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Abstract. The isotopic composition of carbo#3C, in sea-  ocean basins. The data synthesis indicates that basin-scale
water is used in reconstructions of ocean circulation, ma-313C during the last interglacial (MIS 5e) is not clearly dis-
rine productivity, air-sea gas exchange, and biosphere carbotinguishable from the Holocene (MIS 1) or from MIS 5a and
storage. Here, a synthesiss3fC measurements taken from 5c, despite significant differences in ice volume and atmo-
foraminifera in marine sediment cores over the last 150 00Gspheric CQ concentration during these intervals. Similarly,
years is presented. The dataset comprises previously pubMIS 6 is only distinguishable from MIS 2 or 4 due to globally
lished and unpublished data from benthic and planktoniclower §13C values both in benthic and planktonic data. This
records throughout the global ocean. Data are placed omesult is obtained despite individual records showing differ-

a commons'®0 age scale suitable for examining orbital ences between these intervals, indicating that care must be
timescale variability but not millennial events, which are re- used in interpreting large scale signals from a small number
moved by a 10 ka filter. Error estimates account for the reso-of records.

lution and scatter of the original data, and uncertainty in the
relationship betwees3C of calcite and of dissolved inor-
ganic carbon (DIC) in seawater. This will assist comparison
with §13C of DIC output from models, which can be further
improved using model outputs such as temperature, DIC con-

. . . 13 . - .
centration, and alkalinity to improve estimates of fractiona- 1 1€ iS0topic compositior§=C, of inorganic carbon in sea-
tion during calcite formation. water is a diagnostic of ocean circulation and the marine

High global deep oceas!3C, indicating isotopically and terrestrial carbon cycle. The potential 8fC in cal-
heavy carbon, is obtained duri’ng Marine Isotope StagesCi“m carbonate shells, formed by foraminifera and preserved
(MIS) 1, 3, 5a ,c and e, and lo%$3C during MIS 2, 4 and 6 in marine sediments, to record past changes in climate has
which are temperature minima, with larger amplitude vari- Pen recognised since the 19_7&1@“8@“1%977: Dup-
ability in the Atlantic Ocean than the Pacific Ocean. This €SSy et al. 19813. Greater differences i1d™°C between

is likely to result from changes in biosphere carbon stor-Planktonic and benthic foraminifera, during glacial periods,

age, modulated by changes in ocean circulation, productivVere interpreted as indicating greater storage of isotopically

ity, and air-sea gas exchange. The North Atlantic verticalll9nt organic carbon in the deep ocean and linked to atmo-
513C gradient is greater during temperature minima than temSPheric pCO, (Broecker 1982a Shackleton et g.1983

13 -
perature maxima, attributed to changes in the spatial exterphackleton et al.1992.  Lower 6-°C values recorded in
of Atlantic source waters. There are insufficient data from the Pacific Ocean, during the last glacial maximum (LGM),

shallower than 2500 m to obtain a coherent pattern in othe}Vere attributed to a change in the ocedfC reservoir due
to the release of organic carbon from the terrestrial bio-

_ sphere or marine shelf sedimenBrg¢ecker 1982k Dup-
Correspondence tdK. I. C. Oliver lessy et al. 1988h. Carbon isotopes have also been used
BY (k.oliver@noc.soton.ac.uk) to reconstruct past water masses, notablyd&¥C Antarctic
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The goals for this study are threefold: (1) to provide a
commons180-derived age-scale for a synthesisbiC data;
(2) to provides!3C error estimates for the synthesis, in or-

N AP dopondent on speges, size, i der to facilitate direct model-data comparison; (3) to provide
2- i .
V%—’ 5 ! '6 S < ey e b = o a global overview of the data, and an account of the large
128 4 ‘2o P - fnctonof ot R scale processes invoked to explain changes in o&€4h In
= 3 XPpOl unction or nutrient, .
s bz lght ron etc, suppiyand. B8 | Sect. 2, we introduce the data and the age-scale. In Sect. 3,
= =) 2 ! o 5 - c . - X
I § g ' 3¢ % O et 53 | we describe the methods used to determine uniformly spaced
|28 \ N 3 time-series and uncertainty intervals. In Sect. 4, we examine
o2 ~ T - - _ s 813C time-series, grouped by region, and time-slices, as well
o I SIS ° as planktonic-benthic differences. We summarise our find-
!_ight microenv_ir_onmem formed around A =~ ’ . . . . . .
\ |nfafuna|f‘c;ram|n|f_efra: maz alsho f;])rm around ) N / II’]gS n SeCt 5, and dISCUSS the'r app“cat'on fOI’ Earth System
epifaunal foraminirera under ni . . .
. Procuciiy condiions (phylo-detrus efict) % Secondary costio models and biosphere reconstructions.
—_— kv e e - = — = m— — — on planktonic sp&ie

Fig. 1. Schematic of processes influencimjggc recorded in cal- > Data

cium carbonate from foraminiferal shells. Processes in large font

affect 13C of dissolved inorganic carbon (DIC) in open seawa- .

ter; processes in small font affect the difference between recorded-1 Data selection and coverage
§13C and seawatey}3C. POC= particulate organic carbon. Heavy

(light) DIC refers to DIC rich (poor) irt3C. Table 1 summarises the data used in this compila-

tion. Data consist mostly of records submitted to the
PANGAEA publishing network for geoscientific and en-

source waters and high3C Atlantic source watersSarn- vironmental data Http://pangaea.de the National Geo-
thein et al, 1994, or to diagnose changes in air-sea gas ex-Physical Data Centre (NGDttp://www.ngdc.noaa.ggv
change iarchitto and Broecke2006. However, the inter-  Of the Delphi Project Http://www.esc.cam.ac.uk/research/
pretation of thes'3C is complicated by the dependence of research-groups/delphiwith additional records obtained
fractionation during calcification on properties of the water through personal correspondencé’*C records were ac-
(temperature; [C@); [CO%‘]) and the foraminifer (species: cepted into the pre-processed compilation provided that it
shell size; diet), and on the formation of microenvironmentsWas possible to obtain a reliable (though sometimes low res-
around benthic foraminifera (Sect. 3). The variety of mecha-0lution) age model within the last 150 000 years usifp
nisms influencing thé13C record is summarised in Fig. 1. Stratigraphy. No data quality constraint was applied to the
The reconstruction of past ocean states depends on thre-processed compilation, but several factors (detailed in
collation of $13C observations from throughout the ocean, Sect. 3) can lead to a large error estimate. Where the cu-
which can provide a fairer test to hypotheses than indivig-mulative errors exceeded 1%., data were rejected as having
ual datasets. The demand for such syntheses is increasd@o large an error to be useful. Entire records rejected by this
by the development of Earth system models that are abl@rocess are flagged in Table 1.
to simulate paleoclimate proxies including®C (Ridgwell Figure 2 shows the core locations for the records used in
et al, 2007 Brovkin et al, 2007) Previous data Syntheses the data synthesis, as well as for records for which we were
have consisted of time-slices for selected regions such as thénable to provide @'®0—derived age model. Among the
Atlantic Ocean $arnthein et a).1994 Bickert and Mack-  records that were used, there is good data coverage in deep
ensen 2003 Curry and Oppp2005 Lynch-Stieglitz et a|. ~ waters (2500 m) in the Atlantic Ocean (100 cores with ben-
2007), typ|ca||y focusing on the difference between the late thic data). Atlantic data coverage is also reasonable at shal-
Holocene and the LGM. Data from the benthic speClis- lower depths (45 cores) and in surface waters (71 cores with
cidoides wuellerstorficonsidered the most reliable indicator Planktonic data). The principal gaps in benthic data cover-
of seawate$13C, were selected for those time-slices, reduc-age are: (1)<2500m in the Pacific ocean (10 cores); (2)
ing the error in the data at the expense of reduced data covethe Indian ocean (12 cores); and (4) south df S@2 cores).
age. In this study, we focus not on specific time-slices but onThere is a large variation in the temporal resolution of the
producing a synthesis of time-slices for the last 150 ka. WepPre-processed data, both within and across cores. Of the
include data from a range of benthic and planktonic species¢ores providing benthic data, all but 28 provide at least one
and do not exclude data from high productivity regions. Theobservation for the LGM (19-23 ka), compared with 64 cores
inhomogeneity in this data is addressed by attaching an erroproviding no Holocene<{10 ka) data, and 124 cores provid-
estimate for each observation, using the entire dataset to e§2g no data from Marine Isotope Stage (MIS) 5a or earlier

timate additional errors associated with less reliable specie§>71ka). This is summarised in Table 1. The raw data and
and unfavourable core locations. the §180 age model are included as Supplementary Materi-

als. The raw data has undergone basic filtering; for example,
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Table 1. Cores used in the data synthesis. Flags: R =mean data resolution poorer than 6 ka; r = mean data resolution poorer than 3ka; H=al
least one period of 20 ka with no obseravtions; h = at least one period 00 ka with no observations; p = upwelling region or phytodetritus
effect suspected; X =no processed data from record.

Core Latitude Longitude Depth Ocean Benthic Age #of Sed. Flag Plank. Age #of Sed. Flag Reference
(m) species (ka) obs. rate species (ka) obs. rate

PS21771 88.03 13493 1383  Arct. N. pachyde 2-76 38 06 h Noer98
PS2185-3 87.52 14438 1051  Arct. N. pachyde 0-52 34 0.7 Noer98
PS2166-2 86.85 59.77 3636  Arct. N. pachyde 2-73 39 0.6 Noer98
PS2138-1 81.54 30.88 862 Arct.  C. teretis 13-150 54 42 h DELPHI
V27-64 73.52 20.00 479 Arct. N. pachyde 10-14 8 75.0 DELPHI
V30-163 72.40 14.82 748 Arct. N. pachyde 24-48 21 46.3 DELPHI
V28-14 64.78 —29.57 1855  Arct. N. pachyde 0->150 73 3.8 CDLS88
V29-202 61.00 —21.02 2658 Arct.  C.wueller 2—>150 184 5.2 p OL95
V27-60 72.18 -858 2525  ArctY N. pachyde 1->150 73 4.2 DLB88

C. wueller 1-133 41 42 rH
PS1243-1 69.37 —6.55 2711 Arct’Y  C.wueller 1-30 57 28 N. pachyde 1-30 61 2.8 BESSO01
V28-56 68.03 —6.12 2941 Arcty  C.wueller 108-125 9 29 p N. pachyde 108-135 13 2.6 CLIMAP

O. tener 108-125 9 29 p
GIK23071 67.08 291 1308  Arél. 2-140 269 53 Svo1
S0825-2 59.19 —30.90 1416 N Atl.  C.wueller 5-65 142 9.7 p N. pachyde 5-47 72 9.4 Jung04
BOFS17K 58.00 —16.50 1150 NAtl. C.wueller 2-49 35 28 G. bulloid  2-115 121 21 LMC94
ODP982 57.50 —15.88 1145 NAtl. Cib. spp. 0->150 62 25 G.bulloid 0->150 66 2.5 VHSW99
NA87-22 55.50 —1458 2161 N Atl.  C.wueller 0-25 49 255 DLAP92
ODP980 55.48 —-14.72 2168 N Atl.  C. wueller 1->150 138 14.0 OMCO03
GIK17049-6 55.26 —26.73 3331 N Atl.  C.wueller 1->150 123 4.1 h G. bulloid 0—>150 166 4.1 h JS03
GIK23419-8 54.96 —19.75 1491  NAtl. C.wueller 3-110 147 7.0 h G. bulloid  3-110 158 7.0 JS03b

N. pachyde 0-41 95 4.0
V27-20 54.00 —46.20 3510 N Atl.  C. wueller 91-148 22 23 CLIMAP
GIK23414-9 53.54 —20.29 2196 N Atl.  C.wueller 0->150 178 3.2 Genus mix: -0>150 182 3.2 JS03c
GIK23415-9 53.18 —19.14 2472  NAtl. C.wueller 1->150 183 4.0 G.bulloid 1->150 144 4.0 JS03d
NEAP18K 52.77 —30.34 3275 N Atl.  C. wueller 55-126 184 5.6 p CS99
SU90-39 52.57 —21.94 3955 N Atl.  C. wueller 10-140 152 6.9 p G. bulloid 10->150 146 8.0 Cort03
14->150 117 8.0 h

