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δ13C records from the mid-depth Atlantic show a pronounced decrease during the Heinrich Stadial 
1 (HS1), a deglacial episode of dramatically weakened Atlantic Meridional Ocean Circulation (AMOC). 
Proposed explanations for this mid-depth decrease include a greater fraction of δ13C-depleted southern 
sourced water (SSW), a δ13C decrease in the North Atlantic Deep Water (NADW) end-member, and 
accumulation of the respired organic carbon. However, the relative importance of these proposed 
mechanisms cannot be quantitatively constrained from current available observations alone. Here we 
diagnose the individual contributions to the deglacial Atlantic mid-depth δ13C change from these 
mechanisms using a transient simulation with carbon isotopes and idealized tracers. We find that 
although the fraction of the low-δ13C SSW increases in response to a weaker AMOC during HS1, the water 
mass mixture change only plays a minor role in the mid-depth Atlantic δ13C decrease. Instead, increased 
remineralization due to the AMOC-induced mid-depth ocean ventilation decrease is the dominant cause. 
In this study, we differentiate between the deep end-members, which are assigned to deep water regions 
used in previous paleoceanography studies, and the surface end-members, which are from the near-
surface water defined from the physical origin of deep water masses. We find that the deep NADW end-
member includes additional remineralized material accumulated when sinking from the surface (surface 
NADW end-member). Therefore, the surface end-members should be used in diagnosing mechanisms of 
δ13C changes. Furthermore, our results suggest that remineralization in the surface end-member is more 
critical than the remineralization along the transport pathway from the near-surface formation region to 
the deep ocean, especially during the early deglaciation.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The climate experienced significant changes during the last 
deglaciation. One key event is the Heinrich Stadial 1 (HS1) (17.5-

* Corresponding authors.
E-mail addresses: gusifan@stju.edu.cn (S. Gu), liu.7022@osu.edu (Z. Liu).

1 Corresponding authors at: School of Oceanography, Shanghai Jiao Tong Univer-
sity, Shanghai, China and Atmospheric Science Program, Department of Geography, 
The Ohio State University, Columbus, OH, USA.
https://doi.org/10.1016/j.epsl.2021.117106
0012-821X/© 2021 The Author(s). Published by Elsevier B.V. This is an open access artic
14.7 ka BP) when the Atlantic Meridional Overturning Circulation 
(AMOC) is nearly collapsed (McManus et al., 2004) or significantly 
weakened (Gherardi et al., 2009). During HS1, the atmospheric CO2

increased by 35 ppmv and the δ13C of CO2 decreased by 0.3�, 
which is suggested to be released from the ocean (Bauska et al., 
2016; Schmitt et al., 2012). At the same time, the marine δ13C re-
constructions show a widespread δ13C decrease in the mid-depth 
(1500-2500 m) Atlantic (e.g. Lund et al., 2015; Oppo et al., 2015; 
Tessin and Lund, 2013), but it is still highly uncertain what caused 
this mid-depth δ13C decrease in the Atlantic.
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With reduced North Atlantic Deep Water (NADW) formation 
during HS1 (McManus et al., 2004), an increased contribution 
of low-δ13C southern-sourced water (SSW; mainly comprised of 
Antarctic Bottom Water, AABW) in the Atlantic is widely believed 
to have caused the mid-depth δ13C decrease (Boyle and Keigwin, 
1987; Keigwin and Lehman, 1994; Rickaby and Elderfield, 2005; 
Sarnthein et al., 1994; Zahn et al., 1997). However, recent studies 
suggest that the δ13C decrease could be related to reduced ven-
tilation resulting from a weakening of AMOC, which leads to an 
accumulation of remineralized carbon and δ13C decrease at mid-
depth (Lacerra et al., 2017; Schmittner and Lund, 2015; Voigt et 
al., 2017). A third view argues that changes in the end-member 
value of NADW could also have caused the mid-depth δ13C de-
crease (Lund et al., 2015; Oppo et al., 2015). From the Last Glacial 
Maximum (LGM) to HS1, the end-member δ13C values decreased 
by 1� in NADW but remained overall stable in SSW, indicating 
that the Atlantic mid-depth δ13C decrease could also be caused 
by a decrease of the end-member value in NADW (Lund et al., 
2015; Oppo et al., 2015). The lower δ13C NADW end-member at 
HS1 could be caused by the increased water formed by brine re-
jection in the Nordic seas with lower δ13C due to reduced air sea 
gas exchange (Waelbroeck et al., 2011) incorporated into NADW 
(Dokken and Jansen, 1999; Thornalley et al., 2010). In fact, all 
three proposed mechanisms described here could contribute to the 
mid-depth δ13C decrease based on existing δ13C and δ18O records 
from the Atlantic, but the relative importance of these mecha-
nisms cannot be constrained by δ13C and δ18O data alone (Oppo 
et al., 2015). Our knowledge of the water mass composition in the 
Atlantic during the last deglaciation limits the quantitative assess-
ment of the proposed mechanisms in the Atlantic mid-depth δ13C
decrease during the deglaciation.

