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Coral-based climate reconstructions are typically based on a single record and this lack of replication leads to
questions in regards to chronology accuracy and reliability of the inclusive geochemical variations to record
climate viability. Here we present two multi-century coral Sr/Ca records recovered from a Porites lutea colony
offshore of Amédée Island, New Caledonia (22°28.8'S, 166°27.9'E). The chronology was developed by cross
dating the coral Sr/Ca time series and verifying the chronology with high precision absolute 2*°Th dating.
Keywords: We identify chronological discrepancies of —2.3 and + 3.7 years century ' for reconstructions based on a
Sr/Ca single core with uncertainty increasing after ~250 years. We assess the impact of Porites skeletal architecture
Porites on coral geochemistry by characterizing centimeter-scale architectural structures with respect to sampling.
New Caledonia Optimal sampling paths are those on the slab surface parallel to the growth direction of individual corallites
20Th along the central axis of an actively extending corallite fan. Coral Sr/Ca time series extracted from optimal
Oxygen isotopes skeletal structures are highly reproducible with a mean absolute difference of 0.021 mmol mol~' or
0.39 °C for monthly determinations. Suboptimal skeletal architecture is characterized by corallites extending
through the slab surface, and the coral Sr/Ca determinations derived from suboptimal paths tend to produce a
warm bias that varies between +0.04 and +2.30 °C. Disorganized skeletal architecture is characterized by
small, terminating, or unclear corallite fans that produce a cold bias of —0.11 to —2.45 °C in coral Sr/Ca de-
terminations. These problematic architecture types also produce biases in coral 6'80 determinations, but to a
lesser extent. We assess the impact of sampling a coral colony along paths that vary from vertical to horizon-
tal in large and small Porites colonies with extension rates >6 mm year ' and we determine there is no sig-
nificant difference in the coral Sr/Ca records.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction between these records (Grootes et al., 1993). Replication of proxy re-

cords allows paleoclimatologists to improve chronology accuracy and

Dendroclimatologists typically extract two cores from a tree,
which contain a cross-section of the tree's annual rings, and then
they extract cores from many trees within a stand that they
cross-date to determine an absolute chronology (Fritts, 1976). Simi-
larly, geologists extract two or more sediment cores per site with
staggered core breaks to bridge gaps created by the core barrel length
and then they use stratigraphy to align the cores (e.g., Peterson et al.,
2000). Even parallel ice cores, such as those from the Greenland Ice
Core Project (GRIP) and Greenland Ice Sheet Program (GISP2), pro-
vide valuable information that allows glaciologists to refine their
chronologies and more importantly verify the climatic variations
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to isolate the climatic signal by averaging the records to reduce
non-climatic variability and noise (Fritts, 1976).

Like trees, massive boulder-like corals, such as Porites spp., contain
annual density bands visible in X-ray images (i.e., X-radiographs) of
thin cross sections from the coral skeleton (Knutson et al., 1972;
Lough and Cooper, 2011). These coral colonies can grow as high as
7 m (Brown et al., 2009), which allow paleoclimatologists to develop
chronologies that span many centuries (Veron, 1986; Corrége, 2006).
Coral paleoclimatologists may recover more than a single core from a
massive coral colony; however, researchers typically produce a geo-
chemical time series from a single core (e.g., Linsley et al., 1994;
Swart et al., 1996a; Quinn et al., 1998; Felis et al., 2000; Kuhnert et
al., 2002; Zinke et al., 2004; Calvo et al., 2007) for several reasons in-
cluding time and budgetary constraints (Dunbar and Cole, 1992;
Correge, 2006).
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A single core extracted from a coral colony along the growth axis
may be complete with little material missing in core breaks, but this is
not typical with larger colonies (e.g., Quinn et al., 1998; Linsley et al.,
2000; Urban et al., 2000; Ren et al., 2002). Growth orientation changes
on the centimeter scale may produce ambiguous banding patterns in
the X-radiographs resulting in locally absent years (Barnes et al,
1989; Lough and Barnes, 1997; Hendy et al., 2003; Alibert and Kinsley,
2008). False bands or stress bands visible in the X-radiographs add to
the chronology uncertainty if these bands are counted (Hudson et al.,
1976; Swart et al., 1996b). The core extraction process may produce
breaks in the core or the core may contain cavities from bioerosion
resulting in missing years (Hendy et al., 2003). Therefore, chronology
uncertainty on the annual scale increases with age unless independent
age verification such as high precision absolute thorium-230 (#*°Th)
dating is used (Shen et al., 2008). Chronology uncertainty is estimated
to be +1 to 5 years century ! for reconstructions with a single coral
core (Swart et al., 1996b; Dunbar and Cole, 1999; Felis et al., 2000;
DeLong et al., 2007; Shen et al., 2008).

The inclusive geochemical records in massive corals are assumed to
be homogenous within the corallum; however, comparisons between
contemporaneous samples reveal some discrepancies (Land et al.,
1975; McConnaughey, 1989; de Villiers et al., 1994, 1995; Alibert and
McCulloch, 1997; Cohen and Hart, 1997). Synchronous samples
extracted from the horizontal and vertical axes of a Pavona clavus colony
have discrepancies of 2 to 4 °C for coral Sr/Ca and up to 8 °C for coral
5180 and these discrepancies are attributed to differing linear extension
rates (McConnaughey, 1989; de Villiers et al., 1994, 1995). The incorpo-
ration of the '®0 and Sr into the coral skeleton is assumed to have a con-
stant offset from equilibrium with high linear extension rates or growth
rates (McConnaughey, 1989; Shen et al., 1996). The reported lower
limit for growth-related effects is 6 mm year~! for 620 determina-
tions in Porites spp. (Felis et al., 2003). Concerns with growth-related ef-
fects may limit the use of slow growing portions of the corallum or slow
growing coral species (Jones et al., 2009). The established sampling
method for coral-based reconstructions is to sample a fast growing
coral species along the maximum growth axis by recovering a vertical
core from the corallum and extracting samples along a vertical path per-
pendicular to the annual density bands (Fairbanks and Dodge, 1979;
Marshall and McCulloch, 2002).

Coral architecture further complicates the extraction of a geochemi-
cal signal from the time axis of the corallum. Massive Porites spp. have
small polyps, along a lenticular or bumpy living surface, calcifying skele-
tal corallites. These corallites are arranged in three-dimensional fans
within the corallum with new corallites forming along the apex of the
fan (Veron, 1986; Darke and Barnes, 1993). The fans extend upwards
and outwards in three-dimensions until the corallites contact another
fan and then the corallite’s growth slows, ending with corallites being
absorbed in the valley between fans (Barnes and Lough, 1989; Lough
and Barnes, 1992; Darke and Barnes, 1993). As the colony expands,
new corallite fans form and older fans terminate creating an image of
many fans in an X-radiograph (Barnes, 1973; Darke and Barnes, 1993).
Comparisons of geochemical determinations between the apex and
the valley from the same density band (i.e., same year) reveal that the
valleys have higher coral 6'80 and Sr/Ca values or 1 °C and 2 °C colder
temperatures, respectively (Alibert and McCulloch, 1997; Cohen and
Hart, 1997). For massive Porites spp., the sampling method has an
additional step in which the sampling path follows the apex of a corallite
fan and valleys are avoided (Alibert and McCulloch, 1997; Cohen and
Hart, 1997; Felis et al., 2000). Other coral species have distinct
centimeter-scale architecture that requires different sampling methods
for those species (e.g., Leder et al., 1996; Watanabe et al., 2003; Cohen
et al,, 2004; Smith et al., 2006; Giry et al,, 2010).

Following these general sampling methods, researchers have pro-
duced temperature reconstructions from the Sr/Ca variations in Porites
corals that span many centuries (Linsley et al., 2000; Hendy et al.,
2002; Linsley et al., 2004; Calvo et al.,, 2007; DeLong et al., 2012a).

Further research identified some discrepancies in coral Sr/Ca recon-
structions within records from the same location and/or region calling
into question the validity of these reconstructions (Linsley et al., 2006;
Calvo et al,, 2007). Other researchers found chronological discrepancies
when additional coral records were cross-dated within a set of corals
from the same location (Hendy et al, 2003; DeLong et al, 2007).
These discrepancies clearly outline the need to replicate coral Sr/Ca
records in order to isolate the source of these discrepancies and to
evaluate the reproducibility and accuracy of this geochemical tem-
perature proxy (Marshall and McCulloch, 2002; Lough, 2004; Jones
et al., 2009).

2. Study background

Our replication study with coral Sr/Ca determinations originally
made sample extractions from paths parallel to the sampling pathways
used to create the New Caledonia coral '80 record of Quinn et al.
(1998) (Fig. 1). Some intervals revealed temperatures inferred from
coral Sr/Ca much colder than that inferred from coral 5'%0 (e.g., 1870
to 1875 Common Era (CE)). Additionally, we found intervals with dis-
crepancies between contemporaneous coral Sr/Ca determinations
within the same coral colony as well as nearby coral colonies (DeLong
etal.,, 2007). We decided to investigate the source of these discrepancies
by sampling a second core from the same colony to replicate the Sr/Ca
determinations. In the process, other discrepancies were detected be-
tween the Sr/Ca variations from these two cores.

Here we present the results from our coral Sr/Ca replication study in
which we sampled and cross-dated two intracolony cores spanning
350 years. We quantitatively evaluate reproducibility of intracolony geo-
chemical variations, sources of uncertainty, and chronology error. We as-
sess established sampling methods by comparing coral Sr/Ca variations
from different skeletal structures and sampling path orientation with re-
spect to the colony (i.e., horizontal and vertical axes). We further tested
these sampling methods with a small colony from Vanuatu. We verify
our chronology and cross dating methods with absolute 23°Th dating.
We make recommendations for improving coral-based paleoclimate re-
constructions based on our experiences. A separate paper assesses the
number of coral colonies needed to isolate the temperature signal on
various time scales as well as the sources of non-temperature variability
including subannual chronology uncertainties (DeLong et al, in
revision). We discuss the climatic interpretation of the 350 year-long
temperature reconstruction in a separate paper (DeLong et al.,, 2012a).