GIK23418-8 52.55 —20.33 1491 NAtl. C.wueller 0—>150 129 6.7 h G.bulloid 0->150 216 6.7 JS03e
GIK17045-3 52.42 —16.66 3663 NAtl. C.wueller 8—>150 66 48 h SWJD94
GEOB6728-11SO  52.15 —-12.77 749 N Atl.  C. kullenb 2-48 80 9.6 DHRDO5
GEOB6719-1 52.15 —-12.77 758 N Atl.  C. kullenb 13-130 79 35 RDDHO05
GIK23416-4 51.57 —20.00 3616 NAtl. C.wueller 6—150 90 7.1 h G. bulloid  6-150 144 7.1 JS04a
GIK23417-1 50.67 —19.43 3850 N Atl.  C. wueller 4-79 142 75 N. pachyde 6-79 111 7.6 JS03f
ODP851 46.22 —34.32 3760 N Atl. G.sacculi  4—>150 25 1.9 rh CR97
NO79-28 45.63 —22.75 3625 NAtl. U. peregri 18->150 105 50 H G.bulloid 10->150 67 5.0 Dupl96
V29-179 44.71 —2453 3331  NAtl. Uvig. spp. 20-150 74 41 h CLIMAP

C. wueller 2—-130 34 4.0 rH

M. barlean 14-100 11 43 RH

H. elegans 2-16 8 36

Cib. spp. 2-9 4 22
SU90-11 44.07 —40.02 3645 NAtl. C.wueller 10->150 67 36 h N. pachyde 10-150 139 3.6 LVCP95

U. excelle 12-149 108 3.6 h G. bulloid  10-150 109 3.6
CHN82-20 43.50 —29.87 3020 N Atl.  C.wueller 4-25 49 6.1 G. bulloid 4-23 43 6.1 DELPHI
MD952039 40.58 —10.35 3381 NAtl. C.wueller 5->150 173 10.8 LCO06
NO82-13 40.53 —10.43 3780 NAtl. C.wueller 10-34 43 174 G. bulloid  10-65 77 14.5 Labe96
P0O20Q10.6—-2 37.82 —9.50 1086 NAtl. Uvig. spp. 2-41 46 144 G.bulloid  2-41 47 14.4 ABHR98
MD95-2042 37.80 —10.17 3146 N Atl.  C.wueller 2-150 258 20.1 SHVO00
P0O200/108—2.97 37.64 —9.93 2200 NAtl. C.wueller 3-30 23 105 G. bulloid  2-30 31 10.7 ABHR98
KF09 37.11 —32.29 2655 NAtl. C.wueller 2-31 12 160 h G. ruber 2-31 45 16.0 Rich01
MD99-2339 35.89 —-7.53 1177 N Atl.  benthic 247 184 404 p N. pachyde 2-47 182 404 Voel06

Uvig spp. 2-47 52 403 p
V10-58 35.67 26.30 2283 NAtl. G. ruber 1-36 42 15.1 CLIMAP
GIK11944-2 35.65 —-8.06 1765 NAtl. C.wueller 10-95 67 6.4 WS03
GIK15669-1 34.89 —7.82 2022 NAtl. C.wueller 9-95 71 56 ZS03
GIK15672-1 34.86 —8.13 2460 N Atl.  C. wueller 4-57 42 43 G. ruber 4-55 40 4.3 SWJD94
EN120GGC1 33.67 —57.62 4450 NAtl. Cibspp. 6-25 43 139 Keig04
KNR140-51GGC  32.78 —76.12 1790 NAtl. U. peregri 5-18 41 323 G.sacculi  5-18 44 323 Keig04
KNR140-64GGC  32.74 —76.13 2101 NAt. C.wueller 14-24 18 138 G. ruber 2-29 52 13.9 Keig04

U. peregri 1-23 12 139 h
KNR140-67JPC 32.74 —76.13 2102  NAtl. N.umbonif 10-30 32 108 G. ruber 10-29 22 11.2 Keig04
KNR140-43GGC  32.02 —76.07 2590 NAtl. U.peregr 12-22 39 17.7 G. ruber 10-25 66 17.7 Keig04
KNR140-37JPC 31.41 —75.26 3000 NAtl. Cibspp. 0-149 236 135 Keig04

Uvig. spp. 8-61 164 2238
KNR140-30GGC  30.73 —74.47 3433 NAtl. U. peregri 11-24 27 1538 G. ruber 10-25 38 16.0 Keig04
GEOB4216-1 30.63 —12.40 2324 NAt. C.wueller 4->150 127 45 G.bulloid 4->150 130 4.5 FMHKO02
GIK16004-1 29.98 —10.65 1512 NAt. C.wueller 4-139 60 3.3 G. bulloid  4-139 59 3.3 SWJD94