Isotope-enabled Earth System Models provide a unique oppor-
tunity to quantitatively evaluate relative contribution of individ-
ual mechanisms in explaining the deglacial mid-depth δ13C de-
crease. Using University of Victoria climate model of intermediate 
complexity under preindustrial climate conditions, Schmittner and 
Lund (2015) is able to simulate δ13C decrease in subsurface At-
lantic in response to a prolonged idealized AMOC shutdown, which 
is dominated by the remineralization. However, the Atlantic wa-
ter masses and the associated δ13C were quite different at the 
LGM from their preindustrial state (e.g., Curry and Oppo, 2005), 
quantitative assessment of the mid-depth δ13C decrease under the 
corresponding climate conditions is therefore needed.

Here, we provide a quantitative estimation of previously pro-
posed mechanisms in mid-depth δ13C decrease during HS1 by di-
agnosing a deglacial simulation with carbon isotopes and idealized 
tracers that represent water ventilation and water mass composi-
tion. We find that although the NADW proportion in the mid-depth 
Atlantic decreases during HS1, the partial replacement of NADW by 
SSW is not a key factor; instead, the accumulation of the reminer-
alized δ13C is the dominant contributor to the Atlantic mid-depth 
δ13C decrease.

2. Methods

2.1. Model and experiments

The physical ocean model used is Parallel Ocean Program ver-
sion 2 (POP2) (Danabasoglu et al., 2012) with a nominal 3◦ hori-
zontal resolution and 60 vertical layers. The POP2 version used in 
this study is implemented with several important geotracers for 
paleoceanography study purposes and has been used in many re-
cent studies to understand intermediate and deep water masses 
(Gu et al., 2020, 2017; Zhang et al., 2017) as well as AMOC vari-
ations (Gu et al., 2019). These geotracers include carbon isotopes 
(Jahn et al., 2015) and 231Pa/230Th (Gu and Liu, 2017), which have 
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been validated with modern seawater observations. To quantify the 
deep ocean ventilation, two age tracers are implemented: ideal age 
and idealized ventilation age (Zhang, 2016). The ideal age is set to 
0 at the ocean surface and increases with 1 yr/yr in the ocean 
interior. The idealized ventilation age is similar to the ideal age 
except that it considers the isolating effect of sea ice; it is not 
reset to 0 at ice-covered ocean surface but instead is set to val-
ues proportional to ice fraction. Therefore, the idealized ventilation 
age is in general older than the ideal age and is more realistic to 
represent the “true” water age. Several dye tracers are also imple-
mented to identify water mass composition in the model (Gu et 
al., 2020). The dye tracers are reset to 1 over specific regions at the 
ocean surface at each time step and are advected and diffused pas-
sively in the ocean interior. Three dye tracers are released over the 
surface Southern Ocean (south of 34◦S, Dye-South), the subtrop-
ical Atlantic (34◦S-40◦N, Dye-Subtropical), and the North Atlantic 
(north of 40◦N, Dye-North).

