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Abstract

A growing body of research suggests that the mamwronments of south Florida
provide a critical link between the tropical andtratitude Atlantic. Changes in the
characteristics of water masses off south Floridg therefore have important implications for
our understanding of climatic and oceanographi@bdity over a broad spatial scale; however,
the sources of variability within this oceanic edor remain poorly understood. Measurements
of AR, the local offset of the radiocarbon reservoe,dgpm shallow-water marine environments
can serve as a powerful tracer of water-mass sstine¢ can be used to reconstruct variability in
local- to regional-scale oceanography and hydrol¥gy combined radiocarbon and U-series
measurements of Holocene-aged corals from thesstrallater environments of the Florida
Keys reef tract (FKRT) with robust statistical mbidg to quantify the millennial-scale
variability in AR at locations with (“nearshore”) and without (“opacean”) substantial
terrestrial influence. Our reconstructions dematstthat there was significant spatial and
temporal variability irAR on the FKRT during the Holocene. Whera&swas similar

throughout the region after ~4000 years ago, nesextR was significantly higher than in the

© 2017. This manuscript version is made available under the Elsevier user license
http://www.el sevier.com/open-access/userlicense/1.0/
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open ocean during the middle Holocene. We suggasthe elevated nearshax® from
~8000-5000 years ago was most likely the resugredter groundwater influence associated
with lower sea level at this time. In the open oceehich was isolated from the influence of
groundwaterAR was lowest ~7000 years ago, and was highest ~3888 ago. We evaluated
our open-ocean model AR variability against records of local- to regiossahle oceanography
and conclude that local upwelling was not a sigaifi driver of open-ocean radiocarbon
variability in this region. Instead, the millenngdale trends in open-oceAR were more likely

a result of broader-scale changes in western Adlairtulation associated with an increase in
the supply of equatorial South Atlantic water te aribbean and shifts in the character of
South Atlantic waters resulting from variation retintensity of upwelling off the southwest
coast of Africa. Because accurate estimatesRoare critical to precise calibrations of
radiocarbon dates from marine samples, we alsoals@ models of nearshore and open-ocean
AR versus conventionafC ages that can be used for regional radiocarbifragons for the
Holocene. Our study provides new insights intogaterns and drivers of oceanographic and
hydrologic variability in the Straits of Florida @mighlights the value of the paleoceanographic
records from south Florida to our understandinglotocene changes in climate and ocean

circulation throughout the Atlantic.
Key words: AR, radiocarbon, Holocene, circulation, western wtita upwelling, groundwater

1. Introduction

The oceanic corridor between the Florida Keys anbaCknown as the Straits of Florida,
provides a critical connection between the tropeal high-latitude western Atlantic (Fig. 1;
Hall and Bryden, 1982; Schmitz and Richardson, 1$2hmitz and McCartney, 1993; Lee et

al., 1995; Lund and Curry, 2004; Lynch-Stieglitagt 2009; Schmidt et al., 2012;). Flow
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through the Straits of Florida occurs via the FlarCurrent, which is formed by the confluence
of the Gulf of Mexico Loop Current and the eastwaxtension of the Yucatan Current from the
southern Caribbean. (Fig. 1b; Schmitz and Richard$891; Lee et al., 1995). The Florida
Current is situated at the origin of the Gulf Stneavhich is the primary mechanism of heat and
salt transport to the North Atlantic (Hall and Beyd 1982; Schmitz and McCartney, 1993; Lee
et al., 1995; Lund and Curry, 2006). Variationsha sources and character of the Florida
Current may, therefore, have important implicatiorsAtlantic Ocean circulation and regional
climate variability (Lynch-Stieglitz et al., 199Rund and Curry, 2006; Came et al., 2008;

Schmidt et al., 2012).

Recent studies have demonstrated that there wastdewable changes in the
hydrography (Lund and Curry, 2004, 2006; Lynch-§tie et al., 2009; Schmidt et al., 2012)
and geostrophic flow through the Straits of Floritleing the Holocene (Lund et al., 2006;
Lynch-Stieglitz et al., 2009). These changes haenbinked to large-scale climate phenomena
including solar forcing (Lund and Curry, 2004, 200gnch-Stieglitz et al., 2009; Schmidt et al.,
2012), meridional shifts in the position of theeinrtropical convergence zone (Lund and Curry,
2004, Lund et al., 2006; Lynch-Stieglitz et al.02) Atlantic Meridional Overturning
Circulation (AMOC,; Lund et al., 2006; Lynch-Stiggliet al., 2007; Came et al., 2008; Lynch-
Stieglitz et al., 2009), and the El Nilo—Southestidation (Schmidt et al., 2012); however, the
local- to regional-scale oceanographic responsebnate forcing and the role of ocean

circulation in determining the characteristicstoé Florida Current are less clear.

Radiocarbon’(C) variability in shallow-water environments camyide a powerful
tracer of changes in ocean circulation through s@a time (Broecker et al., 1960; Druffel,

1997b). The*’C content of the oceanic mixed layer reflects hathiability in atmospheri¢*C

3
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production and exchange witfC-depleted sources (Broecker et al., 1960; St@vet., 1986;
Reimer and Reimer, 2001). On a global scale, miwiitly **C-depleted deepwater produces a
significant offset between tH&C of the atmosphere and marine surface-water, krasithe

global marine radiocarbon reservoir age, R, whicinodeled over time by the marine
calibration curve (e.g., Reimer et al., 2013). Letaregional-scale oceanographic or hydrologic
variability can, however, produce significant lodaliations from this globally-averaged value
(e.g., Druffel and Linick, 1978; Druffel, 1997a; iReer and Reimer, 2001; Guilderson et al.,
2004; Kilbourne et al., 2007; Druffel et al., 2008agner et al., 2009; Dewar et al., 2012; Toth
et al., 2015a, b). The local offset of the radiboarreservoir age at any given location is known

as the local reservoir age correctial® (Stuiver et al., 1986; Reimer and Reimer, 2001).

At present, the most significant source of locaamgraphic variability in the Straits of
Florida is periodic upwelling of intermediate wagerthe result of cyclonic gyres and offshore
meanders of the Florida Current (Klein and Orlarki94; Lee et al., 1995; Leichter and Miller,
1999; Dauvis et al., 2008; Fig. 1c¢). From Dry Todad\.P. to the Lower Keys (Fig. 1c), periodic
formation of large, slow-moving cyclonic gyres isianportant inter- and intra-annual driver of
water-column mixing (Klein and Orlando, 1994; Leéalk, 1995). High-frequency, but short-
lived upwelling is a persistent feature in the Upideys where the Florida Current flows closest
to the reef tract (Klein and Orlando, 1994; Leictaed Miller, 1999). The upwelling regime of
south Florida over longer timescales is unknown significant changes in the intensity or
frequency of upwelling should be reflectedAR variability. Becaus@R is a function of
mixing, upwelling results in surface-water with tetpd*“C and elevatedR, and the opposite
occurs where there is strong water-column stratifo or downwelling (Broecker et al., 1960;

Key et al., 2004; Reimer and Reimer, 2001).
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Terrestrial influences from the Florida platforne @nother potential source of local-scale
AR variability in the Straits of Florida. Terrestiyaderived sediments, runoff of meteoric
waters, and groundwater contributions can all erflce the apparent age of nearshore water
masses (Pearson and Hanshaw, 1971; Cowart e®9@8; Bohlke et al., 1999; Porcelli and
Swarzenski, 2003; Rosenheim et al., 2007; Swarze?@B7; Clark et al., 2014). The
contribution of submarine groundwater, which floineely though the highly-porous carbonates
of the Florida platform (Cowart et al., 1978; Cdthet al., 1999), is thought to be especially
important in the nearshore marine environment®oftsFlorida (Shinn et al., 1994; Corbett et
al., 1999; Plummer and Sprinkle, 2001; Reich et28l02; Chanton et al., 2003; Reich et al.,
2006). The limestones that comprise Florida’s subtean aquifers, and the Pleistocene
platform that transports groundwater seaward, igrefeantly older than the water masses they
contain (Pearson and Hanshaw, 1971; Bohlke e1299; Plummer and Sprinkle, 2001; Reich et
al. 2006). Dissolution of theséC-depleted carbonates results in anomalously qdramt
radiocarbon ages of Florida’s groundwater (PeassmhHanshaw, 1971; Bohlke et al., 1999;
Plummer and Sprinkle, 2001). Although the groundw#iat reaches south Florida’s Atlantic
coast is likely a mixture of isolated water madses the Florida aquifers and seawater from the
Florida Bay and Biscayne Bay (Bohlke et al., 19R8ich et al. 2002, 2006), significant

groundwater input to south Florida’s marine envinemts could result in elevatadR.