Pyrgo murr 4-136 32 3.2 r G. ruber 4-139 57 3.3

G. inflata 4-128 53 3.3
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Table 1. Continued.
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Core Latitude Longitude Depth Ocean Benthic Age #of Sed. Flag Plank. Age #of Sed. Flag Reference
(m) species (ka) obs. rate species (ka) obs. rate
GIK15627-3 29.17 —12.09 1024 NAtl. C.wueller 9—>150 49 3.2 G.inflata 7—>150 39 32 rh SWJD94
KNR140-12JPC 29.07 —72.90 4250 NAtl. N.umbonif 8-25 43 128 G.ruber 8-24 32 13.0 Keig04
GEOB4223-2 29.02 —-12.47 775 N Atl.  U. peregri 1-98 150 7.8 G. bulloid 1-98 149 7.8 FMHKO02
GEOB4240-2 28.89 —13.22 1358 N Atl. C. wueller 5-137 59 49 G. bulloid 3-137 133 5.0 FMHKO02
KNR140-22JPC 28.02 —74.41 4712  NAtl. N.umbonif 12-21 20 173 p G.ruber  9-21 43 17.3 Keig04
GIK15637-1 27.00 —18.99 3849 NAtl. C.wueller 10->150 41 2.0 rh ZS03b
OCE205-149GGC 26.26 —77.67 423 N Atl.  C. kullenb 8-44 26 6.8 SC95
OCE205-7JPC 26.14 —77.23 1320 N Atl.  C. kullenb 0-69 26 2.6 SC95
H. elegans 0-137 35 20 r
OCE205-103GCC 26.07 —78.07 965 N Atl. C. cicatri 3-62 42 46 p SC95
C. kullenb 3-61 100 4.6 p
OCE205-108GGC 25.98 —78.18 743 N Atl.  P.arimine 6—-22 28 152 SC95
C. pachyde 623 33 10.7
OCE106GGC 25.98 —78.18 423 N Atl. C. cicatri 6—25 23 75 SC95
C. corpule 6-25 21 75
C. pachyde 625 20 7.5
H. elegans 6—25 23 75
P. arimine 6—25 23 75
P. foveola 6-22 10 7.5
P. roberts 6-25 22 75
GIK12392-1 25.17 —16.84 2575 NAtl. C.wueller 3-141 113 6.9 ZWS86
BOFS28K 24.64 —22.81 4900 NAt. C.wueller 4-30 20 19 p BES95
BOFS26K 24.48 —-19.89 3680 NAtl. C.wueller 4-26 20 1.9 BES95
GIK16017-2 21.25 —17.80 812 N Atl.  C. wueller 6-37 57 132 G. ruber 6-—-38 55 13.1 SWJD9%4
GIK16030-1 21.23 —18.05 1516 NAtl. C.wueller 4-109 65 9.6 G. bulloid 4-38 43 8.6 SWJD94
U. peregri 4-35 28 8.4 G.ruber  4-38 43 8.6
G.inflata 4-38 43 8.6
GIK12328-5 21.14 —18.57 2798 N Atl. C. wueller 0-47 67 11.8 G. ruber 0-49 65 11.9 SWJD9%4
ODP658C 20.75 —18.58 2273 NAtl. C.wueller 0-50 120 12.6 G. bulloid  0-50 113 12.6 ZBSS95
G.inflata  0-50 118 12.6
G. ruber 0-50 120 12.6
G.ruber  0-49 113 12.6
BOFS29K 20.53 —21.11 4000 NAtl. C.wueller 0-32 26 2.8 BES95
V30-49 18.43 —21.10 3093 NAtl. C.wueller 2-28 30 4.3 CDLS88
GIK13289-2 18.07 —18.01 2485 NAtl. C.wueller 3-31 30 6.5 SWJD94
U. peregri 3-31 26 6.5
GIK12337-4AND 5 15.95 —18.13 3094 NAtl. C.wueller 10-17 28 195 G. ruber 10-17 28 195 SWJD94
GIK16402-1 14.42 —20.57 4203 NAtl. C.wueller 6—>150 33 21 rh G.sacculi 5-22 12 3.9 SWJD94
V22-197 14.17 —18.58 3167 N Atl.  Uvig. spp. 1->150 87 5.1 CDLS88
GIK13239-1 13.88 —18.31 3156 N Atl. C. wueller 8-40 48 13.7 SWJD9%4
U. hollick 8-40 45 13.7
V22-196 13.83 —18.96 3728 NAtl. C.wueller 3-19 13 5.1 CLIMAP
M35003-4 12.09 —61.24 1299 NAtl. Cib. spp. 457 96 166 p Huel99
Uvig. spp. 24-58 53 166 p
V22—-108 9.92 —20.98 4956  NAtl. G. bulloid 1-133 29 41 rH CLIMAP
GIK16408-2 9.01 —21.46 4239 NAtl. C.wueller 2-18 10 23 G.ruber  0-18 12 2.3 SWJD94
GIK16408-5 9.01 —21.50 4336 NAtl. C.wueller 2-27 11 2.2 SWJD94
GIK16459-1 7.28 —26.19 4835 N Atl. C. wueller 8-36 30 3.1 G. ruber 8-21 18 3.1 SWJD9%4
GEOB4403-2 6.13 —43.44 4503 NAtl. C.wueller 1->150 136 3.4 H BMO03
ODP929 5.98 —43.74 4356 NAtl. C.wueller 10->150 52 58 BCW97
C. cicatri 24—>150 11 5.6 RH
GIK13519-1 5.67 —-19.85 2862 N Atl. C.wueller 1->150 79 13 SWJD9%4
U. hollick 13-144 34 14 rh
ODP927 5.46 —44.48 3315 NAtl. C.wueller 10->150 56 5.3 p CO05
Cib. spp. 26->150 11 53 RHp
EW9209-1JPC 5.00 —43.00 4056 NAtl. C.wueller 1-150 229 38 p C0o97
KN11002-0055 4.95 —42.89 4556 NAtl. C.wueller 5-63 40 22 CDLS88
KN11002-0050PG  4.87 —43.20 3995 NAtl. C.wueller 12-47 40 38 p CDLS88
GIK16856-2 4.80 3.40 2861 N Atl. 874 43 4.7 SWJD94
KN11002-0058 4.79 —43.04 4341 N Atl. C. wueller 4-43 38 33 CDLS88
KN11002-0066PG  4.56 —43.38 3547 NAtl. C.wueller 2-39 40 3.6 CDLS88
GEOB1526-1 4.49 —41.93 3911 NAtl. C.wueller 6—>150 80 1.8 BMO03
KN11002-0071PG  4.36 —43.70 3164 NAt. C.wueller 1-42 44 35 CDLS88
KN11002-0075 4.34 —43.41 3063 N Atl. C.wueller 4-72 40 19 CDLS88
ODP925 4.20 —43.49 3041 N Atl. C.wueller 10->150 39 43 rH BCW97
C. bradyii  18->150 18 4.2 RH
GEOB1523-2 3.83 —41.62 3291 NAt. C.wueller 2—>150 61 2.0 Muliog
GIK13521-1 3.02 —22.03 4504 N Atl. C. wueller 7—>150 25 24 rH G.sacculi 7—>150 27 2.7 rh SWJD94
GEOB1505-2 2.27 —33.02 3706 N Atl. ZBDH99
C.wueller 10->150 63 2.0
GEOB110%-5 1.66 —10.98 4588 NAtl. C.wueller 8—>150 36 14 r BW96
GIK16771-2 0.82 —-15.51 2764 N Atl. C. wueller 4-87 1 21 RH G.sacculi 4—>150 30 2.0 rh SWJD94
G.ruber  4->150 30 20 rh
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Core Latitude Longitude Depth Ocean Benthic Age #of Sed. Flag Plank. Age #of Sed. Flag Reference
(m) species (ka) obs. rate species (ka) obs. rate
12PC51 0.01 —23.00 3870 NAtl. G.sacculi  9-47 44 25 SK94
GEOB2215-10 0.01 —23.50 3711 NAtl. C.wueller 8-30 24 55 BMO03
GIK16773-1 -0.97 —9.44 4662 SAtl.  C.wueller 0-17 29 33 G. ruber 0-17 29 3.3 SWJD9%4
GIK16772-1 -1.34 —11.97 3911 SAtl. C.wueller 14->150 56 4.6 G.sacculi 14->150 58 4.6 SWJD94
GIK12329-6 -1.35 —19.93 3912 SAtl. C.wueller 4-43 23 31 SWJD94
Pyrgo spp.  76>150 25 28 r
GEOB1105-4 -1.67 —12.43 3225 SAtl.  C.wueller 8—->150 123 4.1 BW96
GIK16867-2 —2.20 5.10 3891 SAtl.  C.wueller 8-137 48 2.7 G. ruber 8-137 50 2.7 SWJD94
RC13-205 —2.29 518 3731 SAtl G. ruber 3-22 11 6.3 CLIMAP
GEOB1041-3  —3.48 —7.60 4033 SAil. 5>150 56 2.1 BW96
GEOB1118-2 —3.56 —16.43 4675 SAtl.  C.wueller 6—>150 67 2.1 p BW96
GEOB1115-3 —3.56 —12.56 2945 SAtl.  C.wueller 1->150 102 3.2 p BW96
GEOB150+4  —3.68 —32.01 4257 SAtl. C.wueller 10-28 14 36 DHMP97
GEOB1112-4 —5.78 —10.75 3125 SAtl.  C.wueller 3—>150 74 2.6 p BW96
V12-70 —6.48 11.43 450 S Atl. P arimine 12—-43 28 6.4 G.sacculi  12-43 28 6.4 LCO06
GEOB1903-3  —8.68 —11.85 3161 SAtl. C.wueller 8-30 15 3.2 p DHMP97
V22-38 —9.55 —34.25 3797 SAtl. C.wueller 78-135 16 14 rhp G.sacculi 78-135 35 1.4 CLIMAP
V22-174 —10.07 —12.82 2630 SAtl. Uvig. spp. 0-130 41 24 r MRKM89
ODP1079 —11.93 13.31 755 S Atl. C. pachyde -ao 34 425 LCO06
Planulina 0-20 29 264
GEOB14171  —-15.54 —12.71 2845 SAtl. C.wueller 10-23 14 5.0 BMO03
V29-135 —19.70 8.88 2675 SAil. C.wueller 4-—>150 57 34 hp SWJD94
GEOB1028-5 —20.10 9.19 2209 SAil. C.wueller 3—->150 90 26 WBBD96
V19-258 —20.40 11.62 965 S Atl. C. pachyde -89 20 113 G. bulloid  8-30 40 111 LCO06
GEOB5115-2  -21.14 —14.04 3291 SAtl. C.wueller 4-23 22 11 BMO03
GEOB1035-3  —21.60 5.03 4450 SAil. C.wueller 6—>150 37 13 p BW96
GEOB3202-1  —21.62 —39.98 1090 SAtl. U.peregri 10-62 98 94 G.sacculi  10-62 98 9.4 APW99
G. ruber 10-62 99 9.4
GEOB1034-3  —-21.73 542 3772 SAil. C.wueller 7—->150 33 08 r BW96
RC13-228 —22.33 11.20 3204 SAtl. C.wueller 1-136 54 5.0 Hp CDLS88
Uvig. spp. 116-150 10 34 rhp
GEOB1032-3 —22.91 6.04 2505 SAtl. C.wueller 6—>150 43 14 p BW96
GEOB1716-3  —23.43 11.70 2987  SAtl. C.wueller 2—->150 151 5.4 SM97
RC8-39 —24.07 —15.12 3977 SAtl. G. bulloid  10-136 52 7.0 H CLIMAP
GEOB121+3  —24.47 754 4089 SAil. C.wueller 6—>150 37 07 rhp BW96
V19-248 —24.57 483 3321 S Atl. G. ruber 5-32 8 1.8 r CLIMAP
GEOB1214-1  —24.69 7.24 3210 SAil. C.wueller 3—>150 35 12 r SM97
RC13-229 —25.49 11.31 4191  SAtl.  Uvig. spp. +>150 37 22 rhp OFGS90
ODP1084B —25.51 13.03 1992 SAtl. C.wueller 7-19 18 26.5 LCO06
GEOB2109-1 —27.91 —45.88 2504 SAtl.  C.wueller 6—>150 106 2.7 DHMP97
V20-220 —28.60 —29.02 3601 SAtl. Orid. spp. 827 7 205 DELPHI
G. pseudoa 21-27 8 20.5
GEOB172+6  —29.17 13.08 3044 SAtl. C.wueller 0—>150 78 2.6 BMO3
GEOB1722-3 —29.49 11.75 3973 S Atl. C.wueller 1->150 50 1.3 MSMS02
GEOB380+-6  —29.51 —8.31 4546  SAil. C.wueller 8—>150 33 13 r BMO03
V19-240 —30.58 13.28 3103 SAtl. C.wueller 2-35 13 31 LCO06
GEOB2004-2  —30.87 1434 2569 SAtl. C.wueller 4-30 33 6.2 BMO03
ODP1087 —31.46 15.31 1372 S Atl. C.wueller 0->150 69 25 PSUGO01
GEOB1312-2  —31.66 —29.66 3436 SAtl. C.wueller 9->150 23 0.9 RpX G. ruber 9->150 23 0.9 R HP99
V19-236 —33.88 17.63 280 S Atl. C. pachyde —26 34 200 G. bulloid  9-26 34 20.0 LCO06
P. arimine 8—-26 20 20.0
GEOB3603-2 —35.13 17.54 2840 SAtl. C.wueller 12—>150 87 3.2 BMO03
RC11-86 —35.78 18.45 2829  SAtl. G.sacculi  7-27 14 3.2 CLIMAP
Var. benth 27 14 3.2
GEOB2019-1  —36.06 —8.78 3825 SAil. C.wueller 6—30 14 29 p BMO3
MD96—-2080 —36.27 19.48 2488 SAtl. C.wueller 1->150 35 1.9 p G. inflata 1->150 35 1.9 r RRLG02
RC12-294 —37.27 —10.12 3308 SAtl. Uvig.spp. 13->150 73 29 IMM97
C.wueller 16—>150 19 238 RH
RC12-267 —38.68 —25.78 4144 S Atl.  Uvig. spp. 9-20 7 92 CLIMAP
ODP1089 —40.94 9.89 4621 SAf. Cib. spp. 3->150 382 155 p G.bulloid 1->150 400 15.4 HVCNO3
ODP1088 —41.14 13.56 2082 SAf. Cib. spp. 3->150 29 13 rhp HVCNO3
PS2495-3 —41.27 —14.49 3134 SAtf  Cib. spp. 16->150 43 3.0 r MGHK94
ODP1090 —42.91 8.90 3702 SAt.  Cib. spp. 6-145 79 35 h HVCNO3
C. wueller 6—>150 79 20 h G. bulloid  5->150 168 2.0
C. kullenb 7—>150 60 3.0 H
N. pachyde 7—>150 151 3.0
RC15-94 —42.98 —20.86 3762 S At G. inflata 9-29 25 12.1 CLIMAP
PS2082-1 —43.22 11.74 4610 SAf. Cib. spp. 16->150 68 4.4 hp N.pachyde 10->150 71 4.4 MGHK94
G.bulloid 10->150 71 4.4
PS2498-1 —44.15 —14.23 3783 SAt Cib. spp. 6-135 96 9.0 MRKO1
ODP704A —46.88 7.42 2543 SAt.  Cib. spp. 9->150 18 238 RHp N. pachyde 9—>150 26 2.8 rh HVCNO03
Gyroidina 9->150 19 238 Rhp
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Table 1. Continued.

