Conus
specimens from Veracruz Beach record 85% of the predicted range
(Fig. 4). This resolution does not increase with growth rate. Despite
the <100% resolution, the lower intensity of early 2011 upwelling is
clearly seen in the records of longer lived specimens VC04-6 and
VC04-8.

The incomplete record of environmental variability may reflect (1)
time averaging during drilling, (2) sample resolution, (3) environmen-
tal differences between water and shell collection sites, or (4) limited
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Fig. 6. Carbon isotopic composition of Conus shells versus corresponding DIC §'3C value.

growth during lowest temperature or lowest salinity conditions. Sample
averaging during drilling is roughly 0.4 to 1.4 weeks based on growth
rates and hole diameter. Monte Carlo simulation of fortnightly average
temperatures yield resolutions of 91%, 79%, and 72% for 16, 12, and 8
samplings per year, consistent with the observations here. Water collec-
tion and shell collection localities are 8 km apart, but we presume they
share similar salinity regimes because both receive waters from the
same bay and neither are influenced by significant freshwater output.
Although the water collection site is 8 km northeast of the shell collec-
tion sites, both sites are located on the coast, and are separated by the
Panama Canal, which has intermittent and insignificant freshwater out-
put. Consequently, we presume that these localities do not have signif-
icantly different salinity profiles. The temperature data were collected
from Taboguilla, 12.5 km to the south of the collection sites. The isolated
and short-lived nature of upwelling events in the Gulf of Panama tem-
perature data suggest upwelling events have typical durations of one
to two weeks (e.g., see Matthews et al., 2008), and therefore could
also contribute to the absence of the lowest temperatures recorded in
Conus 6'80, as discussed by Tao et al. (2013). The same appears to be
true for freshening events (Fig. 2B). Similar underrepresentation of en-
vironmental variation has been observed in many other studies, includ-
ing studies of Conus shells from the Gulf of Mexico (Gentry et al., 2008)
and bivalves shells from Peru (Carré et al., 2005). Thus, modest under-
representation of environmental extremes likely results from time aver-
aging of drilled samples, sample resolution, moderation of the
upwelling signal in nearshore environments, and slow or paused
growth. Fortunately, this underrepresentation does not significantly un-
dermine our chronology based on §'80 and our efforts to relate shell
8'3C to DIC 8'3C.

4.3. Shell 6"C as a proxy for DIC 6'C

Conus &'3C profiles from Veracruz Beach reflect changes in 6'>Cp,c.
Fig. 6 reveals a significant positive correlation between shell and DIC
6'3C in all shells. Combining all data yields the equation:

813 Cypen = 1.38 63 Cpic +1.20 (R2 = 0.59) (4)

The slope is near, but not equal, to one and the y-intercept (+
1.20%) is 1.5%. lower than expected for aragonite-bicarbonate '>C equi-
librium (Romanek et al., 1992).

As discussed previously, lower-than-equilibrium 8'3C values (vital
effects) can occur in biogenic carbonates due to kinetic effects and in-
corporation of 3C-depleted Cy (e.g., McConnaughey and Gillikin,
2008). Increased availability of Cy; in internal fluids may cause the incor-
poration of more '2C into shell carbonate (cf. Lorrain et al,, 2004; Gillikin
et al., 2007; Gillikin et al., 2009). For each shell, Cy; can be calculated
using the equation described by Gillikin et al. (2009),

Cv = (513cal.—gar,b—al3cb) /(813CM—813Cb) (5)

where 8'3C,, is the shell '3C value (Table 1), €4.- is the enrichment fac-
tor between aragonite and HCO3 ™ (2.7%.; Romanek et al., 1992), 8'3Cy, is
the bicarbonate 6'3C value, and 5'3Cy; is the 6'3C of metabolic carbon
(—15.3%. for Conus mahogani tissues from this study). We calculated
813Cy, from 6'3Cpc data and the mass balance of aqueous CO,, bicarbon-
ate, and carbonate ion using equilibrium constants (Roy et al., 1993,
1996), carbon isotope enrichment factors (Zhang et al., 1995), and tem-
perature, salinity, pH, and alkalinity data from the study area and region
(e.g., Manzello, 2010). The 8'3C difference between bicarbonate and DIC
is roughly + 0.3%. for the Gulf of Panama for wet and dry season condi-
tions. These calculations yield Cy; of 12 + 2% for Conus. Other gastropods
collected from the same area during the sampling period produced
values of 10 4+ 1% (Vasum) and 23% (Strombus) (Graniero, 2014). The
12 £ 2% Cy; is consistent with previous studies that estimate incorpora-
tion in marine mollusks (e.g., McConnaughey et al., 1997;
McConnaughey and Gillikin, 2008; Sadler et al., 2012). The greater
513C vital effect in Panama Strombus has also been observed in fossil
specimens (Grossman et al., in prep.).

