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Abstract High-latitude cold-water coral (CWC) reefs are particularly susceptible due to enhanced CO2

uptake in these regions. Using precisely dated (U/Th) CWCs (Lophelia pertusa) retrieved during research
cruise POS 391 (Lopphavet 70.6°N, Oslofjord 59°N) we applied boron isotopes (δ11B), Ba/Ca, Li/Mg, and U/Ca
ratios to reconstruct the environmental boundary conditions of CWC reef growth. The sedimentary
record from these CWC reefs reveals a lack of corals between ~6.4 and 4.8 ka. The question remains if this
phenomenon is related to changes in the carbonate system or other causes. The initial postglacial setting
had elevated Ba/Ca ratios, indicative of meltwater fluxes showing a decreasing trend toward cessation at
6.4 ka with an oscillation pattern similar to continental glacier fluctuations. Downcore U/Ca ratios reveal an
increasing trend, which is outside the range of modern U/Ca variability in L. pertusa, suggesting changes of
seawater pH near 6.4 ka. The reconstructed bottom water temperature at Lopphavet reveals a striking
similarity to Barent sea surface and subsea surface temperature records. We infer that meltwater pulses
weakened the North Atlantic Current system, resulting in southward advances of cold and CO2-rich Arctic
waters. A corresponding shift in the δ11B record from ~25.0‰ to ~27.0‰ probably implies enhanced
pH up-regulation of the CWCs due to the higher pCO2 concentrations of ambient seawater, which hastened
mid-Holocene CWC reef decline on the Norwegian margin.

1. Introduction

Cold-water coral (CWC) reefs on the European continental margin are hot spots of marine biodiversity, but
due to ongoing climate change, they are under serious threat [Guinotte et al., 2006; Roberts and Cairns,
2014]. In particular, the current rise in atmospheric carbon dioxide concentrations (CO2) dissolves into the
oceans and therefore leads to a decrease in seawater pH, known as “ocean acidification” [e.g., Doney et al.,
2009]. This phenomenon probably limits the growth and survival of cold-water corals due to shoaling of
the aragonite saturation horizon (ASH, aragonite saturation state = Ωarag = [Ca2+][CO3

2�]/K*arag, where K*arag
is the stoichiometric solubility product of aragonite). Given their proximity to the carbonate saturation
horizon, CWCs are particularly vulnerable to the impact of climate change and the consequent effects on
seawater chemistry [Guinotte et al., 2006]. The main framework builder of CWC reefs in the NE Atlantic is
Lophelia pertusa [Linnaeus, 1758 (Desmophyullum pertusum [Addamo et al., 2016; Freiwald et al., 2004,
Figure 1]). Single L. pertusa polyps can be found within a seawater temperature range of 4–14°C [Freiwald
et al., 2004, 2009; Roberts et al., 2006] with only a few exceptions in the western Atlantic [Mienis et al.,
2014], whereas flourishing reefs thrive between >6°C on the Norwegian margin and <10°C on the Irish
margin [Flögel et al., 2014]. Possibly even more important is their dependency on the state of the ocean
carbonate system to survive and flourish [Flögel et al., 2014; Guinotte et al., 2006]. Considering the
apparent relationship of flourishing CWC reefs on the European continental margin to seawater density
(sigma theta σθ = 27.5 ± 0.15 [Dullo et al., 2008; Rüggeberg et al., 2011]), flourishing reefs appear to be abun-
dant in seawater with a dissolved inorganic carbon concentration of 2170 (μmol/kg) and pH between 7.98
and 8.3, implying a strong dependency of CWC reef growth on the carbonate chemistry of ambient sea-
water [Flögel et al., 2014], whereas single L. pertusa polyps are able to survive cultivation studies under a
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pH of 7.4 [Form and Riebesell, 2012]. Recent studies have demonstrated by the use of boron isotope systema-
tics (δ11B) that CWCs are resilient (to some extent) to changing seawater carbonate chemistry, by regulating
their internal pH to sustain calcification [Anagnostou et al., 2012; Martin et al., 2016; McCulloch et al., 2012;
Trotter et al., 2011; Wall et al., 2015]. This phenomenon appears to be consistent with culturing experiments
[Form and Riebesell, 2012].

On geological time scales the initiation, development, and demise of CWC reefs have been sensitive to
various oceanographic parameters such as bottom currents, nutrient availability/sea surface productiv-
ity, and water mass stratification [e.g., Eisele et al., 2011; Hebbeln et al., 2016; Kano et al., 2007; Raddatz
et al., 2011, 2014a; Rüggeberg et al., 2007, 2016]. Particularly, CWC growth in the NE Atlantic reveals a
distinct shift of the biogeographic limit from high to low latitudes in glacial periods [Eisele et al., 2011;
Frank et al., 2004, 2009, 2011; McCulloch et al., 2010; Wienberg et al., 2009, 2010]. During interglacial
periods (Holocene) CWC reef growth was predominantly restricted to the Norwegian and Irish margins
as well as to the Bay of Biscay [Eisele et al., 2008; Dorschel et al., 2005; Rüggeberg et al., 2007, 2016;
Frank et al., 2009], whereas CWC reef growth off Mauretania and in the Gulf of Cadiz occurred mostly
during glacial periods [Eisele et al., 2011; Frank et al., 2011; Wienberg et al., 2010]. Such an obviously
climatically driven pattern of active CWC reef growth has been primarily attributed to changes in
sea surface productivity and movements of the Polar Front [Frank et al., 2011, and references therein].
However, CWC reef occurrences during the Holocene on the Norwegian margin appear to be driven
by a more complex pattern than solely glacial/interglacial controlled growth from high to low latitudes
[López Correa et al., 2012; Stalder et al., 2014; Titschack et al., 2015]. Combined U/Th and 14C ages for a
suite of CWC reefs reveal that Norwegian CWC reef growth may have declined during the mid-
Holocene from ~7 to ~4 ka and for a slightly longer period within fjord systems from ~9 to ~4 ka
[López Correa et al., 2012; Titschack et al., 2015]. However, a reasonable explanation for this observation
remains to be determined.

Here we address this question by using well-dated (U/Th) CWCs and a multiproxy approach combining
boron isotope systematics (δ11B) with elemental ratios (Li/Mg, U/Ca, and Ba/Ca ratios). This approach will help
to reconstruct the environmental boundary conditions and the responses of CWC reefs growth during the
Holocene.

2. Material and Methods

Sample material for this study has been recovered during research cruise POS 391 with R/V Poseidon off
Norway in 2009 (Figure 1). Modern L. pertusa samples were either collected with the manned submersible
JAGO of GEOMAR, Helmholtz Centre for Ocean Research Kiel (GEOMAR) (Lopphavet and Oslofjord) or with
a Van-Veen grab (Sula reef). Gravity cores were taken after direct observations of the coral reef with the
manned submersible, JAGO. The gravity cores were retrieved close to, but not within, the currently flour-
ishing CWC reef at Lopphavet (between 70°26.6′N–70°28.9′N and 21°10.2′E–21°11.4′E, core numbers: 551-2,
551-3, 557-3, 559-2, and 559-3; Figures 1b and 1c) at depths from 226 to 268m and in Oslofjord (59.08′N,
19.5′E, core numbers: 575-2, 578-1, 576-1, and 576-2; Figures 1d and 1e) at 100m water depth.

