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Abstract: Seawater U provides global-scale information on continental weathering

and is vital for marine U-series geochronology. Previous evidence supports an increase in

2*U/78U since the last glacial, but the timing and amplitude of its variability was poorly

2347 1,238
U/

constrained. Here we report two seawater U records based on well-preserved deep-sea

234 238 .
U/~°U starts to increase

corals from the low latitude Atlantic and Pacific. The Atlantic
before major sea level rise and overshoots the modern value by 3% in the early deglaciation.

Deglacial >**U/**U of the Pacific converges with the Atlantic after the abrupt resumption of

Atlantic meridional overturning. We suggest that ocean mixing and early deglacial release of
excess ~*U from enhanced subglacial melt activity of the Northern Hemisphere ice sheets
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have driven the observed U evolution.
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U/""U evolution provides evidence

One Sentence Summary: Well constrained seawater
of less efficient inter-ocean mixing and enhanced subglacial melt activity early in the last

deglaciation.

Main Text: The last deglaciation (18.0-10.5 ka, thousand years ago) saw massive changes in
the Earth’s surficial environments including temperature and precipitation, as well as the
retreat of the Northern Hemisphere (NH) ice sheets and sea-level rise (/, 2). These processes
have the potential to induce large variability of weathering of the upper continents and the

4U/78U is one of the isotopic

composition of chemical fluxes to the ocean. The ratio
signatures with potential to record global changes in continental weathering during this

critical climate transition (3).

The activity ratio of >**U to **U in the modern seawater is ~15% higher than secular
equilibrium (4), due to the relative mobile nature of ***U induced by o-recoil effects (5) in the

U at particle boundaries or damaged

weathered host rocks. >**U is enriched relative to
lattices, and is expected to be preferentially released in the initial phases of weathering (6).
Leaching experiments (7) support that the early fraction of granite leachates is high in both U
concentration and 8*U (6**U = (**U/” 8Uactivity ratio-1)*1000)). In the last glacial period,
subglacial drainage of meltwaters from a limited area of ice sheet interior to the margins may
have been possible (8), analogous to the Antarctic Ice Sheet today where basal meltwater is
routed to the margins via subglacial channels (9). Nevertheless, a large fraction of the
glaciated NH continents likely had very limited chemical weathering flux to the ocean due to
widespread freezing conditions of the ice-sheet base (/0). It is reasonable to assume that a
labile pool of excess ***U due to a-recoil would have accumulated in the frozen sediments or
isolated subglacial lakes/ponds in the wet-based zones under these ice-sheets. In fact, high
dissolved 8**U of up to ~4000%o has been observed in the Antarctic Taylor Valley (11), a
region thought to be hydrologically connected to the nearby ice sheets (/2). In the non-
glaciated regions, 5>*U released from weathering would also respond to tectonic and
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precipitation changes (3). A reliable reconstruction of oceanic 6°°"U thus offers a potentially

important route for tracing global scale weathering variability during climate transitions.

The long residence time of U in seawater (~400 ky, thousand years (/3, /4)) would lead to
the expectation that any equilibrium response to external inputs should be more than an order

of magnitude longer than the deglacial time scale (~10 ky). However, a growing number of
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studies have inferred that seawater 6°”'U might have been lower during the last glacial than



the Holocene and previous interglacials (3, /5-17), and might have also changed on
millennial time scales (/8). These observations imply that there have been large, relatively
rapid changes in the U isotope budget of the ocean, and are supported by an updated
compilation of published coral initial §***U data over the last 30 ka (Fig. 1a). However the
extensive scatter in the data which is likely due to diagenesis (/9) has limited the ability to

constrain the timing and magnitude of ***U variations through time.
g g g

To put more robust limits on seawater 8>*U evolution and infer past changes in chemical
weathering, we report two well-constrained U isotope records based on well-preserved deep-
sea corals recovered from the low latitude North Atlantic and the Pacific Galapagos platform
over the last 30 ka (Fig. 1b, S1, S2), with additional samples for reference from 50-30 ka (79)
(Fig. S3). The general trend of 8°*U evolution agrees with previous studies (3, 15-17),

82°*U; than the surface

although the new glacial deep-water corals tend to exhibit higher
corals in each ocean basin (Fig. S3). Our data thus suggest a somewhat smaller glacial-

Holocene 5***U difference of only 3-4%o (Fig 1). Atlantic 8***U started to increase at around
22-20 ka (Fig. 1b), followed by a rapid increase of ~6%o up to 150%. during Heinrich Stadial
1 (HS1, 18.0-14.6 ka). Available Pacific data are less well resolved, but exhibit lower U

8%**U of Atlantic and Pacific records

values than the Atlantic during early HS1. The
converged to the modern level during the Belling-Allerod (B-A: 14.6 — 12.9 ka). Prior to the
last glacial maximum (25-50 ka) our dataset is consistent with a lower 5*>*U than the
Holocene (Fig. S3), but it is not well enough resolved to identify potential millennial scale

changes (18).

There are several possible causes for the observed deglacial seawater 5*°*U increase. Coastal
regions have been inferred to retain U with high 8*U during sea-level highstands (/6). Re-
dissolution of the coastal U has been hypothesized to drive §***U increase when sea level
rises (16). If so, seawater 8>*U is expected to increase closely following sea-level rise. The
increase in Atlantic 8”**U does appear to coincide with the initiation of the sea level rise (Fig.
2), but most of the §°*U increase occurred before the major sea-level rise in the late
deglaciation. Hence we suggest that although U stored in the coastal areas could be important
for §***U variability in other situations (/8), it was probably not the main driver of the
deglacial 5**U evolution. An increase in deep water oxygenation may release redox sensitive
U from the seafloor sediments, possibly affecting seawater U budget during deglaciation. The
early deglaciation is thought to have had lower oxygen concentrations than the modern day in

the upper ocean (e.g., <1.5 km) (20). Increased bottom water oxygenation in the Atlantic and
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deep Pacific only occurred after HS1 (20) with resumption of North Atlantic deep
overturning (27), which occurred later than the observed increase in §**U. Together, these
results suggest that external sources with excess >>*U or ocean mixing have to be involved to

explain the observed 6***U variability.