A transient simulation of the last deglaciation (C-iTRACE) us-
ing the isotope-enabled POP2 (Gu et al., 2019) is analyzed in this 
study. C-iTRACE is forced by the monthly surface forcings (heat 
flux, freshwater flux, and momentum flux) from a fully coupled 
transient simulation (TRACE21K), which simulates many key fea-
tures of the last deglaciation (e.g., Liu et al., 2009). In TRACE21K, 
the amount of freshwater flux is constrained by sea level records, 
and the locations of the freshwater flux are tested in different sen-
sitivity experiments to best match AMOC indicated by 231Pa/230Th 
reconstruction (McManus et al., 2004) and Greenland surface air 
temperature records (He, 2011; Liu et al., 2009). The surface tem-
perature and salinity are restored to TRACE21K values with the 
restoring time scale of 10-day and 30-day, respectively (described 
in detail in Gu et al., 2019). The atmospheric CO2 is prescribed fol-
lowing Joos and Spahni (2008), and the δ13C in the atmospheric 
CO2 is prescribed following Schmitt et al. (2012). The dust de-
position during the LGM is prescribed following Mahowald et al. 
(2006), and the transient dust field is generated by interpolated 
between LGM and modern according to the global temperature 
reconstruction (Shakun et al., 2012). Decadal average at 20 ka in C-
iTRACE is used as LGM, and decadal average at 15 ka in C-iTRACE 
is used as HS1 in this study.

2.2. δ13C decomposition in the model

Simulated δ13C can be decomposed into preformed (δ13Cpre) 
and remineralized (δ13Crem) parts (eq. (1)) following the apparent 
oxygen utilization (AOU) based method in Sarmiento and Gruber 
(1996), which is described in the Supplementary Materials (SM). 
We note that this AOU-based estimation might overestimate the 
δ13Crem because this method assumes that the O2 at the ocean 
surface is in equilibrium with the atmosphere, which is not neces-
sarily the case especially in high latitudes (Khatiwala et al., 2019).

δ13Crem = δ13C − δ13Cpre (1)

Another way to estimate the remineralized δ13C is by end-
member mixing. Oppo and Fairbanks (1987) propose that if the 
δ13C values of the northern and southern end-members are 
known, and δ13C is assumed to be conservative, δ13C in the At-
lantic can be used to estimate the water mass mixture. However, 
there is a growing body of evidence that remineralization leads to 
non-conservative effects in δ13C and that the air-sea component 
of δ13C (δ13Cas), which removes the biological effects in δ13C, is a 
more conservative tracer (Broecker and Maier-Reimer, 1992; Gu et 
al., 2020; Lynch-Stieglitz and Fairbanks, 1994). Therefore, the de-
partures of δ13C from conservative mixing can be used to estimate 
the remineralized δ13C if the δ13C end-member values and the wa-
ter mass composition are known (Howe et al., 2016; Piotrowski et 
al., 2005).
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Here we define the δ13C due to the conservative mixing as 
δ13Ccons, which can be calculated by

δ13Ccons = α ∗ δ13CS + (1 − α) ∗ δ13CN (2)

where α is the fraction of SSW indicated by idealized Dye-South 
tracer, and δ13CS and δ13CN are the end-member values from south 
and north, respectively. To estimate the relative contribution of 
changes in water mass composition and end-member values on 
δ13Ccons, we further split the change in δ13Ccons into different com-
ponents based on Eq. (2), including the change due to water mass 
fraction (δ13Ccons−frac), end-member change (δ13Ccons−end), and the 
non-linear term (δ13Ccons−nonlinear) (eq. (3)):

δ′
cons = α′δS + (

1 − α′) δN︸ ︷︷ ︸
fraction

+αδ′
S + (1 − α)δ′

N︸ ︷︷ ︸
end member

+ α′δ′
S + (

1 − α′) δ′
N︸ ︷︷ ︸

nonlinear

(3)

where the bars denote the reference values during the LGM, the 
primes denote changes from the LGM values, δ represents δ13C. 
We fix δ13CS and δ13CN at LGM to evaluate the water mass fraction 
effect (δ13Ccons−frac), and fix α at LGM to evaluate the effect of 
changing end-member value (δ13Ccons−end).