K. I. C. Oliver et al.:

Synthesis of maria&3C

Core Latitude Longitude Depth Ocean Benthic Age #of Sed. Flag Plank. Age #of Sed. Flag Reference
(m) species (ka) obs. rate species (ka) obs. rate
RC13-269 —52.63 0.12 2591 SAf. Uvig. spp. 9-90 40 61 p CLIMAP
PS1506 —68.73 -5.85 2426 SAt® E. Exigua 6->150 67 08 h N. pachyde 0->150 82 0.8 RERHO09
M5—-3A—422 24.39 58.04 2732 Ind. C. wueller 1-25 91 9.2 G. ruber 0-24 84 9.3 SGD00
S090-93K 23.59 64.22 1802  Ind. G. ruber 36-68 50 3.3 SVE98
G. ruber 68-81 44 8.1
ORGON4-KS8 23.47 59.19 2900 Ind. C. wueller 10-39 61 19.9 G. ruber 10-36 58 21.1 SGDO00
V34-88 16.54 59.76 2171 Ind. Uvig. spp. 100-144 24 35 P G.sacculi 100-144 32 35 CLIMAP
SK17 15.25 72.73 840 Ind. G. ruber 4-25 58 2213.0 Anandpc
G. bulloid 4-25 57 2213.0
GEOB3004-1 14.61 52.92 1803 Ind. C.wueller 0->150 163 5.3 SMO06
S042-74KL 14.33 57.35 3212 Ind. SSEL93
C. wueller 1-47 107 67 p G. ruber 1-47 123 6.7
IOE105KK 11.27 53.54 3535 Ind. G. ruber 2-30 20 6.8 Siro02
905 10.46 51.56 1580 Ind. C. wueller 0-26 27 233 G. ruber 0-26 31 23.3 JKGP09
G. bulloid  0-26 31 233
RC12-339 9.13 90.03 3010 Ind. C.wueller  99-138 22 1.8 G.sacculi  99-138 36 18 CLIMAP
V19-178 8.12 73.27 2188  Ind. G. ruber 7-25 8 3.6 PHWB80
V19-188 6.87 60.67 3356 Ind. G. ruber 3-30 16 3.2 CLIMAP
G.sacculi  2-30 17 3.2
V29-29 5.12 77.58 2673 Ind. G.sacculi  83-147 37 2.8 CLIMAP
MD900963 5.05 73.90 2446 Ind. 10-150 86 4.4 BBVL94
V29-31 3.80 78.65 3793 Ind. G. menardi —%5 11 10.0 DELPHI
RC14-37 1.47 90.17 2226 Ind. G. ruber 10-21 10 6.4 CLIMAP
MDO01-2378 —13.08 121.79 1783 Ind. C. wueller 0-150 156 105 p KHK06
RC17-98 —13.22 65.62 3409 Ind. G.sacculi 108->150 17 2.3 CLIMAP
V28-345 —17.67 117.95 1904 Ind. Uvig.spp.  102-150 8 21 RHp G.sacculi 100-150 26 2.1 CLIMAP
125-150 10 24 p
117-146 9 22 p
182-1132B —33.32 127.60 219 Ind. U. peregri  18—>150 52 36.3 HKJ02
E49-21 —42.18 9490 3328 Ind. planktonic ~ 2->150 28 19 rh CLIMAP
RC08-39 —42.88 4235 4330 Ind. G.bulloid  114-137 30 6.4 CLIMAP
RC11-120 —43.31 79.52 3193 Ind. Uvig. spp. 3-115 63 35 p MPHI87
Globocas. 3115 37 35 rhp
C. wueller 3-130 34 34 rHp
G.bulloid  3—>150 98 3.2
ELT45029-PC  —44.88 106.52 3867 Ind. G. bulloid 10->150 33 3.1 r CLIMAP
MD88-770 —46.02 96.46 3290 Ind. C. wueller 7-17 9 91 p Labe98
ELT49018-PC  —46.05 90.16 3282 Ind. G. bulloid 12—-140 56 4.3 CLIMAP
E49-23 —47.12 95.10 3206 Ind. planktonic ~ 4-118 57 5.1 HP94
ELT49023-PC  —47.13 95.08 3285 Ind. 12-116 57 5.5 HP94
ELT49017-PC  —48.28 90.25 3546  Ind. G. bulloid 18->150 46 2.2 HP94
V36-06 19.43 115.90 2387 NPat G.sacculi  0-109 112 109 DELPHI
GGC-6 12.15 118.06 2975 N Pak G.sacculi  8-50 30 35 TQCP92
GGC-12 11.93 11821 2495 N Pat. 6-36 28 4.6 TQCP92
GGC-11 11.89 118.33 2165 N Pat G.sacculi  6—40 29 4.1 TQCP92
GGC-10 11.72 11851 1605 N Patl G.sacculi  4-37 29 4.4 TQCP92
GGC-13 10.60 118.29 990 N Pa& G.sacculi  1-33 30 45 TQCP92
ODP1143 9.36 113.29 2772 N P&€. C.wueller 5-147 60 6.7 h TWCLO02
V35-05 7.20 112.08 1953 NPat C.wueller 2-19 12 205 OF87
RC23-50B 1.03 104.41 3473 NPa&  Uvig. spp. 8-15 21 50 p DELPHI
V32-161 48.28 149.07 1600 N Pac. Uvig. spp. 0-48 24 50 h MHS91
Y2711-1 43.26 —126.38 2913 N Pac. Uvig. spp. 112-142 37 5.2 CLIMAP
J-11 40.13 —134.00 1150 NPac. N. pachyde 6-28 61 6.6 GS00
V32-128 36.47 177.17 3623 NPac. C.wueller 0->150 34 27 rh CLIMAP
Uvig. spp. 2->150 5 36 RHX
V32-126 35.32 177.92 3870 N Pac. Var. benth  —133 18 4.6 RH CLIMAP
RC10-175 34.58 159.17 4014 N Pac. Var. benth ) 6 38 DELPHI
V28—-304 28.53 134.13 2942 NPac. C.wueller 0->150 46 45 rh CDLS88
Uvig. spp. 0->150 62 4.5 h
Cib. spp. 8-37 15 6.6
V28—-294 28.43 139.97 2308 N Pac. Uvig.spp. 3180 26 4.7 CLIMAP
RC12-36 14.74 —97.67 3354 NPac. Uvig.spp. 12-19 6 27 p DELPHI
V28-240 5.22 158.07 1767 N Pac. G. fistulo -246 49 21.8 DELPHI
V28-179 4.62 —139.60 4502 N Pac. Globocas. 4807 107 24 DELPHI
RC17-176 3.75 158.77 3156 N Pac. G.sacculi  17-26 18 0.4 DELPHI
V17-42 3.53 —81.18 1814 N Pac. G. ruber 12-21 5 5.8 DELPHI
G.sacculi  9-21 7 5.8
V19-25 2.47 —81.70 2404 N Pac. G. dutertr —87 40 6.3 DELPHI
RC13-138 1.81 —94.14 2655 N Pac. G.sacculi 1->150 201 438 DELPHI
ODP805C 1.23 160.53 3188 NPac. C.wueller 16—>150 18 1.3 Rhp LPS00
V28-238 1.02 160.48 3120 N Pac. G.sacculi 3—>150 48 1.8 r CLIMAP
V21-29 0.95 —89.35 712 NPac.  Uvig. spp. 3-23 9 80 p DELPHI
V24-109 0.43 158.80 2367 N Pac. C.wueller 0-80 103 34 P SLMH92
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Table 1. Continued.
Core Latitude Longitude Depth Ocean Benthic Age #of Sed. Flag Plank. Age #of Sed. Flag Reference
(m) species (ka) obs. rate species (ka) obs. rate
G.sacculi 1->150 93 14
ODP806B 0.32 159.36 2520 N Pac. C. wueller 3—>150 31 26 rhp G.sacculi 3->150 31 2.9 rh LPS00
RC13-110 0.00 —-96.02 3231 N Pac. C.wueller 5->150 63 2.0 h MPZR91
V19-27 —-0.47 —82.08 1373 S Pac. MPZR91
C. wueller 3-150 71 25
RC10-65 —0.69 —108.62 3588 S Pac. G.sacculi  11-20 21 6.7 DELPHI
Pulleniati 1120 24 7.8
G.tumida 11-45 47 11.7
RC10-97 —0.92 —134.31 4305 SPac. Var. benth -85 6 24 r DELPHI
V19-28 —2.37 —84.65 2720 S Pac. Uvig. spp. 0->150 67 4.4 p DELPHI
RC10-140 —2.65 156.98 1679 S Pac. G. sacculi  14-30 10 5.6 DELPHI
ODP846 —3.08 —90.83 3296 SPac. C.wueller 8—>150 56 3.7 SHP95
U. peregri  99—>150 14 3.7 r
V19-30 —3.57 —83.23 3157 S Pac. benthic —6-150 297 53 p CDLS88
V28-235 —5.45 160.48 1746 S Pac. G.sacculi 2—>150 26 1.3 r CLIMAP
V24-184 —-12.87 146.22 2992 S Pac. G.sacculi 5—>150 15 1.3 Rh APB89
V24-170 —13.52 146.90 2243 S Pac. G.sacculi 2->150 21 14 R APB89
RC10-131 —14.53 157.97 2933 S Pac. G.sacculi 3-65 25 3.9 APB89
MW91-15 —14.53 157.98 3296 S Pac. G.sacculi 4-34 32 2.1 PT97
V24—-166 —-16.52 150.78 781 S Pac. G.sacculi 2-10 13 30.0 APB89
V24-161 —18.20 151.47 1670 S Pac. G.sacculi  25-89 19 28 r APB89
MD06—-3018 —23.00 166.15 2470 SPac. C.wueller 4—>150 35 16 r REKC09
RC12-113 —24.88 163.53 2454 S Pac. G.sacculi 8-76 24 35 APB89
RC12-109 —25.88 157.88 2930 S Pac. G.sacculi 5->150 22 15 R APB89
RC15-52 —29.24 —85.98 3780 S Pac. Uvig. spp. 16-30 1 22 p CLIMAP
CHAT10K—-1 —40.03 180.00 3003 SPdc. Uvig. spp. 0-31 83 106 p G. bulloid 0-31 83 10.6 MCHO08
G.inflata 0-31 83 10.6
MD97-2121 —40.38 177.99 3014 S Pac. Uvig. spp. 0-140 134 248 p G.inflata  0-140 156 24.8 CMGNO08
Cib. spp. 1132 57 249 Hp
P69 —40.38 178.00 2195 SPac. benthic 6-26 33 302 p WCN98
S794 —40.40 178.00 2195 SP&c. G. bulloid 0-126 48 0.0 WCN98
CHAT5K —40.78 —171.55 4240 SPat. Uvig. spp. 6->150 32 10 rhp G.bulloid 11->150 21 1.0 RH MCHO08
CHAT1K —4158  —17152 3556 SPat. Uvig.spp. 2>150 84 21 WCN98
R657 —42.38 —178.49 3284 S Pat. Uvig. spp. 6->150 26 1.9 r G. bulloid 3—>150 28 1.9 r WCN98
CHAT3K —42.66 —167.50 4802 SPat. Uvig.spp. 8->150 125 19 h G.bulloid 8->150 129 1.9 MCHO08
G.inflata 8->150 129 1.9
U938 —45.08 179.50 2700 SPdc. Uvig. spp. 5-95 39 00 hp G.bulloid 6-95 42 0.0 WCN98
RC15-62 —45.29 —77.21 2809 SPat. Uvig.spp. 16-15 5 72 p DELPHI
MD97-2120 —45.53 17493 1210 SPdc. Genusmix: 2>150 480 10.7 PZES03
DSDP594 —45.59 175.08 1204 SP&c. Uvig. spp. 4->150 158 129 p  G.bulloid 4->150 179 129 WCN98
Q200 —45.99 172.03 1370 S Pac. benthic 5-120 22 24 rhp planktonic 5120 32 2.4 r WCN98
RC12-225 —53.66 —-123.13 2964 SPat. G. bulloid 8-51 42 8.1 RE99

Abbreviations are as follows. In header rows: Plank = planktonic; # of obs.=number of observations in core; Sed. rate =mean sedimentation rate (cm/ka) over period of data;
all latitudes and longitudes in decimal degrees. In Ocean column: Arct.=Arctic Oceart! ANordic seasC = Caribbean Sea’ = Southern Ocean (defined agt0°S);

SC =South China Sea. In Flag columns; R =mean data resolution poorer than 6ka; r=mean data resolution poorer than 3ka; H=at least one2péwoditsf no obser-

avtions; h = at least one period 8f.0 ka with no observations; p = upwelling region or phytodetritus effect suspected; X =no processed data from record. Relevant references are as
follows: ABHR98 = Abrantes et al. (1998); APB89 =Anderson et al. (1989); APW99=Arz et al. (1999); Anandpc=P. Anand (personal communication); BBVL94 = Bassinot

et al. (1994); BCW97 =Bickert et al. (1997); BES95 =Beveridge et al. (1995); BESS01=Bauch et al. (2001); BM03 =Bickert and Mackensen (2003); BW96 =Bickert and
Wefer (1996); CDLS88=Curry et al. (1988); CLIMAP =Ruddiman and CLIMAP Project Members (1997); CMGNO8 = Carter et al. (2008); CO05 = Curry and Oppo (2005);
CO97 =Curry and Oppo (1997); CR97 =Cannariato and Ravelo (1997); CS99=Chapman and Shackleton (1999); Cort03=Cortijo (2003); DELPHI = Delpttjproject,
Ilwww.esc.cam.ac.uk/research/research-groups/depiMP97 = Durkop et al. (1997); DHRDO5 = Dorschel et al. (2005); DLAP92 = Duplessy et al. (1992); DLB88 = Duplessy

et al. (1988a); Dupl96 =Duplessy (1996); FMHKO02 = Freudenthal et al. (2002); GS00 = Gorbarenko and Southon (2000); HKJ02 =Holbourn et al. (2002); HP94 = Howard and
Prell (1994); HP99 = Hale and Pflaumann (1999); HYCNO03=Hodell et al. (2003); Huel8®&s«(£D99); IMM97 = Imbrie et al. (1997); JKGP09 = Jung et al. (2009); JS03 = Jung and
Sarnthein (2004a); JS03b=Jung and Sarnthein (2003a); JS03c=Jung and Sarnthein (2003b); JS03d = Jung and Sarnthein (2003c); JS03e = Jung and Sarnthein (2003d); JS03f=Jt
and Sarnthein (2003e); JSO4a=Jung and Sarnthein (2004b); Jung04 =Jung (2004); KHK06 = Kawamura et al. (2006); Keig04 =Keigwin (2004); LCOO06 = Lynch-Stieglitz et
al. (2006); LMC94 =Lowry et al. (1994); LPS00=Lea et al. (2000); LVCP95 = Labeyrie et al. (1995); Labe96 = Labeyrie (1996); Labe98 = Labeyrie (1998); MCH08 = McCave et
al. (2008), cores excluded from Supplementary Materials; MGHK94 = Mackensen et al. (1994); MHS91 = Morley et al. (1991); MPHI87 = Martinson et al. (1987); MPZR91 = Mix
etal. (1991); MRKO1 = Mackensen et al. (2001); MRKM89 = Mclntyre et al. (1989); WS03 = Weinelt and Sarnthein (2003); MSMS02 = Mollenhauer et al. (2002); Muli98 = Mulitza

(1998); Noer98=Nrgaard-Pedersen et al. (1998); OF87 =Oppo and Fairbanks (1987); OFGS90=0ppo et al. (1990); OL95=0ppo and Lehmann (1995); OMC03=Oppo et
al. (2003); PHWB80 =Prell et al. (1980); PSUGO01 = Pierre et al. (2001); PT97 = Patrick and Thunell (1997); PZES03 =Pahnke et al. (2003); RDggtdergRet al. (2005);