Models (22) and proxies such as *'Pa/*Th (21, 23) support a reduced deep Atlantic
Meridional Overturning Circulation (AMOC) (Fig. 2) as well as reduced surface Gulf Stream
(24) and Agulhas leakage (25) during HS1. These processes likely resulted in an upper
Atlantic that was more isolated from the rest of the ocean than it is today (/9). Increased
isolation of the upper Atlantic (~2.0 km, including the depth range of the deep sea corals in
this study) would act to reduce the effective uranium residence time, and allow its §*U to
change more rapidly than in the Pacific. We applied a two-box model, consisting of an upper
Atlantic-Arctic box and a ‘rest-of-the-ocean’ box, to study the influence of changing external
sources and changing ocean circulation on seawater 5>>"U (/9). Modern high-latitude riverine

87*U than middle to low latitude inputs and mainly supply

inputs have significantly higher
the Arctic and polar North Atlantic (19). If the U and U fluxes of all external sources are
kept constant throughout the last 25 ky, our model result (Fig. 3a) shows that a slowdown of
ocean circulation during HS1 can result in a resolvable difference of 5>*U between the upper
Atlantic and the rest of the ocean, depending on the degree of reduction in exchange flux.
This result is consistent with the difference in 5***U between the Pacific and Atlantic 5°*U
records (Fig. 1) and contrasts with the general assumption that U isotopes are homogenous
throughout the global ocean (i.e., difference no larger than 0.4%o (4)). Our result also raises

the possibility that other isotope systems with relatively long residence times might exhibit

differences between different ocean basins during periods of reduced ocean mixing.

Ocean circulation, however, cannot account for the overall glacial-interglacial ~3%o or more
increase in 8°*U of both ocean basins (Fig. 3a). External ***U inputs must have increased
relative to 2**U during the early deglaciation. With 3 times the modern riverine U flux, a 3%o
shift in oceanic 8>*U is possible during HS1 (Fig. S4). However since the hydrological cycle
was probably weaker during the late last glacial and early deglaciation than the present (2),
increased dissolved U flux from global rivers alone as a driver for the §***U change is
considered unlikely. An increase in 8>*U of the continental inputs is, therefore, likely to have
been important in seawater 8*U evolution. There are no direct measurements of the §**U of
past watersheds, so here we compiled 5°*U data from speleothems that grew during the

relevant time period. Although speleothem §***U does not necessarily reflect the primary



surface weathering signal, including influences such as the percolation of meteoric waters
from the surface down into the cave, it may still provide a first order indication on the
variability of hydrological cycle that controlled the overall **U budget available for
weathering (26). The available data come from the mid to low latitudes (Fig. S5) and they do
not exhibit any distinctive §°*U shifts from 30-15 ka, suggesting that weathering variability

. . o234 .
in these areas was not large enough to account for the oceanic 6°"U observations.

Instead, high-latitude processes could have played a key role in driving global seawater §***U
increase from the last glacial to 15 ka. In the early part of the last deglaciation, the base of
North American ice sheets are thought to have become increasingly wetter (/0). We propose
that 2**U-enriched water was released from subglacial melt reservoirs with a prolonged
residence time and from leaching of the previously frozen subglacial sediments by basal melt
water over this period. In both cases, subglacial meltwaters are likely to be enriched in
recoiled 2**U (7, 11). In addition, sediments (and their former pore waters) frozen within the
base of icebergs might also contribute to releasing U and nutrients to the ocean (27) during
these periods. The reconstructed number of ice streams based on field evidence (8) and the
modelled subglacial melt rate (10, 28) (Fig. 2b) of the North American ice sheets were much
higher during early deglaciation (before 15 ka) than later. It is notable that the modelled ice
discharge (29) of the Laurentide Ice Sheet was also high during the glacial and early
deglaciation, reaching a peak at the late HS1 (Fig. 2). This timing is consistent with the

*U to the ocean during the early deglaciation. In

enhanced release and transport of excess
this case the peak oceanic 8>*U indicates that active basal water from the whole ice-sheet
interior may have been active in exporting to the margin during HS1. In another modelling
experiment (/9), the sensitivity of oceanic responses to inputs with different 5>*U ratios was
tested. With an average 8”*U of ~800%o for the input to the upper Atlantic during HS1, the
model result is able to reproduce the observed amplitude of §°*U increase from the last
glacial to 15 ka (Fig. 3b). A more realistic case might be an increase in both the U flux and
the 8°*U of the high-latitude continental inputs, but de-convolving these two factors is
difficult. There is a hint from the compiled data that the surface ocean has lower 5>**U than
the intermediate depth ocean (Fig. S3). Our extended modelling experiments are unable to
replicate this feature, even with all high-latitude excess >*U routed to the intermediate ocean
via the polar surface Atlantic and no deep-ocean overturning and mixing (/9). These results

indicate that other mechanisms such as local influences or diagenetic processes are

responsible to those differences.



The transition from HS1 to B-A is marked by a distinct decrease in 8*U of the low latitude
Atlantic by ~3%o from about 150%o to the modern seawater signature. The Pacific U
appears to rise at the same time, converging with the Atlantic 5*°*U during mid B-A. We
suggest this convergence is due to the abrupt increase in overturning of the Atlantic at the end
of HS (21, 23) (Figs 2¢ and 3a), although the depletion of subglacial excess >**U pool might
also have played a role (19). Stabilized Holocene seawater 8>*U afterwards implies that U
cycle in the modern ocean is likely close to a steady state (30). Nevertheless, perturbation of
oceanic U isotopes by polar processes might still be active even during the climatically and
oceanographically more stable late Holocene period. For example, widespread collapse of the
Ross Ice Shelf and export of old materials from inland of Antarctica was inferred to occur at
~5-1.5 ka in response to the regional warming (37). These may be accompanied by a ***U

rich flux to the Southern Ocean, although a large shift in the whole ocean 3***

U was probably
limited. On longer orbital time scales, seawater 5>>*U is thought to be higher during past
interglacial periods and lower during glacials (e.g., (3, 16, 17)) with the decreases potentially
associated with low sea level (/6). By comparison to the deglacial mechanism, our study
implies that progressive NH glaciation could have reduced the weathering input from high

latitude continents, leading to lower glacial oceanic §***U.