Feeding habit differences between Conus, Strombus, and Vasum gas-
tropods may impact the incorporation of Cy; into shell carbonate. The
offset between 6'3Cp,c and aragonite shell values are within ranges ob-
served by others (~0%., Aucour et al., 2003; + 1%, Beirne et al., 2012).
Using %Cy values and 6'3Cp,c values, the relationship between mean
813C, and 6'3C, values for Conus, Strombus, and Vasum can be described
as:

813 Comus = 6'3Cp + 0.8%0(+0.2)
83 Cgtrompus = 61°Cp—0.9%0
813 Crasum = 62Cp + 1.2%0(£0.1)

Interestingly, Conus and Vasum are both predatory carnivores (Todd,
2001) and have similar 6'3C,, — 6'3C, offsets, whereas Strombus are
herbivore-detritivores (Aranda et al.,, 2003) and have a lower
813C,r — 8'3Cy, offset. This may be related to mobility differences be-
tween species. For instance, the greater metabolic CO, availability in
shell growth in Strombus may reflect continual grazing in search of
macroalgae as well as leaping locomotion (Miller, 1974), requiring a rel-
atively more active metabolism (Berg, 1975). Conus, on the other hand,
move very slowly, slowly feed only at night, and remain immobile dur-
ing digestion of their prey (Kohn, 1959, 1968).

44. 6"80-63C correlations: vestiges of seasonal upwelling and freshening?

Oxygen isotopic profiles in mollusk shells can provide exquisite sea-
sonal temperature records with minimal influence of vital effects (in
contrast, for instance, to corals) and can be combined with carbon iso-
topes to provide unequivocal evidence for upwelling and/or freshening.
For all but sample VC04-5, our data show a strong positive correlation
between 5!3C and §'%0 (R? = 0.45-0.46; Table 1), implying dominant
influence by freshening with no evidence of upwelling. However,
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careful examination of the data reveal two trends, a positive correlation
(freshening) for mid to low §'0 values, and a negative correlation (up-
welling) for mid to high 6'80 values (Fig. 7). The only exception is sam-
ple VC04-6, which does not show a significant correlation for
upwelling. The inflection point of the two trends should represent
“baseline” conditions in which upwelling and freshening are absent.
This hypothesis can be tested by averaging the 5'%0 values for the sam-
ples with the three highest 6'>C values and determining whether they
yield expected temperatures at full salinity. For sample VC04-5, —6,
—7, and —8, these 5'80 values are —2.12, —1.96, —2.03, and
—2.05%. respectively. The average of these values (—2.04%.), when
combined with fortnightly 5'80 (+0.09%.) for water with the highest

Temperature (°C)
30 28 26 24 22

2.0 -
VC04-5 |e ~2.73% 9|
1.5 1 . Q)
O J—
o @Cﬁj%o ~0.42%
< A4 ® (p -% =
] 1.0 1 . .
o o y =-0.155x + 1.04
% 0.5 R2=0.432
y=0.615x +2.93
0.0 4 R2 =0.369
_05 J
2.0 7
VC04-6
1.5
y=0477x+2.16 o @)
- rose . QB0
£ 1 e
O o 0w
% 051 o y =-0.063x + 1.04
’ R2=0.073
L]
0.0 A
L]
-0.5 -
2.0 q
vVC04-7
1.5 y =-0.298x + 0.41
R2=0.365
£ 101 . %O
9 . T ® -
% 05 T e}
o* ..
0.0 : . y =0.483x +2.118
R2=0.418
-0.54
2.0 1
vC04-8 . .
1.5 4 . .- ".%Q
[ Ce.
- o Tal O"O,O
L]
8 1.0 %
< -
&) IR . y = —0.460x + 0.87
'?o 0.5 4 .o R2=0.737
y =0.447x +2.39
0-0 R2=0.673
-0.5