Sediment cores were frozen and cut before sampling to avoid sediment disturbances [Dorschel et al., 2005;
Foubert et al., 2005]. Coral samples were then washed, rigorously mechanically cleaned with a dental drill,
and subsequently cut for further sampling. In particular, longitudinal sections of L. pertusa were subsampled
with a dental drill and a NewWave micromill avoiding the centers of calcification (COC) following Rüggeberg
et al. [2008]. For two samples we also sampled the COC to characterize sample heterogeneity (429-11 versus
430-11 and 439-11 versus 440-11).

Samples were then split for X-ray diffraction (XRD) analyses, elemental ratios, boron isotope measurements,
and U/Th dating. XRD measurements (>98% aragonite) indicate that all samples have retained their primary
aragonite skeletons. Before subsampling for dating and elemental ratios, the fossil samples were chemically
cleaning followed the protocol of Cheng et al. [2000a]; this protocol was not applied to samples prepared for
boron isotope analysis. Furthermore, we did not employ alkaline diethylenetriamine-pentaacetic acid for
barite removal, similar to other studies investigating Ba/Ca ratios in marine carbonates [e.g., Bahr et al.,
2013; Hönisch et al., 2011, and references therein].
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2.1. U/Th Age Determinations

The uranium/thorium coral ages were performed on a VG Axiom multicollector inductively coupled plasma–
mass spectrometer (MC-ICP-MS) at GEOMAR Helmholtz Centre for Ocean Research Kiel (Germany) following
the protocols of Fietzke et al. [2005] and a quadrupole ICP-MS Agilent Series 7200cs (GEOMAR) according to
the method of Douville et al. [2010]. Calculations ware based on decay constants of Cheng et al. [2000b]. The
measurements were carried out with a combined 233/236U/229Th spike. The stock solutions were calibrated
against National Institute of Standards and Technology Standard Reference Material (NIST-SRM) 3164 (U)
and NIST-SRM 3159 (Th), as a combined spike calibrated against CRM-145 uranium standard solution for
U-isotope compositions, and against a secular equilibrium standard (HU-1, uranium ore solution) for determi-
nation of 230Th/234U activity ratios. Full procedural blanks were around 60 pg for U, 6 to 9 pg for 232Th, and 0.5
to 5 fg for 230Th. A correction for detrital Th has been carried out, applying mean crustal composition values

Figure 1. (a) Study locationmap of recent flourishing CWC reefs on theNorwegianmargin, plus theMingula reef complex and
the Porcupine Seabight mounds are indicated. Recent Norwegian reefs are thriving in the North Atlantic Current (NAC). Also
indicated are the Arctic and the Polar Front and important sites discussed in the paper MSM 5/5 712/2 [Sørensen et al., 2014]
and 23258-2 [Sarnthein et al., 2003]. (b) In situ observation with themanned submersible JAGO during research cruise POS 391
of Lopphavet dive 1102. (c) Detailed map of coring sites at the Lopphavet reef. (d) Detailed map of the coring sites in the
Oslofjord. (e) In situ observation with the manned submersible JAGO of the Oslofjord reef dive 1105. Maps are generated with
ODV [Schlitzer, 2014].
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for U and Th and a 230Th/232Th activity ratio of 0.75 ± 0.2, according toWedepohl [1995]. The latter correction
appears to be negligible due to sufficiently high 230Th/232Th activity ratios and relatively low Th concen-
trations. Modern scleractinian cold-water corals reveal δ234U(0) values of 145.5 ± 2.3‰ [Cheng et al.,
2000b] and 146.3 ± 3.9‰ [Liebetrau et al., 2010]. We refer to the approach of Wienberg et al. [2010,
and references therein] to consider samples of a δ234U(T) value of 146‰± 10‰ (modern seawater
[Henderson and Anderson, 2003]) as reliable, which is apparently only for sample 822-13, not the case
(δ234U(t) = 246.52 ± 14.19) (Table 1).

2.2. Elemental Ratios (Ba/Ca, U/Ca, Li/Ca, and Mg/Ca)

Elemental ratios were measured on a quadrupole ICP-MS Agilent Series 7200cs (GEOMAR) and Thermo
X-series II quadrupole ICP-MS at University of Western Australia (UWA). Fossil samples were analyzed at
GEOMAR, and the livingmodern samples were analyzed at UWA. Solutions were analyzed for elemental ratios
according to the method of Rosenthal et al. [1999]. In particular, elemental ratios were calibrated against
multielement standards made from single-element solutions. For comparison, the Porites coral powder refer-
ence material JCp-1 was analyzed at both labs and yielded the expected absolute ratios and uncertainties
presented by Hathorne et al. [2013], reflecting both interlaboratory consistency and the robustness of this
coral standard. Typical reproducibility (2 standard deviations) is 1.2% for Mg/Ca, 5% Li/Ca, 10% Ba/Ca, and
1.2% U/Ca.
2.2.1. Ba/Ca Ratios
Open ocean dissolved barium has a similar distribution as nutrient and silicate concentrations [Chan et al., 1977]
and short residence time of 9 ka [Broecker and Peng, 1982]. The use of Ba as a paleo-proxy has been discussed
controversial [McManus et al., 1998]. However, in marginal seas and close to rivers, Ba/Ca has been

Table 1. U/Th Geochronology of Lophelia pertusa Samples Retrieved During Research Cruise POS 391a

Lab Code

Station Number/
Gear /

Water Depth (m)

Core Depth
(cm)

Description
Sampling
Region

Location

U-Th Prepared
Sample

Aliqout (mg)

MC =M

ICP-MS Type
Latitude
(°N)

Longitude
(°E)

Quadr. = Q

M =MC. Q = Quadr ICP-MS

429-11/M 550-1/JAGO/220 reef recent red Lopphavet 70.61 21.22 49 M
808-13/Q 551-2/GC/244 6 Lopphavet 70.61 21.22 158 Q
439-11/M 551-3/GC/? 200 Lopphavet 70.61 21.22 50 M
809-13/Q 557-3/GC/268 1 Lopphavet 70.68 21.23 176 Q
809-13 wpr/Q 557-3/GC/268 1 Lopphavet 70.68 21.23 182 Q
497-12/M 559-2/GC/225 17 Lopphavet 70.69 21.23 39 M
497-12/Q 559-2/GC/225 17 Lopphavet 70.69 21.23 197 Q
810-13/M 559-2/GC/225 27 Lopphavet 70.69 21.23 54 M
811-13/M 559-2/GC/225 38 Lopphavet 70.69 21.23 25 M
812-13/Q 559-2/GC/225 56 Lopphavet 70.69 21.23 194 Q
813-13/Q 559-2/GC/225 86 Lopphavet 70.69 21.23 165 Q
814-13/Q 559-2/GC/225 103 Lopphavet 70.69 21.23 177 Q
816-13/Q 559-2/GC/225 184 Lopphavet 70.69 21.23 150 Q
816-13 wpr/Q 559-2/GC/225 184 Lopphavet 70.69 21.23 147 Q
817-13/Q 559-2/GC/225 221 Lopphavet 70.69 21.23 163 Q
818-13/Q 559-2/GC/225 235 Lopphavet 70.69 21.23 160 Q
819-13/Q 559-2/GC/225 1 Lopphavet 70.69 21.23 160 Q
820-13/Q 559-3/GC/237 8 Lopphavet 70.69 21.23 186 Q
433-11/M 559-3/GC/237 sed. surf./rec. Sula 64.33 8.12 49 M
431-11/M 563-1/v.V. Gr./285 sed. surf./rec. Oslo Fjord 59.1 10.8 49 M
821-13/Q 571-1/JAGO/100 1 Oslo Fjord 59.1 10.8 225 M
821-13 wpr/Q 575-2/GC/99 1 Oslo Fjord 59.1 10.8 173 M
488-12/M 575-2/GC/99 12 Oslo Fjord 59.1 10.8 39 M
488-12/Q 576-1/GC/101 12 Oslo Fjord 59.1 10.8 155 Q
498/M 576-1/GC/101 134 Oslo Fjord 59.1 10.8 31 M
494-12/M 576-1/GC/101 212 Oslo Fjord 59.1 10.8 42 M
494-12/Q 576-1/GC/101 212 Oslo Fjord 59.1 10.8 209 Q

aThe bdl denotes below detection limit, and wpr denotes whole procedure blank, heterogeneity, and 232Th correction test; all uncertainties are presented
at two SEM levels. The δ234U(0) value represents the originally today measured (234U/238U) activity ratio, given in delta notation (δ234U(0) =
((234Uact/