The retreat of the NH ice sheets started at about 20 ka and continued through HS1 (Fig. 2a)
(1), considerably earlier than enhanced surface melting that dominated ice-sheet mass loss
and sea level rise in the late deglaciation/early Holocene (29). Our data provide evidence for
enhanced subglacial melt activity from the NH ice-sheet interior during the early
deglaciation, supporting the notion that basal melting/sliding represents one of the feedbacks
involved in enhancing early deglaciation as a result of the build-up of very large NH ice
sheets (/0). An interesting consequence of the basal melt inputs may be the associated release
of nutrients to the ocean. Recent work from the Greenland Ice Sheet indicates dissolved
phosphorus yields are at least equal to those associated with the Mississippi or Amazon rivers
(32). In this regard, nutrients from direct subglacial weathering should be considered in the

future as a potential source to fuel productivity in the North Atlantic during HS1.
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Figure Captions:

Figure 1 Seawater 5

U evolution reconstructed from corals over the last 30 ky. (A)
Compilation of published coral initial 5**U within the range of 135%o to 155%o and with 2
sigma error <3%o (/9). Data outside of this range have been truncated. (B) Low latitude North
Atlantic records with £ 2 sigma confidence lines. Also shown are the initial 5***U of low
latitude Pacific reconstructed from Galédpagos deep-sea corals. One data point of Galapagos
coral during B-A with initial 8**U higher than 155%o has likely experienced diagenesis and

is not shown. Black dotted line marks the modern seawater signature.

Figure 2 Seawater 5>

U evolution compared with other climate records. (A) Retreat rate
of the northern and southern hemisphere ice sheets (33). (B) Basal melting rate of the North
American ice sheets (28) and the ice discharge of the Laurentide ice sheet (29). (C)
#1pa/?Th of North Atlantic deep sediment core (21, 23). (D) Sea-level history (34). (E) Our
reconstructed 3***U evolution in the upper Atlantic and Pacific. Black dotted line denotes

234
modern seawater 6" U.

Figure 3 Sensitivity experiment for seawater 5***U response to ocean circulation and
external inputs. (A) Effect of ocean mixing slowdown alone. (B) Effect of variable 5***U of
inputs to the upper Atlantic, applying 50% reduction of the glacial exchange flux during HS1.
The area between the dash-dot curves is the range of low latitude Atlantic 5**U. External U

fluxes through time in both experiments are kept as the modern inputs.
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Materials and Methods

234 .
Seawater 6~ "U reconstruction

The low latitude North Atlantic deep-sea coral samples (Table S3, S4) were recovered
during the JC094 cruise (35, 36) on seamounts away from the continental margin, from water
depths of 700-2100 m. The majority of these samples are Caryophyllia and Enallopsamia,
which were very well preserved with minimal internal bio-erosion. The Pacific deep-sea corals
were recovered from the Galapagos platform in the Eastern Equatorial Pacific during MV1007
(37) and NA064 (38) with water depths of 419-627 m (Table S5, S6). The deglacial Galapagos
corals reported in this study were mostly large colonial coral fragments from 589-627m. These
corals were first cut and physically cleaned with a Dremel tool to remove visible
ferromanganese and organic coatings or re-calcified areas. These samples were then chemically
cleaned through oxidative and reductive stages (39). As outlined in Chen et al. (36),
approximately 0.2 gram of cleaned sample was dissolved and spiked with ~ 0.06 g of the
gravimetric weighed **°U-***Th mixed spike. U and Th isotopes were separated by anion-
exchange columns and were measured by standard bracketing method (international U
standard: Ul12a; and in house Th standard: SGS) on a Neptune Multi-Collector-Inductively
Coupled Plasma-Mass Spectrometer (MC-ICP-MS) in the Bristol Isotope Group at the
University of Bristol. The ***Th, *°Th, **U were measured using secondary electron
multipliers (SEM), while other isotopes were measured with Faraday cups. Half-lives of Z**U
and *°Th are adopted from Cheng et al. (40) (245,250 and 75,690 years, respectively). To
correct the initial *°Th for age determination, we assume an initial atomic **Th/*"Th ratio of
12,500 £+ 12,500 (206) in the low latitude Atlantic (36) and 2,025 £ 2,025 (20) in the low latitude
Pacific (41), respectively. With the measured 8**U and U-Th dated age of the coral sample,
the initial 8**U at the time of coral growth (i.c., initial seawater ratio) can be calculated by
applying the radioactive decay equation (42). Final age and initial 8**U uncertainties were
propagated applying a Monte Carlo technique. Seventy-six out of 119 of the Atlantic coral
initial 8**U data were presented in Chen et al. (36) in a discussion of radiocarbon evolution in
the low latitude North Atlantic. The smoothed lines in Fig. 2d (including the + 2 sigma
confidence lines) were generated using MATLAB functions. We use a Monte Carlo approach
that first randomly samples a data point from an age window of 0.5 ky during 10-20 ka and 1
ky in other periods (since deglacial data are more dense). Analytical errors of the data points
were not incorporated in the Monte Carlo simulation. A LOESS function (i.e. local regression
method) was applied to smooth the data. This procedure was done 10,000 times and the + 2
sigma confidence lines of the scatter of these data points were calculated accordingly. Thus the
confidence lines only represent the degree of scatter of the available data. Two glacial corals
around 21 ka (Fig. 1b) with initial 8**U higher than the modern seawater were not included in
the data smoothing. Inclusion of these data do not affect the conclusions of the study, and
potentially point to a more rapid increase in 8**U from the last glacial maximum to HSI
transition.

Seawater >>*U box model: the upper Atlantic and the rest of the ocean

The magnitude of exchange between the Atlantic and the Pacific is controlled by the
northward meridional flux derived from the circumpolar water (e.g., mode water and
intermediate water subduction/advection, upwelling of AABW, Fig S1), plus leakage of the
subtropical gyres (i.e., Agulhas leakage) (43). With a greatly reduced NADW formation, the
northward flow from the ACC to the Atlantic would be reduced accordingly due to increased
Southern Ocean eddy return flow (44, 45). During HS1, a reduced Gulf Stream (24) and
Agulhas leakage (25) have also been suggested. Moreover, the shallow sill of Bering Strait
makes it unlikely as an important passage for water mass exchange during the glacial and early
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deglaciation when the sea level was low (34). These changes in the ocean may have contributed
to reduce the exchange between Atlantic and the Pacific-Indian Ocean during the early
deglaciation, with implication for geochemical mixing. Our box model assumes an interglacial
and glacial exchange flux between the upper Atlantic/Arctic (box 1) and the rest of the ocean
(box 2) of 25 Sv and 19 sv (1 Sv = 10°m’/s), respectively (adopted from a more complex box
model (46)). During the interglacial period, 6.5 Sv of the surface Indian waters flow to the
surface Atlantic via a Agulhas leakage, while 15 Sv of intermediate waters originating from
mid-depth South Pacific waters (via the Drake passage) and sub-Antarctic zone flow into the
mid-depth Atlantic. Additional mixing between upper Atlantic and deep Atlantic is about 3.5

Sv (46).