The difference between δ13Ccons and δ13C indicates the rem-
ineralization during the water parcel transportation from its end-
member region (δ13Crem−path):

δ13Crem−path = δ13C − δ13Ccons. (4)

The difference between the AOU based δ13Crem and the water mass 
mixing based δ13Crem−path indicates the remineralization in the 
end-member (δ13Crem−end):

δ13Crem−end = δ13Crem − δ13Crem−path. (5)

The remineralization in the end-member can also be estimated 
directly from the AOU based δ13Crem in the end-member region, 
which shows similar anomalies as δ13Crem−end (Fig. S1). The sim-
ilar estimates of remineralization in the end-member validate our 
current decomposition method.

2.3. Surface (physical) end-member and deep (paleo) end-member

In paleo applications, the end-member values are often esti-
mated from the cores located in the deep ocean near the source 
water regions (deep end-member) (e.g., Lund et al., 2015; Oppo 
et al., 2015; Oppo and Fairbanks, 1987). Therefore, following the 
way of end-member estimation in paleoceanography studies, the 
deep end-member in this study is estimated using the average over 
50◦N-60◦N from 1,500 m to 2,500 m in the Atlantic for the NADW 
and south of 60◦S from 3,000 m to 4,000 m in the Southern Ocean 
for the SSW in the model (illustrated in Fig. 1 as boxes).

Physically, deep water is formed by deep convection from the 
surface. Hence, the end-member values should be the values of the 
convected surface water, which will be referred to as the surface 
end-member in this study. The surface end-member regions are 
the regions of deep convection identified by the winter mixed layer 
depth in the model. Therefore, we define the surface end-member 
of NADW as the average value over 50◦N-60◦N in the Atlantic at 
the bottom of the euphotic zone (105 m in the model) and the sur-
face end-member of SSW as the average over the Southern Ocean 
(south of 60◦S, 60◦W-30◦E) at the bottom of the euphotic zone. 
The difference between the surface and deep end-member will be 
discussed in section 3.2. The surface end-member values are used 
in the δ13C decomposition in this study.
3

3. Results and discussion

3.1. Simulated deglacial Atlantic

From LGM to HS1, the simulated AMOC strength shows a 
large decrease, which is followed by the recovery during Bølling–
Allerød (BA) (Fig. 2a). The simulated 231Pa/230Th, a proxy for AMOC 
strength, agrees with the 231Pa/230Th reconstructions from the 
Bermuda Rise (McManus et al., 2004) (Fig. 2a), suggesting that C-
iTRACE simulates a reasonable deglacial AMOC evolution.

The simulated mid-depth δ13C shows a widespread decrease 
from the LGM to HS1 (Fig. 1c). At the LGM, the high δ13C asso-
ciated with NADW penetrates southward at mid-depth (Fig. 1a), 
and the simulated δ13C north-south gradient in the Atlantic is in 
agreement with observations (Gu et al., 2020). Compared with the 
LGM, δ13C at HS1 shows a decrease around 2,000 m with the 
magnitude of the decrease largest in the North Atlantic and de-
creasing southward (Fig. 1c). The average HS1 δ13C decrease in 
the Atlantic at mid-depth is 1� in the model (Fig. 2b). In the 
North Atlantic, simulated mid-depth δ13C decreases by 1.0� above 
2,000 m, which agrees with observations (Fig. 3a). However, the 
simulated δ13C decrease near 2,500 m is much larger than the 
observations (Fig. 1c), which might indicate an over-reduction of 
AMOC during HS1 in the model compared to reality. At the Brazil 
Margin, the simulated mid-depth δ13C decreases by 0.5�, consis-
tent with the δ13C changes in the observations (Fig. 1c and Fig. 3b). 
Despite the model-data mismatch near 2,500 m in the North At-
lantic, the simulated mid-depth δ13C captures the major feature in 
the observations, with a larger δ13C decrease in the North Atlantic 
than the South Atlantic (Fig. 1c) from LGM to HS1. Therefore, iden-
tifying the relative importance of different processes driving the 
mid-depth δ13C decrease in the model context still has important 
implications for the real ocean.