-45 -40 -35 -30 -25 -20 -1.5 -1.0 -0.5 0.0
8180 (%o)
Fig. 7. 5'3C versus 6'80 for Conus shells from Veracruz Beach, Gulf of Panama. Note the
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for low 6'%0 values.

fortnightly salinity (34.25), yields an isotopic temperature of 29.0 °C,
matching almost exactly the average temperature (28.5 °C) for sea sur-
face temperatures in non-upwelling periods in the Gulf of Panama (Tao
et al,, 2013). Nearshore Conus shells therefore record upwelling, fresh-
ening, and baseline conditions in their isotopic compositions.

With increased depth (>10 m) the dual isotope trends of upwelling
and freshening in Conus shells from the Gulf of Panama disappear. Of
five shells analyzed by Tao et al. (2013), only one (301,474 from 15 m
depth) shows the dual trends. None of the Pacific bivalves analyzed by
Bemis and Geary (1996), nor the Pacific Strombus analyzed by Geary
etal. (1992), show this trend. This convolution of the record likely re-
flects vital effects, microbial respiration in the sediments, and the loss
of the strong freshwater signal with increasing depth and water density.
While the complexity of the Conus 6'>C record for deeper specimens is
discouraging, the success with beach-collected samples is encouraging
as Conus shells have long been pursued by shell collectors. Thus, muse-
um specimens provide the potential for focused high-resolution studies
of historical climate change and upwelling. In the fossil record, only
Conus associated with clear sedimentological evidence of very shallow
conditions should be used to interpret dual trends of upwelling and
freshening.

Recently, Sadler et al. (2012) reexamined the effect of temperature
on carbon isotope fractionation of aragonite first reported by
Grossman and Ku (1986). Grossman and Ku reported higher 6'C values
in micromollusks and the aragonitic foraminifera Hoeglundina elegans
with decreasing temperature (enrichments factor £'>onusi-pic [%e] =
2.66-0.131 T [°C]). This empirical equation yields negative aragonite
513C values for 29 °C temperatures, inconsistent with the data seen
here. Furthermore, the relation should result in a positive correlation
between §'>C and §'80 with a slope of 4+ 0.57, opposite that observed
for the upwelling, temperature-dependent segment of the §!80 record.
Finally, shell 6'3C values do not show an increase with depth and de-
creasing temperature for the Pacific coast of Panama (Tao et al., 2013),
further evidence for no significant temperature effect. Nevertheless,
the carbonate chemistry and carbon isotope fractionation associated
with ambient and body fluids during CaCOs5 precipitation is complex
and we cannot rule out a temperature effect in carbon isotope fraction-
ation in biogenic aragonite, but this effect does not appear to be signifi-
cant in Conus shells.

5. Conclusions

Oxygen and carbon isotopic compositions of water and DIC in the
Gulf of Panama during the March 2011 to August 2012 sampling period
follow seasonal trends with low values during the rainy season and high
values during the dry season. Seawater §'%0 correlates positively with
salinity, reflecting mixing of fresh and marine waters. Dissolved inor-
ganic carbon &!3C and salinity correlate positively only for rainy season
samples, reflecting mixing of terrestrial and marine carbon. Dry season
samples correlate negatively in response to upwelling of '3C-depleted
DIC at depth.

Shell 6'80 and 6'3C values from four live-collected Conus specimens
reflect these seasonal patterns in seawater isotopic composition, with
580 also influenced by cooling associated with seasonal upwelling.
Comparison of measured and predicted 5'0 values suggest that shells
record about 85% of the seasonal variability, presumably due to limited
sample resolution, time-averaging of samples, and reduced effect of up-
welling closer to the shore. Shell and DIC 6'3C values correlate positive-
ly, evidence for the fidelity of shells as archives for marine DIC 5!3C
despite the fact that Conus shells incorporate 12 + 2% metabolic carbon
based on expected equilibrium and mass balance calculations.