The signature of local oceanography and hydrolagxR variability in south Florida
may also be overprinted by larger-scale changesaualation. The water masses that enter the
Caribbean Basin via the Caribbean Current have $othth and North Atlantic origins (Fig.
la,b; Schmitz and Richardson, 1991; Wilson and doh®97; Kilbourne et al., 2007) and the

relative contribution of these sources may varyraviga-annual to millennial timescales (Johns



118 et al., 2002; Kilbourne et al., 2007). Whereas safidtal water masses originating in the North
119  Atlantic have relatively high'C, water masses from the South Atlantic are degliet&'C due to
120 upwelling of water off the western coast of Afrigdag. 1a; Southon et al., 2002; Key et al.,

121  2004; Kilbourne et al., 2007; Lewis et al., 200&w&r et al., 2012). Because the Florida Current
122 s the terminus of Caribbean circulation, changesR in the Straits of Florida could reflect the
123 relative contributions of equatorial versus subitapwater masses to the Caribbean, as well as

124  the character of those water masses, through tirheKilbourne et al., 2007).

125 Determining the influence of local- versus regiesedle controls on the oceanographic
126 and hydrologic variability of south Florida is cralcto discerning the long-term controls on
127 Florida Current variability and its impacts on largscale climatic and oceanographic

128 oscillations. We combined coral-based “snapshdt&F from the shallow-water environments
129 of the Florida Keys using empirical Bayesian mautglio reconstruct regional oceanographic
130 and hydrological variability during the HolocengaBal gradients in the hydrology of the

131 marine environments of south Florida led us to tgvevo distinctAR reconstructions for

132 locations with and without significant terrestriafluence: “nearshore” and “open-ocean”

133 locations, respectively. We first evaluate the poigd drivers ofAR millennial-scale variability
134 in nearshore environments. We then compare thdsrienopen-oceanR to existing

135 paleoceanographic reconstructions, to evaluatesth@ve contributions of local upwelling

136 versus regional-scale changes in ocean circul&i@teanographic variability in the Straits of

137 Florida.

138 2. Regional Setting

139 The Florida Keys Reef Tract (FKRT) is located 6khfseaward of the exposed islands

140 of the Florida Keys, from Biscayne National ParkRN in the northeast, to Dry Tortugas N.P. in

6
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the southwest (Fig. 1c). Regional oceanographig@BKRT is driven by the dynamics of the
Florida Current, which parallels the reef tracbtigh the Straits of Florida (Fig. 1b; Klein and
Orlando, 1994); however, the FKRT can be divided 8ix subregions based on hydrological,
ecological, and geological variability (Ginsburgdg®hinn, 1994; Klein and Orlando, 1994):
Biscayne N.P., the Upper Keys, the Middle Keys,libeer Keys, the Marquesas, and Dry

Tortugas N.P. (Fig. 1c).

Whereas Dry Tortugas N.P. and the Marquesas aexa@gnconsidered to be open-ocean
environments, the other subregions are stronglyented by the regional hydrology of south
Florida (Klein and Orlando, 1994). In the Middleyse large passes between the islands allow
for tidal transport of surface water from FloridayBonto the reef (Ginsburg and Shinn, 1994,
Reich et al., 2002). Because Florida Bay is a shaWater platform with restricted circulation,
surface waters in the Bay experience extreme \éitjain water temperature, salinity, and
nutrients (Ginsburg and Shinn, 1994; Klein and @it 1994; Precht and Miller, 2007; Toth et
al., 2016). Tidal transport of surface waters fidiscayne Bay has similar impacts on the reefs
in that subregion (Reich et al. 2006; Ginsburg &hohn, 1994; Precht and Miller, 2007). Tidal
pumping also facilitates regional submarine grousigwflow, (Reich et al., 2002; Chanton et
al., 2003), which is likewise characterized by aled nutrients and salinity extremes (Shinn et
al., 1994; Corbett et al., 1999). The frequentsitbn of these water masses can result in highly
variable conditions on the reefs of the Lower, Mégdénd Upper Keys and Biscayne N.P.
subregions (Klein and Orlando, 1994; Reich et28106). The high variability in the hydrology
and oceanography of this region at present sugtestenvironmental variability may have also

had a significant impact on the FKRT over millerigescales.

3. Materials and Methods
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3.1 Sample Description

The U.S. Geological Survey Coastal and Marine Saéenter in Saint Petersburg,
Florida houses an extensive collection of Holoasd cores collected from throughout the

FKRT over the past 50 years (Fig. 1c; Reich e2&l12; http://olga.er.usgs.gov/coreviewer/). In

the present study, we sampled corals from 41 cmesss the six subregions of the FKRT (Dry
Tortugas N.P.=6, Marquesas=3, Lower Keys=7, Midkgs=7, Upper Keys=9, Biscayne
N.P.=9). All cores were collected from shelf-edgefs at ~0—15 m depth below mean sea level.
We used existing radiocarbon ages from the corgs (eich et al., 2006, 2009; Brock et al.,
2010) to select samples that would provide thedsgtemporal resolution for each subregion.
We note, however, that reef development across afdse FKRT did not initiate until after
~8000 yrs BP (Shinn et al. 1977) and we did noelaw samples from the open-ocean sites
before that time. Similarly, reef development wagligible throughout the FKRT after ~4000
yrs BP (Shinn et al. 1977), and we were unablétaio any samples from ~4500-3000 yrs BP

from the Keys and Biscayne N.P. subregions.

We sampled 68, visually-unaltered sub-fossil coftals five genera in the cores: Dry
Tortugas N.P.=19, Marquesas=4, Lower Keys=11, Midk#ys=9, Upper Keys=14, and
Biscayne N.P.=11 (Table 1). The samples, whichasgmted ~1-3 years in the growth history of
the coral, were cut from clean, visually unaltesedtions of the corals using a tile saw. Each
sample was cut into two, ~1-2 g subsamples, whiete wonicated in a bath of warm deionized

water and dried at 60°C prior to U-series and reatioon analysis.

3.2 Dating
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All but two coral samples were processed at the § 8@diocarbon Laboratory in
Reston, VA and were radiocarbon dated using acaelemass spectrometry (AMS) at the
Center for AMS at Lawrence Livermore National Ladtory. We report conventioniC ages,
which were previously corrected for fractionatidn¥C. Thes**C of those samples was either
measured by University of California, Davis Stalsletope Laboratory or, if not measured, were
assumed to be 0+£3%o. (Tornqvist et al., 2015). Thertwo samples were dated previously
(Lidz et al., 2003; Toth et al., 2017) using radérit radiocarbon dating at Beta Analytic, Inc.
or Geochron Laboratories. Conventional radiocarges are reported in Table 1 and the
complete radiocarbon dataset, including fractiomeno (Fm) for the AMS ages, is available at

https://doi.org/10.5066/F7P8492Q.

U-series ages were determined at the Universiiinhesota and Xi'an Jiaotong
University using multicollector inductively couplgihsma mass spectrometry according to the
procedures described in Cheng et al. (2013). MedStfiThages were corrected using an initial
230Th/?32Th atomic ratio of 4.4 x IDwith an uncertainty of 50% (+2.2). Correctédrh ages are
reported in Table 1 and the complete U-series datasvailable at

https://doi.org/10.5066/F7P8492Q.

3.3 Data Screening

None of the samples included in this study hadwasiple evidence of alteration;
however, we performed additional diagenetic scregand critical evaluation of the U-series
data to ensure that all of the samples includexliirfinal reconstruction were pristine. Although
we were unable to use X-ray diffraction (XRD) toesn the corals for diagenesis in the present

study, sixteen of the corals were previously saedarsing a Bruker D4 XRD (Reich et al., 2009;
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Toth et al., 2017). These analyses indicated thatimples contained <5% calcite (the % calcite
in the reference sample) and, in most cases, thplea were nearly 100% aragonite (Reich et
al., 2009; Toth et al., 2017). We screened an maaik sub-sample (N=14) of corals, using the S-
3500N Hitachi scanning electron microscope (SEM)deadl at the University of South Florida’'s
College of Marine Science. We chose corals froraughout the Holocene and from all six
regions for screening by SEM, but preferentialigliied any corals that produca® values

that were in disagreement with adjacent samplésemecord to ensure that altered samples
would not bias the reconstruction. Only one saniple-FR-2-55) had evidence of localized
calcite cements (Fig. Al). Although the sample dai®d, it was excluded from further analysis
because it also contained anomalously Kt (see below). Only two additional samples were
removed from the dataset because of significarmgetiasis: a coral from the Middle Keys (MK-
AR-2-0), which had extensive formations of secog@anagonite, and one from Lower Keys
(LK-MG-2-0) that had moderate amounts of secondaagonite and evidence of widespread
dissolution (Fig. A1). SEM imaging of the remainisgmples showed only the localized
presence of secondary aragonite and suggestedidigainetic alteration was negligible overall

(i.e., >1% of the imaged area of the coral; Figg-A5; Toth et al., 2017).