The governing equations for **U and **U concentrations in the upper Atlantic — Arctic
box (box 1) can be written as:

d234U1 /dt=-kx 234U1- 7»234 X 234U1 + 7L23g X 238[Jl + 234U1,inpm/Massl + Ex X 234U2 / Mass;
- Ex x 2*U; /Mass; (1)

d238U1 /dt=-kx 238U1 - 7\4238 X 238U1 + 238U1,input / Mass; + Ex X 238U2 / Mass; - Ex X 238[J]
/ Mass; (2)

where ** 4U1,inpm, 238U1,inpm are the input fluxes of 2**U and ***U respectively to box 1. k
(2.5%10°) is the removal constant of U in seawater. A4, Asg are the decay constants of Z**U
and **U, respectively. Ex is the exchange flux between the two boxes. Similarly, the governing
equations for U and **U can be written for the other ocean (box 2). Given the initial
conditions and input fluxes, these equations can be solved numerically. Table S1 gives the
modern budget of the U cycle, which can maintain the seawater U at equilibrium of ~147%o.
With the modern budget and an exchange flux of 25 Sv, difference of 6°*U between the 2
boxes are about 0.4%o at steady state, which is consistent with observations suggesting
homogenous modern 8”*U (within analytical error (4)) of the global ocean. Unless otherwise
stated, the glacial and deglacial U flux and ***U of the continental inputs to the two boxes are
kept as those of modern time.

The first experiment tests the response of 5>>*U in the upper Atlantic (e.g., shallower than
~2000m) to changes in ocean circulation alone, while the modern inputs that can maintain an
equilibrium seawater 5>*U of 147%o are kept unchanged (Table S1). Note the riverine flux to
the upper Atlantic has significantly higher 5°*U (321%o) than the other ocean box (Pacific and
Indian Ocean, 188%o) (47). Implementing this modern input to the glacial ocean (initial §**U
of 142.5%o) results in a negligible overall 8**U increase of less than 1% in either box over a
period of 10 ky (Fig. 3a). In this regard, the model experiment results are not critically
dependent on the accurate modern flux estimation. The second experiment tests the effects of
changing riverine U flux without changing its **U (Fig. S4), while the third experiment tests
the sensitivity of seawater *U to a changing >**U of the input to the upper Atlantic (Fig.
3b).

2 . . .
The §***U in surface and intermediate oceans

The new data raise the possibility that intermediate waters had higher 8*U than the
surface waters when compared to published datasets (Fig. S3) during the glacial period. As the
isopycnals of the intermediate ocean (i.e., shallower than 2 km) outcrop in the high latitude
North Atlantic (Fig. S1), it is reasonable to assume that high §***U continental input into the
polar North Atlantic/Arctic surface waters (Table S1) would directly supply the low latitude
intermediate waters, providing a potential mechanism for decoupling surface and subsurface
87*U. To explore this possibility we applied a two box model containing an Atlantic-Indian-
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Pacific surface layer (100 m) box and an intermediate box (the upper 2 km) connecting with
the polar North Atlantic surface.

To simulate the maximum effect of the §°*U difference between the surface and

intermediate waters, we assume no abyssal upwelling and allow all excess ***U to be supplied
to the intermediate ocean box via the polar North Atlantic surface. For simplicity we did not
separate the global oceans in different boxes, as our major interest here is to investigate the
first order potential vertical 8*U differences. In the absence of any deep ocean overturning
and mixing, wind-driven gyre circulation is still able to actively mix the surface and
intermediate oceans with an exchange flux of about 12.1 Sv (46). Model inputs to the two boxes
are shown in Table S2 and Fig. S6. This simple model suggests that the 8>**U difference
between the surface and intermediate waters are always less than 1%o (Figure S6), and therefore
not be resolvable with the typical analytical precision and data scatter (1-2%o). The results
suggest that upper ocean wind-driven mixing can effectively homogenize §***U between the
surface and subsurface oceans. However, in contrast to the expectation inferred from Fig. S3,
the modelled 5***U of the intermediate waters is actually slightly lower than the surface ocean
(Fig. S6) resulting from two main reasons. First, in our model the surface box is 18 times
smaller than the intermediate box (Table S2) so the intermediate ocean is much less sensitive
to the external sources than the surface ocean (refer to equation (2) above). Second, when
calculating the excess->"*U flux unsupported by >**U, the surface ocean input is still higher than
the intermediate box for the first two sensitivity experiments and only slightly lower for the
other two experiments, since the surface box continues to receive a high U flux from rivers and
groundwater (Table S2). Therefore even in this extreme scenario, our modelling is unable to
reproduce a higher 8**U in the intermediate ocean than the surface ocean. We conclude that
ocean circulation is unlikely to cause a higher 8*U in the intermediate ocean than the in the
surface ocean. Instead, the observed surface-intermediate ocean 8*U difference most likely
reflects some other mechanisms such as local influences or diagenesis.

Supplementary Text

2341 1,238
U/

Preservation of seawater U in relatively recent corals

The potential for millennial oceanic 5>*U variability during the last deglaciation and
possibly the last glacial period (e.g., (/8)) implies a more nuanced approach may be needed for
judging the degree of coral diagenesis by using initial *U (3, 17, 48). However with the
current state of knowledge, including the large scatter of **U data (0.5% or more, Figure S3)
and potential for oceanic isotope heterogeneity, it is not possible to provide a single curve for
past ocean 8**U evolution. Indeed it remains likely that a large amount of scatter is caused by
diagenesis.

Several processes that affect the initial 5>*U have been observed in deep-sea corals.

External organic or ferromanganese coatings containing >*°Th can cause the apparent age (and
calculated 7*U;) to be high (e.g. (39)). Efforts to correct for this initial *°Th include removing
the coatings through physical and chemical procedures, and making corrections based on the
2Th concentration and an assumed “*Th/*°Th ratio (e.g. (39)). Bio-erosion produce
endolithic boring holes within the coral skeletons (49), which may lead to dissolution or re-
crystallization within the aragonite, or to organic/ferromanganese oxide residues in those holes.
These residues may have higher U concentration than corals, leading to recoiled ***U transfer
from coatings into the coral skeleton, effectively elevating 5°*U in the coral fossils (50, 51).