RE99 = Rickaby and Elderfield (1999); REKC09 = Russon et al. (2009); RERH09 = Rickaby et al. (2009); RRLGO02 = Rau et al. (2002); Rich01 = Richter (2001); SC95 = Slowey and
Curry (1995); SGDO0O0 = Sirocko et al. (2000); SHP95 = Shackleton et al. (1995); SHV00 = Shackleton et al. (2000); SK94 = Sikes and Keigwin (1994); SLMH92 = Shackleton
et al. (1992); SM06 =Schmiedl and Mackensen (2006); SM97 =Schmiedl and Mackensen (1997); SSEL93=Sirocko et al. (1993); SV01=Sarnthein and Voelker (2001);
SVE98=Schulz et al. (1998); SWJD94 = Sarnthein et al. (1994); Siro02 = Sirocko (2002); TQCP92 =Thunell et al. (1992); TWCL02 =Tian et al. (2002); VHSW99 =Venz et

al. (1999); Voel06 = Voelker (2006); WBBD96 = Wefer et al. (1996a); WCN98 = Weaver et al. (1998); ZBDH99 = Zabel et al. (1999); ZBSS95 = Zhao et al. (1995); ZS03 = Zahn-
Knoll and Sarnthein (2003a); ZS03b = Zahn-Knoll and Sarnthein (2003b); ZWS86 = Zahn et al. (1986). Where species names are abbreviated, full names are given in Table 2, except:
C. cicatri = Cibicidoides cicatricosus; C. corpule =Cibicides corpulentus; C. kullenb = Cibicidoides kullenbergi; C. pachyde = Cibicidoides pachyderma; C. teretis = Cassidulina
teretis; E. exigua=Epistominella exigua; Globocas = Globocassidulina species; Gyroidina=Gyroidina species; M. barlean =Melonis barleanum; N. umbonif = Nuttallides um-
bonifera; O. tener = Oridorsalis tener; Orid. spp.=Oridorsalis species; P. arimine = Planulina ariminensis; P. foveola = Planulina foveolata; P. roberts = Planulina robertsoniensis;
Pyrgo murr=Pyrgo murrhina; U. excelle = Uvigerina excellens; U. hollick = Uvigerina hollicki; U. peregri=Uvigerina peregrina; Var. benth=record includes observations from
more than one benthic genus, distinguished in raw date file; benthic = mixed benthics; G. dutertr = Globoquadrina dutertri; G. inflata = Globorotalia inflata; G. menardi = Globorotalia
menardii; G. pseudoa = Globigerina pseudoampliapertura; Pulleniati = Pulleniatina species; Genus mix: = data from more than one genus, defined in raw date file; planktonic = mixed
planktonics.
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Fig. 2. Core locations of records included in the pre-processed data synthesis, or excluded bedafi€edwived age model could be
constructed. For most excluded records, there were too few data (often true of cores sampled only at the LGM and/or Holocene), or the
sampling resolution was targeted at longer timescales than a glacial cycle. The inclusion of records in the pre-processed synthesis was no
explicitly constrained by data quality.

where records consisted principally of data from a singleage uncertainties of approximately 1000-2500 years. Dates
species, but with additional observations from other speciespetweens'®0 maxima were estimated by applying uniform
these additional observations were removed. We caution thatedimentation rates betweétO maxima. The resulting
this is not a primary source of raw data, which should in- 180 timeseries, filtered by the same method%C data
stead be obtained from PANGAEA, NGDC, or Delphi. The (described in SecB.1.]) are plotted in Fig. 3, as anomalies
fully processed data, after applying the methods described imelative to the LGM.

Sect. 3, are included as Supplementary Materials. 8180 maxima were initially treated as synchronous
throughout the ocean, despite known asynchroneities in cli-
2.2 Age modelling mate events expected to distort th&0 signal. Asyn-

chroneities of 1.5-3ka have been identified between the
For this study it was necessary to construct consistent ag&lorthern and Southern ice sheets (Blunier and Brooks,
models for all cores. Since the accuracy required of thes001). Using'“C dating,Skinner and Shackletq2005 and
age models is rather low (a good representation of precestabeyrie et al(2005 obtained Atlantic-Pacific leads of 3.9
sional and longer timescale variability is sufficient), we max- and 1.5ka, respectively, for the most rapid decreagéde
imised the number of records that could be included by con-during deglaciation, andabeyrie et al(2005 obtained large
structing age models based solely on oxygen isotope data. Asynchroneities between intermediate and deep waters within
standardised framework was developed that allows datasete Atlantic basin. Due to the sparsity HiC records, and
to be placed on a common chronological framework for their inapplicability to the 62, 87, 108, and 137480 max-
the last 150000 years. For this we determined the tim-ima, systematic regional changes to the age models were not
ing of 180 maxima that can be recognized in both ben-made. Moreover, both thgkinner and Shackleto(2005
thic and planktonics'80 records, using the chronology of and Labeyrie et al.(2009 studies,s'80 maxima from all
Shackleton et a{2000, which can be readily recognized in records were within 2000 years of 18 ka, which we show to
higher resolution records. Approximately half of the ben- be small compared with other likely errors in the age models.
thic oxygen isotope signal results from changes in sea-level We now provide an estimate of the age error associated
that affect benthié80 synchronously to within the mixing with our approach and discuss proposed improvements. Age
timescale of the ocean. Therefol#80 maxima approxi- errors in individual records could be reduced using additional
mate to sea level minim&hackleton et al2000. The ages  stratigraphic constraints or age control points frii@ data
of §180 maxima — 18, 62, 87, 108 and 137 ka — are com-or tephra layers. However, such data were not available for
patible with the ages of analogous events at Dome Fuji ormost records, and to introduce heterogeneity to the synthesis
a timescale based on thef; ratio of gas trapped in the by applying a mixture of methods would likely increase the
ice-core Kawamura et aJ.2007, which has & absolute relative age errors between cores. Instead, we estimate the
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Fig. 3. Benthics180, as an anomaly relative to the 21 ka value, time-series by region. Timeseries are smoothed by the method described in
Sect.3.1.], and data with a temporal resolution poorer than 6 ka removed, but no species corrections or error estimates are made. In a small
number of records, th&'80 maxima (note the reversédto axis) differ from 18, 62, 87, 108, and 137 ka; these occur either where there is
disagreement regarding the timing of ##%0 maxima in records from different species from the same core, or where @éf@limaxima

could be identified with confidence. Marine Isotope Stages are indicated in each panel.

error associated with our age modelling approach by comdgible effect on our results, and therefore we persist with the
paring our age estimates with previously published age modinitial approach of treating*80 maxima as synchronous.

els for the 116 cores for which these were available with the In ascribing age uncertainties, we note that disagreement
raw data (see Table 1 for references). Figure 4 shows théetween two age models may indicate error in either age
distribution of offsets of our age estimates from previous agemodel, and may be associated with the error in the absolute
estimates. For each of the four ocean basins considered, thege scale rather than in the relative ages of records, suggest-
age models agree to within 6 ka for approximately 95% ofing that it would be pessimistic to equate the difference be-
observations. Since there are more observations from highween the two age estimates with the error in our age esti-
resolution records, this result is biased towards such recordsnates. On the other hand, errors common to our age esti-
whereas greater errors might be expected in low resolutiormates and previously published estimates are possible where
records. Giving each record equal weight by normalising byl4C data were not used in constructing either age model (for
the record length, 93% of observations agree to within 6 kaexample, asynchroneities betwe#fiO signals are likely to

The distribution is approximately gaussian, with no clear biasaffect orbitally tuned age models similarly to our age model).
towards underestimating or overestimating age in any basinwe ascribe a@ error of 6 ka throughout most of the dataset,
This is also true if the previous age estimates used are reslightly greater than the error of 5ka attributed to age mod-
stricted to those based fiC measurements (plotted in bold els obtained by orbitally tuning of several proxies ldar-

in Fig. 2). In Sect4.4we show that applying regionally uni- tinson et al.(1987. Errors are much smaller between the
form adjustments to our age model in order to minimise theLGM and the Holocene, and typically greatest during Ma-
age error in records with*C derived age models has negli- rine Isotope Stage (MIS) 3 (29-57 ka), which we attribute
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Fig. 4. (a) Offsets between age estimates used for this study and previously published (Table 1) age estimates as a function of age. Colours
indicate ocean basin; bold filled circles indicate tH4€ data was used in the previously published age model (notd4@atan only be

used to improve age estimates for the ta80ka). The bold black line indicates offsets-b6 ka. (b) Distribution of age estimate offsets.

(c) Distribution of age estimate offsets, normalised by the number of observations within each record (i.e. an observation from a record of
lengthn adds ¥n, as opposed to 1, to the appropriate bin).

to the large interval (between 18 and 62ka) over which adata resolution and scatter. In accounting for data inhomo-
uniform sediment accumulation rate must be assumed, andeneities, it is useful to distinguish between systematic er-
MIS 6 (>137ka). The ascribed age error is increased torors associated with each record (inter-record error) and the
8ka during these MIS 3 and 6. We attribute the increasedemporally varying error component (intra-record error). For
errors during MIS 3 to the long interval betwe&lfO max-  example, the error due to fractionation during calcification
ima (44 ka), which would be expected to increase errors dudnas a large inter-record component because this is strongly
to non-uniform sedimentation rate. We therefore emphasis&lependent on species, and most records consist of samples
that, due to the age modelling approach employed, the synfrom a single species or genus. Spatial variability in the
thesis is not suitable for examining the phasing of climatespecies offset is also an inter-record error, but in situ vari-
events between ocean basins, nor millennial timescale variaability of this offset in response to climate change is an
tions ins*3C. intra-record error. Similarly, any systematic difference in
813C resulting from inter-laboratory calibration errors is an
inter-record error. Since we expect uncertainties in the sys-
3 Procedure for temporal gridding and §13C tematic inter-record error to be significadt3C and its un-
uncertainty estimation certainties are estimated by two stages. First, we present
intra-record variability ins'3C relative to the LGM, which
This section describes the treatment of data inhomogenewe label A gu33C (Sect.3.1). Second, we obtain esti-
ity within and between records in obtaining a temporally mates for absoluté!3C values (Sect3.2). ALemdI3C can
gridded data synthesis, with uncertainties ascribed to indibe used to understand spatial pattern$'8€ variability, and
vidual §13C values as a function of species, core location,
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has smaller uncertainty than absoléf€C. Therefore, we _
recommend that| gm813C is chosen where possible when RN
using this data synthesis (for example for model-data com-
parison), and it is also the variable presented in most figures
within this paper.

3.1 Obtaining §1°C as anomalies relative to the LGM

A smoothing spline, approximating a 10ka low pass fil-

ter (Sect.3.1.7), was applied to the data, removing high At (ka)

frequency variability such as Dansgaard-Oeschger oscilla-

tions which are beyond the precision of the age model. All ) o )

ALGM513C values are calculated as an anomaly relative toF'g' 5. Estlr_nat_e of aliasing errorggjj, as a function of data resqlu-

the LGM. This is defined at 21 ka, providing a good approx- tion Ar (solid Ilne_/). Dots are the root-mean-square of the res!duals

imation to the LGM definition of 19-23 ka (e.ix et al, fpr each rec_oro/ly ,asa fu_nctlon of_ mean data regolutlon, with a

2001): averaging pre-processed data within the 1923 ka in_Ilne of best fit,y, (dashed line). @ is calculated using Eq5].

terval would not be preferable due to uncertainties in the age

model. The LGM, rather than the late Holocene, is chosen 3Sacord (note that is defined positive towards the past), and

the reference period because almost all cores provide LGM , is given by ’

data, whereas approximately half of all cores provide no datay

for <4ka. v = (yi — Y2, | yi —Yi |< ythr,
Three steps were taken to obtainems'3C estimatesand ' -

uncertainties, described in detail below. First, each time-Yi

series was smoothed and gridded, and the error associated ) 13 ) .

with this process estimated (Se8t1.). Second, an addi- WNnereY; is thes=C observation angn, = 0.5%. was cho-

tional error was estimated for cores thought to be subject toe" to prevept outliers from having gdominant effgct on the
changes in the phyto-detritus effect (S&t.2. Third, an estimate Enting 1987. The smoothing parameter is given

error for the representativeness of each species of the a Yy
bient water was estimated (Se8t1.3. Although the errors
associated with each of these steps are likely to be correlateg, = — " 9>
there were insufficient data to reliably estimate these corre- (2m)4(tn —12)
lations, so the total error was estimate_d to be the quadratigvhereT05 was chosen to be 10ka. For a uniformly spaced
sum of the error componentss 2rror estimates are qF’Oted; input time-series, this method is equivalent to a kernel filter
where they exceed 1%. or where the data resolution is poore&dmitting 50% of variability with a period ofs, steeply