Careful screening of the U-series data led us ttuebe 13 corals from the dataset (BP-
FR-2-55 and 12 additional samples). One sample Doynlortugas N.P. (DT-GB-1-12) and one
from the Upper Keys (UK-CF-1-15) were excluded hmseslow”*°Th/2**Th indicated that there
was a possibility of inherited (non-radiogermi&jrh (Cobb et al., 2003; Clark et al., 2014).
Eleven additional corals h&tfU values outside the ranges typically reportedHeir respective
genera: ~2800—3800 ppb fAacroporaspp. and ~2000-3200 for the massive coral @ukacella

spp.,Diploria spp.,Montastraea cavernosandColpophyllianatans(Cross and Cross, 1983;

10
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Muhs et al., 2011). These samples were excluded further analysis because elevated (low)

38 suggests the possibility of uranium gain (loss).

The 15 samples that were excluded from furtherysrshbs a result of our diagenetic and
U-series screening procedures are highlighteddnir&able 1. A summary of the screening is

also provided at https://doi.org/10.5066/F7P8492QiH{ et al., 2017). One sample (MK-AR-7-

0), which passed our screening procedures (U-sang@sSEM), represented an extreme outlier in
our AR datasetAR=399+29). Although we include this anomalous vafueur results, we
excluded it from the statistical models becauseitld have caused a biasing that we could not

attribute with any certainty to real hydrologicamreanographic variability.

Ultimately, we included 53 of the 68 original estites ofAR in our models. We divide
these records into two distinct datasets, neargdi@ km from the Florida Keys and <100 km
from mainland Florida) and open ocean (>10 km fthenFlorida Keys and >100km from
mainland FL), based on the unique hydrology andrenmental history of the sites. Whereas
we assume that the open-ocean environments of Btydas N.P. and the Marquesas had little
or no terrestrial influences during the Holocehe, tegional hydrology of south Florida may
have significantly influencedR variability in the Keys and Biscayne N.P. suboegi The
open-ocean reconstruction includes 20 recordsR0f16 from the Dry Tortugas N.P. and four
from the Marquesas. The nearshore reconstructmades 32 records @R: six from the
Lower Keys, six from the Middle Keys, 13 from thepér keys, and seven from Biscayne N.P.
We note that estimates AR from previous analyses of modern (Lighty et H082; Druffel and
Linick, 1978; Druffel, 1997b) and middle Holocermrals (Druffel et al., 2008) were not
included in our reconstructions because the diffegs in the values (i.e., Lighty et al., 1982) or
the resolution of the data (i.e., Druffel and Lini@978; Druffel, 1997b; Druffel et al., 2008) had

11
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the potential to bias our statistical model; howewe do compare these data to our

reconstuctions in the discussion of our results.
3.4 Determination of AR

AR is calculated by determining the offset betwdsnmeasured and predicted
radiocarbon age at a given point in time (Stuivealg 1986; Reimer and Reimer, 2001). Using
the U-series ages as the “true” ages, we deternireeexpected’C age of each sample from the
Marinel3 calibration curve (Reimer et al., 2018 was then calculated by subtracting the
expected’C age from the convention#C age of each sample. We computed a combined error
term forAR by taking the root-mean-square of the errorscataa with the conventional and
expected’C ages (Stuiver et al., 1986). Each estimat&Rfepresents a discrete “snapshot” of
the radiocarbon age of the local surface waterc@vepared the snapshotsAR between the
nearshore sites and the open-ocean sites usinueaadjénear model analysis of variance (glm-
ANOVA) using R version 3.1.1 (R Core Team, 2014)e Data residuals of the model were
approximately normally-distributed (Shaprio-Wilk:2/4.96, p=0.09) and the data conformed to

the assumption of homogeneity of variance (Leveme&: k 55=0.01, p=0.92).
3.5 Statistical Modeling ofAR through time

Using a simplification of the method described imal et al. (2017) and Kopp et al.
(2016), we combined the coral-based snapshotfkafising empirical hierarchical models with
Gaussian process priors to 1) reconstruct temparability in AR during the HoloceneAR
versus”°Th ages) and 2) predict valuesA®® andAR uncertainty for use in calibrations of
radiocarbon ages from the regiakR versus conventionfC ages) for both the open-ocean and

nearshore sites. The hierarchical model level éwidto a data level, a process level, and a
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hyperparameter level.

At the data level, we observe noiSR, dR;, and noisy age tern,, which is either

derived from thé**Thage or thé“C age:

de’ = AR(tl)‘FElAR
t; = a + Gf
ef*~N{0, (0%) )

el ~N{0, (6/)*}

wherei indexes the data point&R(t) is the trueAR as a function df, t; is the true age (from
230Th) or the conventiondfC age of observationf, is the mean observetf{rh or
conventional“C) age ¢2F is normally distributed uncertainty or error, wittandard deviation
given by the root-mean-square error &®; ande! is the error in the correctétPTh or
conventional“C age of the sample. The age uncertainties arepocated using the noisy-input
Gaussian Process (GP) method described in McHuthdriRasmussen (2011), which uses a
first-order Taylor-series approximation to translatrors in the independent variable (age) into

equivalent errors in the dependent varialAlR)(

N 0AR(E,
AR(t;) = AR() + €! at( )

At the process level, the prior distributionAR is a mean-zero GP, characterized by

hyperparameters that comprise the ampligeand timescale of variability,
AR(t) ~GP{ 0,041 %p (t,t;7)} + w(t)
wherep is the Matérn correlation function with smoothnpasametet/, and scale (Rasmussen

and Williams, 2006), and(t) is white noise (N{O, (ow )2}), which captures high-frequency
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variability in AR. The use of a smoothness parametéf,@nsures that the first derivative of the

process will be defined everywhere, but allowsdiorupt changes in rate.

The hyperparameters of the model inclaglg 7, andsy, which are the prior amplitude of
variability, the prior amplitude of white noise,cathe time scale of variability, respectively. We
employ an empirical Bayesian analysis method, irckvthe hyperparameters are optimized
based on the data to maximize the likelihood ofrtieglel. The maximum-likelihood point
estimates of,randz were conditioned on the data from both the operan@nd nearshore sites
(resulting in values of 38 and 850 years), whesgasas tuned for each model separately
(resulting in a value of 20 years for nearshore agdar for open ocean) in order to account for
different uncertainties in predicté®. The prior is uninformative (with the only assunopti
being that the errors are Gaussian), where thed#déamines the best fit of the variability, so
that the prior distribution cannot influence theuks of the analysis. The key output of the
model is an estimate of the posterior probabiligtribution of AR, AR(t), conditional on the
tuned hyperparameters. We calculated the ratelsasfge inAR based on a linear transformation

of AR(t) over 1000 year periods (Fig. B1)
4. Results
4.1 Coral-based snapshots of HoloceR

Our complete dataset of coral-based snapshat®dfom the FKRT extend across
nearly the entire Holocene epoch from 41-9443 gfere present (BP>°Th age) and span the
conventional“C ages of 380—-8760 (Table 1). The full rang&Rfover this period is more than
500 years (-157-399); however, excluding the siaglemalously high value from the Middle

Keys, the maximum value &R was 84131 years (mean * 1 standard deviation;[BiQ] 2).
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The overall range of values was similar betweemtrgshore sites and open-ocean ARitvas
generally higher in the nearshore: values rang&8—-84 years (41-9443 years BP) and -157-34

years (156—-7910 cal yrs BP) in the nearshore ard opean, respectively (Table 1).

Even without the significant outlier from the Mi@dKeys,AR was significantly higher
on average in nearshore subregions (-22+ 56 yeamspared with the open-ocean environments
(-64455 years; gim-ANOVA: E5=7.057, p=0.01). This difference was primarily tesult of
elevatedAR in the Keys and Biscayne subregions from ~7000850s BP, whe\R averaged
13+38 years. In contrasiR snapshots from throughout the FKRT were withioreof one

another during the rest of the Holocene.

4.2 Models ofAR variability

By accounting for both chronological uncertainéesl the error in our estimatesARR,
the temporal models &R from the nearshore and open-ocean regions diKIRT provide a
probabilistic assessment of spatial and tempaogabs inAR during the Holocene. The models
provide robust representations of the data: prediealues always fall within two standard
deviations (8) of the coral-based estimates (Fig. 2a,b), an@4hef the models generally
include the midpoints of the coral-based estimdtesthe nearshore locations, the model spans
from 9500-0 yrs BP; however, the model from therepeean sites only extends to 8000 yrs BP

because there was no data from the open-ocearbsit@® that time.