Diagenesis in surface coral reefs likely follows different processes as those corals are often
porous and might have experienced subaerial weathering associated with meteoric waters. Loss
of recoiled ***U for the last glacial and deglacial corals has the potential to result in averagely
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lower 8*U than deep water corals. However, elevated initial *>*U/**U has often been seen in
surface corals from the last and older interglacials (e.g., (17, 52-54)), which has been attributed
to a-recoil related radionuclide re-distribution with **U-*°Th addition, rather than loss.
Nevertheless, different diagenetic trends in fossil corals appear to be dictated by particular
environmental regimes, and there is no single process that fully explains the pattern of surface
coral diagenesis (53-58). As such it is challenging to select which corals in the compiled dataset
represent the primary signatures of past seawater.

The deep-sea corals of this study were recovered from different water depths and different
seamounts across the low latitude North Atlantic and Pacific. It is remarkable to note the
consistency of our reconstructed deglacial **U, which indicates little diagenetic influence on
most of the corals. The new data are also generally within the range constrained by the
published deep and surface coral data (Fig. S3) in each ocean basin.

Several factors might be important in accounting for the small diagenetic influence of our
samples. In the Pacific the Galdpagos corals have exceptionally low ***Th concentrations
(Table S6), so the correction for initial **°Th, and potential for diagenesis from high U
concentration coatings is lower than in other settings. In addition, most of the samples analyzed
were from large branching scleractinian corals which may be less susceptible to internal
uranium isotopic reorganization. Our Atlantic deep-sea corals were collected in situ by
remotely operation vehicle (ROV) on seamounts away from the continental margin (35), and
were well preserved with minimal or no noticeable internal bio-erosion. We surmise the good
preservation condition is related to the overall low export productivity in this region, which
may limit coral bio-erosion. Second, the solitary coral specimens were generally small (length
<Scm), and thus a large portion of the sample needs to be cut for U series analysis. This
sampling approach might have effectively averaged the potential intra-skeleton heterogeneity,
such as between the low and high U concentration parts of the samples (57).

The 8***U decrease in the HS1 to B-A transition

Our modelling suggests that increasing the exchange between the upper Atlantic and the
rest of the ocean could be the mechanism that explains the reduction in the low latitude North
Atlantic 87U (Fig. 3a). It is likely that a decrease in 8”*U of the Atlantic inputs also
contributed to the observed seawater 3**U evolution. Note the seawater 3***U in both the
Pacific and Atlantic stopped increasing after 14 ka (Fig. 1), indicating the pool of excess ‘U
under the NH ice sheets should have been depleted by active basal waters during HS1. The NH
ice sheet retreat rate reached a plateau during B-A (Fig. 2a), which would have exposed large
areas of subglacial terrains to a warmer climate. Intensified chemical weathering of the exposed
continent might therefore have led to the dissolved 8”*U signature approaching the modern
level. If the 8***U of Atlantic inputs were reset to the modern level during B-A (Fig. 3b), our
model is able reproduce the observed decrease in Atlantic 5°*U with a moderate reduction of
exchange flux between the upper Atlantic and other ocean (i.e., 50%) during HS1.
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Fig. S3

Compilation of published coral initial 3***U in comparison with this study over the last 50 ka
(15, 17, 36, 39, 49, 60-75). (A) Sampling sites of the corals. Symbols are consistent with the
following plots. (B) Records of published low-mid latitude Atlantic surface corals, overlain
by the smoothed curves based on our low latitude North Atlantic deep-sea corals with a few
samples (green circles) from the earlier glacial period. (C) Same as (B) but showing the
published Atlantic deep corals. (D) Same as (B) but showing the published low-mid latitude
Pacific surface corals (purple curve and squares). (E) Same as (D) but showing the published
Pacific-Southern Ocean deep-sea corals. Stars in (B) to (E) shows the modern seawater >**U.
Light brown shade indicates the early deglaciation while the grey shade indicates the late
deglaciation.
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Sensitivity experiment on the riverine flux variation. Solid lines represent the upper Atlantic
87*U evolution and dashed lines represent the results of the other ocean. Different colors
from bottom to top: 8**U response to 1, 2, 3, and 4 times of the total modern riverine flux,
respectively, during 22-13 ka. Exchange flux between the upper Atlantic and the other ocean
applies a 50% reduction of glacial flux (19 Sv) during HS1 as shown in Fig. 3A. For
comparison, the area between the black dash-dot curves is the smoothed range of low latitude
North Atlantic §***U. The §***U of the riverine and other inputs are kept constant.
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Sensitivity experiment on surface and intermediate oceanic 5>>*U response to complete
shutdown of abyssal overturning/mixing during HS1, with variable 8”**U inputs to the polar
North Atlantic that directly connects with the intermediate oceans. Solid lines represent the
intermediate ocean and dashed lines represent the surface ocean. Each experiment
corresponds to the same U inputs shown in Fig. 3B, except all the ‘excess’ ***U is supplied to
the intermediate oceans (Table S2). For reference, the area between the black dash-dot curves
is the smoothed range of low latitude North Atlantic 8**U. The 6*U and U flux of the low
latitude riverine inputs are kept constant.
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Table S1.

The modern budgets of U in the box model of this study
Box Input U~y U flux (x10° mollyear)

Upper Atlantic-Arctic 1.4x10°° kg®

High latitude river 1.721° 4.1°
Mid-low latitude River 1.247° 22.2°
River average 1.321 26.3°
Ground water/other 1.695° 1.4°
model input 1.339 27.6

Other Ocean 1.26x10°" kg®

River 1.188° 15.7°
Ground water/other 1.695° 3.2
model input 1.273 18.9
Total River 1.271 42.0°
Ground Water/other 1.695° 4.6°

a. Upper Atlantic-Arctic box is taken as 10% of the global oceanic volume, the approximate volume of the upper ~2.0
km of the Atlantic. Total inventory of oceanic U applied in the model is 1.86x10" mol.

b. Estimated based on the compilation of Andersen et al. (47).

c. Riverine U flux was based on Dunk et al. (74), Tissot and Dauphas (30), but was scaled to the two boxes based on
the fresh water discharge estimate of Dai and Trenberth (89), assuming U concentration of the rivers to the two
model boxes are the same.

d. The U flux and 3°**U of ground water discharge/other was calculated assuming the modern ocean is in equilibrium of
U cycling with a U residence time of 400 ky, which is well within the range of Dunk et al. (74) estimation for ground
water discharge. The U input was scaled to the two boxes based on the ground water estimation of Kwon et al. (90),

assuming U concentration of the ground water to the two model boxes are the same.