The seasonal contrast on Panama's Pacific coast is recorded in dual
trends in Conus' 5'80 and 6'3C values, with positive 5'80-6'3C correla-
tions during rainy season growth and negative correlations during
dry-season growth. These dual trends are not typically seen in shells
collected from subsurface waters, probably because of the lack of a
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strong freshening signal. Nevertheless, fossil, archeological, historical
and modern beach-collected shells can be used to produce very focused,
high-resolution records of historical climate and upwelling.

Acknowledgements

We especially thank Félix Rodriguez for helping to collect and iden-
tify gastropod specimens. We thank Sergio Dos Santos and the STRI
Physical Monitoring Program for providing water temperature data,
and Chris Maupin, Alex VanPlantinga, and Brendan Roark for assistance
with analyses at the Stable Isotope Geosciences Facility at TAMU as well.
We recognize Slava Kryuchin of seatemperature.info for providing wa-
ter temperatures for Veracruz Beach.

We gratefully acknowledge support from the Michel T. Halbouty
Chair in Geology, the Ocean Drilling and Sustainable Earth Science
(ODASES) Fellowship, and most importantly the National Science Foun-
dation (EAR-1325683). We would also like to thank the STRI Short-
Term Fellowship program as well as the Geological Society of America
for travel funding.

The National System of Investigators of the National Secretariat for
Science, Technology and Innovation of Panama supported AO. Valerie
and Bill Anders kindly supported AO as well. We thank the Ministerio
de Comercio e Industrias and the Ministerio de Ambiente of Panama.

References

Aranda, D.A, Cardenas, E.B., Morales, LM,, Zarate, A.Z., Brulé, T., 2003. A review of the re-
productive patterns of gastropod mollusks from Mexico. Bull. Mar. Sci. 73, 629-641.

Aucour, A.-M., Sheppard, S.M., Savoye, R., 2003. 5'3C of fluvial mollusk shells (Rhone
River): a proxy for dissolved inorganic carbon. Limnol. Oceanogr. 48, 2186-2193.

Baud, A., Magaritz, M., Holser, W.T., 1989. Permian-triassic of the Tethys: carbon isotope
studies. Geogr. Rundsch. 78 (2), 649-677.

Beirne, E.B., Wananmaker, A.D., Feindel, S.C., 2012. Experimental validation of experimen-
tal controls on the 6'3C of Arctica islandica (ocean quahog) shell carbonate. Geochim.
Cosmochim. Acta 84, 395-409.

Bemis, B.E., Geary, D.H., 1996. The usefulness of bivalve stable isotope profiles as environ-
mental indicators: data from the eastern Pacific Ocean and the southern Caribbean
Sea. Palaios 11, 328-339.

Berg Jr., CJ., 1975. Behavior and ecology of conch (superfamily Strombacea) on a deep
subtidal algal plain. Bull. Mar. Sci. 23, 307-317.

Butler, P.G., Wanamaker Jr., A.D., Scourse, ].D., Richardson, C.A., Reynolds, DJ., 2013. Var-
iability of marine climate on the North Icelandic Shelf in a 1357-year proxy archive
based on growth increments in the bivalve Arctica islandica. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 373, 141-151.

Carré, M., Bentaleb, I, Balmart, D., Ogle, N., Cardenas, F., Zevallos, S., Kalin, R.M,, Ortileb, L.,
Fontungne, M., 2005. Stable isotopes and sclerochronology of the bivalve Mesodesma
donacium: potential application to Peruvian paleoceanographic reconstructions.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 228, 4-25.

D'Croz, L., O'Dea, A., 2007. Variability in upwelling along the Pacific shelf of Panama and
implications for the distribution of nutrients and chlorophyll. Estuar. Coast. Shelf
Sci. 73, 325-340.

D'Croz, L., O'Dea, A., 2009. Nutrient and chlorophyll dynamics in Pacific Central America

(Panama). Proceedings of the Smithsonian Marine Science Symposium, pp. 335-344.

Dettman, D.L,, Reische, A.K., Lohmann, K.C., 1999. Controls on the stable isotope composi-
tion of seasonal growth bands in aragonitic fresh-water bivalves (unionidae).
Geochim. Cosmochim. Acta 63 (7/8), 1049-1057.