To assess the causes of the mid-depth δ13C decrease in the 
model, we first evaluate whether the mechanisms proposed pre-
viously are consistent with our simulation: i) a greater fraction of 
SSW, ii) reduced ventilation and enhanced remineralization, and 
iii) a decrease in the NADW deep end-member value. Indeed, with 
the weakening of AMOC, there is almost no deep convection in 
the North Atlantic and the production of NADW is greatly reduced 
at HS1, with significantly more SSW and less NADW at the mid-
depth (Fig. 1 d-f). The average proportion of SSW (indicated by 
Dye-South) increases by 30% in the mid-depth Atlantic (Fig. 2c). 
Although greatly reduced compared with LGM, the NADW water 
mass fraction is still ∼50% in the mid-depth Atlantic during HS1 
because AMOC is not fully collapsed (∼4 Sv). With less young 
NADW ventilating the mid-depth Atlantic at HS1, the water age in-
creases in the mid-depth Atlantic during HS1, allowing more rem-
ineralized material to accumulate, with the largest increase found 
near 2-3 km between 30-60◦N (Fig. 1g-i). The average ideal age in-
creases by 900 years, and the idealized ventilation age increases by 
1,200 years (Fig. 2d). In our simulation, the deep δ13C end-member 
is relatively stable for SSW, with a slight decrease from the LGM 
(0.19�) to HS1 (−0.17�), consistent with the small difference 
found in observations between LGM and HS1 (Oppo et al., 2015). 
However, the NADW deep end-member value changes dramatically 
(Fig. 2e) from 1.32� in the LGM to −0.06� in HS1 (Table 1). This 
1.38� difference is similar to the observational estimate of 1.01�
(1.51� in LGM and 0.5� in HS1) in Oppo et al. (2015). Therefore, 
qualitatively, the simulation suggests that all the proposed mecha-
nisms have the potential to reduce HS1 δ13C in the model.

3.2. Surface and deep end-member changes

Surface and deep end-member δ13C values show similar evo-
lutions during the last deglaciation. For both SSW and NADW, 
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Fig. 1. Atlantic zonal mean distributions at LGM (left), HS1 (center), and the difference between HS1 and LGM (right). (a-c) δ13C; (d-f) Dye-South; (g-i) idealized ventilation 
age. The locations of deep end-member are indicated by the boxes. The observational δ13C HS1-LGM difference (listed in Table S1) is overlaid as colored circles in c. (For 
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
deep end-member values are always lower than the surface end-
members because both water masses get less ventilated with 
depth (as indicated by increasing water age with depth; Fig. 1g 
and h), which leads to accumulation of low δ13C respired carbon 
at depth. For SSW, both surface and deep end-member values are 
stable (Fig. 4a and Table 1). But for NADW, surface and deep end-
members decrease during HS1, with stronger decrease in the deep 
end-member.

The surface NADW end-member δ13C decrease at the bottom of 
the euphotic zone is associated with the decrease of δ13Crem and 
the δ13C decrease in the atmospheric CO2 (Fig. 4b). The δ13Crem in 
the NADW surface end-member mimics the change of the AMOC, 
as it starts to decrease at 19 ka and almost reaches the minimum 
at 17 ka, following the evolution of the ventilation age (Fig. S2a 
and c). Early in the deglaciation, the prescribed δ13C in the at-
mospheric CO2 increases slightly by 0.05� at 17.5 ka, leading to 
an increase of δ13Cpre in the North Atlantic surface water due 
to air-sea gas exchange (Fig. 4b). This δ13Cpre increase compen-
sates the δ13Crem decrease, leading to a quite small decrease of 
the δ13C NADW surface end-member during the early deglaciation. 
After 17.5 ka, when the δ13C in the atmospheric CO2 begins to 
decrease, the δ13Cpre decreases, which accelerates the δ13C sur-
face end-member decrease. The 0.78� HS1 δ13C decrease in the 
NADW surface end-member incorporates 0.28� decrease in the 
4

δ13Cpre related to the δ13C decrease in atmospheric CO2 and 0.5�
decrease in δ13Crem probably related to increased ventilation age 
due to AMOC slow down.