3. Methods
3.1. Coral sampling

This study examines cores extracted from a large (~4 m) live Porites
lutea colony (PAA) located adjacent to Amédée Island, New Caledonia
(22°28.8'S,166°27.9'E) with details of the study site and cores previously
described (Quinn et al.,, 1996, 1998; Stephans et al., 2004; DeLong et al.,
2007). The cores sampled by this study are from the same massive
coral colony and include: two long cores, 92-PAA1 and 92-PAA2, recov-
ered in July 1992 CE; and a smaller core, 99-PAA, recovered in December
1999 CE (Figs. 1 and 2). The cores were recovered from the vertical axis
of the colony with breaks between core sections. Additionally, we col-
lected in 1979 CE a small P. [utea colony, 270 mm wide and 170 mm
high, offshore of Tasmaloum, Republic of Vanuatu (15° 37.512S,
167°13.947’E). This colony was sampled following the same methods
as the Amédée Island cores with paths oriented at 0°, 25°, 85°, and 90°
from vertical. The results from this Vanuatu coral are previously men-
tioned as unpublished results (DeLong et al., 2010) and one path from
this coral is presented previously (Ourbak et al., 2008).

The cores were cut longitudinally, along the axis of growth, to re-
veal medial transects of the corallites and corallite fans and 5 mm
slabs were extracted from one core half. The slabs were cleaned
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with an ultrasonicator in deionized water and allowed to air-dry. The
slabs were X-rayed (Quinn et al., 1996, 1998) and then scanned at
4720 pixels mm ™' with a Microtek© 1000XL scanner to create digital
images that were compiled into a multi-layer digital image (Figs. 1
and 2). Linear extension was determined by measuring the distance be-
tween high-density bands in the X-radiographs and by the difference in
depth (i.e.,, mm from the first sample for each path) between winter
maxima (August) in coral Sr/Ca. Extension per year was monitored for
possible growth-related effects and problematic sampling (see Section
5.1). Samples were extracted from the top, middle, and bottom of
92-PAAT1 and from the bottom of 92-PAA2-M for thin section and scan-
ning electron microscope (SEM) analysis to check for diagenesis (Figs. 1
and 2), which is standard protocol for coral reconstructions (Quinn and
Taylor, 2006).

Samples for geochemical analysis were extracted from the surface
of the coral slabs in a continuous path using a computer-driven
micromill system (Quinn et al., 1996) with a 1.4 mm diameter dental
drill bit and a sampling depth of ~1 mm (DeLong et al., 2007). Sam-
pling intervals were approximately monthly for the Amédée Island
samples (Table 1) and approximately monthly and fortnightly (0.83,
1.67 mm sample ™!, respectively) for the Vanuatu samples. Details
of sample path selection are given in Section 4.1.1.

3.2. Geochemical analysis

Elemental ratio and stable isotopic determinations were made
from splits of the homogenized coral sample using instrumentation
at the University of South Florida (USF) and the University of Texas
(UT) following the analytical method previously described (DeLong
et al., 2007). Sr/Ca precision determined by the analysis of an internal
gravimetric standard (IGS) was 4 0.010 mmol mol ™! (10; n = 2445)
and by an additional coral standard of a homogenized powder from a
Porites lutea (PL) was =+ 0.018 mmol mol~! (10; n=3343). Stable
isotope precision for 620 and 6'2C determined by analysis of NBS19
was +0.06%. and 4 0.04%. (10; n=324) for 680 and 6'>C, respec-
tively. Isotopic ratios are reported in delta (8) notation relative to
Vienna Pee Dee Belemnite (VPDB).

3.3. Establishing chronology

The annual and monthly chronologies were developed using the
chronology method described by DelLong et al. (2007) with some
modifications due to record length. Temperature records used for
the depth to time conversion include in situ sea surface temperature
(SST) from Amédée Island (IRD SST) for the interval from 1967 to
1999 CE, regional SST (HadISST_AI) from the 1° grid box centered
on our study site from the HadISSTv1.1 data set (Rayner et al.,
2003) for the interval from 1870 to 1967 CE, and a time series com-
posed of repeating monthly averages, determined from IRD SST, for
the interval from 1649 to 1869 CE. Coral Sr/Ca maxima (minima)
were aligned to SST minima (maxima) for each annual cycle with ad-
ditional tie points for mid-spring and mid-autumn to maximize align-
ment between records (Paillard et al., 1996; DeLong et al., 2007). The
cores were cross-dated by maximizing correlation and verifying with
X-radiographs making adjustments for core breaks and discontinu-
ities. Additional paths were sampled to complete the record (Figs. 1
and 2). A master chronology was generated after 1) assessing the
cores for missing years caused by breaks in the cores, 2) noting locally
absent years resulting from sample path selection, and 3) checking

local mean Sr/Ca values on ~20 year intervals for differences between
paths resulting from sample path selection (Section 4.1.2).

The coral chronology was verified with high-precision 2*°Th dating
(Shen et al., 2008) carried out at the High-Precision Mass Spectrometry
and Environment Change Laboratory (HISPEC) in the Department of
Geosciences of the National Taiwan University. Eleven samples for
230Th dating were extracted from a single year from the core 92-PAA1
at intervals ranging from 19 to 49 years (Fig. 1). Uranium-thorium
chemistry (Shen et al., 2003) was performed on 13 July 2005 with in-
strumental analysis on a Thermo Element inductively coupled plasma
sector field mass spectrometer (ICP-SF-MS) (Shen et al.,, 2002). For ad-
ditional samples from core section 92-PAA1-H, chemistry (Shen et al.,
2003) was performed on 18 November 2008 with instrumental analysis
on a Thermo Fisher Neptune multicollector inductively coupled plasma
mass spectrometer (MC-ICP-MS) (Frohlich et al, 2009; Shen et al.,
2010).

3.4. Data analysis

The transfer function of 0.054 mmol mol ~! °C~! was determined
for these coral cores (DeLong et al., 2007) and was used to convert
coral Sr/Ca values to SST. Monthly anomalies were determined with
respect to the calibration interval from 1967 to 1999 CE. Significance
was assessed using degrees of freedom (df) determined with the runs
test (Draper and Smith, 1998). Other data analysis methods are de-
scribed in DeLong et al. (2007).

4. Results

This study extends the interval of the previous study (1900-1999
CE; DeLong et al., 2007) to 1649 CE. Examination of X-radiographs,
SEM images, and thin section photomicrographs reveals no evidence
of secondary minerals (Figs. 1 and 2). Annual linear extension rates
average ~10 mm year ' for 92-PAA1 and 92-PAA2 (Table 1). We
identified 15 years with low extension rates (<6 mm year—'). The
coral Sr/Ca determinations for these low extension years are within
analytical precision with synchronous determinations from the
other core, which had higher extension rates, except for one year in
92-PAA1 (1817 CE; A=0.027 mmol mol~! between annual aver-
ages) and two years in 92-PAA2 (1695 and 1697 CE; A=0.057 and
0.037 mmol mol~! between annual averages, respectively). There
are two years (1701 and 1702 CE) in 92-PAA1 for which no replicate
samples are available; these years have the lowest annual extension
rate (4.9 mm year ™ '). Correlation between optimally sampled annu-
al average Sr/Ca and annual extension rate is —0.24 for 92-PAA1 (n=
303, df=233, p<0.001) and —0.01 for 92-PAA2 (n=324, df=154,
p=0.78). Results from core 99-PAA are discussed in previous studies
(Stephans et al.,, 2004; DeLong et al., 2007) and are included in the
figures for completeness.

4.1. Reproducibility of coral Sr/Ca

Coral Sr/Ca time series from 92-PAA1 and 92-PAA2 are compared on
various timescales (Figs. 3, 4, and Table 1). The means, standard devia-
tions, and range of annual cycles are not significantly different (p=
0.69, 0.29, 0.10, respectively). The Pearson correlation coefficient be-
tween the monthly coral Sr/Ca time series is 0.94 (n= 3582, df=975,
p<0.001), 0.51 for monthly anomalies (n=3582, df=1026, p<0.001),
and 0.65 for annual averages (n=290, df=207, p<0.001). The

Fig. 1. Coral X-radiographs of 92-PAA1. (a) Positive X-radiographs of coral slabs in which darker areas are denser and vice versa. Core section names appear to the left side of the
section. Years determined by this study are labeled in white. Paths sampled for this study and previous studies indicated by solid color lines (Quinn et al., 1996, 1998; Crowley et al.,
1999; Corrége et al., 2001; Quinn and Sampson, 2002; Stephans et al., 2004; DeLong et al., 2007), with black lines indicating a splice between contemporaneous paths (see Legend).
White text denotes areas with suboptimal corallite alignment or problematic intervals for discerning chronology. Broken lines are discarded core sections with problematic paths.
(b) Thin section photomicrographs viewed under (top) cross-polarized light plane and (bottom) transmitted light (field of view=2.6 mm). SEM images with scale bars
representing 1 mm (top) and 0.2 mm (bottom). Location of thin section, SEM, and 2>°Th samples are labeled in the X-radiographs; see Legend.
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Table 1

Summary of monthly coral Sr/Ca variations.®
Statistic 92-PAA1 92-PAA2 PAA "
Mean 9.200 9.201 9.199
Median 9.202 9.201 9.200
Standard deviation 0.103 0.101 0.101
Maximum 9.442 9.464 9.453
Minimum 8.930 8.900 8.911
n¢ 3764 3943 4211
Extension ¢ 10.1422 9.9+22
Years © 1667-1992 1649-1992 1649-1999
Sampling 0.70 0.83

4 Determined in time domain. Units are mmol mol ™" unless otherwise indicated.

b PAA is the average of 92-PAA1, 92-PAA2 (this study), and 99-PAA (Stephans et al.,
2004; DeLong et al., 2007).