Dhillon, R.S., James, N.P., Kyser, T.K., Bone, Y., 2015. 5'%0 and 6'3C variability in brachio-
pods from modern shelf sediments and its utility for understanding complex ocean-
ography, Southern Australian Shelf. Journal of Sedimentary Research 85, 955-967.

Fritz, P., Poplawski, S., 1974. '80 and '*C in the shells of freshwater molluscs and their en-
vironments. Earth Planet. Sci. Lett. 24, 91-98.

Geary, D.H,, Brieske, T.A., Bemis, B.E., 1992. The influence and interaction of temperature,
salinity, and upwelling on the stable isotopic profiles of stromboid gastropod shells.
Palaios 7, 77-85.

Gentry, D.K, Sosdian, S., Grossman, E.L,, Rosenthal, Y., Hicks, D., Lear, C.H., 2008. Stable iso-
tope Sr/Ca profiles from the marine gastropod Conus ermineus: testing a multiproxy
approach for inferring paleotemperature and paleosalinity. Palaios 24, 195-209.

Gillikin, D.P., Lorrain, A., Bouillon, S., Willenz, P., Dehairs, F., 2006. Stable carbon isotopic
composition of Mytilus edulis shells: relation to metabolism, salinity 6'3Cpc and phy-
toplankton. Org. Geochem. 37, 1371-1382.

Gillikin, D.P., Lorrain, A., Meng, Li, Dehairs, F., 2007. A large metabolic carbon contribution
to the 8'3C record in marine aragonitic bivalve shells. Geochim. Cosmochim. Acta 71,
2936-2946.

Gillikin, D.P., Hutchinson, K., Kumai, Y., 2009. Ontogenic increase of metabolic carbon in
freshwater mussel shells (Pyganodon cataracta). ]. Geophys. Res. Biogeosci. 114:
G01007. http://dx.doi.org/10.1029/2008]G000829.

Goodwin, D.H., Flessa, KW., Schone, B.R., Dettman, D.L., 2001. Cross-calibration of daily
growth increments, stable isotope variation, and temperature in the Gulf of California

bivalve mollusk Chione cortezi: implications for paleoenvironmental analysis. Palaios
16 (4), 387-398.

Graniero, L.E., 2014. Modern calibrations of temperature and nutrient proxies for
paleoenvironmental reconstructions in tropical mollusks. M.S. Thesis. Texas A&M
University, College Station.

Grossman, E.L., 1994. The carbon and oxygen isotopic record during the evolution of
Pangea: carboniferous to Triassic. In: Klein, G.D. (Ed.), Special Paper 288, Pangea:
Paleoclimate, Tectonics, and Sedimentation During Accretion, Zenith, and Breakup
of a Supercontinent. Geological Society of America, pp. 207-228.

Grossman, E.L.,, 2012. Applying oxygen isotope paleothermometry in deep time. In: Ivany,
L.C, Huber, B.T. (Eds.), Reconstructing Earth's Deep-time Climate - the State of the
Art in 2012. Paleontological Society Papers Vol. 19, pp. 39-67.

Grossman, E.L,, Ku, T.-L., 1986. Oxygen and carbon isotope fractionation in biogenic arago-
nite: Temperature effects. Chem. Geol. 59, 59-74 (Isot. Geosci. Sect.).

Grossman, E.L, Yancey, T.E., Jones, T.E., Bruckschen, P., Chuvashov, B., Mazzullo, SJ., Mii,
H.S., 2008. Glaciation, aridification, and carbon sequestration in the Permo-Carbonif-
erous: the isotopic record from low latitudes. Palaeogeogr. Palaeoclimatol. Palaeoecol.
268, 222-233.

Grossman, E.L., Robbins, ].A., Rachello-Dolmen, P.G., Tao, K., Saxena, D., O'Dea, A., 2017.
Environmental evolution and faunal turnover in plio-pleistocene caribbean coastal
ecosystems. Nat. Geosci. (in prep.).

Henson, S.A., Thomas, A.C., 2007. Interannual variability in timing of bloom initiation in
the California Current System. J. Geophys. Res. 112, C8.