27



Table S2.
Inputs of U in the surface-intermediate ocean box model

Box Input >*urur U flux® (x10° mollyear)

Polar North surface Atlantic-Intermediate ocean 6.3x10°° kg

high latitude Atlantic River 1.721 4.1
(EX11.721; EX2
2.98;
EX3 4.24;
model input EX4 5.50) 4.1
Surface Atlantic-Pacific-Indian Ocean 3.5x10" kg
mid-low latitude Atlantic River 1.247 222
Other River 1.188 15.7
Ground water/other 1.695 4.6
model input 1.274 42.5

a. Based on the estimation from Table S1.



Table S3.
Geographical information of the deep-sea corals from the low latitude North Atlantic

Latitude Longitude

sample name CN) CE) Depth (m)
f0047carcs020 9.207 -21.300 1366
f0160enansm001c 10.755 -44.602 1657
f0001carcs027 9.216 -21.316 1080
f0001carcs039 9.216 -21.316 1080
f0061carnm008 5.602 -26.966 1966
f0060carnm029 5.602 -26.967 1985
f0061carnm003 5.602 -26.966 1966
f0060carnm014 5.602 -26.967 1985
f0060carnm021 5.602 -26.967 1985
f0061carnm002 5.602 -26.966 1966
f0060carnm016 5.602 -26.967 1985
f0061carnm001 5.602 -26.966 1966
f0061carnm012 5.602 -26.966 1966
f0061carnm004 5.602 -26.966 1966
f0019enacs005d 9.199 -21.289 1829
f0001carcs013 9.216 -21.316 1080
f0001carcs016 9.216 -21.316 1080
f0048carcs002 9.208 -21.301 1365
f0044carcsm003 9.206 -21.299 1345
f0052carcsm042L 9.220 -21.310 972.8
f0047carcs022 9.207 -21.300 1366
f0059carcs001 9.205 -21.299 1354
f0094descm005 5.620 -26.959 1162
f0054carcm023 9.222 -21.312 800
f0115s0lnm002c02 10.742 -44.558 1097
f0230descs001 15.422 -51.087 1478
f0115s0lnm002f02 10.742 -44.558 1097
f0076carcs005 5.626 -26.950 845
f0053carcsm019 9.222 -21.312 800
f0054carns014 9.222 -21.312 800
f0115s0lnm002g 10.742 -44.558 1097
f0053carcsm018 9.222 -21.312 800
f0076carcs010 5.626 -26.950 845
f0065carcs006 5.608 -26.961 1574

f0183carcm001 14.891 -48.151 840



f0216carcs002

14.865

-48.247

1569
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Table S4.

U-Th dating of the deep-sea corals from the low latitude Atlantic

Age Age (year . .
sample name (é'lia)r sigzma berlc?'e sigzma 5, sigzma (pprlle) sigzma (p;-tr)] sigzma [T/ U] sigzma
corrected correction

f0047carcs020 11844 345 12186 60  149.2 1.4 2.60 0.01 1928 7.5 0.1217  0.0005
f0047carcs020 11906 365 12263 69 1486 1.3 2.52 0.01 1956 8.9 0.1224  0.0006
f0160enansm001c 12300 54 12324 49  146.8 1.3 3.85 0.01 198 0.8 0.1227  0.0004
f0001carcs027 12428 304 12726 65 1474 1.4 4.88 0.01 3156 13.1 0.1265 0.0006
f0001carcs039 12555 310 12857 66  148.6 1.5 4.34 0.01 2847 11.9 0.1279  0.0006
f0061carnm008 14136 110 14156 108  149.1 1.4 4.27 0.01 194 1.4 0.1399 0.0010
f0060carnm029 14186 99 14215 94 1479 1.3 4.33 0.01 273 1.3 0.1403  0.0009
f0061carnm003 14222 72 14264 58  149.2 1.4 4.14 0.01 381 1.2 0.1409 0.0005
f0061carnm003 14245 83 14266 81 149.5 1.3 4.23 0.01 184 1.0 0.1410 0.0007
f0060carnm014 14249 87 14276 83 1495 1.4 4.17 0.01 247 1.4 0.1411  0.0007
f0060carnm021 14276 82 14301 78 1498 1.3 3.80 0.01 205 1.0 0.1414  0.0007
f0061carnm002 14285 88 14295 87 1496 1.4 3.84 0.01 86 0.6 0.1413  0.0008
f0060carnm016 14301 92 14329 87 1494 1.4 4.31 0.01 269 1.5 0.1416  0.0008
f0061carnm001 14326 111 14362 105 149.0 1.3 4.55 0.02 361 1.8 0.1418 0.0010
f0061carnm012 14327 89 14352 85 150.1 1.4 4.49 0.01 242 1.2 0.1419 0.0008
f0061carnm004 14327 103 14372 93  150.7 1.3 4.51 0.02 434 1.9 0.1421  0.0008
f0019enacs005d 14428 97 14481 82 1494 1.5 4.60 0.01 530 24 0.1430 0.0007
f0001carcs013 14943 219 15146 82 150.8 1.2 3.58 0.01 1583 6.9 0.1492  0.0007
f0001carcs016 15157 230 15371 84  150.1 1.4 4.33 0.01 2011 8.9 0.1512  0.0007
f0048carcs002 15811 273 16070 85 1504 1.1 4.82 0.01 2714 11.6 0.1576  0.0008
f0048carcs002 15983 373 16346 90 1495 1.3 4.95 0.01 3886 15.3 0.1599 0.0008
f0044carcsm003 16001 256 16240 92 1499 1.3 4.59 0.01 2385 10.7 0.1590 0.0008
f0044carcsm003 16030 234 16244 94  150.1 1.3 4.13 0.01 1922 7.9 0.1591  0.0008
f0052carcsm042L 16001 243 16227 92 1506 1.4 3.68 0.01 1806 7.8 0.1590 0.0008
f0047carcs022 16009 310 16304 92 149.1 1.3 3.85 0.01 2472 10.8 0.1595 0.0008
f0047carcs022 16064 265 16311 97 1494 1.3 3.62 0.01 1937 8.9 0.1596  0.0009
f0059carcs001 16773 229 16981 97 1492 1.3 4.26 0.01 1919 8.7 0.1656  0.0009
f0059carcs001 16810 268 17060 96 1476 1.5 4.31 0.01 2335 10.2 0.1661  0.0008
f0094descm005 16980 144 17094 87 1472 1.4 4.77 0.01 1182 4.9 0.1663  0.0008
f0054carcm023 17806 292 18079 105 1442 1.4 3.99 0.01 2350 10.1 0.1746  0.0009
f0054carcm023 17837 293 18111 98 1457 1.4 3.99 0.01 2373 9.6 0.1751  0.0008
f0115s0lnm002c02 20294 193 20445 120 1434 1.4 4.88 0.01 1598 6.8 0.1951  0.0010
f0230descs001 20818 159 20919 123 1473 1.5 3.90 0.01 855 43 0.1998 0.0010
f0115s0lnm002f02 22551 172 22659 132 1452 1.4 5.62 0.01 1320 5.6 0.2143  0.0011
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f0076carcs005
f0053carcsm019
f0053carcsm019
f0054carns014
f0115s0lnm002g
f0053carcsm018
f0076carcs010
f0065carcs006
f0183carcm001