238Uact)� 1) × 1000). Displayed δ234U(T) values reflect the age-corrected (234U/238U) activity ratios by recalculating the decay of 234U for the time
interval T (δ234U(T) = δ234U(0) × exp (λ234 · T)), determined from 230Th/234U age of each individual sample. All errors are deduced on 2σ level.
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successfully used as a tracer for fluctuating terrigenous input [e.g., Bahr et al., 2013; Hoffmann et al., 2014;
Weldeab et al., 2007] and for tracingmeltwater fluxes [Hall and Chan, 2004]. Ba/Ca can also be applied to scler-
actinian warm-water corals [e.g., Lavigne et al., 2016; Sinclair and Mcculloch, 2004] and cold-water corals
[Anagnostou et al., 2011; Montagna et al., 2005; Raddatz et al., 2014a]. The study by Anagnostou et al.
[2011] is to our knowledge the only existing CWC (scleractinian) calibration for estimating Ba/Ca partition
coefficients between seawater and coral aragonite, but was measured in the solitary slow growing
Desmophyllum dianthus, hence may not be directly applicable to the fast-growing reef-forming CWC, L.
pertusa. Here we use the Ba/Ca record to infer relative trends of terrigenous input into the coral reef
accompanied by meltwater fluxes at sea surface.
2.2.2. Li/Mg Ratios
The Li/Mg ratios were calculated from the Mg/Ca and Li/Ca ratios. The Li/Mg ratio has previously been shown
to serve as a robust temperature proxy in scleractinian cold-water corals [Case et al., 2010; Raddatz et al., 2013;
Montagna et al., 2014]. Here we use the multispecies calibration ofMontagna et al. [2014] to calculate bottom
water temperatures (BWTs) with the following equation: Li/Mgcoral = 5.41 exp (�0.049 × BWT), with a resulting
uncertainty of ±0.8°C.

Lithium and magnesium are conservative in the ocean and have a residence time of about 1 and 10Myr,
respectively [HuH et al., 1998; Berner and Berner, 1996]. It has been shown that Li/Ca and Mg/Ca twofold
increase over the last 2–3Myr [Hathorne and James, 2006; Fantle and DePaolo, 2006], largely reflecting the
shorter residence time of Ca compared to Mg (and Li). However, considering the relatively long residence
time of Mg and hence Li in the oceans, changes in the Li/Mg ratio of seawater are likely to be minimal even
on the time scale of 107 years. Accordingly, given that we have reconstructed environmental changes only
over the last 11 kyr, we consider seawater changes in Li/Mg as not being relevant.
2.2.3. U/Ca Ratios
Recent studies have shown that U/Ca ratios in scleractinian corals can be used to reconstruct changes in the
carbonate system of the ocean [Anagnostou et al., 2011; Inoue et al., 2011; Raddatz et al., 2014b]. There is an

Table 1. (continued)

238U
Concentration

(μg/g)

232Th
Concentration

(ng/g) (230Th/232Th) (230Th/234U) ∂234U (0) ∂234U (t) Age (ka)

2.43 ± 0.01 b. d. l. ± - b. d. l. ± - 0.00015 ± 0.00004 143 ± 4 143 ± 4 0.02 ± 0.01
4.39 ± 0.03 2.99 ± 0.24 344.4 ± 28.5 344.4 ± 28.5 144 ± 10 147 ± 10 7.5 ± 0.2
2.89 ± 0.01 0.55 ± 0.02 1626.5 ± 0.001 0.0883 ± 0.0010 142 ± 4 146 ± 4 10.1 ± 0.1
3.10 ± 0.02 1.38 ± 0.19 712.9 ± 101.1 0.0895 ± 0.0014 151 ± 7 155 ± 7 10.2 ± 0.2
3.10 ± 0.03 1.34 ± 0.08 709.8 ± 45.4 0.0877 ± 0.0021 142 ± 13 146 ± 14 10.0 ± 0.3
6.09 ± 0.03 47.41 ± 0.28 25.4 ± 0.2 0.0570 ± 0.0007 137 ± 5 139 ± 5 6.4 ± 0.1
6.06 ± 0.14 44.81 ± 0.93 27.6 ± 3.2 0.0571 ± 0.0025 127 ± 33 129 ± 33 6.4 ± 0.3
4.84 ± 0.03 1.94 ± 0.25 582.9 ± 77.3 0.0662 ± 0.0021 147 ± 9 150 ± 9 7.5 ± 0.2
5.40 ± 0.06 12.41 ± 0.81 96.9 ± 7.0 0.0630 ± 0.0023 141 ± 17 144 ± 17 7.1 ± 0.3
4.52 ± 0.06 3.92 ± 0.31 277.4 ± 23.1 0.0682 ± 0.0022 146 ± 18 150 ± 18 7.7 ± 0.3
4.11 ± 0.03 1.85 ± 0.10 545.1 ± 29.0 0.0699 ± 0.0010 140 ± 11 143 ± 11 7.9 ± 0.1
3.96 ± 0.03 4.28 ± 0.50 244.1 ± 28.9 0.0751 ± 0.0020 141 ± 10 144 ± 10 8.5 ± 0.2
4.33 ± 0.02 4.67 ± 0.10 260.7 ± 8.6 0.0796 ± 0.0020 148 ± 4 152 ± 5 9.0 ± 0.2
4.70 ± 0.03 5.86 ± 0.13 217.8 ± 5.3 0.0777 ± 0.0010 135 ± 8 139 ± 8 8.8 ± 0.1
3.33 ± 0.02 10.48 ± 0.34 85.1 ± 3.5 0.0764 ± 0.0022 133 ± 11 136 ± 11 8.7 ± 0.3
3.50 ± 0.02 2.16 ± 0.12 515.2 ± 29.7 0.0903 ± 0.0011 147 ± 10 152 ± 10 10.3 ± 0.1
8.28 ± 0.04 5.39 ± 0.19 235.2 ± 8.8 0.0433 ± 0.0005 148 ± 4 150 ± 4 4.8 ± 0.1
4.56 ± 0.03 1.66 ± 0.02 625.8 ± 7.9 0.0656 ± 0.0008 131 ± 8 134 ± 8 7.4 ± 0.1
2.83 ± 0.01 b. d. l. ± - b. d. l. ± - 0.0001 ± 0.0001 146 ± 5 146 ± 5 0.02 ± 0.01
3.29 ± 0.01 b. d. l. ± - b. d. l. ± - 0.0002 ± 0.0001 145 ± 4 145 ± 4 0.02 ± 0.01
3.52 ± 0.02 1.27 ± 0.05 402.2 ± 15.9 0.0416 ± 0.0005 139 ± 5 140 ± 5 4.6 ± 0.1
3.54 ± 0.02 10.54 ± 0.19 50.0 ± 2.0 0.0418 ± 0.0015 141 ± 7 143 ± 7 4.7 ± 0.2
4.35 ± 0.03 2.16 ± 0.01 101.0 ± 1.4 0.0143 ± 0.0002 142 ± 7 143 ± 7 1.58 ± 0.02
4.24 ± 0.04 2.30 ± 0.04 98.6 ± 2.5 0.0148 ± 0.0004 168 ± 13 168 ± 13 1.63 ± 0.04
4.26 ± 0.02 44.76 ± 0.31 9.1 ± 0.1 0.0252 ± 0.0007 140 ± 3 141 ± 3 2.78 ± 0.08
4.33 ± 0.03 7.27 ± 0.05 64.7 ± 0.8 0.0309 ± 0.0004 145 ± 6 146 ± 6 3.4 ± 0.1
4.22 ± 0.05 7.49 ± 0.24 65.0 ± 5.8 0.0317 ± 0.0017 170 ± 18 172 ± 18 3.51 ± 0.2