€ Number of observations (n).

d Determine between winter maxima (August) in Sr/Ca for each year. Units are
mm year ' and reported as an average + 1 standard deviation.

€ Each series spans a different time interval; dates are CE.

' Sampling interval (mm sample™!).

intracolony time series are coherent in the frequency domain in the
interannual to centennial periodicities for the interval from 1728 to
1992 CE, an interval for which both cores are continuous.

We examine the differences between the two monthly coral Sr/Ca
time series using two different metrics to assess reproducibility. The
absolute difference (AD) is a measure of the discrepancy between
two coral Sr/Ca determinations for any single month (Eq. (1)) for
which the true coral Sr/Ca value is unknown.

AD = 2'1/2\ coralSr/Cag,_paa;—coralSr/Cag, papsl (1)

The average of the AD for monthly coral Sr/Ca variations (0.021 +
0.016 mmol mol !, 10; equivalent to 0.39 °C) is less than 20 of the mag-
nitude of analytical precision (0.040 mmol mol ™! for IGS), which is with-
in the AD reported previously (Delong et al, 2007). For monthly
anomalies, the average AD increases (0.031 =+ 0.024 mmol mol ™', 10;
equivalent to 0.57 °C); however, this includes subannual dating uncer-
tainties of £ 3 months resulting from the assignment of any one coral
Sr/Ca determination to a particular month. If we smooth the monthly
anomalies with a 7-month low pass finite impulse response (LPFIR) fil-
ter (Bloomfield, 2000), the AD is reduced (0.025 +0.019 mmol mol !,
10; equivalent to 0.46 °C). For most paleoclimate reconstructions, the
timescales of interest are greater than annual; therefore, we smoothed
the monthly anomalies with a 24-month LPFIR filter and the AD is less
than 10 of the magnitude of analytical precision (0.013 4+ 0.009
mmol mol !, 10; equivalent to 0.24 °C; Fig. 4). Monthly variations
from cores 92-PAA1 and 92-PAA2 are within 20 of analytical precision
for most of the record except for a few intervals, 1680 to 1685 CE and
1694 to 1696 CE (Fig. 4), in which the number of sampling paths is re-
duced and gaps occur between the cores.

Another assessment of the reproducibility is the root mean
squared (RMS) deviation between coral Sr/Ca determinations for
any single month (Sr/Ca;) and the mean of those determinations
(Sr/Camean; EqQ. (2)), which assumes the mean is a good estimate of
the true Sr/Ca value, normalized by the number of observations (n).

RMS = (3 (St/Ca=Sr/Capean)’/n) @)

Average RMS for monthly "coral Sr/Ca variations (0.015+
0.011 mmol mol ™!, 10; equivalent to 0.28 °C) is within 10 of our an-
alytical precision (£0.010 and =+ 0.018 mmol mol ™', for IGS and PL,
respectively). We find no evidence for a shift in AD or RMS related
to the depth to time conversion in regards to the time intervals in
which we switch from SST records to climatological averages. The

AD and RMS cannot be assessed for periods with only one record;
therefore, these determinations should not be considered error free.

4.1.1. Optimal orientation

We have determined that the optimal orientation for a sampling
path is along the central axis of a medial transect (i.e., along the middle
of the radius) of a corallite fan with individual corallites extending par-
allel to the slab surface (Fig. 5). Corallite fans are ~20 to 50 mm across
and up to 470 mm long and resemble a feather on the slab surface if
the slab transects the fan along the growth axis (Fig. 5). Under magnifi-
cation, medial transects of the corallites reveal long vertical septa or
“rods” extending for several centimeters and smaller horizontal
synapticulae or “rungs” between septa, ~0.1 mm long (Fig. 5b). These
corallite structures resemble ladders when the corallites extend parallel
to the slab surface (Fig. 5b) resulting in X-radiographs with clear and
distinct density bands (Darke and Barnes, 1993). The optimal sampling
path follows the central axis of the “feather” or corallite fan visible on
the slab surface in which the “ladders” or septa and synapticulae are
parallel to the surface; this optimal path is along the growth or time
axis of the corallum (Fig. 5a).

We find the coral Sr/Ca determinations from optimally sampled
paths are within analytical precision on monthly to centennial time
scales (Figs. 3 and 4). The interval from 1702 to 1705 CE in
92-PAA1-M has higher coral Sr/Ca values (i.e., colder temperatures)
and lower extension rates (4.9 to 7.0 mm year ™ '; Figs. 1, 3, and 4).
These corallites are parallel to the slab surface; however, the corallite
fan structure is difficult to discern in the X-radiograph (Fig. 1). Unfor-
tunately, there are no coeval paths available for comparison; there-
fore, we assume these colder temperatures are real. We compare
sampling paths slightly off the central axis of the corallite fan with a
path along the apex of an adjoining fan in which both paths had
corallites parallel to the surface (Fig. 5c). We find approximately the
same coral Sr/Ca values for both paths, although winter values tend
not to capture the same degree of cooling (Fig. 5d) yet this is not
the case for all paths off the central axis (Fig. 6d).

4.1.2. Problematic sampling paths

Two types of coral skeletal architecture present problems in terms
of producing robust geochemical records (Figs. 6, 7 and Table 2). The
first type of problematic sampling path has corallites extending at
angle in the depth (z) dimension relative to the slab surface (x-y
plane in Fig. 6a) with the tops of the corallites and their radial struc-
ture visible on the slab surface as an oblong transverse cross section.
We refer to this type of problematic sampling as “suboptimal” because
the angle of the corallites with respect to the slab surface is not parallel
or “optimal” but at some angle up to 90° from parallel. Suboptimal skel-
etal regions can appear as long years in X-radiographs (>15 mm for our
coral) resulting in more samples per year, which tend to be lower coral
Sr/Ca values (i.e.,, warmer) relative to contemporaneous samples with
optimal orientation. These suboptimal paths result in mean shifts of
+0.04 to +2.30 °C depending on the angle of the corallites to the
surface with larger shifts associated with perpendicular corallites
(Table 2). Suboptimal intervals may span 1 to 9 years in these coral
slabs (Table 2).

Suboptimal corallite alignment is readily observed in core section
92-PAA1-K (Fig. 6d and Table 3). The corallites in the top 29 mm of
this core section are parallel to the slab surface (optimal orientation)
with clear density bands visible in the X-radiograph and extension
rates are normal (8.7 mm year~', n=2). The coral Sr/Ca and 680
determinations from this interval have the expected annual cycle
(range and number of samples) and the coral Sr/Ca variations agree
with contemporaneous samples from 92-PAA2. In the middle of
this core section (29.1 to 60.5 mm), the corallites are rotating in

Fig. 2. Coral X-radiographs of 92-PAA2. (a) Positive X-radiographs same as Fig. 1. Paths sampled in this study and a previous study (DeLong et al., 2007) indicated by solid lines, see Legend.

(b) SEM images with scale bars representing 0.5 mm (top) and 0.25 mm (bottom).
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the depth direction (z) and are oblong relative to the slab surface
creating a scallop-edge texture on the surface (Fig. 6b). The density
band couplets are elongated in the X-radiographs without sharp
boundaries (Fig. 6d) and the distance between these high-density
bands is widening (13.3 mm year™!, n=2) with the number of
samples per year increasing, when a constant sampling interval is
used. These additional samples tend to occur in the warmer months
thus producing more samples with lower than average coral Sr/Ca
and 680 values (i.e., warmer SST). At the bottom of this core section
(60.6 to 92.0 mm), small round circles are visible in the
X-radiograph, the density bands disappear, and the apparent exten-
sion is longer than expected (40.6 mm year™ !, n=1). Examination
of the slab surface reveals the corallites are at 90° with respect to the
slab surface and the circular radial structure of the corallites is visible
(Fig. 6¢). These perpendicular corallites have increase in the number

of lower than average coral Sr/Ca and 680 values (i.e., warmer SST)
and no annual cycle is present in the geochemistry. The earlier study
(DeLong et al,, 2007) concluded coral 6'80 determinations are not
influenced by suboptimal corallite orientation for the interval they ex-
amined (1960 to 1965 CE; 92-PAA1-B); however, examination of
92-PAA1-K and other core sections reveals that this may not be true
for all suboptimal intervals (Figs. 6d, 7, Tables 2 and 3).

The second type of problematic sampling path, called “disor-
ganized,” has no visible robust extending corallite fan in the X-
radiograph or slab surface. Disorganized corallite fans include merging
or terminating fans, fans with low density, small or new fans, and fans
with low extension rates related to cavities in the colony. Samples de-
rived from core sections with disorganized corallites tend to have
higher coral Sr/Ca values (i.e., colder, -0.11 to —2.45 °C on aver-
age; Table 2) and may have reduced apparent extension rates
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Fig. 3. The intracolony coral Sr/Ca variations. (a) Number (#) of paths sampled for each month. (b) Monthly coral Sr/Ca variations for cores 99-PAA, 92-PAA1, and 92-PAA2, which
are described in this study and previous studies (Stephans et al., 2004; DeLong et al., 2007). Each core time series is the average of the coral Sr/Ca variations from contemporaneous
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analytical precision (20).
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Fig. 4. Interannual coral Sr/Ca reproducibility. (a) Number of cores sampled for each month. (b) Monthly coral Sr/Ca anomalies smoothed with a 24-month LPFIR filter (90% pass =40 months)
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<7 mm year~ . These extension rates are “apparent” because the
corallites are not parallel to the slab thus the distance between den-
sity bands is not true linear extension (Barnes et al., 1989; Lough
and Barnes, 1990; Barnes and Lough, 1993). Merging or terminat-
ing corallite fans have cold biases in coral Sr/Ca (—0.65 to —
1.77 °C; Table 2), which are associated with corallite growth ceas-
ing (e.g., 92-PAA1-D in Fig. 1 and 92-PAA2-L in Fig. 2). A small
corallite fan without optimal orientation (60 to 90 mm,; Fig. 6d) has
no discernable annual cycle in coral Sr/Ca and a shift from higher values
to lower values. Disorganized corallites occurring near cavities and
bioerosional incursions (e.g., 92-PAA1 core sections F1, J, H and I in
Fig. 1) and are associated with indistinct density bands and a reduction
in the apparent linear extension (3.6 to 6.7 mm year ™ ; Table 2). Most
disorganized corallites are detectable in X-radiographs; however, we
identified a cold bias for the interval from 1662 to 1671 CE in
92-PAA2-M (Figs. 2, 7 and Table 2) that has clear density bands. Our ex-
amination of the slab surface reveals this path is between two small
merging corallite fans not evident in the X-radiograph.