. 13 B - -
than 6ka, no final emd™"C estimate is given. Full error increasing towards 100% at longer timescales and steeply
estimates are provided as part of Fhe uniformly spaced OUtaecreasing towards 0% at shorter timescalizgtiog 1987).
put datgset (Sup_plemgntary M_aterlals). Data are output on g ime_series with non-uniformly spaced data, the period at
2-ka grid as an aid to visualisation, but note that the age erofpicp, 509, of the variability is admitted is a weak function

estimates are of 6-8ka. (~ f~1) of the local kerel density’. Kernel data density
estimates, which approximate to the inverse of the temporally
local data resolutionvt, are provided as part of the uniformly
The first step in obtaining\ gm813C estimates was inde- spacgd OUIPUt dataset (Supplgmentary Materia'ls). o
pendent of species or region, and a function only of the input _A first es_tlmate of the error in the smoothed time-series is
time-series data. These were smoothed and placed on a urfliven by Silverman 1989

form 2 ka grid using the spline smoothing method described - 1

by Silverman(1985. For a time-series of observations, the 206 (t) = 2(%%]50))3( i1V ) @)

set ofn — 1 cubic equations was obtained which minimised ny_o-3—iyr f)
1=

2 2
= Yt | ¥i = Yi | =thr, | yi —=Yi | > ythr,

(n—DTs @)

3.1.1 Smoothing splines

9 :A/t" j52dt+n_12,’7=1y{2, Q) Typicql values of g are of the ord_er of 0.1%9, _rarely in-
' creasing above 0.25%.. However, this method is intended for
time-series with large, and unrealistically small error esti-
where is the smoothing parametey, is the outputs3C mates are produced for time-series with a temporal resolution
estimate and is its second derivative with respect to timg,  of the same order d& 5. Enting (1987 noted that an accu-
andz, are dates for the top and bottom, respectively, of eaclhrate error estimate depends on a knowledge of the spectral

1
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characteristics of both the signal and the noise. For our purA gus13C estimates. However, the temporal and spatial
poses, all high frequency variability is noise, and it is likely structure of such a correction is poorly understood. Instead,
that this is aliased in low resolution time-series. In orderwe add a &phy error of 0.4%. to the records upwelling re-
to address this, we assume that the root-mean-square of thtggons where phytodetritus errors are more likely (flagged in
residualsy’, from high resolution time-series provides an es- Table 1). In Sect4.4we investigate whether a bias is intro-
timate of the noise present in all time-series. Where smalleduced to the data synthesis by not applying a phytodetritus
values ofy’ are obtained from low resolution records, this in- correction.

dicates that variability in the high frequency &« 7o.5) band It is not well known to what extent the phyto-detritus ef-
is being aliased as a signal at lower frequencjéss plotted  fect in epifaunal species is caused by changes in foraminifer
as a function of time-series mean resolution in Fig. 5, alonggrowth rate icConnaughey et al1997%), or by the build-up
with a line of best fit,y;, with the form of atanhfunction.  of respiring organic matter over epifaunal species leading to a
We obtain lower values of, in low resolution cores. The decrease in13C, similar to that observed in infaunal species.

resulting error estimate due to aliasing, No correlation has been observed between sedimentation rate
7o |1 and amplitude of the phyto-detritus effect, althougdhck-
204 (Al) =2(y;’1 (0)—y,’1(At)) (1+ an) . (5) ensen et al(200]) suggested that this is because the key

control is seasonal peak deposition rate, rather than annual
is also plotted in Fig. 5. Note that there is a large rang in mean deposition rate. It is therefore uncertain whether addi-
even within high frequency time-series, likely to be largely tional errors are introduced to records from infaunal species

caused by data inhomogeneities about which information id" high productivity regions. As noted above, we apply no
often unavailable (e.g. shell sizes used; shells per Samp|é:,orrect|on, but add the same uncertainty as would be added

averaging of duplicate samples). Therefore aliasing error esl epifaunal species.
timates for low resolution time-series are very uncertain. The . I . .
total error associated with the smoothing spline process is thé-1-3  Disequilibria and the calculation of species errors

uadratic sum of &jj and ;. . . . . e
q &i ali An important error inA gum813C estimates is variability in

3.1.2  Error due to the phyto-detritus effect disequilibria ofs13C in calcium carbonate in the shells of
foraminifera, relative to the ambient water. Along with the
A further source of error is the possible change in time of thephyto-detritus effects*3C disequilibrium leads to the appli-
depositional environment in which benthic foraminifera ex- cation of different “species offsets” #'3C data collected
ist. Infaunal species such as those in thégerinagenus  from different species. We note thai gw813C is indepen-
inhabit a microenvironment that is often depleteds#iC dent of any uniform species offset, and that errors due to vari-
due to the respiration of organic matter in the sediment,ability between individual shells, or small groups of shells,
whereas epifaunal species are not typically subject to thiof a given species have already been implicitly accounted for
effect. There is some evidence that the offset in infaunalin the smoothing spline calculation. Of interest here are the
species varies over a glacial cyclddogakker et al.2010, causes of variability in the disequilibrium of calcium carbon-
but there are insufficient data to determine a correction thagate through time.
varies over time. In this study, we treat this effect as a con- In planktonic formanifiera, recordeéd>C is a strong func-
stant component of the species offset plus a random errotion of shell size (e.gBerger et al. 1978 Spero and Lea
(Sect.3.1.3; therefore there is no phyto-detritus correction 1993 Elderfield et al, 2002, and the difference ia3C be-
to ALem813C in infaunal species. tween the largest and smallest size fractions can be greater
Although shells from the epifaun@libicidoidestaxon are  than glacial-interglacial differences of the order of 0.5%o
thought usually to record th&3C of ambient wate=CO,  (Oppo and Fairbank4989. Therefore$13C measurements
accurately, several studies have identified a bias toward lovifrom both planktonic and benthic species are usually made
values in high productivity regiond/ackensen et 311993 on shells selected for size fraction. Nevertheless, any un-
Sarnthein et al.1994), termed the phyto-detritus effect. recorded changes in shell size throughout a record may lead
Bickert and Wefe(1999 compared cores from upwelling re- to significant error inA gm813C. A second source of error
gions in the Atlantic Ocean to nearby cores outside upwellingis temperature-dependent fractionation, which affects plank-
regions and found that-3C in upwelling regions was more tonic species due to variability in surface temperature on sea-
depressed, relative to nearby cores, during the LGM than theonal to glacial timescales. The temperature-dependence of
late HoloceneBickert and Mackensef2003 applied a cor-  fractionation is a function of species. Culture experiment
rection of +0.4%o to LGM313C in several upwelling regions estimates 0f(813C)/3(T) (whereT is temperature) have
in the Atlantic Ocean (parts of the eastern boundary in bothbeen made 0f-0.11%. °C~1 for Globigerina bulloidegBe-
hemispheres; equator; subtropical and subantarctic fronts)nis et al, 2000, —0.08%°C~* for Limacina inflata(Fis-
applying no analogous correction to Holocene values. Suclther et al, 1999, 0 to +0.05%0 °C~1 for Orbulina universa
a time-dependent correction would influence b&tfC and  (Bemis et al, 2000. No relationship with temperature was
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Table 2. Species-specific error estimates and uniform adjustments applied to the dataset. Correction and correction error estimates affect the
calculation ofs3C but NotALgm 813C; where no correction is given, no absol8téC estimate is made.

Species ALGM 813C error, %  Correction, %o  Correction error, %o

C. wuellerstorfi 0.15 0 0.20

Benthics

OtherCibicidoides 0.35 0 0.28

Uvigerinaspp. 0.23 +0.85 0.48

H. elegansor 0.6 - -

unspecified

Other benthic spp. 0.4 - -

Planktonics

G. ruber 0.4 0 0.2

G. bulloides 0.4 +2.11 0.32

G. sacculifer 0.4 -0.27 0.2

N. pachyderma 0.4 +0.68 0.39

Other planktonic spp. 0.6 - -
observed onGlobigerinoides ruber(Fischer et al. 1999, and pH fields, so that this is not an obstacle to model-data
whereasKohfeld et al. (2000 assumed a relationship of comparison; the validity of such comparisons are instead lim-
—0.13%0°C~1 for Neogloboquadrina pachyderma ited by the general applicability of the above empirical rela-

tionships. Moreover, we note that these caveats are a much
lfesser concern when interpreting the bentiRC record.

A random error estimate may be made by comparing
records from different species but from the same core.
Among benthic species, the epibenthic tax@ibicidoides
wuellerstorfiis widely preferred for recording'3C, and to
this species we ascribe an error of 0.15%.. This value is ob-
tained from comparison of water column dakrdqopnick
1985 with data from core samples (c.Beveridge et aJ.
1995. Error estimates for other species in fBiicidoides
genus were obtained using cores containing libtivueller-
storfiand anothe€ibicidoidesspecies. The error is the root-
mean-squared (rms) difference between the two species after
the application of an optimal species offset. This process was
rqepeated for the infaunal genUsigerina For other species,
there was insufficient overlap in data with wuellerstorfito
apply this method. For these species, errors of 0.4%. were
ascribed. A larger error of 0.6%0 was applied to data derived
from Hoeglandia eleganser from mixed benthics. Error es-
timates are presented in Table 2.

For planktonic foraminifera, the choice of reference
species is less clear. We sel&xtruber, which yields data
that are consistent on a regional scale, and has a restricted

With the exception of sea-surface temperature recondepth rangeRischer et al.1999, so that changes in recorded
structions for the LGM (e.gMARGO Project Members  513C are more likely to reflect changes in surface conditions.
2009, variability in water properties likely to cause sys- We ascribe an error of 0.4%o to this species, and calculated
tematic errors inA gmé'3C are poorly constrained over estimates foiG. bulloides Globigerinoides sacculiferand
the last 150ka, so no time-varying correction is appliedN. pachyderméy the same method used for benthic species.
to ALem813C. Therefore, we caution that changes in theseHowever, since these relative errors are less than 0.4%o, we
properties over a glacial cycle, rather than changes in seaascribe an error of 0.4%. to each of these species. These are
waters3C, may contribute significantly to variability in the presented in Table 2. We ascribe an error of 0.6%. to other
planktonicA gm83C record. However, Earth system mod- planktonic species.
els that outpus3C can also produce temperature, alkalinity

Culture experiments on planktonic foraminifera also
reveal a strong dependence on the concentration o
the carbonate ion, with a gradient of approximately
—0.012%o/(umol kg?) for G. bulloidesunder constant DIC
(Spero et al.1997. Glacial carbonate concentration is de-
pendent on the poorly constrained alkalinity inventory of the
ocean, but a change of 30 to 80 pmot#ds not implausible
(Kohfeld et al, 2000, indicating an effect of the same order
as glaciab'®C cycles. The effect of carbonate ion on benthic
§13C is not known. Increases in light availability have been
found to increasé3C in Globigerinoides sacculifeteading
Spero and Le§1993 to propose that the correlation between
shell size and'3C is principally caused by the dependence
of both growth rate and'3C on ambient light levels. Fur-
ther effects arise due to changes in the isotopic compositio
of carbon in the diet. Culture experiments indicate tHa€
in G. bulloidesshell carbonate varies 45°C in organic mat-
ter in the ratio 0.084:13pero and Leal99§. Finally, the
planktonics13C signal can be distorted from a surface signal
by secondary calcification in deeper, typically isotopically
lighter, waters, as observed Buplessy et al(1981h on
G. sacculifertransferred to laboratory tanks.
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Fig. 6. Benthic A gm813C (813C as an anomaly relative to the 21 ka value) time-series by region. Error estimate®.a68o (solid),

<0.5%0 (dashed)x<0.8%o (dotted); data with larger error estimates are not plotted. Colours indicate sub-regions: meridional boundaries are
at the mid-ocean ridge (Atlantic) and 45 (Indian). Equatorial cores are withif & the Equator. Marine Isotope Stages are indicated in
each panel.