Paleoceanography 10.1002/2016PA002974

RADDATZ ET AL. HOLOCENE COLD-WATER CORAL REEF GROWTH 1354



ongoing discussion whether U/Ca ratios of aragonite precipitates reflect seawater pH and/or the carbonate
ion concentration (CO3

2�) [DeCarlo et al., 2015]. In the seawater carbonate system, carbonate ion concentra-
tion generally decreases with decreasing seawater pH. As all prior U/Ca studies reveal that U/Ca ratios
increase with either decreasing seawater pH or carbonate ion concentration, this parameter appears to be
largely controlled by seawater carbonate chemistry.

Here we use the U/Ca-seawater pH relationship of Raddatz et al. [2014b] with the following equation:
pHseawater = (U/CaLophelia� 16.18)/�1.82, with a relatively large uncertainty of ±0.15 for the reconstructed
seawater pH. However, we caution that U/Ca-based seawater pH reconstructions might be biased by
potentially large differences in growth or precipitation rates [Raddatz et al., 2014b]. Given these uncertainties,
we followed a conservative and more robust approach by mainly focusing on trends rather than absolute
seawater pH values.

The residence time of U is calculated to be 200–400 kyr and is therefore considered to be of minor impor-
tance controlling U/Ca variations in our record [e.g., Ku et al., 1977; Henderson, 2002; Chabaux et al., 2003;
Dunk et al., 2002].

For comparison, modern in situ seawater pH and BWT values of the Oslo fjord and Sula reef were taken from
Flögel et al. [2014]. For the Lopphavet CWC reef BWT were taken from Raddatz et al. [2013], but measured
seawater pH values are unavailable and were calculated from the CARINA data set by using CO2SYS [Lewis
and Wallace, 1998] and are therefore probably not as accurate as the in situ measured values (Table 3).
2.2.4. Boron Isotope Measurements
Samples were processed for boron isotope analysis and measured on an NU Plasma II MC-ICP-MS at the
University of Western Australia following the protocols of McCulloch et al. [2014]. Briefly, for this study, about
5mg of sample material was used for each determination. All samples were measured in duplicate, except for
sample 809-13. Generally, 11B was measured with a signal intensity of approximately 1.5 V.

The boron method is based on a gravimetrically prepared laboratory standard, UWA24.7, calibrated against
the international reference standard NIST-SRM 951 (δ11B = 0‰). UWA24.7 standard solutions between 50
to 500 ppb, equivalent to coral sites samples between 2 and 10mg, exhibit consistent results for δ11B
(24.7 ± 0.3‰ 2σ). The reproducibility of this method ranges from ±0.44 to 0.08‰, for solutions between
50 to 300 ppb, respectively, equivalent to 2–10mg size coral samples. The external reproducibility of
this method is demonstrated by the repeated measurements of the international carbonate standard
JCp-1 δ11B = 24.3 ± 0.34‰ (2 standard deviations), which is consistent with the reported value of 24.2
± 0.35‰ by the boron isotope interlaboratory comparison project [Gutjahr et al., 2014].

Boron isotopes are most commonly used for reconstructing ambient seawater pH from foraminifera [e.g.,
Hönisch et al., 2009; Rae et al., 2011; Foster et al., 2012]. Boron isotope compositions of scleractinian cold-water
corals, however, appear to record the internal pH of the calcifying fluid of the coral (pHcf), which is up-regulated
by physiological processes and strongly correlated to changes in ambient seawater saturation [McCulloch et al.,
2012]. In particular, pH up-regulation is enhanced with decreasing seawater saturation state/seawater pH. Here
we exploit this to calculate the internal pHcf of the coral by using the equation of Zeebe and Wolf-Gladow [2001]
based on the measured δ11Bcarb in the coral:

pHcf ¼ pKB– log δ11Bsw � δ11Bcarb
� ��

= α B3-B4ð Þδ11Bcarb � δ11Bsw þ 1000 α B3-B4ð Þ � 1
�� ��

;

where δ11Bcarb represents the measured δ11B value, α is the isotopic fractionation factor between the boric
and borate species, and δ11Bsw is the boron isotopic composition of seawater (=39.61 [Foster et al., 2010]).
In seawater, boron exists as (1) the tetrahedrally coordinated borate [B(OH)�4 ] ion and (2) as the trigonal boric
acid [B(OH)3] with a fractionation factor of 27.2‰ (=α(B3-B4) = 1.0272 [Klochko et al., 2006]). Marine calcifiers
appear to exclusively incorporate the borate ion into their aragonite skeleton during calcification. A pKB value
of 8.597 is the stoichiometric dissociation constant for boric acid at 25°C and salinity of 35. In principle, pKB is
temperature, salinity, and pressure dependent, but the effect of these parameters is considerably small
[Foster et al., 2012].

Furthermore, we calculate the difference between the δ11B-derived pHcf values and the reconstructed sea-
water pH, where ΔpH=pHcf�pHsw, to quantify coral pH up-regulation as well as the physiological stress
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on the coral/reef. The ΔpH was deter-
mined using a combination of U/Ca
(=seawater pH) and δ11B (=calcifying
fluid pH) analyses.

3. Results
3.1. Stratigraphic Constraints

The U/Th age determinations reveal
that our coral samples are Holocene
in age, ranging from 10.3 ka to 4.6 ka
for the Lopphavet cores and ~4.6–
1.6 ka for the Oslo fjord (Figure 2 and
Table 1). The Lopphavet reef core
559-2 shows an almost continuous
record from 10.3 ka to 6.4 ka and
hence a sedimentation rate of
55 cm/kyr, apparently slower than
>100 cm/kyr reported for other CWC
reefs on the Norwegian shelf [López
Correa et al., 2012; Titschack et al.,
2015]. Furthermore, the nearby core
559-3 (a few hundred meters away)

indicates a gap of ~2.6 kyr, from 7.4 to 4.8 ka between 1 and 8 cm core depth. Combining the results of core
559-2 and 559-3, the gap can be reduced to ~1.6 kyr, from 6.4 to 4.8 ka, for this site (Figure 2).