Our reconstructions suggest that there was sigmifispatial and temporal variability in
AR through the Holocene (Fig. 2). Modeled open-ocgRraveraged -60+£33 years and ranged
from -108 to -6 years from 8000 yrs BP to pres€ig.(2a). Modeled\R from nearshore

environments was generally higher than in the apezan, averaging -26+19 years and ranging
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from -57 to 14 years over this same period (Fig. Zhe nearshore model had more high-
frequency variability compared with the open-ocestonstruction, where the modeled changes
in AR appeared more systematic (Fig. 2; Fig. B2). Beeai the apparent high-frequency
variability in nearshordR, the modeled uncertainties associated with #dend were higher

and, as a result, none the temporal changag®iat this location were statistically significalnt.
contrast, we were able to detect temporal significhanges in open-oceAR during the

Holocene.

Our earliest records, which come from the nearsbowronments of the FKRT, suggest
that nearshorAR was close to zero, -11+35 years, during the ddolpcene (9500 yrs BP; Fig.
2b), but declined after this time. In the middlelétene, from ~8000-4000 yrs BP, the
nearshore and open-ocean reconstructions suggesgeint trends iAR variability. In the
open-oceanAR declined after 8000 yrs BP, reaching the lowakies for the Holocene at ~7200
yrs BP: -108+27 years (Fig. 2a; Fig. B1). Duringstbame period, howevexR was rapidly
increasing in the nearshore environments of the FKRg. B1), reaching a peak value of 14125
years at 6600 yrs BP (Fig. 2b), which was signiftbahigher than open-oceaR at that time
(i.e., the 95% confidence intervals [CIs] of thedels do not overlap; Fig. 2c). WheresR
averaged -99+10 years in the open ocean from 750®-%rs BP, nearshoreR during that
same period averaged just -5+15 years. Both redoedded towards more similar values after
~7000 yrs BP (Fig. 2c; Fig. B1); however, nearshidRewas still relatively elevated compared

with the open ocean for the rest of the middle idetee.

Although the trends iAR from the nearshore and open-ocean environmenie GFKRT
were distinct during the early and middle Holocdhe,reconstructions converged during the

late Holocene, after ~4000 yrs BP (Fig. 2a—c; Bib). Both records indicate that there was an
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increase iMR centered around ~3000 yrs BP, with a p&Rkof -6 at both locations (33 in the
nearshore locations and £26 in the open-ocean)n©peamAR was significantly higher at
~3000 yrs BP than at ~7000 yrs BP when open-os&was lowest (based on the 95% Cls of
the model; Fig. 2a). The trend of increasixig throughout the FKRT after ~5000 yrs BP is also
supported by the similarity between our reconstomcdf nearshordR and Druffel et al.’s

(2008) reservoir ages from mid-Holocene (~4955-4@%MBP) and late Holocene (~3065-3010
yrs BP) corals from Biscayne N.P. (values from Beiuét al. [2008] re-calculated using

Marinel3:AR=-29+39 and -19+38; average modeled valués:-17+30 and -6+32).

AR generally declined throughout the FKRT from ~252@00 yrs BP and averaged -
45+7 and -52+6 from 2000 yrs BP to present at gegshore and open-ocean locations,
respectively. Our models predict a modern (1950)QR of -54+32 years and -64+27 years for
the nearshore and open-ocean locations, respactiiehilar trends were observed in the models

of AR versus conventionafC age (Fig. B2; Toth et al. 2017).

5. Discussion

Our reconstructions demonstrate that there wasdaenable local variability in thAR of
shallow marine environments of south Florida dutimg Holocene, with values ranging over
100 years in the open-ocean and more than 70 yetrs nearshore (Fig. 2). In the open-ocean
environmentsAR increased significantly from ~7000 to ~3000 yR lBfore declining to more
moderate values at present (Fig. 2a). Althoughrtreds in nearsho®R were similar to the
open-ocean during the late HoloceAR was significantly higher in the nearshore dutimg
middle Holocene (Fig 2b,c). We hypothesize thatrdpthe middle Holocene, the signature of
oceanicAR in nearshore environments was overshadowed hynibects of terrestrially-

influenced water masses as the south Florida phatieas flooded by rising sea level (Lidz and
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Shinn, 1991; Khan et al., 2017). In contrast, §ystesnatic changes in open-ocedR are most

likely a reflection of changes in local- to regibsaale ocean circulation during the Holocene.

We hypothesize three potential source§'@tdepleted water masses to the open-ocean
environments of the FKRT, which could have produitedmillennial-scale changes in open-
oceanAR: 1) local upwelling controlled by cyclonic oceamgjyres and meanders of the Florida
Current (Lee et al., 1995; Leichter and Miller, 99®) increases in the relative contribution of
equatorial water from the South Atlantic to the Wées Atlantic (i.e., Kilbourne et al., 2007),
and/or 3) changes in the“C of South Atlantic water masses entering the ®adahb Basin.
Below, we first examine the potential for terregtyi-derived sources of elevated nearshtiRe
during the middle Holocene. We then compare theetyithg, open-ocean trends in south
FloridaAR throughout the Holocene to regional climatic andanographic reconstructions to

evaluate the potential sources of open-oagrvariability.
5.1 Drivers of AR variability in nearshore environments

The offshore coral reefs of the FKRT occur alorgdiater margin of Florida’s shallow-
water continental shelf (Fig. 1c). During the edtliglocene, just after the shelf was flooded by
rising sea level (~8000 yrs BP; Lidz and Shinn,13han et al., 2017), the incipient shelf-edge
reefs would have been nearshore environments @ndzShinn, 1991), strongly influenced by
the regional hydrology of south Florida. Below, eansider two potential land-based sources of
elevated nearshoreR during the early to middle Holocene: 1) influxtefrestrially derived
sediments associated with the flooding of the s&lghida platform, and 2) flow of submarine
groundwater onto the reef. Although our nearshecemstruction oAR does include one record

from a deeper-water “outlier” reef in Biscayne Nwhich initiated during the early Holocene
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(Fowey Rocks, “FR”; see Lidz et al., 2003), mostdd¢ene reefs on the FKRT were established
after rising sea-level flooded the shelf margir&®00 yrs BP (Lidz and Shinn, 1991; Lidz et al.,
2003). We therefore focus our discussion of theml! influence of changes in south Florida
hydrology on nearshor&R to the period after ~8000 yrs BP and do not giteémspeculate on

the drivers of the singlaR estimate from Biscayne N.P. from the early Hohece

Florida Bay and Biscayne Bay were formed by risieg-level and were connected to the
Lower Keys, Middle Keys, Upper Keys, and Biscayn® Nsubregions during the middle
Holocene, ~6000 years ago (Lidz and Shinn, 1994z Et al., 2003). Flooding of these
previously-exposed surfaces could have resultsthmficant resuspension of terrestrially
derived sediments that would have been transporiaalthe reefs offshore of the main Florida
Keys (Lower, Middle, and Upper Keys) and BiscaynB.Mluring the period of elevated
nearshorédR (Fig. 1c; Fig. 2b; Lidz and Shinn, 1991; Lidzaét 2003). The coincidence
between the putative timing of shelf flooding amevated nearshor&R could suggest that
terrestrial sedimentation influenced our nearsiddReestimates during this period. Indeed, U-
series dating in marine environments is only rédiatthen the contribution of detrital, non-
radiogenic™°Th is insignificant relative to that produced bg fffU—**U—?°Th decay chain
(Broecker and Thurber, 1965; Cobb et al., 2003rkCGth al., 2014). Terrestrially derived
material often contains elevated, detrital (noriegeinic)®*°Th (Clark et al., 2014), even in
carbonate systems like the south Florida platfarg.( Rosenheim et al., 2007); however,
elevated non-radiogenfé’Th results in U-series ages that are artificialty (Cobb et al., 2003;
Rosenheim et al., 2007), which would produce desaganot the increases in nearshidrewe
observed. Furthermore, non-radiogefifah is generally only a significant problem in young

carbonates where radiogefi€Th is low (Cobb et al., 2003; Clark et al., 201B&cause we did
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not include data that had elevafé@h and low”*°Th/**?Th in our models oAR (Toth et al.,
2017), it is unlikely that increases in nearsh®Reduring the middle Holocene were a result of
anomalous U-series ages due to detrital contarimalistead, we suggest that nearslidre

could have been elevated by the influencE@fdepleted groundwater.