3.2 Obtaining absolute§3C values 4 §13C data presentation and interpretation

Absolutes13C values within each time-series are the sum of For the purpose of visualisation, data were sorted into the
ALem3813C estimates and the LGMISC value. The LGM  principal regions: North Atlantic, South Atlantic, Indian
813C estimate is the value output from spline smoothing plusOcean and Pacific Ocean (Table 1), with subcategories for
a species-specific uniform correction. For the benthic genusegions such as the Arctic Ocean, the Nordic Seas, and the
Cibicidoidesand the planktonic speci€s ruber, we ascribe  South China Sea, and the Southern Ocean sector of each
a correction of & 0.2%.. The correction and correction er- ocean, for which a highly inclusive definition of south of
ror for other species are obtained by calculating the mean and0°S is used. By compiling all availabl&3C data in each
standard deviation of the offsets used to optimise the leastregion, presented as an anomaly relative to the LGM, and
squares-fit between different species in the same core, as delotting on a uniform timescale, we can look for large scale
scribed in Sect3.1.3 This precludes any spatial variabil- changes ins13C that might be obscured or biased by con-
ity in the species offset, because despite evidence that thesgderation of a small number of cores. Nevertheless, there

offsets change over a glacial cycldqogakker et a).2010,

are sampling biases towards coastal areas in each ocean, to-

there are insufficient data to quantify this variability glob- wards the eastern Atlantic and towards the Arabian Sea in the

ally. We obtain a correction 0f0.85 £ 0.48%o. for Uvige-
rina species, similar to the canonical value of +0.9%héck-
leton and Hall 1984. Other estimates are given in Table
where no correction is quoted, no absolstéC estimate is
made.

Clim. Past, 6, 645673 2010

Indian Ocean (Fig. 2), as well as towards the 2500-3500 m
depth range. Data coverage is insufficient to interpolate and

2; extrapolate in three dimensions, but estimates might be re-
fined with new data or by dynamical smoothing using an
Earth system model.
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Fig. 7. Mean and X% standard error, weighted by the square of the inverse of the error estimate, of ue[@ml?’c in each region.
The histogram indicates the number of records used; where this is fewer than three, no data are plotted) $Paveds 180 from core
MD95-2042 in the North Atlantic (37°%8N; 10.2 E; 3146 m). Panelb) shows CGQ and§180 from the Dome Fuiji ice corekawamura
et al, 2007); note that the age model used in this study is based odah@amura et al(2007) timescale.

4.1 Benthic time-series ficiently low (<0.8%o0) are data plotted. The mean and 2
standard error of data from each region were calculated and
In Fig. 6 we present gm813C time-series grouped by re- are plott(zdtln F'%‘ 7 ngpllq?hbrzgsr:es t(()j\_/vardf (t).cean tbound—
gion, excluding all data from the Arctic Ocean or from an;as, an gvya:hs regions wi Ilgl ?e '"}i” a]ion rla;.es,7a_1re
marginal seas (except the South China Sea), and by deptI[P.0 removed in the averaging calcuiation. Theretore Fig. 715

Only where the temporal resolution of the pre-processed datQO:_ an tunbffsedselggmar':e of(;ef;lone_il tavi:]e}ges, %Ut ra_ther an
was sufficiently high £ < 6 ka) and the estimated error suf- €SUMat€ 0B Lem where data exist within each region.
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(a) N Atlantic (Arctic Ocean): 0 m < depth <5000 m (b) Indian: 0 m < depth < 5000 m
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Fig. 8. PlanktonicA_gm $13C time-series by region. Error estimates ai@5%o (solid),<0.6%. (dashed)«<0.8%. (dotted); data with larger
error estimates are not plotted (note these thresholds are different from thresholds for benthic data). Colours indicate planktonic species:
G. ruber(black); G. bulloides(blue); G. sacculiferifmagenta)N. pachydermdred); other (green).

In waters deeper than 2500 m, a consistent pattern is obgreater than typical Pacific but smaller than typical Atlantic
served within the North Atlantic, South Atlantic, and Pacific amplitudes.
Oceans. These basins exhibit maxima1aC during tem- Much of the variability in deepr gm813C is likely to arise
perature maxima, with small differences between the Eemiarfrom changes in the global oceat’C reservoir, influenced
interglacial (MIS 5e), the MIS 5c and MIS 5a interstadials, by the storage of isotopically light carbon in the biosphere.
and the Holocene (MIS 1). MIS 4 and MIS 6 are marked by This is supported by the qualitative similarity between the
values ofs13C similar to or lower than LGM values, con- Pacific and the Atlantia gy $13C, unless there are changes
sistent with a longer timescale trend towards high€iC of the opposite sign within intermediate or pycnocline wa-
(Hoogakker et a).2006. The principal difference between ters. There is some evidence, from Pacific cores in the 1500-
the basins is in the amplitude 83C variations. The North 2500 m depth range, for such changes over the time inter-
Atlantic exhibits slightly larger amplitude changesstC val since the LGM (c.fDuplessy et a).19888. However,
than the South Atlantic. The amplitude of the glacial cycle records from a similar depth in the Indian Ocean, as well as
in the Pacific basin is approximately half that in the Atlantic shallower Pacific records, present a pattern that is broadly
basin. Furthermore, there is much less variability observedonsistent with that observed in the deep Pacific.
in the Pacific at around precessional timescales; MIS 3 is a Glacial variations in intermediate and pycnocline Atlantic
much weaker peak, whereas troughs during MIS 5b and MIS13C are thought to be strongly influenced by changes in the
5d are not consistently recorded. Typically lower sedimen-depth and range of the Atlantic overturning cell, in compe-
tation rates in the Pacific, leading to poorer data resolutiontition with Antarctic Bottom Water and Antarctic Intermedi-
may contribute to the latter result. Another bias may ariseate Water, although changes in the partitioning of reminer-
from a weak positive correlation between bathymetric depthalised carbon have also been invok@ibyle, 1989. Here,
and the amplitude of variability. However, the mean depth ofwe note that AtlanticA gm83C in the 1500—2500 m depth
>2500 m cores in the Pacific (3400 m) is only slightly shal- range is similar to that observed in the Indian Ocean at the

lower than that in the Atlantic (3600 m), so this can explain same depth, and in the deep Pacific Ocean. An exception
less than 0.05%. of the difference between the two basinsjs during deglaciations, when there are lower values of At-

The lack of long records from deeper than 2500 m in the In-|antic intermediate wateA| gmd83C. HoloceneA gmd13C
dian Ocean prevent us from concluding whether there is simin <1500 m deep cores is usually negative, particularly in the

ilar variability in 823C over a full glacial cycle, although the West Atlantic, whereas there is no consistent pattern prior to
amplitude of change between the LGM and the Holocene igshe LGM.
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Fig. 9. Mean and X standard error, weighted by the square of the inverse of the error estimate, of planktonic minus@g@mﬁé%
(ALgM3T3C,_)in each region. Note that; gm83C,_;, was calculated for each record prior to averaging.

4.2 Planktonic time-series and planktonic/benthic low early HoloceneA gm §13C values are recorded, and In-
differences dian Ocean cores, which exhibit little coherent variability

over 150000 years, except for a slight upward trend. A de-

. 13 . . crease im | gmd3C during MIS 4 is present in most Atlantic

Planktonic A gm4™C time-series, grouped by region, aré oqq qs ht less apparent in Pacific records. There is no clear

presented in Fig. 8. There is less agreement between d'ﬁerévidence for minima in planktonia gms13C during MIS

ent planktonic records within a region, compared to benthicgy o4 MiS 5d, in contrast to benthic records from the deep
records, consistent with the large uncertainty attributed to theyyantic Ocean.

estimation of seawatet gus3C from planktonic species

(Sect.3.1.3. G. ruber records from the North Atlantic The difference betweers'3C recorded in planktonic
and Indian Oceans consistently show elevated Holocen@and benthic foraminifera has long been of interest to pa-
ALem$13C values. Temperature maxima also exhibit higherleooceanographers because of its association with deep
ALem813C values than temperature minima in m@stbul- ocean carbon storag®roecker 1982a Shackleton et a|.
loidesrecords, although these changes are rarely outside th#983, although interpreting changes in seawateiC from
formal uncertainty limits. Notable exceptions are three coregplanktonic data is problematic (Se@t1.3. The difference
from the Pacific sector of the Southern Ocean, in whichbetween planktonic and benthdg gmé*3C, ALgms*3C, s,
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Fig. 10. 21 ka (LGM)§13C time-slice, with 2 error bars on benthic data.

was calculated for each core where both planktonic and benAtlantic. The very lowA | gm 613C,,_;, values obtained for
thic §13C records were present. The weighted mean ofMIS 1 in the Pacific are caused by anomalously low plank-
ALGM813Cp_b was calculated for each region and is plot- tonic A_gm83C in the Southern Ocean (Fig. 8); exclusion
ted in Fig. 9 (analogous to Fig. 7). There are few ben-of these cores removes this feature.

thic/planktonic pairs from the Indian Ocean, or from shal- . . 13
lower than 2500 m in the Pacific Ocean, so that averages Changes in the difference i6i°C between surface and

are constructed from 3-8 benthic/planktonic pairs in eachOleelo waters could be caused by changes in the relative

: strength of export production and meridional overturnin
of these regions (averages are not constructed from fewer 9 port p 9

than three pairs). Throughout all regionsLGMal?’Cp_b in thl% global_ocean. This is because the posmye vert|—
. o cal -°C gradient, set up by the downward flux of isotopi-
remains within two standard errors of zero for most of

the 150ka record. The most notable features occur dur-calIIy light organic matter, is eroded by the exchange of up-

ing deglaciations (MIS 1/2 boundary; MIS 5e/6 boundary) per ocean and deep waters. The we&iC gradient found

. ; : " during deglaciations (i.e. the low value of, gum813C,_
where A em83C,—;, is usually negative outside the North 9 ¢eg (ie. t Lemd™Cpp)
may indicate a decrease in export production, more rapid
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Fig. 11.5kaA| gw813C time-slice, with 2 error bars on benthic data.

mixing between the deep and surface ocean, or a shift ift.3 Time-slices
downwelling towards isotopically heavier parts of the sur-
face ocean. However, several other mechanisms ianuencS\
ALem83C,_p, such as regional variability in productivity, S
circulation, and air-sea gas exchange, and periods of rapi
growth or decline of thelsbiosphere. It is also possible that
yar_|at_)|llty in th_e ALQM‘S_ (_:P*b IS dor_nmated .bY variabil- the LGM (21 ka), plotted in Fig. 10. We first consider the hy-
ity in isotope disequilibria in planktonic foraminifera due to

. . 13 . . _ali . N
changes in temperature, diet, or carbonate ion concentratioﬁg;hsfs'(i:g:; 22“}2?;% 8 dect;\n:r?}Chatlmetﬁglells dae\f/lija?t(i:ons
(Kohfeld et al, 2000. g p Y,

from the meanA gum813C profile can be explained by the
quoted error estimates. If the random errors are underesti-
mated in this study, or i\ gm83C varies sufficiently be-
tween different water masses at the same depth in the same

et of AL gm813C time-slices, as a function of depth within
ach ocean basin, for the Holocene (5ka), MIS 3 (47 ka),
IS 5a (75 ka), and MIS 5e (123 ka) are plotted in Figs. 11—

14. These are referenced to an absobd&€ time-slice for
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Fig. 12.47 kaA| gm813C time-slice, with 2 error bars on benthic data.

region to be distinguishable from random error, the appar-sotopically lighter in the South Atlantic than the North At-
ent scatter in the data would exceed that predicted by thdantic, but these converge to approximately 0%. in bottom
error bars. Since the scatter in the data in Figs. 10-14 argvaters (c.fBickert and Mackenser2003 Curry and Oppo
consistent with the quoted errors, we conclude that we hav®005. The very light values obtained in the Atlantic sector of
not underestimated the random error in the data. Furtherthe Southern Ocean may be influenced by a phytodetritus er-
more, the estimated errors are likely to be too great to use theor (Mackensen et gl1993, reflected in the large error bars.
synthesis to reconstruct local changes in water mass boundFhe data are not inconsistent with a decreasa'®€ with
aries, for which abundant well dated records frénwueller-  depth in the Pacific and Indian Oceans comparable to that
storfiwould be needed. The following discussion emphasise®bserved in the South Atlantic, but there are insufficient data
basin-scale changesdh®C that are coherent and statistically to establish a statistically significant vertical trend in these
significant. basins. Absoluté3C derived from planktonic foraminifera
LGM §13C decreases with depth throughout the Atlantic is plotted for completeness, but these are subject to correc-
Ocean (Fig. 10), with steep gradients existing at 1500-tions for temperature and seawater chemistry. In Sett3
2500 m depth in the North Atlantic. Intermediate water is we described how Earth system model output fields could be
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Fig. 13. 75 kaA gm813C time-slice, with 2 error bars on benthic data.