The Oslofjord core 576-1 also shows a relatively continuous record from 3.5 ka to 1.6 ka, and an accumulation
rate of 95 cm/kyr, significantly faster than at Lopphavet but similar to the reefs cited above (Figure 2). Core
top (1 cm and 5 cm) dating of cores 578-1 and 575-2 reveals ages of 3.53 ka ± 0.02 and 4.64 ka ±0.03, respec-
tively (Figure 2 and Table 1). At 4.74 ka, growth at Oslofjord reef appears to have been reinitiated

Figure 3. Lophelia-Ba/Ca record from Lopphavet and Oslofjord reef covering the last 10.3 kyr. Also plotted are the neody-
mium isotope record (εNd; error bars are smaller than the black dots) of L. pertusa from Stjernsund [López Correa et al., 2012]
and the weight-loss-on-ignition record from lacustrine sediments (green) [Nesje et al., 2001]. Additionally, a comprehensive
plot of published L. pertusa ages of the Norwegian margin [Mikkelsen et al., 1982; López Correa et al., 2012; Lindberg
and Mienert, 2005; Titschack et al., 2015; Hovland et al., 1998; Hovland and Mortensen, 1999] is integrated, including North
Scottland data [Douarin et al., 2013]. The colored vertical bar marks the interval with no identified coral emplacement so far.

Figure 2. U/Th ages determined in L. pertusa samples from various sediment
cores from Lopphavet and Oslofjord reef. Note that sediment cores 559-2
and 559-3 are neighboring cores, but only core 559-3 reveals a possible
hiatus between 1 and 8 cm. Considering all investigated samples no coral
ages were found between 6.4 and 4.8 ka.
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simultaneously with the Lopphavet and Stjernsund reefs [López Correa et al., 2012] in northern Norway. Our
new age constraints confirm previous results of earlier studies that showed no CWC growth between 6.4 and
4.8 ka (Figures 2–5) [Mikkelsen et al., 1982; Hovland et al., 1998; Hovland and Mortensen, 1999; Lindberg and
Mienert, 2005; López Correa et al., 2012; Douarin et al., 2013; Titschack et al., 2015].

3.2. Ba/Ca Ratios

The Ba/Ca ratios measured in one modern and one fossil coral reveal only small variations of sample het-
erogeneity. In particular, the modern sample shows Ba/Ca values for the COC of 7.74μmol/mol and
8.49μmol/mol for the theca wall, and the fossil sample shows 35μmol/mol for the COC and 32μmol/mol
for the theca wall and thus showing only small sample heterogeneity.

The Ba/Cacoral record from Lopphavet reef reaches a maximum of 32μmol/mol (fibrous aragonite/none COC)
at 10.1 ka, which is followed by a decreasing trend toward 6.4 ka (Figure 2). This trend is characterized by
short-term variations between 19 and 12μmol/mol from peak to peak within 2 kyr, which is greater than
the determined sample heterogeneity. The overall decreasing trend toward the Holocene is consistent with
the Ba/Ca ratios of core 576-1 from the Oslofjord from 12 to 9.2μmol/mol (Figure 3 and Table 2).

3.3. Li/Mg-Derived Bottom Water Temperatures

The Li/Mg ratios of the entire record range between 2.12 and 4.48mmol/mol. The BWT temperatures calcu-
lated from these Li/Mg ratios (Table 2 and Figure 4) range between 4°C and 13°C (Li/Mg) for the whole sample
set, which appears to be within the reported tolerance range of single L. pertusa specimens [Freiwald et al.,
2004]. At Lopphavet, BWT(Li/Mg) range between 4 and 10°C and reveal an increasing trend from 6.9°C at
10.3 ka to 9.6°C around 7.89 ka, which is followed by an abrupt decrease in BWT(Li/Mg) to 4°C at 6.4 ka at
the observed sedimentary gap (Figure 4 and Table 2). The live collected L. pertusa specimen represents
BWT(Li/Mg) around 8.9°C, which is higher then the measured ambient BWT(Li/Mg) of 7.1°Csw at Lopphavet reef.
However, assuming the annual variability is 1.5°C and the uncertainty of ±0.8°C for Li/Mg temperatures
[Montagna et al., 2014], the values are in close agreement. Similar small temperature offsets were determined

Figure 4. Bottom water temperature (BWT) record based on Mg/Li ratios measured in L. pertusa samples. Also plotted are the
discussed records of SST (SIMMAX site 23258-2 [Sarnthein et al., 2003]), sub-SST (Mg/Ca N. pachyderma, site MSM 5/5 712/2 ,
Sørensen et al. [2014]), and sea ice formation (IP25 [Müller et al., 2012]). Lophelia ages and yellow interval are plotted as in Figure 3.
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for the live collected L. pertusa samples and ambient seawaters of Sula reef (9.9°C (Li/Mg) versus 7.4°C (amb)) and
Oslofjord (11°C (Li/Mg) and 8.1°C (amb)) (Figure 4). Nevertheless, we observe an apparent difference between the
Li/Mg ratios of Lophelia samples collected from Sula reef and Oslofjord between of our study and previous studies
[Raddatz et al., 2013;Montagna et al., 2014] of up to 0.44mmol/mol for theOslofjord and 0.1mmol/mol for the Sula
reef. This observation can be explained by a stronger seasonal variation within the Oslofjord compared to the Sula
reef. The Oslofjord BWT(Li/Mg) record ranges between 8°C and 13°C, which in terms of variability (i.e., 5°C) is very
similar to the Lopphavet BWT(Li/Mg) record (6°C) albeit with significantly higher temperatures. These large-
temperature variations and comparatively higher absolute values at 100mwater depth are consistent with obser-
vations recorded by the permanent watermonitoring station Torbjornskjaer (www.quamontior.no/ytrOslofjord), in
which occasional temperature excursions up to 13°C exist.

3.4. Carbonate System and pH Up-regulation
3.4.1. U/Ca Ratios
The U/Ca ratios vary from 1.22 to 3.61μmol/mol, which is larger than the variability observed within modern
and fossil L. pertusa samples (COC versus theca, 1.22 versus 1.43μmol/mol, and 1.42 versus 1.35μmol/mol;
Table 2) and greater than the previously observed U/Ca variability in modern L. pertusa samples [Raddatz
et al., 2014b; Sinclair et al., 2006]. If taken at face value the U/Ca-based seawater pH reconstruction (pHU/Ca)
implies large variations of seawater pHU/Ca between 8.25 and 7.0 for the Lopphavet reef and between 8.07
and 7.76 for the Oslofjord. The recent samples from Oslofjord, Sula, and Lopphavet have pHU/Ca values
between 8.22 and 7.98, which is similar (within ±0.1) to modern ambient seawater pH (Figure 5 and
Table 2). The Oslofjord seawater pHU/Ca record shows similar values within the given uncertainty of 0.15,

Figure 5. Carbonate system parameter records of seawater pH (based on U/Ca μmol/mol ratios), internal coral pH (based
on δ11B), and pH up-regulation (based on coupled δ11B and U/Ca ratios) covering the last 10.3 kyr. For calculation details
see text. Lophelia ages and yellow interval are plotted as in Figure 3.
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whereas the Lopphavet record reveals a distinct decrease of about 0.5 pHU/Ca units to an extremely low
pHU/Ca value of ~7.5 between 7.7 ka to 6.4 ka (Figure 5 and Table 2). This trend appears to have continued
beyond the gap at 4.82 ka to an even lower seawater pHU/Ca of 7.0. This unrealistically low pH is puzzling
especially considering that the reconstructed U/Ca-based seawater pHU/Ca reconstruction for the live in situ
collected specimens of L. pertusa fit within the uncertainty (±0.15) of the ambient seawater (in situ Table 3)
values (Lopphavet: 8.1(U/Ca) versus 8.15(amb), Sula reef: 8.11(U/Ca) versus 8.08(amb), and Oslofjord: 7.98(U/Ca)
versus 7.98(amb); Figure 5 and Table 2).
3.4.2. Boron Isotopes
Our live collected L. pertusa samples from Lopphavet (429-11), Sula reef (433-11), and Oslo-fjord (431-11)
show only small variations from 26.5 to 26.8‰, which according to the ambient seawater pH between
7.98 and 8.16 result in ΔpH values between 0.63 and 0.79 (Figure 5 and Table 2), consistent with the findings
of previous studies [Anagnostou et al., 2012; Martin et al., 2016; McCulloch et al., 2012; Wall et al., 2015]. In
accordance to previous findings [Blamart et al., 2007; Wall et al., 2015] the δ11B values of the COCs appear
to be lower than in the theca wall (429-11/430-11 modern = 26.62‰ versus 22.65‰, 439-11/440-11 fos-
sil = 26.13‰ versus 25.23‰), even though less pronounced in the fossil sample.