The NADW surface end-member change influences the NADW 
deep end-member value (Fig. 4c). From LGM to HS1, the SSW% in 
the NADW deep end-member region increases by ∼30%, and com-
bined with the δ13C decrease in the NADW surface end-member 
value, contributes to 0.86� of the δ13C decrease in δ13Ccons, which 
is 62% of the total δ13C decrease in the NADW deep end-member. 
In δ13Ccons, the decrease of the δ13C surface end-member is much 
more important than the increased amount of SSW (Fig. 4c). If 
there were no surface end-member change, changes in water mass 
fraction alone would decrease δ13C by only 0.31� (δ13Ccons−frac). 
In contrast, if there were no changes in water mass fraction, 
the NADW surface end-member decrease would cause a δ13C de-
crease of 0.76� (δ13Ccons−end), more than twice the effect of 
δ13Ccons−frac. It is noteworthy that the nonlinear term in Eq. (3)
is −0.21�, which is not negligible. But the existence of this term 
does not affect our conclusions on the relative contributions of the 
other two terms.

We find that accumulated remineralized δ13C is the most im-
portant factor causing the deglacial deep NADW end-member de-
crease. The total δ13Crem anomaly in the NADW deep end-member 
has a similar magnitude of changes as the δ13C anomaly, suggest-
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Fig. 2. Simulated Atlantic evolution in C-iTRACE. (a) AMOC strength (black) and sim-
ulated 231Pa/230Th (red curve) and 231Pa/230Th observations (red dots) at the site 
OCE326-GGC5 (33◦43’N, 57◦35’W, 4.55 km). (b) Atlantic mid-depth average δ13C
evolution. (c) Atlantic mid-depth average SSW percentage. (d) Atlantic mid-depth 
average ideal age (dashed light green) and idealized ventilation age (solid dark 
green). (e) δ13C deep end-member values for NADW (navy) and AABW (red). Here 
Atlantic mid-depth average is calculated by averaging from 1,500 m to 2,500 m.

Table 1
δ13C deep end-member and surface end-member values at LGM and HS1 in the 
model.

Deep end-member Surface end-member

NADW AABW NADW AABW

LGM 1.32� 0.19� LGM 1.72� 0.51�
HS1 −0.06� −0.17� HS1 0.94� 0.53�

ing a dominant role of remineralization (Fig. 4d). The evolution of 
the δ13Crem in the NADW deep end-member shows a similar evo-
lution as the idealized water age tracers (Fig. S2b and d), further 
suggesting that the deep NADW end-member change during HS1 
is mainly due to the accumulation of respired carbon caused by 
reduced ventilation that accompanies the weak AMOC.
5

Fig. 3. Model data comparison of deglacial mid-depth δ13C evolution. (a) North 
Atlantic: model averaged over 55◦N-60◦N, 1500 m-1700 m according to the avail-
able observations. (b) Brazil Margin: model averaged over 25◦S-30◦S, 40◦W-50◦W, 
1600 m-2100 m according the available observations. Grey shading is the model 
spread in each region. Details of each observational site are listed in Table S1.

This δ13Crem includes the δ13Crem in the NADW surface end-
member (δ13Crem−end) at the bottom of the euphotic zone, and 
that added as water sinks from the near-surface to the NADW deep 
end-member region (δ13Crem−path), which show different evolu-
tions during the deglaciation as discussed below. Since the SSW 
δ13C end-member, including δ13Crem in SSW, is relatively stable, 
and the change of water mass composition plays a minor role 
in the δ13C change, we consider the δ13Crem−end is mostly from 
the change in NADW. The evolution of the estimated δ13Crem−end
agrees with that of the δ13Crem in the NADW surface end-member 
(Fig. 4b purple and 4d navy; Fig. S1a), both of which show a rapid 
decrease starting at 18 ka and reaching stable values at 17 ka. 
The δ13Crem−path, however, shows a more gradual decrease that 
continues until the end of HS1, indicating increasingly greater ac-
cumulation of respired carbon at depth as the AMOC slowdown 
continues. The 1.21� decrease in δ13Crem from LGM to HS1 is the 
most crucial factor in the δ13C NADW deep end-member decrease, 
which incorporates almost similar contributions from δ13Crem−end
and δ13Crem−path (Fig. 4d). The initial decrease of δ13Crem is mainly 
due to δ13Crem−end, with δ13Crem−path increasingly important from 
17 ka to 15 ka (Fig. 4e).