There are exceptions to our observation that suboptimal corallites
tend to be warmer and disorganized corallites tend to be colder (Fig. 7

and Table 2). In 92-PAA2-D, the corallite fan appears normal in the
X-radiograph; however, the corallites are not parallel to the slab surface
with the resulting coral Sr/Ca determinations failing to capture the sum-
mer minima producing a cold bias. These samples are from the top of
the core section with a small gap between sections making it difficult
to discern corallite fan direction and size from this section alone. Exam-
ination of the bottom of 92-PAA2-C reveals this corallite fan is terminat-
ing (Fig. 2). We sampled a new path along an adjacent fan and these
variations agree with synchronous coral Sr/Ca determinations in
92-PAA1. Core section 92-PAA1-] has suboptimal corallite alignment
with higher Sr/Ca values (~1.94 °C colder); however, this core section
and the prior section has bioerosional cavities and X-radiographs re-
veals disrupted growth (Fig. 1). From these examples, anomalies related
disorganized corallites appear to dominate over suboptimal orientation.
Furthermore, it is possible that the suboptimal sampling path transects
the winter interval of the rotated time axis. We conducted a test on op-
posing sides of a core section with corallites perpendicular to the slab
surface (1907 to 1908 CE on 92-PAA1-D; ~5 mm apart) and we found
no difference in the coral Sr/Ca variations. The converse example is
the core section 92-PAA2-G from 1804 to 1807 CE. We had difficulty
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finding a good sampling path since the growth structures are small
meandering corallite fans. We tried a path along the apex of one the
small fans, which had optimal corallite orientation with acceptable ex-
tension (6.2 to 8.1 mm year™'); however, the coral Sr/Ca determina-
tions exhibited warmer winters (~3 °C) and summers (1.6 °C) with a
reduced seasonal cycle (~1 °C) producing a large warm anomaly
(1.85 °C, Fig. 7). A comparison with the contemporaneous and optimal-
ly sampled paths in the core 92-PAA1 reveals a warm period with less
magnitude (Fig. 7). The path we selected failed to capture winter ex-
tremes in coral Sr/Ca presumably because more growth occurred in
the summer associated with a new corallite fan. We decided to not in-
clude this path in the final reconstruction.
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4.2. Sampling orientation with respect to the colony

We assess coral Sr/Ca reproducibility for optimal sampling paths
with varying orientation (0°, 25°, 85°, and 90° with respect to the verti-
cal axis) in a small Porites lutea colony (Fig. 8 and Table 4). The average
linear extension for the paths is ~20 mm year ! except for the path 85°
from vertical (16.1 mm year~!). Contemporaneous coral Sr/Ca varia-
tions agree within analytical precision regardless of orientation or sam-
pling resolution (t-test, p = 0.40 to 0.84; f-test, p=0.06 to 0.77). Annual
averages determined from these sampling paths are approximately the
same, even though we used different sampling resolutions, except for
the vertical path, which is a shorter path. In the longer cores 92-PAA1
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Fig. 5. Optimal sampling paths for massive Porites spp. (a) An illustration of a slab with new corallites forming along the apex of the corallite fan (y-axis) and extending upwards and
outwards, similar to a feather duster, and terminating in the valley between fans. Shown here is the medial transect of the corallite fan that is parallel to the slab surface (x-y plane)
with corallite growth direction perpendicular to the annual density bands or time axis in the corallum. The optimal sampling path is along the fan's central axis (y-axis). (b) The slab
surface magnified to reveal extending corallites parallel to the slab surface with the vertical septa “rods” and horizontal synapticulae “rungs”, which resemble a ladder. These par-
allel corallites are an example of the desired corallite orientation for optimal sampling. (¢) X-radiograph of the core section 92-PAA1-A revealing annual density bands, extending
corallite fans, apexes, and valleys. The sampling paths are along the approximate central axis of the corallite fans and corallites septa are parallel to the slab surface. (d) Coral Sr/Ca
determinations from the optimal sampling paths in (c). We aligned the initial depth of each path to the preceding path. Note: the depth domain is not an exact representation of the
time domain thus samples at the same depth (mm) may not be contemporaneous. Error bars represent analytical precision (20).

Adapted from Darke and Barnes, 1993.
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trates a coral slab in which the corallites are at an angle (<90°) in the depth (z) direction with the corallites extending through the slab surface (x-y plane) in a oblong transect,
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and 92-PAA2, our optimal paths include those more than 30° from ver-
tical (92-PAA1-F1, 92-PAA1-G2, and 92-PAA2-I; Figs. 1 and 2) with ex-
tension rates greater than 5.6 mm year™ . These paths agree within
20 of analytical precision with contemporaneous vertical paths in the
same core and the other core (Figs. 3 and 4).

4.3. Chronology

Our chronology from cross dating two intracolony cores agrees with
the 22°Th dates within analytical precision (Fig. 9 and Table 5). A previous
study demonstrated site-specific initial 23°Th/23?Th (2*°Th/%**Thiitia1)
values should be used for accurate 2*°Th age calculation for shallow-
water corals (Shen et al., 2008). Corrected 2*°Th ages are calculated
using a 23°Th/?*?Thypsia atomic ratio of 6.5x 106 with an arbitrary 20
variability of 20%, estimated by matching the corrected 22°Th age of the

annual density band layer in 92-PAA1-H with a high 232Th content of
3575 412 parts per trillion (ppt) to its density band age. There is no sig-
nificant difference between corrected ages of seven duplicate analyses
with various 2*2Th levels (10 to 1000 ppt) for seven layers, which verifies
the well-estimated 22°Th/232Th;,;; ratio. Precision of determined dates
for all depths ranges from 1 to 4 years.

Cross dating the intracolony cores allows us to assess missing
years in core breaks (Table 6). We find no missing years for core sec-
tions where the slabs fit together perfectly (e.g., 92-PAA1-F1 and
92-PAA1-F2 in Fig. 1) and 0 to 13 months missing along continuous
sampling paths between core sections without a tight fit (e.g., 92-
PAA1-Land 92-PAA1-Kin Fig. 1). Core breaks with evidence of grinding
between core sections have 0 to 30 months missing depending on the
sample path selection (e.g., 92-PAA1-N and 92-PAA1-0O in Fig. 1 and
top of 92-PAA2-K in Fig. 2). Gaps of 3 to 9 years occur between core
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Fig. 7. Intracolony coral Sr/Ca reproducibility with suboptimal intervals included. (a) Number (#) of paths sampled. (b) Monthly coral Sr/Ca anomalies and (c) monthly (this study)
and seasonal coral 5'0 anomalies (Quinn et al., 1998) same as Fig. 4 except problematic paths are included (gray boxes) with labels noting the type of sampling problem (Sections
4.1 and 5.1). We adjusted the seasonal coral 5'®0 time series to the chronology presented here.

sections with disorganized corallites and obscure density bands in the
X-radiographs (e.g., top of 92-PAA2-L in Fig. 2). Overall, the loss of
time in both cores is <14 months back to 1728 CE. Before 1728 CE,
the cores are staggered with gaps of 30 to 111 months with
sclerochronology dates verified by three 23°Th dates (Figs. 4 and 9).
We find core bottom dates of 1667 CE for 92-PAA1 and 1649 CE for
92-PAA2.

5. Discussion

There are different sources of anomalous coral Sr/Ca and 580 deter-
minations, most result in higher coral Sr/Ca and 680 values whereas a
few sources produce lower values. Higher than expected coral Sr/Ca and
680 determinations (i.e., colder temperatures) could be the result of
slow growth rates (ie., kinetic effects) (McConnaughey, 1989; de
Villiers et al., 1994), thermal stress and bleaching (Marshall and
McCulloch, 2002), marine secondary aragonite precipitation (Quinn
and Taylor, 2006; Hendy et al., 2007), sampling in a valley between
corallite fans (Alibert and McCulloch, 1997; Cohen and Hart, 1997),
and disorganized corallite fans. Anomalously low coral Sr/Ca and §'80
determinations (i.e., higher temperatures) result from secondary calcite
precipitation (McGregor and Gagan, 2003) and suboptimal corallites.
The annual cycles in geochemistry are altered or disappear with diagen-
esis (Quinn and Taylor, 2006) and with thermal stress from bleaching

(Marshall and McCulloch, 2002) whereas the cycles may still be evident
with reduced growth, suboptimal and disorganized sampling. Here we
discuss anomalous coral Sr/Ca and 6'80 determinations related to sam-
ple path selection and how these anomalies manifest as 1) sampling un-
certainties, and 2) chronology discrepancies as well as the implications
for coral-based climate reconstructions. Sampling path selection may
produce discrepancies in other geochemical proxies from coral skele-
tons or measurements of the corallum yet these remain to be evaluated.
The other sources of uncertainties and discrepancies in coral records,
such as environmental, diagenesis, thermal stress, and biological pro-
cesses, will not be discussed further (see Corrége, 2006; Jones et al.,
2009; DeLong et al., 2010, 2011; Lough and Cooper, 2011).