However, future studies should focus on determiningmore species-dependent δ11B-seawater pH calibrations
covering a larger range of seawater pH as well as changes in intracoral heterogeneity of boron isotopic com-
positions through time.

The boron isotope compositions from the downcore records show an overall relatively large variation from
24.47‰ to 27.41‰ (Figure 5). For Lopphavet reef, variations of 3‰ are almost double that of Oslofjord reef

Table 3. Metadata and Oceanographic and Carbonate System Parameters of the Investigated Lopehlia Reefsa

Location Reference
Longitude/
Latitude

Depth
(m)

Temperature
(°C)

Salinity
(g/kg)

DIC
(μmol/kg) pH

TA
(μmol/kg) Ωarag

pCO2
(μatm)

HCO3�
(μmol/kg)

CO3
2�

(μmol/kg)

Lopphavet CARINA 19°51.12′E/71°7.8′N 198 6.24 35.018 2146 8.162 2314 1.79 374.5 2004.6 122.8
Sula reef Flögel et al. [2014] 8°11.40′E/64°08.20′N 312 7.43 35.17 2150 8.08 2314 1.74 424 2006 124
Oslo fjord Flögel et al. [2014] 10°48.00′E/59°08.00′N 100 7 35.1 2170 7.98 2287 1.39 556 2046 97

aNote that locations do not represent the exact location of sampling; we try to take the closest as possible.

Table 2. Elemental Ratios and Boron Isotopes of Lophelia pertusa Samples From Research Cruise POS 391 (lab 1 = GEOMAR and lab 2 = UWA)

Lab Code Lab Station Core Depth Species Micropart Location Age Error
Li/Mg

(mmol/mol)
U/Ca

(μmol/mol)
Ba/Ca

(μmol/mol)
δ11B
(%)

Two
SEM

429-11 2 550-1 JAGO dive modern L. pertusa red Theca Lopphavet 0.02 0.00 3.49 1.43 8.49 26.62 0.05
430-11 2 550-1 JAGO dive modern L. pertusa red COC Lopphavet 0.02 0.00 3.70 1.22 7.74 22.65 0.06
808-13 1 551-2 6 L. pertusa Theca Lopphavet 7.51 0.19 3.86 1.92 15.25 25.60 0.07
439-11 2 551-3 200 L. pertusa Theca Lopphavet 10.07 0.11 3.99 1.41 32.80 26.13 0.05
440-11 2 551-3 200 L. pertusa COC Lopphavet 10.07 0.11 3.80 1.35 35.82 25.76 0.05
809-13 1 557-3 1 L. pertusa Theca Lopphavet 10.20 0.17 3.56 1.36 19.58 25.23 0.05
497-12 1 559-2 17 L. pertusa Theca Lopphavet 6.40 0.29 4.48 2.61 14.80
810-13 1 559-2 27 L. pertusa Theca Lopphavet 7.46 0.24 3.85 2.08 15.24 26.36 0.06
811-13 1 559-2 38 L. pertusa Theca Lopphavet 7.09 0.26 3.92 2.33 12.70 27.41 0.05
812-13 1 559-2 56 L. pertusa Theca Lopphavet 7.69 0.25 3.83 1.97 17.14 26.00 0.06
813-13 1 559-2 86 L. pertusa Theca Lopphavet 7.89 0.11 3.38 1.77 18.59 24.47 0.06
814-13 1 559-2 103 L. pertusa Theca Lopphavet 8.50 0.23 3.38 1.73 17.45 25.41 0.06
816-13 1 559-2 184 L. pertusa Theca Lopphavet 9.03 0.23 3.54 2.01 16.28 25.47 0.06
817-13 1 559-2 221 L. pertusa Theca Lopphavet 8.65 0.25 3.49 1.45 16.67 26.05 0.06
818-13 1 559-2 235 L. pertusa Theca Lopphavet 10.30 0.13 3.86 1.52 19.00 25.25 0.06
819-13 1 559-3 1 L. pertusa Theca Lopphavet 4.82 0.06 4.07 3.42 15.80 25.48 0.06
820-13 1 559-3 8 L. pertusa Theca Lopphavet 7.39 0.09 3.93 1.61 15.75 26.09 0.06
433-11 2 563-1 modern L. pertusa Theca Sula 0.02 0.01 3.33 1.43 7.72 26.53 0.06
431-11 2 571-1 JAGO dive modern L. pertusa Theca Oslo Fjord 0.02 0.01 3.09 1.66 9.24 26.82 0.05
821-13 1 575-2 1 L. pertusa Theca Oslo Fjord 4.63 0.06 2.12 1.49 10.47 25.07 0.06
821-13 1 575-2 1 L. pertusa Theca Oslo Fjord 4.66 0.17 3.57 1.50 10.38 25.13 0.06
822-13 1 578-1 5 L. pertusa Theca Oslo Fjord 3.94 0.15 3.67 2.07 11.64 26.83 0.06
488-12 1 576-1 12 L. pertusa Theca Oslo Fjord 1.58 0.02 3.52 1.88 8.77
498-12 1 576-1 134 L. pertusa Theca Oslo Fjord 2.71 0.04 3.34 1.84 10.08
494-12 1 576-1 214 L. pertusa Theca Oslo Fjord 3.51 0.19 3.71 1.90 12.24
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(1.7‰). The corresponding calculated internal pHδ11B varies from 8.4δ to 8.9, similar to those determined
by McCulloch et al. [2012], but with a tendency toward stronger up-regulation between 7.7 ka and 6.4 ka.
The internal coral pH values reveal a similar but opposite pattern to the seawater pH(U/Ca) and the BWT

(Li/Mg) record.

The calculated ΔpH (U/Ca-δ11B) values are also similar to those determined by McCulloch et al. [2012] for
L. pertusa, with values ranging from 0.1 to 1.6 (Figure 5). It appears that theΔpH tends to have increased when
ambient seawater pH decreased. This observation is generally consistent with previous studies investigating
boron isotope systematics in scleractinian cold-water corals in relation to ambient seawater pH [Anagnostou
et al., 2012; McCulloch et al., 2012].

Moreover, similar to the BWT(Li/Mg) and the seawater pH(U/Ca), the δ11B may also reveal a trend of enhanced
internal coral pH up-regulation from 7.7 ka to probably 6.4 ka.

4. Discussion
4.1. Meltwater Control on CWC Reef

Even though the Holocene appears to be a rather stable period, an increasing number of studies indicate
that local climatic and oceanographic changes were influential [e.g., Alley et al., 1997; Mayewski et al., 2004;
Wanner et al., 2011].