f0216carcs002

23894

24016

24144

25244

25437

25898

29182

30393

34504

50140

312

263

297

203

269

194

266

275

223

344

24170

24242

24406

25382

25646

26011

29390

30597

34608

50263

143

134

139

148

170

157

168

184

198

321

143.6

142.6

142.4

146.2

143.6

144.9

145.0

142.8

140.0

142.6

1.3

1.5

1.3

1.3

22

1.4

1.4

1.3

1.4

1.5

4.94

4.01

3.92

3.65

5.32

4.06

3.91

4.88

5.02

4.95

0.01

0.01

0.01

0.01

0.02

0.01

0.01

0.02

0.01

0.01

2955

1958

2218

1097

2405

989

1750

2150

1117

1313

12.4

8.1

9.4

4.8

10.3

4.2

7.4

5.1

5.7

0.2266

0.2270

0.2284

0.2372

0.2388

0.2421

0.2693

0.2782

0.3082

0.4181

0.0012

0.0011

0.0011

0.0012

0.0013

0.0013

0.0013

0.0014

0.0015

0.0021
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Table SS.
Geographical information of the deep-sea corals from the Galapagos platform

Latitude Longitude

sample name CN) CE) Depth (m)
NA064-118-1-C-2A -0.371 -90.815 419
NA064-117-01-C-2B -0.371 -90.815 421
NA064-118-1-C-2B -0.371 -90.815 419
MV1007-DO3-4-37 0.459 -90.712 627
MV1007-DO9-2 0.787 -91.304 589
MV1007-DO3-5-16 0.459 -90.712 627
MV1007-DO3-4-53 0.459 -90.712 627
MV1007-DO3-4-27 0.459 -90.712 627
MV1007-DO3-4-55 0.459 -90.712 627
MV1007-DO3-2-4 0.459 -90.712 627
MV1007-DO3-4-60 0.459 -90.712 627
MV1007-DO3-4-51 0.459 -90.712 627
MV1007-DO3-4-59 0.459 -90.712 627
MV1007-DO3-4-20 0.459 -90.712 627
MV1007-DO3-2-2 0.459 -90.712 627
MV1007-DO3-2-3 0.459 -90.712 627
MV1007-DO3-2-1 0.459 -90.712 627
MV1007-DO3-4-52 0.459 -90.712 627
MV1007-DO3-2-13 0.459 -90.712 627
MV1007-DO3-2-15 0.459 -90.712 627
MV1007-DO3-5-37 0.459 -90.712 627
MV1007-DO3-4-42 0.459 -90.712 627
MV1007-DO3-1-12 0.459 -90.712 627
MV1007-DO3-1-8 0.459 -90.712 627
MV1007-DO3-5-5 0.459 -90.712 627

MV1007-DO3-1-7 0.459 -90.712 627




Table Se.
U-Th dating of the deep-sea corals from the Galdpagos platform

Age (year Age (year 238 232 230, 238
sample name BP) 2 BP) 2 32U 2 U sigma Th 2 [ Th 2 sigma
corrected sigma beforg sigma sigma  (ppm) (ppt)  sigma U]
correction
NAO064-118-1-C-2A 2517 21 2532 15 146.5 1.5 3.35 9.23E-03 17.9 0.21 0.0269 1.49E-04
NA064-117-01-C-2B 2942 55 2995 16 147.3 14 425 9.90E-03 79.5 0.36 0.0317 1.57E-04
NAO064-118-1-C-2B 3101 41 3134 23 145.2 1.2 2.76  1.08E-02 32.8 0.26 0.0331 2.35E-04
MV1007-DO3-4-37 11231 63 11229 63 148.6 14 489 1.35E-02 -3.9 0.26 0.1126 5.80E-04
MV1007-D0O9-2 11843 68 11865 65 147.6 14 443 1.03E-02 34.7 0.24 0.1185 5.88E-04
MV1007-DO3-5-16 12178 70 12194 69 146.6 14 428 9.22E-03 23.7 0.25 0.1217 6.27E-04
MV1007-DO3-4-53 13604 74 13609 74 148.6 14 410 9.59E-03 6.8 0.28 0.1349 6.66E-04
MV1007-DO3-4-27 13654 200 13840 71 146.0 14 413 8.63E-03 270.9 1.16 0.1367 6.43E-04
MV1007-D0O3-4-55 13873 74 13873 74 146.7 1.5 434 9.71E-03 0.8 0.26 0.1371 6.65E-04
MV1007-DO3-2-4 14458 92 14480 89 144 1 1.5 437 1.09E-02 35.0 0.27 0.1425 7.99E-04
MV1007-DO3-4-60 14467 114 14478 113 146.1 1.5 4.11 1.23E-02 16.2 0.23 0.1427 1.03E-03
MV1007-DO3-4-51 15086 118 15101 117 155.1 1.6 3.93 1.11E-02 21.4 0.30 0.1496 1.06E-03
MV1007-DO3-4-59 16153 129 16186 125 143.3 1.2 435 1.08E-02 50.2 0.31 0.1578 1.11E-03
MV1007-DO3-4-20 16285 150 16359 130 142.6 1.3 444 1.27E-02 116.3 0.55 0.1593 1.16E-03
MV1007-DO3-2-2 16383 106 16439 90 146.0 1.5 425 1.05E-02 84.0 0.39 0.1603 7.90E-04
MV1007-DO3-2-3 16535 93 16545 92 145.3 14 456 1.16E-02 15.8 0.32 0.1611 8.07E-04
MV1007-DO3-2-1 16581 92 16594 91 144.0 1.3 4.61 1.04E-02 21.1 0.28 0.1614 8.00E-04
MV1007-DO3-4-52 16593 91 16608 89 145.7 14 418 9.61E-03 21.5 0.78 0.1618 7.79E-04
MV1007-DO3-2-13 16622 92 16624 92 144.8 1.5 452 1.09E-02 3.9 0.27 0.1618 8.02E-04
MV1007-DO3-2-15 16672 109 16717 101 142.9 14 4.06 8.72E-03 64.0 0.44 0.1625 8.83E-04
MV1007-DO3-5-37 16710 111 16741 107 144.3 1.6 419 1.39E-02 46.3 0.52 0.1628 9.31E-04
MV1007-DO3-4-42 17259 127 17301 120 143.7 1.2 440 1.67E-02 65.9 0.32 0.1679 1.06E-03
MV1007-DO3-1-12 36756 239 36811 233 144.6 14 410 1.24E-02 79.7 0.38 0.3259 1.69E-03
MV1007-DO3-1-8 36775 245 36880 220 144 1 14 434 1.04E-02 160.3 0.71 0.3266 1.60E-03
MV1007-DO3-5-5 37373 219 37396 218 145.2 14 3.68 7.91E-03 30.8 0.31 0.3303 1.57E-03
MV1007-DO3-1-7 44281 299 44367 287 1451 14 4.41 1.10E-02 1324 0.62 0.3797 1.95E-03
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Table S7.