used to correct for these, whereas proxy data are not genethat errors are random, and that quoted errors apply only to
ally available over 150 kyr. Therefore, these adjustments ardocations where observations exist. Uncertainties in mean
not included in Fig. 10, and although there is reasonable spaA_gu313C within each ocean basin are much greater due
tial coherence in the Pacific and Indian basins, we do not uséo sampling biases. Nevertheless, the coherent signal ob-
absolute planktonié!3C in our interpretation. served throughout the deep ocean supports the hypothesis
The deep ocean is isotopically heavier during the 5kathat the decrease in the vertiddfC gradient is principally
time-slice (Fig. 11), indicating a decrease in the verticala global signal. At intermediate depths, gms3C is typi-
813C gradient. Below 2500 m, mean Holocenggy13C is cally indistinguishable from zero; however greater values of
0.44- 0.13%0 in Indo-Pacific Ocean records, 050.10%  ALems*C are obtained in the East Atlantic than the West
in North Atlantic records and 0.680.18%. in the South  Atlantic.
Atlantic records (errors are double the standard error, ap- Although most individualA gw8*3C observations can-
proximately 95% confidence intervals; see also Fig. 7). Itnot be distinguished from zero in the 47ka time-slice
is cautioned that this calculation is based on the assumptiofFig. 12), the result that seawater was isotopically heavier
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Fig. 14.123kaA gmd13C time-slice, with 2 error bars on benthic data.

during MIS 3 than during the LGM is statistically significant able from MIS 5a in the Indo-Pacific (meat_gm33C of
(meanA_gmd83C of 0.20+ 0.06%0 in Atlantic records and  0.17+0.11%0) or the North Atlantic (0.440.11%o), but
0.144 0.11%o. in Indo-Pacific records). It is unclear whether there is evidence that South Atlantic waters were isotopi-
this is a global signal, as four records suggest the presenceally heavier (meamA gwd*3C of 0.53+0.11%0) during

of isotopically lighter waters in the intermediate-depth west-the last interglacial than during MIS 5a, especially in bot-
ern Atlantic. There are no significant basin-scale differencedom waters and Southern Ocean waters. Finally, an MIS 6
between MIS 4 and LGM'3C distributions (Supplemen- time-slice is provided in Supplementary Fig. 2, distinguish-
tary Fig. 1). However, the greatest decrease in 0¢é3@ able from the LGM only by globally lowen gw83C val-
occurred between MIS 5a and MIS 4. Below 2500 m in ues (meamLGM813C of —0.144 0.10%o. in the Indo-Pacific,
the 75ka time-slice (Fig. 13)A gmd23C is 0.20+ 0.13%o —0.154+0.09%o in the North Atlantic and-0.06+ 0.09%e. in

in Indo-Pacific records, 0.480.08%. in North Atlantic  the South Atlantic).

records and 0.3%:0.11%o. in South Atlantic records. The

last interglacial (MIS 5e; 123 ka; Fig. 14) is indistinguish-
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4.4 Sensitivity to assumptions is typically greater in these records. It is likely that filter-
ing due to bioturbation is most important on timescales that
In this section we examine the sensitivity of the data syn-have already been removed by the application of a 10 ka fil-
thesis to the age model used and to assumptions made duer. Therefore, the synthesis already excludes any millennial
ing the processing. All accompanying figures are providedtimescale peak is3C during interglacials, and this is not
in Supplementary Materials. Rather than propagating agsignificantly exacerbated by the inclusion of records with low
error to an error is13C, we have quoted an estimated 2 accumulation rates.
error of 6-8ka on output ages. To investigate the effect of
this on A_gm813C, we randomly add noise, sampled from
the distributions plotted in Fig. 4, to each record. Supple-5 Discussion
mentary Fig. 3 shows the effect of this noise on mean and
standard deviation oA\ gu83C timeseries in each ocean We have presented benthic and planktosiéC data over
basin. Changes are typically less than 0.1%., but can behe last 150ka. The reasonable global coverage within the
greater for regions with few records such as the Indiansynthesis depends on the inclusion of records from a vari-
Ocean. The addition of such noise does not significantlyety of species, from high-productivity regions, and from re-
reduce the coherence of the global or regional signals. Wegions with low sedimentation rates. This approach makes
also investigated the effect of regionally tuning age models touncertainties an essential part of the data set; these were ob-
nearby“C-derived age models. This was done by calculat-tained using the entire dataset to estimate the additional error
ing the mean offset between our age estimate and previouslgresent in data from low resolution records and in less reli-
published"“C-derived age estimates in each ocean basin, andble species. Errors are smaller for estimateaqfy13C,
adjusting the age of all records in that basin to compensat¢he anomaly relative to the local LGM value, than for the
for this. These adjustments were only made for the period O-absolutes3C because a large component of error is uni-
50ka, and were less than 4 ka at all time-slices in all regionsform within each record. A gm3$13C time-slices have the
Supplementary Fig. 4 shows that the effectmmsms13C is advantage ove$13C time-slices as a modelling target that
negligible. We conclude that, because age errors are typicallyhe latter target may favour states with errors that compen-
small compared with the timescale of interest, our findingssate for model error in the Holoce®&C distribution. We
are robust to the choice of age model. caution that, due to imprecision in the age-models, the data
We did not apply a correction ta\ gwé'3C due to a  synthesis should not be used to examine inter-basin differ-
time-variable phytodetritus effect, but instead added a ranences on timescales shorter than 10ka. A final caveat is that
dom of error to records suspected of being influenced bymuch remains to be learnt about how changes in properties
this effect (flagged in Table 1). This leads to the hypothe-other than seawateé?*3C have influences th&'3C record.
sis that the synthesis may be biased towardsSt€ at the  Several such properties (notably temperatp@Q, and car-
LGM (high A gm813C at other times) by such records. In bonate ion concentration) are likely to change over a glacial
Supplementary Fig. 5, we compare the mean and standardycle and introduce systematic errors &°C change es-
deviation of the entire synthesis with records from upwelling timates (Sect3.1.3. This is of particular importance for
regions, and find that the amplitude and phase of variabil-data from planktonic foraminifera. We therefore caution
ity is similar. A major exception is the Holocemg gm813C that recorded variability in planktoni&*>C may result from
in the South Atlantic, which is approximately twice as great changes in ocean temperature and chemistry rather than in
in phytodetritus-flagged records than in the entire synthesisseawates3C.
caused by five records from the Atlantic sector of the Antarc-  When comparing the LGM time-slice with previous stud-
tic Circumpolar Current. There is no similar amplification of ies, it should be noted that a uniform adjustment, repre-
ALem813C variability prior to the LGM, suggesting that any senting estimated changes in biosphere carbon stoEage (
isotopically light microenvironment that formed at these sitesplessy et al. 1988, is frequently applied té13C recon-
persisted for most of a glacial cycle. Attributing a greater un-structions, but is not applied in this study. We observe
certainty to these records, as we have done, is preferable tthat isotopically light §23C < 0.5%0) bottom waters pene-
removing them from the synthesis. trate north as far as the Iceland Basin, attributed to an ex-
Finally, we test the hypothesis that the amplitude of thepanded Antarctic overturning cell in the Atlantic Ocean rel-
glacial cycle is underestimated in records with low sedi- ative to today Bickert and Mackenser?003 Curry and
ment accumulation rates due to filtering of variability by Oppa 2005. These studies focused on compiling benthic
bioturbation in sediment. Comparing the mean and staniGM time-slices for the Atlantic, and included cores, mostly
dard deviation of the entire synthesis with records from sitesfrom the West Atlantic, that are absent from our synthesis
with accumulation rates less than 3cm/ka (Supplementarndue to the age modelling constraint (Seztl). The addi-
Fig. 6), we find no evidence for lower amplitude variability in tion of further West Atlantic cores reveals a zonal gradient
records from sites with low accumulation rates; in intermedi- in the LGM South Atlantic at intermediate depths, with iso-
ate depths, the amplitude of the MIS 6 to MIS 5e deglaciationtopically lighter water of southern origin in the wegurry
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and Oppo 2005, and isotopically heavier water of possi-  Constructings*3C inventories would be a valuable tool in

ble Mediterranean origin near the eastern bound@igkert estimating changes in carbon storage in the terrestrial bio-

and Mackensen2003. Our time-slice also excludes data sphere and shelf sediment®uplessy et al(1988h used

from theMatsumoto and Lynch-Stieglitd999 compilation  Pacific data only to estimate the increase in the nm2ae

of southeast Pacific LGM data, where individual foraminer of DIC in seawater between the LGM and the Holocene as

shells were interpreted as representing the LGM, based or0.32%.. This yields a smaller change in carbon storage than

5180 measurements. They obtained glastdC estimates of  is suggested by paleoecological reconstructicdsoley,

between-0.35 and—-0.6%. in the 2800-3800 m depth range. 1995 Peng et a].1998, although the discrepancy would be

The result that the MIS 5e-MIS &C difference is analo- partly explained if there was a lower proportion of isotopi-

gous to the Holocene-LGM difference supports the findingscally light C3 plants at the LGM than during the Holocene

of Duplessy and Shackletofi985, who described an in- (Francois et a).1999 Crucifix et al, 2005. Despite the co-

crease if13C during deglaciation, although3C was gener-  herence of the data presented here, we consider the coverage

ally lower during MIS 5e compared with the Holocerau¢ too incomplete to directly construct a time-series BiC in-

plessy et al.1984. Govin et al.(2009 examined changesin ventories. The principal gaps in benthic data suited to our

813C in 10 records from Atlantic and Antarctic source waters age modelling method are in the Indian Ocean, intermediate

during glaciation. They found a two stage process, the dedepths in the Pacific Ocean, the Southern Ocean, and pyc-

crease in Southern Oce&t?C occurring early during glacial nocline depths throughout the global ocean. Nevertheless,

inception, and predating changes in the North Atlantic. Wethere are sufficient data to tightly constrain the evolution of

find this result to be robust, and that moreover there is negli-an Earth system model, and we propose data assimilation

gible net decrease i+3C outside the South Atlantic between into such a model as a viable means to reconstruct biosphere

the last interglacial and MIS 5a. carbon storage over the last glacial cycle.

The data synthesis reveals a high degree of spatial co-

herence ins13C variability in the deep Atlantic and Pacific Supplementary material related to this

Oceans, with high values during temperature maxima andrticle is available online at:

low values during temperature minima. The amplitude of http://www.clim-past.net/6/645/2010/

variability in the Atlantic Ocean is approximately double cp-6-645-2010-supplement.zip

that in the Pacific, suggesting that tiC reservoir effect

and ocean processes influencing deep AtlahtiC act in  AcknowledgementsThis study was funded by the NERC Qua-

phase and are of similar magnitude. The relative lack of vari-ternary QUEST programme. K. Oliver was supported by a

ability in intermediate-depth North Atlanti&'3C is consis-  Leverhulme Early Career Research Fellowship. We are grateful

tent with a shoaling of3C-rich North Atlantic source wa- to the many researchers who have assisted us in compiling the

ters during cold periods. The available data from outsidedata either through personal correspondence or by making records
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not duri.ng other tgmperaturg maxima. There is little evidence. jiioq by: T. Kiefer

for basin-scale differences #3C between MIS 1, 5a, 5¢

and 5e, or between MIS 2, 4 and 6 (except for the globally

lower §13C values obtained during MIS 6), although individ-

ual records may show such differencédC at a given lo-

cation may be interpreted in terms of highly local processesaprantes, F., Baas, J., Haflidason, H., Rasmussen, T. L., Klitgaard,

rather than large scale processes discussed in this paper. Wep_, Loncaric, N., and Gaspar, L.: Sediment fluxes along the

therefore recommend that care be taken when using small northeastern European Margin: inferring hydrological changes

numbers of records to infer changes in global phenomena. between 20 and 8 kyr, Mar. Geol., 152, 7-23, 1998.
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