The last deglaciation is characterized by major fluxes in meltwater discharge due to the retreat of ice sheets.
This had severe impacts on ocean circulation in the North Atlantic [e.g., Broecker et al., 1985; Hall and Chan,
2004]. Such meltwater events and the associated terrigenous input led to abrupt changes in salinity, which
can be traced by Ba/Ca ratios in marine carbonates [Hall and Chan, 2004].

Based on our Ba/Ca record, we infer that Norwegian CWC reefs recorded changes in terrigenous input and/or
resulting meltwater discharge, which in turn have been recorded in the coral skeletons. The observed ele-
vated Ba/Ca ratios, especially those of the early Holocene at 10.3 ka and 10.1 ka (Figure 3), are indicative of
meltwater discharge. Similar observations have been made using a combined approach of U/Th, 14C, and
neodymium isotopes measured in L. pertusa skeletons [López Correa et al., 2012]. They identified a major pre-
boreal meltwater event in the Stjernsund reef (inner sund system) at 10.7 ka. This could suggest that early
Holocenemeltwater pulses at sea surface in the fjord may have caused elevated Ba concentrations at the sea-
floor, as Hall and Chan [2004] hypothesized that elevated Ba/Ca ratios are primarily of continental origin.
However, the lack of 0.4 kyr suggests that these geochemical indicators were unlikely to have originated from
the same source. Elevated Ba/Ca ratios may also have been partly caused by increased freshwater transport
from the Arctic Ocean into the North Atlantic [Hall and Chan, 2004]; however, from this data set it is not pos-
sible to fully resolve the specific sources of Ba.

Furthermore, the observed trends in our Ba/Ca records from Lopphavet and Oslofjord may imply a decreas-
ing influence of glacial fluctuations throughout the Holocene (Figure 3). The Holocene glacial activity on the
Fennoscandian Shield was not continuous and reveals a rather stepwise pattern, in which three main phases
of glacier expansion can be identified (Figure 2) [Nesje et al., 2001]. The terminations of those expansions
coincide with the recorded Ba/Ca excursions at Lopphavet (Figure 3). The neoglaciation in the Northern
Hemisphere at around 5 ka appears to be rather continuous, suggesting that any meltwater events into
the fjord system were weak, which might explain the continuous decreasing Ba/Ca ratios. Glacier expansions
[e.g., Nesje et al., 2001] and decreasing Ba/Ca ratios appear to be contradictory; however, if extended glaciers
were stable and did not trigger meltwater events, increased fluxes of Ba into the fjord system would not be
expected. This scenario is consistent with determinations by Hall and Chan [2004], who related elevated Ba
concentration in the Arctic Ocean to periods of ice sheet retreat and the evolution of the Mackenzie River
drainage basin.

The major period of glacial fluctuations occurred between 7 and 4 ka, corresponding to the period when
there is an apparent absence of CWCs (i.e., between 6.4 ka and 4.8 ka) on the Norwegian margin. These glacial
fluctuations might be associated to the Holocene Climatic Optimum and north-south migrations of the Polar
Front [Jansen et al., 2016]. Furthermore, this coincidence may imply that, during this period, meltwater dis-
charges resulted in a major decline in the calcification of CWC reefs within this region. Enhanced meltwater
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discharges from the Fennoscandian Shield may have strongly influenced the North Atlantic Current (NAC), in
which the Norwegian CWC reefs thrived.

Interestingly, the third period of glacial expansion is only delayed by a few 100 years with respect to the
Oslofjord reef reinitiation at 4.6 ka, thus highlighting a possible link between the Fennoscandian glaciation
and CWC reef growth (Figure 3). This is also apparent by comparing reinitiation of growth at other CWC reefs
along the Norwegian margin in the late Holocene. We therefore suggest that CWC regrowth occurred once
the ice sheet reached a certain level of stability.

4.2. Advances of Arctic Waters

Paleoceanographic reconstructions reveal that the strength of ocean circulation in the Barents Sea and espe-
cially the North Atlantic Current (NAC) in the northern North Atlantic has undergone severe changes during
the mid-Holocene [e.g., Sørensen et al., 2014; Ebbesen et al., 2007; Husum and Hald, 2012; Hald et al., 2007;
Sarnthein et al., 2003; Werner et al., 2013]. Our Li/Mg-derived BWT reconstructions closely follow the pattern
of sea surface temperatures (SSTs; SIMMAX based on faunal assemblage transfer function) and sub-SST
(100m water depth) determined from Mg/Ca ratios of the cold-water planktonic foraminifera
Neogloboquadrina pachyderma from the Barent Sea (23258-2 [Sarnthein et al., 2003]) and off Svalbard
(MSM 5/5 712/2 [Sørensen et al., 2014, Figure 4]). The consistency of these records therefore suggests that sur-
face to subsurface Arctic Ocean temperatures were in-phase. In particular, these studies show that the early
Holocene, high-latitude northern North Atlantic, between 80°N and 75°N, was characterized by rather stable
conditions. The mid-Holocene was then interrupted by a major decrease in seawater temperature between
9 ka and 8 ka, which was later followed by a major decrease of about 5°C in SST at 75°N [Sarnthein et al.,
2003] and about 2°C in sub-SST at 79°N [Sørensen et al., 2014, Figure 4]. These data agree with other studies
of the North Atlantic, in which advection of North Atlantic Current (NAC) weakened poleward due to decreas-
ing Holocene insolation [Hald et al., 2007; Risebrobakken et al., 2011], which led to strengthening of the East
Greenland Current. Between 6.8 and 5.0 ka, weakening of the NAC is also accompanied by sea ice production,
as inferred from the sea ice algal proxy IP25 off East Greenland (Figure 4) [Müller et al., 2012] and off Svalbard
[Forwick and Vorren, 2009].

Modern CWC reefs off Norway are generally thriving in waters of the NAC, thus highlighting the importance
of the NAC for CWC reef growth [Dullo et al., 2008], and reflecting the vulnerability of CWCs to major changes
in hydrographic conditions. We therefore hypothesize that prevailing cool conditions combined with
enhanced sea ice formation, meltwater discharge, and the postglacial Scandinavian uplift that resulted in a
drop in sea level by 45m [Hald and Vorren, 1983; López Correa et al., 2012;Møller, 1989] caused major changes
to the oceanographic setting. This in turn led to the southward migration of the Polar Front and Arctic waters,
thus hastening the decline of mid-Holocene CWC reefs (Figure 6).

4.3. Physiological Responses of Cold-Water Corals

The Arctic Ocean is generally considered a sink for atmospheric CO2 [e.g., Anderson et al., 2010; Jutterström
and Anderson, 2010]. In the Arctic Ocean surface waters (<200m), the combination of anthropogenic CO2

uptake, sea ice melt, river runoff, and cooling have impacted the carbonate chemistry of those waters
[Anderson et al., 2010]. This effect can also be amplified in subsurface waters due to the remineralization of
organic matter, leading to the release of additional CO2 thereby reducing seawater pH. This process in turn
impedes the ability of scleractinian cold-water corals to calcify [Guinotte et al., 2006]. Accordingly, our sea-
water pH(U/Ca) and internal coral pH(δ11B) records suggest that the Holocene was characterized by regional
ocean acidification events (Figures 4 and 5). In particular, southward advances of surface and subsurface
Arctic waters are recorded in the Barent Sea temperature reconstructions [Sarnthein et al., 2003; Sørensen
et al., 2014] and in our BWT(Li/Mg) reconstructions, which are also accompanied by a major decrease in sea-
water pH(U/Ca) (Figure 5). These events may also have been amplified by significant fluxes in meltwater into
the fjord systems. Meltwater fluxes cause a decrease saturation stateΩarag and hence a decrease in seawater
pH, especially given that the Fennoscandian Shield has no significant amount of limestone [Nordgulen and
Andresen, 2008] to buffer the changes in saturation state. However, this effect might be rather small at
200m water depth.