Because of the high permeability of the Pleistoeaged limestones that form the upper
surface of the south Florida platform, groundwé#ean important source of hydrologic
variability in the region (Cowart et al., 1978; Shiet al., 1994; Corbett et al., 1999; Reich et al.
2002; Chanton et al., 2003). Florida Bay and soutBéscayne Bay are regions of particularly
high transmissivity (Cowart et al., 1978) and, assalt, nearshore locations in Florida Bay,
Biscayne Bay, and some inshore areas southedst &larida Keys currently experience
significant groundwater influence (Shinn et al.949Corbett et al., 1999; Reich et al., 2002;
Chanton et al., 2003). Although there is no evidethat groundwater currently reaches the
offshore reefs of the FKRT (Bohlke et al., 1999ri6&dt et al., 1999; Reich et al., 2006), lower
sea level during their early history could havewakd greater groundwater flow to these areas in

the past.

As mentioned previously, the shelf-edge reefs efRKRT would have been shallow-
water inshore environments from ~8000—7000 yrsvidign sea level was ~7—10 m lower than
at present (Lidz and Shinn, 1991; Khan et al., 20G6#en that groundwater is currently a
significant source of hydrologic variability in ingre areas of the Florida Keys, it is reasonable
to assume that groundwater flow on the shelf-edgésrcould have been more important when
these reefs were closer to shore. Furthermore gefsan water levels (currently related to tides,
storm events, etc.) are known to modulate the presgradients that control the flow of

groundwater beneath the marine environments ohdélorida (Shinn et al., 1994; Reich et al.,

20



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

2002; Chanton et al., 2003). Thus, lower sea ledetgg the early part of the Holocene may
have increased transmissivity of groundwater thincihg carbonates of south Florida (Cowart et
al., 1978), resulting in more significant grounderanfluences during the early development of

the FKRT.

As groundwater flows through the limestone of Flais subterranean aquifers and the
upper Pleistocene platform of south Florida, cadbtenlissolution and ion exchange can drive
significant changes in groundwater geochemistra g and Hanshaw, 1971; Bohlke et al.,
1999; Plummer and Sprinkle, 2001; Dunk et al., 2@&arzenski, 2007). The influence of these
processes on U-Th disequilibria in groundwaterlmaigcomplex (Porcelli and Swarzenski, 2003;
Swarzenski, 2007). For example, researchers haeeteel groundwaterU/>*®U activity ratios
that are both higher and lower than modern seaWhte4—1.15) depending on the conditions
under which they formed (Cowart et al., 1978; Denkl., 2002; Porcelli and Swarzenski, 2003;
Swarzenski, 2007). Little is known about the U-sgigeochemistry of nearshore groundwater
outflows near the FKRT, but there is no evidencarmimalous U-activity in our data (Toth et
al., 2017). We also see no evidence of U loss omatously higt**Th that would indicate
significant changes of U-Th disequilibria in thergdes included in our models (Dunk et al.,
2002; Porcelli and Swarzenski, 2003; Swarzenski,72Toth et al. 2017). Thus, we assume that
the U-series ages of the nearshore corals wersigraficantly impacted by groundwater
contamination; however, more data should be cateon the radiochemistry of groundwater in

this region to test this hypothesis.

In contrast, contributions dfC-depleted carbonates can have substantial impacts
radiocarbon ages. As a result the “hard water effexssociated with the interactions of water
masses with old carbonates, groundwater is gegesigtificantly depleted in’C relative to the
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open ocean (Pearson and Hanshaw, 1971; Bohlke &08B; Plummer and Sprinkle, 2001). The
influence of““C-depleted carbonates is most significant in Fisdleep aquifers (Pearson and
Hanshaw, 1971; Plummer and Sprinkle, 2001); howeaxan groundwater that accumulated
recently in the Pleistocene-aged carbonates ofdad@ay has been shown to have anomalously

low “C (Bohlke et al., 1999).

A more significant influx of*C-depleted groundwater during the middle Holocened:
explain the increases in nearshaf® we observed from ~8000—-6600 yrs BP. By ~500Bf#s
when nearshoradR had decreased to values more similar that obples ocean, sea level would
have been just ~3.5 m below its present positidra(Ket al., 2017) and the nearshore reefs of
the FKRT would have been located at least 3-5 Kshofe (Lidz and Shinn, 1991).
Furthermore, the modern hydrologic regime of sdtithida was established by ~4000 yrs BP,
as the Florida Bay and Biscayne Bay and the tidatpages connecting the Bays to the Atlantic
would have been flooded by rising sea level by tinie (Lidz and Shinn, 1991, Lidz et al.,
2007). Together, these changes would suggest yha4®00 yrs BP, when nearshatBR was
similar to that of the open ocean, groundwateugrfice on the shelf-edge reefs of Biscayne N.P.
and the Keys subregions was minimal, as it is td8éylke et al., 1999; Corbett et al., 1999;

Reich et al., 2006).
5.2 Local upwelling and open-oceaAR

To evaluate the hypothesis that variability in fitggjuency or intensity of local upwelling
could have been responsible for the millennialeschlanges in open-oceAR on the FKRT, we
compare our reconstruction AR to three previously-published paleoceanograptonds of

the planktonic foraminiferaGlobigerinoides ruberfrom cores collected from the southwestern
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Straits of Florida (Fig. 3): 1) a record @f rubers*®Ocacite Which varies as a function of relative
sea-surface temperature (SST) and sea surfacéys@i8S), from the middle Holocene (~5000
yrs BP) to present (Fig. 3b; Lund and Curry, 20@3)a SST reconstruction from the early to
middle Holocene (~9000-6000 yrs BP) fr@nruberMg/Ca (Fig. 3c; Schmidt et al., 2012); and
3) an inferred relative SSS record (base'80s,) for the same period during the early
Holocene derived from paired measurements afuberMg/Ca and'®Ocaicie (Fig. 3d; Schmidt

et al., 2012). We produced new age models forgherds after recalibrating the data with latest
marine calibration curve (Marine 13; Reimer et 201 3) using the R program Bacon (Blaauw
and Christen, 2011). Our modelsAR were parameterized to reconstruct millennialescal
variability (i.e., the hyperparameter for tempaedle of the model optimized at 850 years). We
therefore smoothed the published datasets usi@§@:¥r running mean to standardize the
temporal resolution of these records and to mag&etimore directly comparable to our models.
The core records were collected ~40 km offshord@Dry Tortugas N.P. (Lund and Curry,
2004, Lynch-Stieglitz et al., 2009; Schmidt et 20,12) where our open-ocean records were
collected and should, therefore, be representafitiee general changes in the hydrographic
variability of surface waters in this region. Urtiarately, similar paleoceanographic records do
not exist for the rest of the FKRT, so we cannaleate the impact of local upwelling on the
nearshore sites; however, because upwelling igdidy similar processes throughout the region
(i.e., meanders of the Florida Current) we assuraethe nearshore sites would have

experienced similar variability in local oceanodrgphroughout their Holocene history.

Although there appear to be some broad correlabengeen the foraminiferal records
from the Straits of Florida and the millennial-gcahanges in open-oceAR, closer

consideration of the records suggests that locaklimg was not the cause AR variability in
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this region. A regime of more intense upwellingrejahe Florida reef tract should result in
regional cooling of shallow-water sea temperatatesg the northern boundary of the Florida
Straits (Lee et al., 1995; Leichter and Miller, @29Additionally, although Lee et al. (1995)
suggested that upwelled waters within the Tortuga® were relatively fresh, water-column
profiles from throughout the FKRT have demonstrated intermediate water (>250 m depth)
sources are high in salinity relative to the swgflceichter et al., 2007). Thus, upwelling should
also drive increases in regional SSS. Conversetyeases in open-oceaR in our record are
generally associated with increases in SST andfaredises in SS$'{0s,) in the records from
the Straits of Florida (Fig. 3), which is the oppe®f what would be expected if local upwelling
were driving the variability idAR on the FKRT. Furthermore, records from the nortt@ulf of
Mexico suggest a strong Loop Current during thedheidHolocene (Poore et al., 2003), which
has been suggested to produce more frequent famaitiTortugas Gyres (Lee et al., 1995) and

thus upwelling, buAR was lowest at this time.