5.1. Sampling uncertainties

The sampling biases documented in this study can be subtle to large
and span several years with clear annual cycles, thus appear to be real
temperature variability (Fig. 7 and Table 2). Suboptimal alignment of
corallites is particularly problematic because it can occur along the
major growth axis and is not readily apparent in X-radiographs (Fig. 6;
Fig. 5 in DeLong et al. (2007)). The analysis by Lough and Barnes
(1990) finds an average of 2 mm displacement on opposing sides of a
6 to 7 mm slab, thus sampling along the major growth axis evident in
the X-radiograph may produce different geochemical time series on
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Table 2
Summary of sampling issues detected.
Core section  Year * Type Proxy Bias (°C) " Extension ©  Notes
92-PAA1-B 1960-1965 Suboptimal Sr/Ca  +1.77 (n=67) 119 (n=7) Corallites at angle to the slab surface.
+1.67 (n=67)
5'%0 +0.16 (n=48)
92-PAA1-D 1912-1914 Disorganize Sr/Ca  —0.87 (n=26) 14.0 (n=2) Merging fans and reduced annual cycle.
—0.65 (n=26)
92-PAA1-D 1907-1908  Suboptimal +0.04 (n=13) 22.0 (n=1) Corallites at 90° with respect to slab surface. False year.
+0.19 (n=13)
92-PAA1-F1  1870-1875 Disorganize Sr/Ca  —2.40 (n=44) 7.7 (n=5) Reduced extension (lowest=3.5 mm) and annual cycle. Cavity in coral (Fig. 1).
—245 (n=57) 51 (n=3)
92-PAA1-F2  1831-1836 Suboptimal Sr/Ca  +0.83 (n=61) 115 (n=5) Corallites at angle to the slab surface.
+0.53 (n=61)
5'%0 —0.36 (n=20)
92-PAA1-L 1772-1776  Disorganize +0.44 (n=56) 8.1 (n=5) Reduced annual cycle and no seasonal extremes.
—0.11 (n=56) 63 (n=1)
92-PAA1-K 1755-1754 Suboptimal Sr/Ca NA 224 (n=3) Corallites at 90° with respect to slab surface.
+2.30 (n=15) 40.6 (n=1)
92-PAA1-] 1742-1749 Disorganize Sr/Ca  —0.76 (n=90) 49 (n=2) Reduced apparent extension, cavity, and did not capture summer minima.
—1.06 (n=90) 49 (n=2)
5'%0  NA
+0.02 (n=90)
92-PAA1-] 1734-1736  Suboptimal  Sr/Ca —1.41 (n=29) 14.7 (n=1) Corallites rotating to 90° with respect to slab surface and reduced
disorganize —1.94 (n=29) 7.7 (n=1) annual cycle. This core section and prior interval has bioerosion (Fig. 1).
5'%0  NA
—1.05 (n=10)
92-PAA1-I 1731-1737 Disorganize Sr/Ca  —0.52 (n=77) 4.7 (n=6) Reduced apparent extension, cavity, no summer maxima,
suboptimal —1.02 (n=77) 21 (n=1) and false years. This core section and prior interval has bioerosion (Fig. 1).
5'%0 NA
—0.61 (n=14)
92-PAA1-H  1723-1732 Disorganize Sr/Ca NA 4.6 (n=9) Reduced apparent extension, cavity, and no summer minima. Cavity in coral (Fig. 1).
suboptimal —0.98 (n=100) 36 (n=1)
92-PAA1-M  1701-1707  Suboptimal +0.14 (n=67) 129 (n=6) Corallites rotating to 90° with respect to slab surface. False years.
NA 217 (n=1)
92-PAA1-M  1692-1693  Suboptimal NA 139 (n=1) Corallites rotating to 90° with respect to slab surface.
+0.04 (n=9)
92-PAA1-O 1680-1681 Disorganize Sr/Ca —0.23 (n=17) 6.0 (n=1) Corallites at angle and no summer minima.
—0.12 (n=17)
92-PAA1-0O 1665-1667 Suboptimal Sr/Ca NA 13.7 (n=2) Corallites rotating to 90° with respect to slab surface and no winter extremes.
+0.11 (n=24) 153 (n=1)
92-PAA2-D 1945-1948 Disorganize Sr/Ca —1.86 (n=27) 7.5 (n=1) Reduced annual cycle and no summer minima.
suboptimal —242 (n=27)
92-PAA2-G 1800-1807 Disorganize Sr/Ca NA 7.0 (n=6) Reduced annual cycle, and small fans.
suboptimal +0.61 (n=282) 6.4 (n=1)
92-PAA2-H  1772-1778 Disorganize Sr/Ca  —1.65 (n=75) 83 (n=45 Reduced annual cycle, merging fans and valley.
—1.14 (n=75) 6.7 (n=1)
92-PAA2-] 1766-1772 Disorganize Sr/Ca  —1.40 (n=56) 7.7 (n=4) Reduced annual cycle and merging fans.
—1.23 (n=56) 59 (n=1)
92-PAA2-1 1744-1747 Disorganize Sr/Ca  —0.35 (n=36) 6.3 (n=4) Reduced annual cycle, reduced extension, small and merging fans.
suboptimal —0.22 (n=36) 58 (n=1)
92-PAA2-L 1699-1709  Disorganize No samples No optimal paths, gap between sections.
92-PAA2-L 1686-1690 Disorganize Sr/Ca  —1.24 (n=50) 83 (n=4) Terminating fan.
—1.23 (n=50) 54 (n=1)
92-PAA2-M  1662-1671 Disorganize Sr/Ca —1.70 (n=110) 8.6 (n=9) Merging fans.
—1.77 (n=110)

2 Chronology from this study. Years are CE.

b With respect to samples with optimal orientation from either the same core (first value) or the other core from the same colony (second value), with no comparison available
noted with NA (not available). Values are given for coral 620 if available. Biases are determined in the time domain and are reported with number of observations (n). Average bias
for the interval are reported as degrees Celsius using the transfer function 0.054 mmol mol~! °C~! for coral Sr/Ca (DeLong et al., 2007) and 0.22%.°C~" for coral 5'%0.

¢ Average apparent extension per year determined from geochemical variations. Units are mm year~'. Values with n=1 are either a minimum or maximum.

Table 3

Average geochemistry from 92-PAA1-K for optimal and suboptimal paths.
Depth Sr/Ca Sr/Ca Sr/Ca 580 © 880 ©
(mm) depth domain time domain ? 92-PAA2 P depth domain time domain *

(mmol mol ') (mmol mol ') (mmol mol 1) (%o VPDB) (%o VPDB)

0.0 to 29.0 9.2244-0.108 9.2254-0.093 9.2264-0.089 —4.134+0.27 —4114+0.24
Optimal (n=42) (n=35) (n=35) (n=14) (n=11)
29.1 to 60.5 9.18640.093 9.200+0.100 9.197 +0.093 —4.3440.29 —4.32+0.29
Suboptimal <90° (n=45) (n=29) (n=29) (n=15) (n=11)
60.6 to 92.0 9.11540.090 9.1144-0.089 9.2404-0.102 —4.5640.18 —4.60+0.16
Suboptimal 90° (n=44) (n=24) (n=15) (n=14) (n=6)

¢ Depth domain data was converted to time domain and linearly interpolated to even monthly intervals.
b Contemporaneous coral Sr/Ca averages from 92-PAA2-I.
¢ Contemporaneous coral 5'%0 averages from 92-PAA1-K reported by Quinn et al. (1998) for which the sampling interval is ~4 samples year~'. Depth domain data were

converted to time domain and linearly interpolated to an even 4 samples year™ .

1
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Fig. 8. Sampling orientation with respect to the colony. (a) Vertical cross section of a small
Porites lutea colony from Vanuatu with sampling paths at various angles from vertical axis
of the colony. Sampling paths have optimal corallite alignment with respect to the slab
surface. (b) Coral Sr/Ca determinations for the sampling paths in (a) with colors matching
the labels in (a). Depth from each core was aligned to the path 85° from vertical for com-
parison (Table 4). Error bar represents analytical precision (20).

opposing sides of a slab (DeLong et al., 2007). There are indicators of
suboptimal orientation in X-radiographs such as indistinct banding pat-
terns and longer than average distance between high-density bands
(Fig. 6). Examining the centimeter-scale growth patterns around the
sampling track can give clues to corallite orientation. If there is an area
with corallites at 90° to the surface, then there is a transition area
from parallel to perpendicular corallites. Our examination of coral
X-radiographs reveals perpendicular corallites can form and disappear

Table 4

Summary of coral Sr/Ca from sampling paths at different angles within a colony®.
Statistic Vertical 25° 85° Horizontal
Mean 9.048 9.052 9.045 9.055
Median 9.055 9.044 9.040 9.052
Standard deviation 0.071 0.061 0.052 0.055
Maximum 9.199 9.201 9.170 9.165
Minimum 8.906 8.939 8.930 8.943
Annual average © 9.007 +0.075 9.056 9.051 9.047

+0.016 40.023 +0.024

n¢ 40 33 29 69
Extension ¢ 19.8+0.9 20.0+1.7 16.1+1.0 19.94+0.16
Sampling ¢ 0.83 1.67 1.67 0.83

2 Determined in depth domain from 0 to 5 cm except for vertical, determinations
were made for 0 to 2.8 cm (Fig. 8). Units are mmol mol ~' unless otherwise indicated.

> Number of years for mean annual average (4 10) is three except for vertical for
which only two incomplete years are sampled. Additionally, the last year may not
have captured winter maxima in coral Sr/Ca (Fig. 8).

¢ Number of observations (n) for each path.

4 Determine between winter maxima (August) in Sr/Ca for each year. Units are
mm year~ ' and reported as an average + 1 standard deviation.

¢ Sampling interval (mm sample ') for each path.

quickly producing short-lived warm periods, which could be interpreted
as real climatic events and as false years (e.g., 1907 to 1909 CE in
92-PAA1-D in Fig. 1). The direction of the corallites can change on the
centimeter scale but this suboptimal bias can be avoided by examining
the slab surface under low power magnification during sample path
selection.