The comparison of the surface end-member and the deep 
end-member in the Atlantic suggests that because the change of 
δ13Crem−path is not negligible, the deep NADW end-member incor-
porates additional remineralization from the surface end-member. 
Therefore, it is more appropriate to use the surface end-member to 
diagnose the δ13C change in the Atlantic. However, the surface and 
deep end-members are probably interdependent. During HS1, the 
productivity in the NADW formation region is significantly lower 
than that during the LGM. Therefore, more remineralized mate-
rial in the NADW surface end-member is due to changes in the 
physical processes, rather than due to local biological processes. 
The accumulated remineralized material in the NADW surface end-
member agrees with the increased ventilation age in the NADW 
surface end-member (Fig. S2c), which is likely due to the mixing 
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Fig. 4. Evolution and decomposition of surface and deep end-member. (a) Surface end-member (dash) and deep end-member (solid) evolutions for NADW (navy) and SSW 
(red). (b) NADW δ13C surface end-member anomaly (black), preformed δ13C anomaly in NADW surface end-member (magenta), remineralized δ13C anomaly in NADW 
surface end-member (purple), and δ13C anomaly in atmospheric CO2 from Schmitt et al. (2012) (green). (c) NADW deep end-member δ13C anomaly (black), δ13Ccons anomaly 
(red), δ13Ccons−frac anomaly (green), and δ13Ccons−end anomaly (purple). (d) NADW deep end-member δ13C anomaly (black), δ13Crem in NADW deep end-member (yellow), 
δ13Crem−path anomaly in NADW deep end-member (pink), estimated remineralized anomaly in NADW surface end-member (δ13Crem−end) from (δ13Crem − δ13Crem−path) 
(navy). (e) ratio of δ13Crem−path/δ13Crem (pink) and δ13Crem−end/ δ13Crem (navy).
with water at depth with accumulated remineralized material and 
older water age.

A recent study suggests that the deglacial surface and mid-
depth change could also be influenced by air-sea gas exchange 
(Lynch-Stieglitz et al., 2019). In our model, the air-sea gas ex-
change effect is incorporated in δ13Cpre, which is not as important 
as δ13Crem in the surface North Atlantic (Fig. 4b). This case is espe-
cially true in the mid-depth Atlantic (Fig. 5 and Fig. 6b). Therefore, 
the air-sea gas exchange plays a minor role in the deglacial Atlantic 
δ13C change in our model.

3.3. Decomposition of the Atlantic mid-depth δ13C decrease

The results of the quantitative decomposition of the deep 
NADW end-member δ13C also apply to the mid-depth Atlantic. 
The combined contribution from the water mass fraction and end-
member (δ13Ccons) accounts for 70% of the total δ13C decrease 
in the model (Fig. 5b and 6a), among which the effect of end-
member change (δ13Ccons−end) is much more important than the 
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water mass composition (δ13Ccons−frac). Therefore, our results sug-
gest that although SSW increases by 30% in the mid-depth Atlantic, 
the prevailing explanation of the mid-depth δ13C decrease due to 
the increase of SSW (e.g., Boyle and Keigwin, 1987; Keigwin and 
Lehman, 1994; Sarnthein et al., 1994) is probably not as important 
as once assumed.

The remineralization associated with the AMOC induced venti-
lation change accounts for the majority of the δ13C change during 
the last deglaciation. The δ13Crem change between HS1 and LGM is 
similar to the δ13C change in both pattern and magnitude (Fig. 5d 
and 6b). The δ13Crem change (Fig. 5d) is negatively correlated with 
the ventilation change in the Atlantic (Fig. 1i), with the region hav-
ing a larger increase in the ventilation age showing larger δ13Crem

decrease, and vice versa. When the AMOC is weakened, the mid-
depth Atlantic ventilation age increases, and the accumulation of 
the respired organic carbon causes the decrease in δ13Crem.