Overall, the available data support Schmidt et §2012) conclusion that upwelling
associated with the Tortugas Gyre was not a sgmtidriver of the variability in sea-surface
conditions in the Straits of Florida during the blméne. Instead, we conclude that despite the
influence of periodic upwelling, the regional sbaltwater environments are relatively well-
stratified over millennial timescales (Druffel &t 2008). A minimal influence of local mixing
on the FKRT is supported by the generally negatalaes of open-oceakR (averaging -60+33
years over the last 8,000 years and -64+27 yegneaént; Table 2; Fig. 2) and implies that
broader-scale oceanographic changes were likghpnssble for the observed variability AR

during the Holocene.
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We note, however, that the modern estimatesfofrom the FKRT reported in Reimer

and Reimer’s (2001) Marine Radiocarbon Databagp:(fdalib.qub.ac.uk/marine/) are

significantly higher than our modeled present-dalugs (open-ocean: -64+27; nearshore: -
54+32). Reimer and Reimer’s (2001) estimate of mod® based on Lighty et al.’s (1982C
age of a coral collected from Dry Tortugas N.P1&84 was 114+51. Similarly, the weighted
average of five modern estimatesA® from the Upper Keys was 3+13 (Druffel and Linick,
1978; Druffel, 1997a; Reimer and Reimer, 2001)hailtgh Druffel and Linick’s [1978] and
Druffel’'s [1997] modermR values are all within error of our modern estenahen considered
individually, it is possible that our modeled vauederestimate modenR in the region.
Higher modern-day\R would suggest that local upwelling may play a engignificant role at
present than it did in the past, but more measumisyad modern radiocarbon variability are

needed to test this hypothesis.
5.2 Western Atlantic circulation and open-oceamlR

The similarity between our modern estimateaBfand published records of mod&R
from shallow-water environments throughout the Wesitlantic (Table 2; Marine Reservoir
Database [Reimer and Reimer, 2001]) supports thelgsion that the surface waters of the
tropical and sub-tropical Western Atlantic are walked (Wagner et al., 2009; Kilbourne et al.,
2007). We hypothesize, therefore, that radiocasawrability in the surface water around the
Straits of Florida may reflect changes in the sesi@r properties of water masses to the
Caribbean Basin as a whole (Kilbourne et al. 206ther than the influence of local

oceanographic processes (c.f., Guilderson et@d42Kilbourne et al., 2007).
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Surface waters enter the Caribbean Basin througtriaty of passages along the Antilles
island chain (Fig. 1b; Schmitz and Richardson, 18¥ilson and Johns, 1997; Johns et al.,
2002). These waters converge to form the westwavdrig Caribbean Current, which continues
into the Gulf of Mexico as the Yucatan Current, attdnately exit the region via the Florida
Current in the Straits of Florida (Fig. 1b; Schnated Richardson, 1991; Johns et al., 2002).
Johns et al. (2002) demonstrated that the totlvindf surface waters into the Caribbean, ~28
Sverdrups (Sv), is divided almost equally betwédwae major passages along the island chain
(see also Schmitz and Richardson, 1991): the Gréatdles passages in the north (~10 Sv), the
northern portion of the Lesser Antilles, known las Leeward Islands (~8 Sv), and the southern
Lesser Antilles, known as the Windward Islands (Si; however, whereas the inflow of water
through the southern, Windward Islands of the LeAsdilles is dominantly sourced from the
South Atlantic, inflow through the Leeward Islarafghe Lesser Antilles and the Greater
Antilles is driven by the westward flow of the NlorAtlantic subtropical gyre (Fig. 1a,b;

Schmitz and Richardson, 1991; Wilson and Johns7;18&hns et al., 2002).

The inflow through the southern, Windward PassddbeolLesser Antilles is of particular
interest in interpreting regional changes in opeaamAR because the equatorial water masses
from the South Atlantic (Fig. 1a) are relativelyptited in'“C as a result of upwelling off the
western coast of Africa (Southon et al., 2002; Kegl., 2004, Kilbourne et al., 2007; Lewis et
al., 2008; Dewar et al., 2012). In contrast, inweth Atlantic subtropical gyre (Fig. 1dJC is
high because intense northeast trade winds andrésigence times promote active gas
exchange between surface waters and the atmogjidrersxker et al., 1960; Key et al., 2004;
Kilbourne et al., 2007). Millennial-scale shifts@aribbean source water should, therefore, be

reflected as changes in open-oca&hduring the Holocene.
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At present, thé*C-depleted water masses of the equatorial Soutinfil are putatively
the dominant source of surface waters to the re@ddhourne et al., 2007), but the relative
contribution of equatorial and subtropical wateas gary over interannual to decadal timescales
(Johns et al., 2002; Kilbourne et al., 2007). Oateptial driver of time-varying Caribbean
source water is changes in large-scale patterAdlaiftic circulation associated with the strength
of AMOC. The proportion of equatorial South Atlantater entering the Caribbean should be
related to the strength of AMOC because deepwabelugtion in the North Atlantic (Fig. 1a)
must be balanced by the northward transport obserfvaters from the South Atlantic
(Broecker, 1991; Schmitz and Richardson, 1991; $izhemd McCartney, 1993; Johns et al.,
2002; Kilbourne et al., 2007). Thus, periods obsger AMOC should increase the relative
contribution of equatorial water masses to thelitean whereas subtropical, North Atlantic
sources should dominate during periods of weakeO&MWilson and Johns, 1997; Johns et al.,

2002; Kilbourne et al., 2007).

It is well-established that the intensity of AMOG@svhighly sensitive to climate
variability across glacial-to-interglacial cyclddr¢ecker, 1991; Clark et al., 2002). In contrast,
the variability in AMOC and its climatic correlatdsring the relatively mild climate of the
Holocene are not as well-constrained (Thornallegl.e2009, 2013). The most recent records of
North-Atlantic Deep Water (NADW) formation from tiNordic Sea of the Northern Atlantic
(Fig. 1a) suggest that AMOC was relatively weakimythe early and late Holocene and
strongest during the middle Holocene thermal marmmi000 yrs BP (Thornalley et al., 2009,
2013), which is the opposite of what we would pcetased on the records of open-ocaBn
from the FKRT (Fig. 2a); however, model simulaticuggest that climatic and oceanographic

forcing within the Labrador Sea, the other sittdN&DW formation (Fig. 1a; Schmitz and
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607 McCartney, 1993; Lumpkin and Speer, 2003), waswrakdriver of AMOC variability during
608 the Holocene (Schultz et al., 2007). Records froim riegion of the North Atlantic are not as

609 well-resolved, but some reconstructions suggesesdrat opposing changes compared with the
610 Nordic Sea, with increased formation of NADW befarel after ~7000 yrs BP (e.g., Solignac et
611 al., 2004; Schultz et al., 2007). These trendsraee consistent with the relatively higiR

612 throughout the FKRT during the early Holocene and3®00 yrs BP and the low open-ocean

613 AR at ~7000 yrs BP (Fig. 2a).

614 We also consider the possibility that AMOC varidpiWas not the only driver of time-
615 varying contributions of South Atlantic water tet@aribbean. Indeed, the relative proportion of
616 equatorial versus subtropical waters entering thiebBean necessarily depends not only on the
617 strength of South Atlantic inflow through the Windrd Passages of the Lesser Antilles, but also
618 the strength of inflow from the subtropical gyreaingh the northern passages (Fig. 1a; Johns et
619 al., 2002). All else being equal, decreases irsttength of subtropical gyre circulation should
620 increase the inflow of waters from the South Atiatd the Caribbean. Kim et al. (2007)

621 produced a multi-proxy record of subtropical gyirewdation during the Holocene from

622 alkenone-based records of SST and oceanic prodycieng the northwest coast of Africa, the
623 location of the Canary Current (Fig. 1a), whichnfigrthe eastern arm of the gyre. Their

624 reconstruction suggests that subtropical gyre l@tmn was strongest from ~7500-3500 yrs BP
625 and after ~1500 yrs BP, and relatively weak duatiger periods of the Holocene (Kim et al.,

626 2007). Assuming that strong subtropical gyre catioh should result in reduced contributions
627 of **C-depleted South Atlantic water to the Caribbead, that a weak subtropical gyre would
628 increase the inflow of South Atlantic water, Kimadts (2007) reconstruction is consistent with

629 the hypothesis that varying influence of North Atla waters contributed to the variability in
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open-ocearR on the FKRT (Fig. 2a). Although a more comprehananderstanding of broad-
scale changes in Atlantic circulation is neededéfinitely link variability in the strength of both
North Atlantic subtropical gyre and AMOC to radidoan variability, we suggest that
millennial-scale changes in the relative contribng of South Atlantic and North Atlantic source
waters could have been important driver of mill@tsicale changes in open-ocedR on the

FKRT.