Suboptimal orientation is problematic for studies using bulk sam-
pling with annual intervals or longer, such as 5-year intervals. These
studies assume that coral growth is constant thus their sampling inter-
val represents an average; however, this may not be true for all coral
species and may vary between individual colonies (Barnes et al.,
1995; Gagan et al,, 2012). In the coral colony examined, suboptimal in-
tervals along the slab surface have elongated years with more summer
samples in the season with more growth resulting in a warm bias relative
to synchronous samples with optimal orientation. We find that this bias
is reduced by converting approximately monthly samples from the
depth domain to the time domain using four alignment points per year
and linearly interpolating to even monthly intervals. For example, the av-
erage coral Sr/Ca for the optimal interval in 92-PAA1-K (0 to 29 mm;
Fig. 6 and Table 3) in the depth and time domain are approximately the
same, for which the depth domain represents bulk sampling and the
time domain is monthly samples interpolated to even time steps. In the
interval with suboptimal corallites (29.1 to 50.6 mm), the averages be-
tween the depth and time domain differ by 0.014 mmol mol !
(or 0.26 °C) with 16 more samples in the bulk average. The time domain
average is approximately the same as the optimal path from 92-PAA2. For
interval with perpendicular corallites (60.6 to 92.0 mm), the averages are
approximately the same between the depth and time domain but are
lower than the average coral Sr/Ca from the optimally sampled
92-PAA2 (0.125 mmol mol ' or 2.30 °C warmer than 92-PAA2). The av-
erages for seasonal coral 5'80 are the same between depth and time do-
main suggesting that the bias is not removed; however, a shift to more
negative §'80 values occurs with increasing rotation of the corallites

1650 — — — — — — — — —

x Two cores

« Single core ’
1700 } o /* *

1750 t
1800 t |
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230Th age (year CE)
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Coral Sr/Ca and ADB (year CE)

Fig. 9. Comparison of sclerochronology dates with 23°Th dates. Sclerochronology deter-
mined by cross-dating coral Sr/Ca variations from two cores (92-PAA1 and 92-PAA2)
and counting annual density bands (ADB). Samples for 2*°Th dating were extracted
from the core 92-PAA1 (Fig. 1 and Table 5). Error bars for 2*°Th dates represent analyt-
ical precision (20). Error bars for sclerochronology method were determined by exam-
ining 22°Th sample area in X-radiographs (e.g., sample contains ~1+0.5 year; Fig. 1).
For the single core dates (red), the sclerochronology date of the 2*°Th samples is
from the chronology determined by the previous study (Quinn et al., 1998).
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Table 5
Uranium and thorium isotopic compositions and 2*°Th ages for corals determined by ICP-MS.
Core ID 238y 232Th 524U [23°Th/?%8U] [23°Th/?*2Th] Age Age 230Th date  §***Ujniar  Sr/Ca-ADB
(ppb) (ppt) Measured #  Activity ° (ppm) € Uncorrected Corrected ™ ¢ CE Corrected ¢ Year CEf
92-PAA1-A 302834+5.7 3187414 1453+2.1 0.0002367 40.0000075 371412 2257+40.72 18.6+1.1 19869411 1453+2.1 19875405
92-PAAT-A*  2931.1+6.7 18.89+0.60 148.5+23 0.000196 4-0.000012 502 £33 18.6+1.1 184411 1987.14+1.1 1485+£23 1987.5+£0.5
92-PAA1-B 27719+45 4268+1.6 1463+19 0.00045740.000010 49.04+1.0 43.5440.92 37.8+15 1967.84+1.5 1463+19 1968.54+0.5
92-PAA1-B"  2814.8+6.7 534+1.0 1455427 0.000428 +0.000015 372+15 40.8+1.5 40.1+1.5 1965.54+1.5 1455427 1968.540.5
92-PAA1-C 27946+46 3414+£12 1459+1.7 0.00078240.000008 105.7+£1.2 7455+0.81 70.0+£1.2 1935.64+1.2 1459+1.7 1937.5+£05
92-PAA1-C*  27310+73 2033+0.79 1458+29  0.0007360.000018 1632+£75 702+£1.7 69.9+1.7 1935.64+1.7 1458429 19375405
92-PAA1-E 30229488 39.29+0.64 1451429 0.001106 +0.000022 1405+ 36 105.5+2.1 105.0+2.1 1900.54+2.1 1452429 1904.54+0.8
92-PAA1-F1  29125+7.5 19.78+0.69 1449428 0.001610+0.000032 39144156 153.74+3.1 153.4+3.1 1852.14+3.1 1449428 1852.5+0.5
92-PAA1-F1* 2906.0+5.6 6203 +18 146.5+2.0 0.002419+ 0.000042 18.71+£0.33 230.6+4.1 150417 1855+17 146.5+2.0 1852.5+0.5
92-PAA1-F2  28704+6.2 589.1+18 144.0+2.2 0.001917 4-0.000018 1542+15 183.1+1.7 1754+23 1830.14+2.3 144.1+22 18315405
92-PAA1-G2  2887.4+5.2 271.36+0.89 1452420 0.002377+0.000016 4176431 2269416 22334138 17822418 1453+2.0 1784.0+1.0
92-PAA1-K 29139462  736.7+£1.7 1464+23 0.002648 +0.000018 1729+£12 2525418 243.04-2.6 1762.64+2.6 1465423 1761.54+1.0
92-PAA1-H 2858.5+8.1 3575412 148.0+£2.5 0.0034704-0.000047 45.804+0.62 330.5+4.5 17104 1484+15 1710.0+1.0
92-PAA1-H'  2713.6+48 169.24+3.8 1482+27  0.003103+0.000044 822422 2955+4.2 293.1+4.2 1483+2.7 1712.0+2.0
92-PAA1-H™ 28456451 308.7+3.5 149.1+28  0.003154+0.000047 480.0+89 300.1+4.5 296.04+-4.6 1493+2.8 1712.0+2.0
92-PAAI-H™ 27469+47 1419+33 1475+26  0.003129+0.000048 1000428 2982447 296.24-4.7 147.6+£26 1712.04£2.0
wt-average age 295.0+2.6 1714.0+2.6

92-PAA1-M  28704+6.5 7622+16 1449422 0.0033714-0.000023 209.6+14 3220423 312.04+3.0 1693.54+3.0 145.1+£22 1692.5+1.0
92-PAA1-M*  27752+5.1 147+£11 1446+£24 0.0033164-0.000048 10,357+£757 316.8+£4.7 316.644.7 1689.04+:4.7 144.74+24 169254+1.0
92-PAA1-O 29332+6.1 13719+42 1450+19 0.003611+0.000026 1275+1.0 3449+25 3274443 1678.2+4.3 145.1+2.0 1669.0+2.0
92-PAA1-0"  2912.0+5.4 239+1.0 1427424 0.00348 +0.00010 70094348 3329499 332.64+9.9 1673.04+£99 1429+24 1669.0+2.0

Analytical errors are 20 of the mean. Years are Common Era (CE).
2§84 = ([234U/238U]activity —1)x1000.

b [220Th/28U ] criviey = 1 — e N30T+ (8%34U measurea/1000) [Na30/(Na30 — Na3a) | (1 — e = (A230 =AZ39T) \where T is corrected age. Decay constants are 9.1577x 10~ year™" for 2*°Th,
2.8263x 1075 year—! for 22U (Cheng et al., 2000) and 1.55125x 107 1% year~—! for 238U (Jaffey et al., 1971).

¢ The degree of detrital *°Th contamination is indicated by the [?*°Th/?3?Th] atomic ratio instead of the activity ratio.

4 Age corrections are calculated using a 2*°Th/?*Thjyis ratio of 6.5+ 1.3 x 10~ estimated from layer 92-PAA1-H (Subsection 4.3).

€ §234U;piiar corrected is calculated based on 23°Th age (T), i.e., §***Uinitia = 6*>*Unmeasured X €

A234T and T is corrected age.

T Coral Sr/Ca and annual density band ages are determined by cross dating the cores 92-PAA1 and 92-PAA2 with uncertainty based on the estimated time interval of the sampling
area in scanned images of the coral slabs compared with digital X-radiographs of those slabs (e.g., sample contains ~1+0.5 year).

* Denotes duplicate subsamples.

T Denotes additional samples from the core section but two years younger than 92-PAA1-H (see Fig. 1).

but we do not have §'®0 determinations from 92-PAA2 to assess the
magnitude of the bias.

An example from 92-PAA1-K illustrates that comparisons between
studies using bulk or annual samples with studies using approximately
monthly samples may not agree in intervals with suboptimal sampling.
This may explain some of the differences in the coral Sr/Ca time series
noted by Linsley et al. (2006) for records from Fiji and Rarotonga for
which annual and monthly sampling resolutions were used. Our shal-
low water massive Porites colony grows more in the warm months
(Fig. 5d) whereas other coral colonies or species may extend more at
other times of the year; therefore, the suboptimal sampling bias may
vary with coral colony, location, and species.