Hoffman, P.F.,, Kaufman, AJ., Halverson, G.P., Schrag, D.P., 1998. A Neoproterozoic snow-
ball earth. Science 281, 1342-1346.

Hudson, ].D., Anderson, T.F., 1989. Ocean temperatures and isotopic compositions through
time. Trans. R. Soc. Edinb. Earth Sci. 80, 183-192.

Jones, D.S., Allmon, W.D., 1995. Record of upwelling, seasonality and growth in stable-iso-
tope profiles of Pliocene mollusk shells from Florida. Lethaia 29, 61-74.

Jones, D.S., Quitmyer, L.R., 1996. Marking time with bivalve shells: oxygen isotopes and
season of annual increment formation. Palaios 11, 340-346.

Keigwin, L., 1982. Isotopic paleoceanography of the Caribbean and East Pacific: role of
Panama uplift in late Neogene time. Science 217, 350-353.

Killingley, ].S., Berger, W.H., 1979. Stable isotopes in mollusk shell: detection of upwelling
events. Science 205, 186-188.

Kobashi, T., Grossman, E.L., 2003. The oxygen isotopic record of seasonality in Conus shells
and its application to understanding late middle Eocene (38 Ma) climate. Paleontol.
Res. 7, 343-355.

Kobashi, T., Grossman, E.L, Yancey, T.E., Dockery, D.T., 2001. Reevaluation of conflicting
Eocene tropical temperature estimates: Molluskan oxygen isotope evidence for
warm low latitudes. Geology 29, 983-986.

Kohn, AJ., 1959. The ecology of Conus in Hawaii. Ecol. Monogr. 29 (1), 47-90.

Kohn, AJ., 1968. Microhabitats, abundance and food of Conus on atoll reefs in the Maldive
and Chagos Islands. Ecology 49 (6), 1046-1062.

Kohn, AJ., Perron, F.E., 1994. Life History and Biogeography, Patterns in Conus. Clarendon
Press, Oxford.

Krantz, D.E., Williams, D.F., Jones, D.S., 1987. Ecological and paleoenvironmental informa-
tion using stable isotope profiles from living and fossil molluscs. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 58, 249-266.

Kroon, D., Ganssen, G., 1989. Northern Indian Ocean upwelling cells and the stable isotope
composition of living planktonic foraminifers. Deep-Sea Res. 36 (8), 1219-1236.
Lachniet, M.S., 2009. Sea surface temperature control on the stable isotopic composition

of rainfall in Panama. Geophys. Res. Lett. 36.

Lachniet, M.S,, Patterson, W.P., 2009. Oxygen isotope values of precipitation and surface
waters in northern Central America (Belize and Guatemala) are dominated by tem-
perature and amount effects. Earth Planet. Sci. Lett. 284, 435-446.

Lorrain, A., Paulet, Y.-M., Chauvaud, L., Dunbar, R., Mucciarone, D., Fontugne, M., 2004.
6'3C variation in scallop shells: Increasing metabolic carbon contribution with body
size. Geochimica et Cosmochimica Acta 68, 3509-3519.

Mangzello, D.P., 2010. Ocean acidification hot spots: Spatiotemporal dynamics of the sea-
water CO, system of eastern Pacific coral reefs. Limnol. Oceanogr. 55, 239-248.
Matthews, K.A., Grottoli, A.G., McDonough, W.F., Palardy, J.E., 2008. Upwelling, species,
and depth effects on coral skeletal cadmium-to-calcium ratios (Cd/Ca). Geochim.

Cosmochim. Acta 72, 4537-4550.

McConnaughey, T.A., Gillikin, D.P., 2008. Carbon isotopes in mollusk shell carbonates.
Geo-Mar. Lett. 28, 287-299.

McConnaughey, T.A., Burdett, ], Whelan, J.F,, Paull, CK., 1997. Carbon isotopes in biological
carbonates: respiration and photosynthesis. Geochim. Cosmochim. Acta 61, 611-622.

Miller, S.L., 1974. Adaptive design of locomotion and foot form in prosobranch gastropods.
J. Exp. Mar. Biol. Ecol. 14, 99-156.