Assuming that the radiocarbon variability of theiBlaean, and by extension the FKRT, is
controlled primarily by the supply 8fC-depleted surface water from the equatorial South
Atlantic, then changes in the“C of South Atlantic waters due to variability in sté\frican
upwelling could also have a significant impact @miability in open-oceanR on the FKRT.
Paleoceanographic reconstructions suggest thabtistal upwelling systems associated with the
Canary and Benguela Currents (Fig. 1a) in thisoregiave experienced significant millennial-
scale variability in upwelling intensity (e.g., delkbcal et al., 2000; Kim et al., 2003; Kim et al.,
2007). The records from the northwest African ceasbciated with Canary Current upwelling
are generally out of phase with the variationspereocea\R observed on the FKRT (Fig. 2a;
deMenocal et al., 2000; Kim et al., 2007); howeitds possible that the signatuft€-depleted
water from this region is diluted because the ufedelvaters of the Canary Current mix with the
14c-enriched waters of the subtropical gyre (Schiaita McCartney, 1993; Kilbourne et al.,
2007; Kim et al., 2007). The strongest signature/edtern African upwelling on Caribbean
inflow should originate from the Benguela upwellsystem to the south (Fig. 1a), whafR is
significantly elevated (Southon et al., 2002; Deetaal., 2012). Paleoceanographic
reconstructions of upwelling intensity from thigien based on latitudinal SST gradients

derived from alkenones (Kim et al., 2003), relattgtimates of SST based on the abundance of
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cysts from the dinoflagellat®olyshaeridium zoharyiShi et al., 2000), and a record of the
strength of the SE trade winds based on abunddrtbe coccolithophore;lorisphaera
profunda(Mcintyre and Molfino, 1996) all support the camsibn that Benguelan upwelling
peaked during the early Holocene and around ~3698kF, whemR throughout the FKRT was
high (Fig. 2a), and suggest that upwelling was we&k00 yrs BP, when open-oce&R on the
FKRT was lowest (Fig. 2a). Stronger Benguelan upmgehround 3000 yrs BP is also supported
by a record ofAR from southern Africa (Dewar et al., 2012). We tiyyesize that the millennial-
scale variability we observed iR on the FKRT resulted from a combination of shiftshe
relative contribution of South Atlantic water teethegion and changes in th&'C of that water
related to millennial-scale changes in the intgnsitthe Benguela upwelling system off western
Africa. As a first-order test of this hypothesisture studies could use data on the modéfe

of potential source waters to evaluate the magaitfcchanges in south Atlantid“C that

would be needed to produce the observed changesith FloridaAR; however, additional
reconstructions of millennial-scale radiocarboriafaifity from throughout the western Atlantic

are needed to fully resolve its paleoceanograptives.
5.3 Implications for **C dating

The significant millennial-scale changesAR on the FKRT have important implications
for the accuracy of radiocarbon ages from marimepdas in this region. Whereas the magnitude
of modernAR has been quantified in some locations in theevegtlantic, few studies have
attempted to quantify the variability in surfaceterd’C through time, and ours are the only
records from the western Atlantic that span th@ehiolocene (Reimer and Reimer, 2001). As a
result, researchers generally rely on a single,anodstimate oAR from a region to calibrate

marine samples, and assume thiatdoes not vary through time (Stuiver et al., 19éimer
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676 and Reimer, 2001). Although the magnitude of miliafiscale variability iR we observed
677 was less extreme than in regions that directly B&pee strong upwelling (e.g., coastal

678 upwelling along western continental boundariesifang, 1998; Fontugne et al. 2004], wind-
679 driven upwelling systems [Toth et al. 2015], andaqrial systems [Zaunbrecher et al. 2010]),
680 our study demonstrates that the assumption oftiarséay AR should be re-evaluated, even in

681 oceanographically benign regions such as the westibaintic.

682 As an example of the potential errors associatéld wging inaccurate estimate &R, we
683 calibrated the convention8IC age of a middle Holocene coral from Dry TortulyaB.—

684 5960+35 (DT-GB-7-27)—using AR based on 1) a living coral colony from the Dryfligas
685 N.P. (AR=114+51; Lighty et al., 1982), 2) living coral®in the Upper KeysAR=3+13; Druffel
686 and Linick, 1978; Druffel, 1997a), 3) a weightedamef those two valuedR=8+29; Reimer
687 and Reimer 2001), 4) the modern open-ocean vatue ur model AR=-64+27), and 5) the
688 age-specific open-ocean model prediction for theveational*’C age of the corahR=-

689 104+25). The “true™°Th age of the coral is 6096+23 years.

690 The results of each calibration are presenteddnrgi4. The modern estimatesAd® for
691 the FKRT from previous studies currently availabl¢he Marine Reservoir DatabageR 1-3;

692 Reimer and Reimer, 2001) all result in calibratf&iages that are significantly younger than the
693 true age of the sample. The gange of the calibrated age based on our estiofiat®dern open-
694 oceanAR does overlap with the true age of the sampletHmumedian of the calibration (yrs BP)
695 is ~60 years too young. Although these errors neayrsminor, high precision ages are critical
696 when they are used in age-based calculations susbdimentation or accretion rates. Only the
697 age-specific estimate of open-ocedR from our model provides a median age estimate tha
698 approximates the true age of the sample.
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Although it may not always be possible, quantifythg regional temporal variability in
AR can significantly improve the accuracy and piieai®f radiocarbon dating. Using our
statistical models oiR versus convention&fC age, we provide a database of predictBd
values and associated incertainties for open-ocean and nearshore emagats of south

Florida. These data are available at https://doildr.5066/F7P8492Q. Our model outputs

parallel the resolution of the marine calibratiemwe, providing age-specific estimatesAd+lc
at 5-year intervals over the Holocene. In ordeprtvide the most accurate calibrated age
estimates, our models can and should be appliadymew Holocene radiocarbon ages of
marine samples collected from the region. Whereasiearshore model should be used for
coastal areas from the Lower Keys through southdasta, we suggest that the open-ocean

model can be applied to calibrations from any adfshocations in south Florida

6. Conclusions

We report the first millennial-scale models of @dirbon variability for the western
Atlantic. Our reconstruction demonstrates thateheas significant spatial and temporal
variability in theAR of the FKRT over millennial timescales. This aility has important
implications not only for the accuracy of radiocankdating in this region, but also for our
understanding of local- to regional-scale changdgydrology and oceanic circulation during the
Holocene. We suggest that whereas the nearshom@ements of the Florida Keys and
Biscayne N.P. were influenced by relatively higgeundwater influx during the middle
Holocene (driving nearshoreR higher),AR variability in the open-ocean environments of Dry
Tortugas N.P. and the Marquesas reflect broad-staeges in Atlantic circulation. Comparison
of our record of open-oceaR to existing paleoceanographic reconstructions fsouth

Florida suggests that local upwelling was not apartant driver of millennial-scale open-ocean
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AR variability in south Florida. Instead, our recergpports the hypothesis that open-ocean
radiocarbon variability in the Caribbean, and bteesion, the FKRT resulted from changes in
the character and relative contribution of Soutlatic source water to the region. Our results
add to a growing body of research that highlightsstalue of reconstructions from the marine
environments of south Florida to our understandihgimatic and oceanographic oscillations

over a broad spatial scale.
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981 Tables

982 Table 1 Corrected*°Th ages, conventionalC ages, and predictétC ages from the Marine13 calibration curve (MarBage)
983 used to calculate local reservoir ag&R] for the coral samples (listed by Sample ID aedega). All errors arecl Data ultimately

984

excluded from the models &R based on our screening procedures are indicatel i

Region Subregion Sample ID Genus ZTh age Conventional“C age Marinel3 age AR
Openocean  Dry Tortugas N.P.  DT-GB-3-2 Orbicella 156+7 465%30 543125 -78+38
DT-GB-5-0.E Orbicella 5904 970+35 998+25 -28+43
DT-GB52  Colpophyllia 125343 1630235 1681£26 51+44
DT-GB-1-0 Orbicella 1771+12 2095+35 2169127 -74+44
DT-GB-1-2 Orbicella 244415 2775x30 274125 34+39
DT-PB-3-0 Orbicella 255047 2825+35 2803+25 22+43
DT-GB-6-0 Orbicella 356415 3675125 3659124 16+35
DT-PB-3-14  Colpophyliia 376645 3800430 381326 ~13+40
DT-GB-1-17 Orbicella 437417 4145425 4243425 -98+35
DT-PB-1-4 Orbicella 481218 4490£30 4581+25 -91+39
DT-GB-7-4 Diploria 494516 466535 4715+£26 -50+44
DT-LB-1-16.5 Diploria 507948 4780+25 4823126 -43+36
DT-LB-1-22 Diploria 56339 5150+30 5285125 -135+39
DT-GB-1-10  Colpophyliia 609612 558035 567328 -93+45
DT-GB-7-27 Diploria 650318 596035 6090127 -130+44
DT-GB-1-12 Diploria 7424116 6320+35 6681128 -361+45
DT-LB-1-45 Diploria 74329 6780+35 6937+27 -157+44
DT-LB-1-49 Diploria 782510 7260+40 7357126 -97+48
DT-GB-1-14 Orbicella 78779 7270+35 7411128 -141+45
Marquesa MQ-1-1 Orbicella 2349+7 268025 2690+25 -10+£35
MQ-8-0 Orbicella 357818 3680+25 367325 7+35
MQ-8-25 Montastrae: 5551+9 5115425 5156+25 -41+35
MQ-4-13 Diploria 791012 737520 7428127 -53+34
Nearshore Lower Keys LK-LK-8-0 Montastraea 274+6 520+25 626+23 -106+34
LK-LK-2-0 Acropora 10375 1510425 1482+25 28435
LK-MG-2-0 Montastraea 452045 4605+£25 4387+25 218+35
LK-MG-1-0 Orbicella 511048 4840+30 4822126 18+40
LK-LK-2-10 Acropora 556318 5090+25 510425 -14+35
LK-LK-12-0 Diploria 572149 5320+25 5365125 -45+35
LK-MG-3-2.5  Orbicella 6002+10 5775+25 5634+28 141+38
LK-LK-12-10  Acropora 639917 6015+25 5991+27 24137
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Middle Keys