Furthermore, our approach not only resolves changes in the carbonate system of ambient seawater near the
CWC reefs but also has the ability to set improved constraints on the physiological responses due to a
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changing saturation state. As recently demonstrated by the application of boron isotopes, scleractinian
cold-water corals including L. pertusa have the ability to buffer external changes of ambient seawater pH or ara-
gonite saturation, as shown by ΔpH values of 0.7 to 0.9 [McCulloch et al., 2012]. Our coupled δ11B-U/Ca-derived
ΔpH reconstructions may show that the reef-forming L. pertusa coral responded to changes in ambient sea-
water by elevating their internal pH, with the additional energy cost likely resulting in the collapse of the reef.
In particular, our U/Ca-based seawater pH reconstructions reveal a decrease by up to 0.5 pH units toward the
mid-Holocene. According toMcCulloch et al. [2012], the resultant additional energy cost for Lopheliawould have
been about 50%, which is likely unachievable without additional supply of organic matter. Therefore, we may
speculate that these two periods of enhanced pH up-regulation and reef collapse were also characterized by
changes in sea surface productivity from which the corals gain their food.

However, the U/Ca-based seawater pH reconstructions might be also biased by other factors such as (1) a
changing seawater U/Ca ratio and (2) a growth rate effect on U/Ca ratios.

1. The U/Ca ratio of seawater in oxygenated waters is around 1.305μmol/mol [Chen et al., 1986] and in scler-
actinian cold-water corals such L. pertusa, typically between 1.0 an 2.0 [e.g., Raddatz et al., 2014; Sinclair
et al., 2006], resulting in a distribution coefficient D= (U/Casw)/(U/CaLophelia) between 1 and 2. This appar-
ent D of greater than 1 reflects the impact of varying seawater U/Csw on coral U/Ca ratios. The input and
output factors of U in seawater are not well constrained [e.g., Henderson, 2002], but rivers are considered
to be the major source and anoxic sediments as the major sink [e.g., Ku et al., 1977; Henderson, 2002;
Chabaux et al., 2003; Dunk et al., 2002]. Some Norwegian fjords are known for their anoxic conditions in
the deeper parts. Accordingly, one may suggest that locally enhanced seawater U concentrations have
occurred due to reoxygenation of anoxic U-rich sediments during sea level rise, which finally reached rela-
tively stable conditions at around 6 ka [Bard et al., 1996]. However, Stjernsund never reaches anoxic con-
ditions. Another potential bias for local changes in the U/Ca ratios of seawater could be due to enhanced

Figure 6. Maps of the northern North Atlantic. (left) The modern situation of flourishing CWC reef on the Norwegian mar-
gin. Modern CWC reefs are bathed in the North Atlantic Current (except for the PSB mounds, compare Dullo et al. [2008]
and Raddatz et al. [2014b]) as highlighted in the small map showing the distribution pattern of annual sea surface tem-
peratures based onWOA13 and plotted in ODV [Schlitzer et al., 2014]. Arctic Front and Polar Front boundaries are estimated
from REF. Also plotted are locations of the discussed records from sites 23258-2 [Sarnthein et al., 2003] and MSM 5/5 712/2
sub-SST [Sørensen et al., 2014]. (right) Possible scenario for the CWC reef decline between 6.4 ka and 4.8 ka showing
enhanced meltwater pulses and the associated weakening of the NAC, the southward migration of the Polar Front, and the
resulting advances of cold and pCO2-rich Arctic waters.
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terrigenous organic matter fluxes being the carrier phase of authigenic uranium [Anderson, 1982;
Zheng et al., 2002]. Both effects would cause variations of the seawater U/Ca ratio and hence bias seawater
pH reconstructions.

2. U/Ca ratios have previously been suggested to be influenced by coral growth rate, where a faster growth
rate would result in depleted U/Ca ratios [e.g., Anagnostou et al., 2011; Inoue et al., 2011; Sinclair et al.,
2006]. Our ΔpH record would generally be consistent with that proposition given that the coral tends to
calcify at a slower rate with increased ΔpH [McCulloch et al., 2012]. As an increased pH up-regulation
generally results in slower coral growth, we are not able to resolve this question from the present data set.

Nevertheless, consistent with our interpretation, modern oxygenatedmeltwater incursions into fjord systems
have been shown to reduce seawater pH at surface waters to 7.4 [Pakhomova et al., 2014], and oceanographic
observations by lander system (MoLab) in the Stjernsund CWC reef show pH values as low as 7.6 (S. Flögel,
unpublished data). Therefore, we infer from our ΔpH records that there might have been increased stress
on the corals that likely resulted in a decline or collapse of CWC reefs, probably along the entire Norwegian
margin between 6.4 and 4.8 ka (Figures 5 and 6).

Finally, our results imply that CWCs may be even more susceptible to environmental changes than previously
thought; thus, present-day climate change with enhanced CO2 uptake in the Arctic Ocean may increasingly
jeopardize their long-term viability at high latitudes and hence will change the biogeographic limit.

5. Conclusion

This study is based on live collected L. pertusa samples and sediment cores retrieved along the Norwegian
margin. These may provide evidence that the mid-Holocene CWC reefs recorded major climatic and oceano-
graphic changes that both enhanced CWC reef growth and hastened their regional decline.

1. The analyzed Lophelia samples reveal U/Th ages between 10.3 and 6.4 ka for the Lopphavet reef and
between 4.6 and 1.5 ka for the Oslofjord reef; yet both reef systems are currently living. Consistent
with previous findings, our ages indicate a gap in CWC growth between 6.4 and 4.8 ka, at least for the
Lopphavet reef.

2. Ba/Ca ratios analyses of L. pertusa from Lopphavet and Oslofjord exhibit similar patterns to Norwegian
glacier fluctuations, indicating the influence of meltwater and related Holocene glacier fluctuations on
CWC growth.

3. Bottom water temperature reconstruction based on Li/Mg ratios reflects a similar pattern as high-latitude
SST and sub-SST records derived from foraminifer Mg/Ca ratios and faunal assemblages, thus implying a
strong influence of Arctic waters and a weakening of the NAC, which appear to be amplified by meltwater
pulses from the Fennoscandian Shield.

4. Seawater pH reconstructions in CWC reefs appear to show realistic results and therefore confirm the utility
of U/Ca as a seawater pH proxy. Large excursions of 0.5 in seawater pH did occur but can be (at least
partly) explained by hydrographic changes.

5. We show that coupled U/Ca and δ11B analyses may be used to constrain physiological controls and in
particular, identify periods of enhanced stress on CWCs. We show periods of elevated internal coral pH
values together with greater pH up-regulation (ΔpH) in CWC reef-building corals, which probably led to
the mid-Holocene collapse of CWC reef between 6.5 and 4.8 ka on the Norwegian margin.

Future studies should aim to clarify whether the mid-Holocene CWC reef decline is an artifact due to the lack
of sediment cores or if similar patterns of environmental changes especially to carbonate system parameters
are recorded in other CWC reefs.
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