Mook, W.G., 1971. Paleotemperatures and chlorinities from stable carbon and oxygen iso-
topes in shell carbonate. Palaeogeogr. Palaeoclimatol. Palaeoecol. 9, 245-263.

Moyer, R.P., Bauer, ].E., Grottoli, A.G., 2013. Carbon isotope biogeochemistry of tropical
small mountainous river, estuarine, and coastal ecosystems of Puerto Rico. Biogeo-
chemistry 112, 589-612.

Popp, B.N., Anderson, T.F.,, Sandberg, P.A., 1986. Brachiopods as indicators of original iso-
topic compositions in some Paleozoic limestones. Geol. Soc. Am. Bull. 97, 1262-12609.

Poulain, C, Lorrain, A., Mas, R,, Gillikin, D.P., Dehairs, F., Robert, R., Paulet, Y.-M., 2010. Ex-
perimental shift of diet and DIC stable carbon isotopes: influence on shell 5'*C values
in the Manila clam Ruditapes philippinarum. Chem. Geol. 272, 75-82.

Putten, E.V., Dehairs, F., Keppens, E., Baeyens, W., 2000. High resolution distribution of
trace elements in the calcite shell layer of a modern Mytilus edulis: environmental
and biological controls. Geochim. Cosmochim. Acta 64 (6), 997-1011.

Quay, P., Sonnerup, R., Westby, T., Stutsman, J., McNichol, A, 2003. Changes in the '>C/'>C
of dissolved inorganic carbon in the ocean as a tracer of anthropogenic CO, uptake.
Global Biogeochemical Cycles 17, 4-1-4-20.


http://seatemperature.info
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0005
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0005
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0010
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0010
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0010
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0015
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0015
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0020
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0020
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0020
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0020
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0025
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0025
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0025
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0030
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0030
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0035
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0035
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0035
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0035
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0040
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0040
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0040
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0045
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0045
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0045
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0050
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0050
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0055
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0055
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0055
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0060
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0060
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0060
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0060
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0060
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0065
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0065
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0065
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0065
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0070
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0070
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0070
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0075
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0075
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0075
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0080
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0080
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0080
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0080
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0080
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0085
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0085
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0085
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0085
http://dx.doi.org/10.1029/2008JG000829
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0095
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0095
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0095
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0095
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0100
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0100
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0100
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0105
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0105
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0105
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0105
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0110
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0110
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0110
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0115
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0115
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0120
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0120
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0120
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf20170
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf20170
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0125
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0125
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0130
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0130
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0135
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0135
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0140
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0140
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0145
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0145
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0150
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0150
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0155
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0155
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0160
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0160
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0160
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0165
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0165
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0165
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0170
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0175
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0175
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0180
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0180
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0185
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0185
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0185
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0190
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0190
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0195
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0195
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0200
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0200
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0200
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0205
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0205
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0205
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0210
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0210
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0210
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0215
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0215
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0215
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0220
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0220
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0225
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0225
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0230
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0230
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0235
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0235
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0240
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0240
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0240
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0245
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0245
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0250
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0250
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0250
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0250
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0255
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0255
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0255
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0260
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0260
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0260
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0260
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0260
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0260

LE. Graniero et al. /| Palaeogeography, Palaeoclimatology, Palaeoecology 472 (2017) 119-127 127

Romanek, C.S., Grossman, E.L., Morse, J.W., 1992. Carbon isotopic fractionation in synthet-
ic aragonite and calcite: effects of temperature and precipitation rate. Geochim.
Cosmochim. Acta 56, 419-430.

Roy, R.N,, Roy, L.N.,, Vogel, K.M., Portermoore, C., Pearson, T., Good, C.E., Millero, ]J.,
Campbell, D.M., 1993. The dissociation constants of carbonic acid in seawater at salin-
ities 5 to 45 and temperatures O to 45°C. Mar. Chem. 44, 249-267.

Roy, R.N,, Roy, L.N., Vogel, K.M., Portermoore, C., Pearson, T., Good, C.E., Millero, F.J.,
Campbell, D.M., 1996. Erratum: the dissociation constants of carbonic acid in seawa-
ter at salinities 5 to 45 and temperatures 0 to 45 °C (vol 44, pg 249, 1996). Mar. Chem.
52,183.