The cold bias classified as disorganized resembles the bias in coral
Sr/Ca and &'80 previously reported (see Introduction and Alibert and
McCulloch, 1997; Cohen and Hart, 1997). Valleys between corallite
fans are the result of corallite growth occluding with the corallites
being compressed and their walls becoming thin and less dense
(Darke and Barnes, 1993) yet linear extension may not be reduced
(Alibert and McCulloch, 1997; Cohen and Hart, 1997). We also find
that merging and terminating corallite fans in the X-radiographs are
lighter or less dense compared to fans with active growth (Figs. 1, 2,
5 and 6). Calcification rate is the product of extension rate and density
(Lough and Barnes, 1997); therefore, calcification rates are reduced in
low density areas of the slab. Unfortunately, disorganized corallites

Table 6
Summary of missing time between core sections.
92-PAA1 Months * Notes 92-PAA2 Months Notes
A—B 0 Perfect fit between sections. A—B 0 Perfect fit between sections.
B—C 0 Good fit between sections, slightly rotated. B—C 0 Good fit between sections.
C—D 1 Good fit between sections, slightly rotated. C—D 0 Grinding between sections used additional path for gap.
D—E 0 Good fit between sections with some grinding. D—E 0 Good fit between sections used additional path for gap.
E—F1 0(1) Good fit between sections, and bioerosion. E—F1 0 Good fit between sections used additional path for gap.
F1-F2 0 Perfect fit between sections. F1—-F2 0 Perfect fit between sections.
F2—-G1 13 (14) Some fit, X-radiographs have continuous banding patterns. =~ F2—G 0 Good fit between sections used additional path for gap.
Gl1—-G2 0 Perfect fit between sections. G—H 8 Some fit, X-radiographs have continuous banding patterns.
G2—L 0(12) Some fit between sections, used new paths to bridge gap. H—1 0 Good fit between sections used overlapping paths.
L-K 0(6) Some grinding, used new paths to fill gap. -] 0 Good fit between sections continuous paths.
K—] 14 No fit between sections, 90° orientation at bottom of K. J—=K 19 Grinding between sections.
]-1 0(8) Grinding between sections used new paths to bridge gap. K—L 111 Grinding and top of section L has disorganized corallites.
I—-H 0 Some fit with grinding between sections and bioerosion. L-M 0 Some fit between sections, X-radiographs has continuous
banding patterns.
H-M 0 No fit with grinding between sections, paths overlap.
M—N 30 Some fit but banding patterns are not continuous and
corallites are disorganized at bottom of 92-PAA1-M.
N—-O 0 Heavy grinding between sections, paths overlap.

2 Number of months missing for the cross-dated chronology with additional paths included in this study. The number in parentheses is for just the paths used in the study of

Quinn et al. (1998) if different.
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do not have clear corallite growth structures on the slab surface and
obscure density banding in the X-radiographs; therefore, extension
and calcification rates cannot be determined. Kinetic effects from re-
duced calcification may explain the shift to higher coral Sr/Ca and
6180 values (McConnaughey, 1989); however, kinetic effects do not
explain all the biases observed (Table 2). Cohen and Hart (1997) sug-
gest that shading on the centimeter scale between bumps and valleys
on the colony surface reduces light-enhanced calcification producing
a shift towards higher coral §'80 values. We find that coral Sr/Ca is
the same between horizontal and vertical sampling paths on large
and small colonies (Section 5.2); therefore, shading effects on the
centimeter scale are implausible.

Another study reports a lack of reproducibility for coral Sr/Ca var-
iations between sampling paths in close proximity on separate
corallite fans (Alibert and Kinsley, 2008). Our examination of their
X-radiographs reveals problematic centimeter-scale structures such
as suboptimal corallites, terminating corallite fans, and unclear densi-
ty bands. For example, the interval from 1881 to 1883 CE appears to
have corallites rotated with respect to the slab surface; however,
suboptimal corallites are difficult to detect without examining the
coral slab. Their path starting in 1868 CE is located at a termination
of a corallite fan, thus the coral Sr/Ca determinations are colder than
synchronous samples from an adjacent path. Those authors find the
X-radiographs have low density and reduced extension rates associ-
ated with the terminating fan; they suggest this discrepancy is caused
by lower calcification rates thus kinetic effects. They recommend and
we concur that kinetic effects cannot be detected by extension rate
alone. Extension rates are easy to determine and are regularly moni-
tored, whereas density variations are harder to determine and to our
knowledge no threshold values for low density have been deter-
mined. Furthermore, density varies between coral genera, thus densi-
ty thresholds may vary as well.

Suboptimal and disorganized corallites can be problematic for recon-
structions using a single core. For example, a previous reconstruction
sampled the core 92-PAA1 (Corrége et al., 2001) and found a ~1.4 °C
cooling in New Caledonia for the interval from 1701 to 1761 CE, a period
within the Little Ice Age. That reconstruction examined coral Sr/Ca and
U/Ca variations from core sections 92-PAA1-K, ], H, and I, which contain
bioerosional cavities (Fig. 1). In order to replicate the previous
reconstruction's results, we sampled 92-PAA1 adjacent to the paths
used in previous reconstruction (Quinn et al, 1998; Corrége et al.,
2001) (Fig. 1) and we sampled a second core, 92-PAA2, from the same
colony, which had no cavities. Our coral Sr/Ca time series between
these cores agree within analytical precision with some exceptions
(Fig. 7 and Table 2). Examination of the coral slab for the intervals with
discrepancies revealed disorganized corallites along the paths sampled
by previous reconstruction, which resulted in colder temperatures (com-
pare Figs. 4 and 7). We sampled new paths on 92-PAA1 with optimal
corallite alignment and these new paths agreed with the second core
(92-PAA2) within analytical precision. Our coral Sr/Ca-SST reconstruc-
tion has an average temperature departure of —0.19 °C (+0.57 °C, 10)
for the interval from 1701 to 1761 CE (DeLong et al., 2012a), which
agrees with the coral Sr/Ca-SST reconstruction from nearby Flinders
Reef (—0.10+0.42 °C, 10) (Calvo et al,, 2007). Preliminary analyses
with monthly 680 from 92-PAA2 for this interval compared with
seasonal 6'%0 from 92-PAA1 (Quinn et al., 1998) reveal some dis-
crepancies suggesting that disorganized corallites can affect coral
6180 (Fig. 7).

5.2. Sampling orientation and extension rates

Our results for sampling orientation within a coral colony reveal no
significant mean shifts in coral Sr/Ca determinations and these determi-
nations are within analytical precision when optimal sampling is used
for both large and small colonies with extension rates >5 mm year ™!
(Figs. 3, 4, and 8). Comparable results for coral Sr/Ca are reported for a

Porites australiensis colony (10 cm high) and a Porites mayeri colony
(1.4 m high) between vertical and horizontal sampling paths with ex-
tension rates of >7 mmyear™' (Alibert and McCulloch, 1997;
Mitsuguchi et al., 2003). Other studies find no significant difference for
mean 6'80 determinations for Porites spp. from small, large, and
microatoll colonies with growth rates >6 mm year~! (Maier et al,,
2004; Felis et al., 2009; McGregor et al., 2011).

Some studies suggest horizontal-sampling paths should be avoided
due to possible growth-related effects (McConnaughey, 1989; de
Villiers et al., 1994, 1995) whereas others suggest horizontal cores are
more reliable for temperature reconstructions (Heiss et al., 1999;
Cahyarini et al., 2009). One such study finds small differences in the av-
erage of coral 5'80 between vertical and horizontal transects (0.08%o,
0.10%., respectively) with average growth rates between 14.8 and
12.2 mm year !, respectively, extracted from a large Porites colony
(~4 m tall) (Heiss et al., 1999). Those authors find the difference be-
tween the oldest and youngest intervals of each transect are larger for
the vertical transect (0.39%. vs. 0.22%,) in which the top of the colony
grew into shallower and warmer water whereas the horizontal core
remained at a constant depth (~3.5 m difference in water depth).
Those results and others suggest warming trends in multi-century tem-
perature reconstructions from vertical cores may be related to the colo-
ny growing into shallower and warmer water (Heiss et al.,, 1999; Scott
et al, 2010). However, our temperature reconstruction reveals a
warm-cold-warm pattern for the past 350 years suggesting this is not
the case with our colony or the effect is minimal (Fig. 4 and see Fig. 2
in DeLong et al. (2012a)). Another study with a large Porites colony
(~2.4 m high), which the vertical surface had almost reached the sea
surface, finds significant differences in mean coral Sr/Ca between hori-
zontal and vertical cores in which the horizontal core had a higher cor-
relation with temperature (Cahyarini et al., 2009). Unlike the results
reported by de Villiers et al. (1994), that study finds that the horizontal
core had lower coral Sr/Ca values (i.e., higher temperature) with lower
extension rates (9.7 mm year ') suggesting something else is altering
coral Sr/Ca other than growth-related effects or changes in temperature
with water depth. These differences may be related to thermal stress as
the top of the colony reaches the water surface leading to a breakdown
of the coral Sr/Ca thermometer (Marshall and McCulloch, 2002; Liu et
al., 2005; Felis et al., 2009). Conversely, Porites microatolls, colonies in
very shallow water that no longer extend vertically but laterally, have
approximately the same mean coral 6'%0 values between transects
and good correlation with temperature suggesting microatolls are
more thermally tolerant than a boulder-shaped Porites colony growing
towards the surface (McGregor et al., 2011).

We find growth-related effects are not influencing our optimally
sampled coral Sr/Ca variations. Our results for coral Sr/Ca generally
agree with the extension rate limit of 6.0 mm year ! set by Felis et al.
(2003) determined from §'80 determinations in Porites spp. Further-
more, we find coral Sr/Ca determinations are reproducible for extension
rates between 5 and 6 mm year~ ! compared with optimally sampled
determinations with extension rates >7 mm year~'. A study that ex-
amined a Pavona clavus colony suggests 5 mm year ™ ! as the minimum
extension rate for growth-related effects (McConnaughey, 1989). Con-
versely, the slow growing and more dense massive corals Diploastrea
heliopora and Siderastrea siderea have average extension rates of ~5.5
and ~4.5 mm year !, respectively, and replication studies with these
corals reveal reproducible coral Sr/Ca determinations within and be-
tween colonies (Bagnato et al., 2004; DeLong et al., 2011). These results
suggest the growth-related effects vary with species and calcification
rate, not extension rate, thus calcification is more important in deter-
mining thresholds for kinetic effects.