Compilation of published coral initial 5***U from the last glacial to the Holocene

Reference Location (T:;;;ZI Ocean gg? (year ifror 2y ifror
Bard et al. (60) Tahiti Surface Pacific 9594 286 1457 2.0
Bard et al. Tahiti Surface Pacific 9632 47 1456 2.0
Bard et al. Tahiti Surface Pacific 9642 51 146.7 2.0
Bard et al. Tahiti Surface Pacific 9656 45 1449 2.0
Bard et al. Tahiti Surface Pacific 9713 42 1465 2.0
Bard et al. Tahiti Surface Pacific 9883 62 1444 2.0
Bard et al. Tahiti Surface Pacific 9895 46 1461 2.0
Bard et al. Tahiti Surface Pacific 9951 216 149.0 2.0
Bard et al. Tahiti Surface Pacific 9978 47 14538 2.0
Bard et al. Tahiti Surface Pacific 10179 31 146.0 2.0
Bard et al. Tahiti Surface Pacific 10182 66 144.6 2.0
Bard et al. Tahiti Surface Pacific 10262 41 1469 1.0
Bard et al. Tahiti Surface Pacific 10289 46 1449 2.0
Bard et al. Tahiti Surface Pacific 10314 47 1432 2.0
Bard et al. Tahiti Surface Pacific 10514 30 1456 1.0
Bard et al. Tahiti Surface Pacific 10670 122 147.0 2.0
Bard et al. Tahiti Surface Pacific 10730 43  146.0 2.0
Bard et al. Tahiti Surface Pacific 10790 32 1458 2.0
Bard et al. Tahiti Surface Pacific 10826 87 146.8 2.0
Bard et al. Tahiti Surface Pacific 10971 230 147.2 2.0
Bard et al. Tahiti Surface Pacific 11031 42 146.2 2.0
Bard et al. Tahiti Surface Pacific 11059 48 1446 2.0
Bard et al. Tahiti Surface Pacific 11061 40 1456 2.0
Bard et al. Tahiti Surface Pacific 11062 39 1454 2.0
Bard et al. Tahiti Surface Pacific 11073 39 146.5 2.0
Bard et al. Tahiti Surface Pacific 11090 42 1442 2.0
Bard et al. Tahiti Surface Pacific 11140 146  146.4 1.0
Bard et al. Tahiti Surface Pacific 11321 53 145.0 1.0
Bard et al. Tahiti Surface Pacific 11346 41 145.8 2.0
Bard et al. Tahiti Surface Pacific 11386 54 1485 2.0
Bard et al. Tahiti Surface Pacific 11393 76 1445 2.0
Bard et al. Tahiti Surface Pacific 11563 42 1445 2.0
Bard et al. Tahiti Surface Pacific 11756 46 14538 2.0
Bard et al. Tahiti Surface Pacific 11902 43 1456 2.0
Bard et al. Tahiti Surface Pacific 12004 58 1443 2.0
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150
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Table S8.

Compilation on speleothem initial 5***U over the last 30 ky

Age (year 2s initial 2s

Reference Region sample error  &U* error

Cai et al. (76) central China  C996-1 160 230 311.0 4.0
Cai et al. central China  C996-1 190 300 324.0 4.0
Cai et al. central China  C996-2 270 50 316.0 2.0
Cai et al. central China  C996-1 290 90 328.0 2.0
Cai et al. central China  C996-1 480 20 318.0 2.0
Cai et al. central China  C996-1 630 300 322.0 5.0
Cai et al. central China  C996-2 680 60 315.0 3.0
Cai et al. central China  C996-1 710 80 304.0 3.0
Cai et al. central China  C996-2 1170 1290 324.0 5.0
Cai et al. central China  C996-1 1230 110 345.0 3.0
Cai et al. central China  C996-1 1390 20 320.0 2.0
Cai et al. central China  C996-2 1710 110 328.0 3.0
Cai et al. central China  C996-1 1980 420 382.0 4.0
Cai et al. central China  C996-1 2730 80 321.0 3.0
Cai et al. central China  C996-1 2920 410 300.0 4.0
Cai et al. central China  C996-2 3380 1150 301.0 6.0
Cai et al. central China  C996-1 3430 100 335.0 3.0
Cai et al. central China  C996-1 3800 40 336.0 2.0
Cai et al. central China  C996-1 4000 100 364.0 3.0
Cai et al. central China  C996-2 4310 720 296.0 4.0
Cai et al. central China  C996-2 4410 400 284.0 6.0
Cai et al. central China  C996-2 4540 310 296.0 4.0
Cai et al. central China  C996-1 4640 470 307.0 5.0
Cai et al. central China  C996-1 4680 100 294.0 1.0
Cai et al. central China  C996-1 5040 1410 314.0 5.0
Cai et al. central China  C996-2 5280 790 294.0 8.0
Cai et al. central China  C996-1 5380 530 320.0 4.0
Cai et al. central China  C996-1 5760 370 258.0 5.0
Cai et al. central China  C996-1 5850 250 288.0 3.0
Cai et al. central China  C996-1 6620 800 377.0 10.0
Cai et al. central China  C996-1 6790 1880 295.0 4.0
Cai et al. central China  C996-1 7690 70 330.0 2.0
Cai et al. central China  C996-2 8400 2040 344.0 4.0
Cai et al. central China  C996-2 10070 190 336.0 3.0
Cai et al. central China  C996-2 11840 240 263.0 3.0
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