Sadler, ]., Carré, M., Azzoug, M., Schauer, AJ., Ledesma, J., Cardenas, F., Chase, B.M.,
Bentaleb, 1., Muller, S.D., Mandeng, M., Rohling, EJ., Sachs, ].P., 2012. Reconstructing
past upwelling intensity and the seasonal dynamics of primary productivity along
the Peruvian coastline from mollusk shell stable isotopes. Geochem. Geophys.
Geosyst. 13, 1-17.

Schone, B., Fiebig, ]., Pfeiffer, M., Oschmann, W., 2005. Climate records from a bivalved
Methuselah (Arctica islandica, Mollusca; Iceland). Palaeogeogr. Palaeoclimatol.
Palaeoecol. 228 (1-2), 130-148.

Surge, D.M., Lohmann, K.C,, Goodfriend, G.A., 2003. Reconstructing estuarine conditions:
oyster shells as recorders of environmental change, Southwest Florida. Estuar.
Coast. Shelf Sci. 57, 737-756.

Tao, K., Robbins, J.A,, Grossman, E.L., 0'Dea, A., 2013. Quantifying upwelling and freshen-
ing in nearshore tropical American environments using stable isotopes in modern
gastropods. Bull. Mar. Sci. 89, 815-835 (21).

Todd, J.A., 2001. Introduction to molluscan life habits databases, neogene marine biota of
tropical America (NMITA). http://nmita.geology.uiowa.edu/database/mollusc/
mollusclifestyles.htm (June 2014).

Versteegh, E.A., Vonhof, H.B,, Troelstra, S.R., Kaandorp, RJ., Kroon, D., 2010. Seasonally re-
solved growth of freshwater bivalves determined by oxygen and carbon isotope shell
chemistry. Geochem. Geophys. Geosyst. 11.

Wefer, G., Berger, W.H., 1991. Isotope paleontology: growth and composition of extant
calcareous species. Mar. Geol. 100, 207-248.

Yan, H,, Lee, X,, Zhou, H., Cheng, H., Peng, Y., Zhou, Z., 2009. Stable isotope composition of
the modern freshwater bivalve Corbicula fluminea. Geochem. J. 43, 379.

Zachos, J.C., Arthur, M.A,, Dean, W.E., 1989. Geochemical evidence for suppression of pe-
lagic marine productivity at the Cretaceous/Tertiary boundary. Nature 337, 61-64.

Zhang, J., Quay, P.D., Wilbur, D.O., 1995. Carbon-isotope fractionation during gas-water
exchange and dissolution of CO,. Geochim. Cosmochim. Acta 59, 107-114.


http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0265
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0265
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0265
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0270
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0270
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0275
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0275
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0275
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0280
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0280
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0280
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0280
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf20175
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf20175
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf20175
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0285
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0285
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0285
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0295
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0295
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0295
http://nmita.geology.uiowa.edu/database/mollusc/mollusclifestyles.htm
http://nmita.geology.uiowa.edu/database/mollusc/mollusclifestyles.htm
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0305
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0305
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0305
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0310
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0310
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0315
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0315
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0320
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0320
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0325
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0325
http://refhub.elsevier.com/S0031-0182(16)30499-0/rf0325

	Conus Shell δ13C values as proxies for δ13CDIC in tropical waters
	1. Introduction
	2. Study area, samples and methods
	2.1. Study area
	2.2. Oxygen and carbon isotope analyses of water and DIC, respectively
	2.3. Oxygen and carbon isotope analyses of gastropod shells
	2.4. Sclerochronology and calculation of predicted δ18O values of aragonite

	3. Results
	3.1. Oxygen isotopes in seawater (δw)
	3.2. Carbon isotopes in DIC
	3.3. Oxygen and carbon isotopes in shells

	4. Discussion
	4.1. Carbon isotope trends in δ13CDIC
	4.2. Environmental resolution of isotopic record
	4.3. Shell δ13C as a proxy for DIC δ13C
	4.4. δ18O-δ13C correlations: vestiges of seasonal upwelling and freshening?

	5. Conclusions
	Acknowledgements
	References