The initial studies reporting differences between horizontal and ver-
tical samples examined a columnar coral, Pavona clavus, in which
growth rates vary greatly (~200%) between the sides and the vertical
top of the colony (McConnaughey, 1989; de Villiers et al., 1994, 1995)
whereas the differences in growth rates along the surface of a massive
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Porites colony are not large, ~15% (Lough and Barnes, 2000). Branching
corals are the extreme in regards to extension rates; these corals have
fast growing axial corallites (~100 mm year~') and slow growing radi-
al corallites (<10 mm year™'). Coral Sr/Ca and §'80 determinations
from the branching coral Acropora noblis are significantly different be-
tween the radial and axial corallites with no significant correlation
with temperature (Shirai et al., 2008). Conversely, a culture experiment
with a branching species of Porites finds that the coral Sr/Ca to temper-
ature slope is within the range of slopes determined for massive Porites
spp. (Armid et al.,, 2011). These results suggest that the same process for
the incorporation of strontium in coral skeletal material for branching
forms of Porites is similar to that of massive forms of this species. On
the other end of the growth rate scale, no significant differences are
present between synchronous horizontal and vertical paths in the
slow growing (4.5 mm year—!) massive coral Siderastrea siderea
(DeLong et al., 2012b). The relationship, if there is one, between colony
morphology, species, growth rate, and geochemistry is unclear; never-
theless, it is apparent that broad generalizations cannot be made with
regards to kinetic effects.

5.3. Chronology error

Combining cross dating and high precision 22°Th dating (Shen et al.,
2008) allows us to determine an absolute chronology and to evaluate
chronology error for reconstructions based on a single core. We com-
pare our chronology with a previous study (Quinn et al., 1998) based
the single core 92-PAA1, which is included in this study (Fig. 9 and
Table 6). The previous study established their chronology by assuming
a minimal loss of time between breaks in the core. They selected contin-
uous paths (green paths in Fig. 1) except when a path ends or when
density bands are not apparent in the X-radiographs and then they se-
lected new paths that overlap in time, if possible (e.g., 92-PAA1-B and
92-PAA1-N in Fig. 1). Cross dating reveals the core section 92-PAA1-I
is synchronous with the top of 92-PAA1-H (1732 to 1729 CE; Fig. 1) be-
cause the coral grew around the cavity resulting in false years in the
previous study's chronology thus a 9-year difference between the chro-
nologies. The previous study had a core bottom date of 1657 CE for
92-PAA1 (Quinn et al., 1998); however, we interpret the last 2 years
as false years caused by suboptimal corallite alignment (Fig. 1 and
Table 2). We test the assumption of minimal time loss and we find little
missing time for core sections with continuous paths yet core breaks
without continuous paths and core sections with disorganized corallites
result in missing years (total of 4.5 years; Table 6) and false years (total
of 12.5 years). Combination of missing and false years reduces the over-
all chronology error to — 2.3 years century~ ' for which the chronology
error increases with age or down core (Fig. 9).

We perform a hypothetical experiment with the core 92-PAA2 in
which we make the same assumptions as the study of Quinn et al
(1998) and we determine the chronology for a single core (Table 6).
The time missing between the core sections in 92-PAA2 is relatively
small, <8 months, until 1722 CE (J — Kin Table 6). The largest contributor
to chronology error in the core 92-PAA2 is the gap between core sections
92-PAA2-K and 92-PAA2-L (1699 to 1708 CE), which results in 9.25 years
missing, whereas the largest contributor in the core 92-PAA1 is false
years. The core bottom date for 92-PAA2 is 1662 CE for a chronology
based on just that core, 13 years younger than cross-dated bottom date,
yielding a chronology error of + 3.7 years century ™.

Overall, the assumption of minimal time loss between core sections
is correct when density bands are clear in the X-radiographs and a min-
imal loss of material occurs during core recovery. This assumption does
not hold true when the density band structure becomes less clear down
core and when the centimeter-scale growth structures meander pro-
ducing fewer optimal paths to sample. The chronology uncertainty in-
creases in both of our cores ~2.8 m or ~250 years down the core. A
survey of X-radiographs from other multi-century studies with massive
Porites colonies reveals that corallite fans tend to meander ~250 years

down the core (e.g., Linsley et al., 1994; Felis et al., 2000; Ren et al.,
2002; Linsley et al., 2004; Zinke et al., 2004; Linsley et al., 2008). One
study finds increased dating uncertainties caused by centimeter-scale
skeletal structures at only 40 years down core (Alibert and Kinsley,
2008). This difference may reflect the fact that researchers pick the
best cores for their reconstructions. Chronology error depends on the
quality of the core and the growth structures in the core. A core with
many breaks or disorganized corallites will have larger annual chronol-
ogy error than a core with clear density bands and few breaks. For ex-
ample, 92-PAA2 has few breaks, clear density bands, and optimal
corallite fans until 1709 CE when disorganized corallites perturb the re-
cord. Improvements to core drilling may aid in recovery of cores from
large Porites colonies yet meandering corallite fans may still be present.
The study by Lough and Barnes (1992) examined forty colonies from
the Great Barrier Reef and they report, “...it was impossible to cut a
slice from a single growth axis in such large colonies of Porites.”

Our chronology error assessment for reconstructions composed of
a single core (—2.3 to 4 3.7 years century ') is within previous esti-
mates of +1 to 5 years century ™' (Swart et al., 1996b; Dunbar and
Cole, 1999; Felis et al., 2000; DeLong et al., 2007; Shen et al., 2008).
These estimates are concerning for reconstructions of interannual cli-
mate variability such as El Nifio-Southern Oscillation and decadal
scale variability. A reconstruction of 300 years could possibly have a
shift of 9 years in the last century of the record thus changing inter-
pretation of the duration and timing of climatic events. Furthermore,
chronological error can influence the frequency domain interpreta-
tion of high-resolution reconstructions (DeLong et al., 2009).

6. Conclusions

Producing multi-century geochemical records from corals is time
consuming and expensive, yet these reconstructions are invaluable
contributions to our understanding of tropical climate variability. Un-
fortunately, these long records are few and each core recovered from
a coral colony is invaluable. In lieu of replication with many colonies,
some paleoclimatologists have used the multi-proxy approach to rep-
licate and isolate climatic signals contained in corals. This study
started as a multi-proxy study to complement to the coral §'80
study of Quinn et al. (1998); however, we found discrepancies that
we could not explain at first. We consulted with dendroclimatologists
who suggested that the answers might be revealed by re-examining
methods and by going back to “the wood” or in our case, the coral.
Sampling a coral for a paleoclimate reconstruction is simple, follow
the coral's growth through time; however, this growth axis is not al-
ways readily apparent. Some studies focus on biomineralization and
micro-scale structures in order to understand how corals form their
skeleton in relation to the incorporation of trace elements and heavi-
er isotopes. A few studies focus on centimeter-scale structures and
their relationship to growth and the inclusive records. Our study
went back to the coral, the coral slab, and the growth structures visi-
ble on the slab surface. X-radiographs are helpful in identifying sam-
pling paths but they can be misleading and they are no substitute for
looking at the coral. We find sampling along the axis of major growth
on the corallite fans with corallites parallel to the surface yields re-
producible geochemical time series within and between colonies, as
long as extension rates are above the threshold for that species. We
find that coral Sr/Ca determinations are more sensitive to sampling
path selection than coral 6'80 determinations. Strontium is a trace el-
ement in coral calcium carbonate whereas oxygen is a major constit-
uent and is thus less sensitive to sample path selection.

The results presented here demonstrate that coral Sr/Ca variations
from multi-century long intracolony cores can yield highly reproduc-
ible records that can be cross-dated to reduce chronology error and
can be used to produce a temperature reconstruction with high fidel-
ity. Our optimal sampling method will allow paleoclimatologists to
recover Sr/Ca, 6'80, as well as other records from corals with greater
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accuracy and precision. Re-examination of previous coral-based stud-
ies, similar to ours, can be carried out with little cost by examining
core slabs and the geochemical records from those slabs. Re-
sampling intervals with disorganized or suboptimal corallites may re-
solve discrepancies between records and provide new insight into
past climate variability. Furthermore, our optimal sampling method
will be useful for corals without clear annual density bands, if the
corallite fans are present on the slab surface. The results from our hor-
izontal and vertical comparison give promise for both modern and
subfossil coral reconstructions. Some researchers may have
disregarded cores that did not have prefect vertical transects or
cores for which the orientation with respect to the colony is un-
known. We suggest that these cores from massive Porites colonies
can be used, as long as extension rates are above the threshold for
this coral genus, no indications of diagenesis or thermal stress are
present, and our optimal sampling method is used. We cannot make
the same conclusions for other coral genera and we suggest caution
in making broad generalizations between coral genera and different
coral morphologies. Our hope is that this research will further the
use of Sr/Ca variations in corals to reconstruct tropical ocean temper-
atures in order to address important questions regarding our chang-
ing world.

7. Recommendations

1. Selection of sampling paths for geochemical and growth studies
needs to include the additional step of examining the coral slab
to locate corallite fans with a central axis along the slab surface
in which the rods and rungs of the corallites are parallel to the
slab surface. Our optimal sampling method ensures that sampling
paths follow the time axis of the coral colony.

2. We find that corallite alignment to the slab surface is more impor-
tant than sampling directly on central apex of the corallite fan;
however, paths off the apex should be avoided if possible.

3. We suggest monitoring extension rates for indications of
suboptimal and disorganized corallites as well as growth-related
effects. This monitoring can be carried out using X-radiographs
for new studies and by examining the distance between geochem-
ical maxima for previous studies. Extension rates should be rela-
tively smooth without anomalously short or long years, which
may indicate that sampling paths are not parallel to the growth
axis of the corallite fan. For Porites spp., the minimum extension
rate is between 5 and 6 mm year ™ .

4. We recommend sampling two cores from the same colony and cross
dating the records for reconstructions longer than 250 years. This is
necessary to reduce chronology error and to recover a complete record
as well as reduce non-environmental variability. High-precision 2°Th
dating will aid in cross dating cores and allow researchers to verify
their chronologies.

5. X-radiographs should be included in reports of coral studies in order
to evaluate sample path selection. Any areas with suboptimal or
problematic corallite alignment should be noted and avoided. We
find using high-resolution digital X-radiography is able to resolve
density bands in corals previously thought to not contain density
bands; therefore, re-examination of coral slabs from earlier studies
may be beneficial.
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