Upper Keys

Biscayne N.F

LK-LK-5-0
LK-MG-1-10
LK-MG-1-15
MK-SR-3-0
MK-AR-7-0
MK-AR-2-0
MK-SR-1-5
MK-TN-4-0
MK-AR-2-5
MK-TN-1-6
MK-SR-1-15
MK-AR-4-1C
UK-GR-5-0
UK-GR-5-10
UK-GR-3-0
UK-GR-3-5
UK-CF-HM-7
UK-GR-4-0
UK-CF-7-1
UK-GR-4-10
UK-CF-1-15
UK-GR-4-24
UK-CR-1-1
UK-KL-5-14
UK-CR-2-10
UK-CF-HM-64
BP-PR-1-2
BP-AR-1-0.4
BP-AR-2-1.5
BP-AR-4-3
BP-AR-3-3
BP-LR-2-0
BP-AR-6-6
BP-FR-2-1C
BP-FR-1-11
BP-FR-2-20
BP-FR-2-55

Diploria
Orbicella
Orbicella
Acropora
Acropore
Acropora
Acropore
Acropora
Acropore
Acropore
Diploria
Diploria
Acropora
Acropora
Diploria
Montastrae:
Acropora
Orbicella
Acropora
Orbicella
Acropore
Orbicella
Acropore
Diploria
Orbicella
Orbicella
Orbicella
Orbicella
Orbicella
Colpophyllie
Orbicella
Acropore
Diploria
Orbicella
Acropora
Acropora
Diploria

7084+10
7191+14
7695+13
1013+3
5508+7
5922+10
63787
661248
692149
6998+10
728949
764418
4144
1201+4
1234+7
132616
1937+4
2233+4
287346
4979+12
5777+28
6030+10
624149
673948
6822+13
7479+10
1009+4
1808+6
2850+6
4518+7
54557
5501+8
654319
7998+12
8600+11
9443+11
10242+12

6560+25
6560+35
7200+25
1415425
5535425
5465+25
5955430
6245+25
6475+35
6505+30
6795+35
726525
380+35
1520+30
1615+25
1765+25
227525
242525
3165+25
4750+25
5340+25
5665+30
5790+25
6350+30
6375+25
6890+25
1510+70
2190+60
3065+30
428525
5155430
5150+25
6075+35
7450£30
8070+60
8760+25
9485+25

6655+30
6658+31
724927
1472426
5136426
5108+25
5958+27
6161+27
6434126
6506+27
676727
7179428
448+23
1627+25
1658+26
1793+26
2326+25
2540+26
3111427
4750+25
5415426
5650+27
5804+27
6291428
6352426
6986+27
1470+26
2201+27
3088+27
4384125
5091+25
5135425
6115+26
7554428
8150+27
8763+29
9438+27

-95+39
-98+47
-49+37
-57+27
399+29
357+32
-3+30
84+31
41+32
-1+33
28+32
86+32
-68+42
-107+39
-43+36
-28+36
-51+35
-115+36
54+37
0+35
-75+36
15+40
-14+37
59+41
23+36
-96+37
40+75
-11+66
-23+40
-99+35
64+39
15+35
-40+44
-104+41
-80+66
-3+38
A7+37
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Table 2 Comparison between the Holocene aversgeand moderiR for the open-ocean and
nearshore locations on the FKRT from this studyaioies ofAR from elsewhere in the western
Atlantic from the Marine Reservoir Database (htt@alib.qub.ac.uk/marine/; Reimer and
Reimer, 2001). Where multiple values were availdtde a location (*), we present a weighted
mean = &.

Location AR (1) Reference

Open ocee (Holocene -64+27 This stud

Open ocean (model -60+3: This stud'

Nearshore (Holocen -25+2( This stud'

Nearshore (moder -53+32 This stud'

Bahamas -8+64 Broecker and Olson, 19
Jamaica -37+2¢ Broecker and Olson, 19
Flower Garden Banl -30+€ Wagner et al., 20(
Puerto Ric -27+24 Kilbourne et al., 20C
Mexico* -32+1¢ Wagner et al., 20(
Bermud;: -129+2¢ Druffel, 1997:
Venezuela -28+F Guilderson et al., 200!

Wagner et al., 2009

Figure Captions

Figure 1. (a) Generalized depiction of the major curretithe Atlantic (solid lines): Gulf

Stream (GS), North Atlantic Drift (NAD), Canary Gent upwelling system (CC(u)), North
Equatorial Current (NEC), Equatorial Counter Cuti@&CC), South Equatorial Current (SEC),
Benguela Current upwelling system (BC(u)), and Bieaz Current (BC). The locations of North
Atlantic Deepwater Formation (NADW) in the Labradord Nordic Seas are indicated by
dashed lines. The currents not discussed spedyficathe text are in gray. The shaded rectangle
in (a) indicates the bounds of (b), the locatiothaf study area in relation to the major currents
of the Caribbean: Caribbean current (CC), Yucatareat (YC), Loop Current (LC), Florida
Current (FC), and Gulf Stream (GS) drawn after @yairal. (2013). The shaded rectangle in (b)
indicates the location of the study, (c). Samplogations along the FKRT (black shading; from
the benthic habitat maps derived by Florida Fisth\&fildlife Conservation Commission-Fish

and Wildlife Research Institute, National Oceamid &tmospheric Administration Coastal
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Services Center, Dade County, FL

(nttp://ocean.floridamarine.org/metadata/custom/SBR®A/south_fl_coral_reefs.hfjrare indicated by white
circles. Dashed lines within the FKNMS show theraries between subregions of the FKRT
(after Klein and Orlando, 1994). Black arrows iredelocations where water flows from Florida

and Biscayne Bays onto the reef.

Figure 2. ModeledAR over time £¥°Th age; solid line) with & (dark shading) anda(light

shading) uncertainties for (a) the open-ocean (8060 yrs BP to present) and (b) the nearshore
(red; 9500 yrs BP to present) environments of tiRF. Colored bars represent the coral-based
snapshots oAR from the Dry Tortugas N.P. (blue), Marquesasii¢yKeys (red), and Biscayne
N.P. (orange) subregions of the FKRT. The widtlkeadh bar represents the iange of the

230Th age of the coral and the height of each baessmts the@uncertainty of the estimate of

AR from that coral. (c) Provides a direct compariebmodeledAR variability from open-ocean

(blue) and nearshore (red) locations.

Figure 3. Comparison between (a) modeled variabilithAR from open-ocean (blue) and
nearshore (red) environments with (Hark shading) ando2(light shading) uncertainties and
paleoceanographic reconstructions from the Sto&iE$orida based on the geochemistry of the
planktonic foraminifera G. ruber. (b) G. ruliefO from core 79GGC (Lund and Curry, 2004).
(c) G. ruber Mg/Ca from core JPC51 (Schmidt et2411,2). (d)5*%Os, derived from G. ruber
880 and Mg/Ca in core JPC51 (Schmidt et al., 2012ykIines represent 1000 y running
means of the raw data and light lines representy2@® running means. Triangles indicate the

median calibrated’C ages used to create the age models of the records
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Figure 4. Calibrated calendar ages BP, where present 8 (26 BP; black points) and2
ranges of those calibrations for the conventioadiacarbon age, 5960+35, of a coral sample
from Dry Tortugas N.P. plotted with the “trué®{Th) age (dashed line) withs2rror (gray
shading) of that same coral. The conventional iadimon age was calibrated to cal BP ugsiiRy
from three published estimatesAR from the FKRT: 1) a living coral colony collect&dm the
Dry Tortugas N.P. in 188/AR=114+51; Lighty, 1982; Reimer and Reimer, 200))a\&rage
values from 1945 to 1950 AD frolwing corals from the Upper KeyaAR=3+13; Druffel and
Linick, 1978; Druffel, 1997a; Reimer and ReimerQ2}) 3) a weighted mean of these two
values AR=40133; Reimer and Reimer, 2001) and two modettidhates of open oceaR: 1)
the modern value from our mod@lR=-64+27), and 2) the age-specific model predictmrthe

conventional“C age of the coraWR=-104+25).
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