Similar to the NADW deep end-member, during the early 
deglaciation (19 ka-17 ka), the δ13Crem decrease in the mid-depth 
Atlantic is caused almost solely by remineralization in the end-
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Fig. 5. Decomposed δ13C Atlantic zonal mean difference between HS1 and LGM. (a) δ13C (b) δ13Ccons, (c) δ13Cpre , (d) δ13Crem, (e) δ13Crem−end (δ13Crem − δ13Crem−path), 
(f) δ13Crem−path .

Fig. 6. Decomposition of Atlantic mid-depth (1500 m-2500 m) average δ13C. (a) δ13C anomaly (black), δ13Ccons anomaly (red), δ13Ccons−frac anomaly (green), and δ13Ccons−end
anomaly (purple). (b) δ13C anomaly (black), δ13Crem anomaly (yellow), δ13Crem−path anomaly (pink), δ13Crem−end anomaly estimated from δ13Crem − δ13Crem−path (navy).
member (δ13Crem−end) rather than along the NADW transport 
pathway (δ13Crem−path). After 17 ka, when the simulated AMOC is 
greatly weakened, remineralized carbon along the pathway gradu-
ally increases (Fig. 6b). The δ13Crem−end accounts for about 70% of 
the δ13Crem change from LGM to HS1, while the δ13Crem−path ac-
counts for about 30%, suggesting that the δ13Crem in the NADW 
surface end-member is the critical factor for the deglacial δ13Crem

change. During HS1, simulated δ13C keeps decreasing in the mid-
depth Atlantic (Fig. 6), as well as in the Brazil Margin (Fig. 3b). 
This decreasing trend is mainly due to δ13Crem−path (Fig. 6b), 
which might suggest that the simulated AMOC is too weak for 
too long during HS1. From HS1 to the Bølling–Allerød (BA), with 
the abrupt recovery of the AMOC, the simulated δ13C also in-
creases abruptly (Fig. 3 and Fig. 6) due to the abrupt increase 
in δ13Crem−end (Fig. 6b). This simulated abrupt mid-depth δ13C
change during the HS1-BA transition is not recorded in the mid-
depth δ13C observations (Fig. 3), probably because the resolutions 
of these observations are not high enough to resolve such abrupt 
changes, or because the model has deficiency in representing the 
7

physical environments and tracer fields, which remains to be ex-
plored in the future.

Our results are in agreement with recent studies (Lacerra et al., 
2017; Schmittner and Lund, 2015; Voigt et al., 2017) showing that 
greater remineralization caused by ocean circulation change is the 
main reason for the δ13C decrease in the mid-depth Atlantic. How-
ever, unlike these studies, our results further suggest that it is the 
remineralized materials presented in the near-surface North At-
lantic waters, rather than the addition of remineralization along 
the pathway from the surface to the deep ocean, that contributes 
more to the δ13C decrease at mid-depths, especially during the 
early stage of the deglaciation. From the LGM to HS1, the accu-
mulation of the respired carbon in the mid-depth leads to the DIC 
increase in the simulation (Fig. 7), which agrees with the observa-
tional estimates from the Brazil Margin B/Ca records (Lacerra et al., 
2017), supporting the hypothesis that the mid-depth Atlantic se-
questered a significant amount of carbon, muting the atmospheric 
CO2 increase during HS1 (Lacerra et al., 2017). Interestingly, the 
intermediate depth DIC shows a decrease during the deglaciation 
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Fig. 7. Simulate DIC concentration normalized by salinity at LGM (a), HS1 (b), and the difference between HS1 and LGM (c) (unit in μmol/kg).
(Fig. 7c), also consistent with B/Ca records (Lacerra et al., 2019). At 
the same time, intermediate depth δ13C increases, mainly caused 
by δ13Crem−path (Fig. 5), suggesting reduced remineralization in the 
intermediate depth (Lacerra et al., 2019). The opposite changes be-
tween the intermediate depth and mid-depth suggesting different 
roles of Antarctic Intermediate Water (AAIW) and NADW in the 
deglacial atmospheric CO2 rise and warrant further investigation.

4. Conclusions

We present a quantitative examination of previously proposed 
mechanisms for the Atlantic deglacial mid-depth δ13C decrease in 
a transient simulation. Our modeling results suggest that although 
SSW fraction increases in the mid-depth Atlantic, change of the 
water mass composition alone plays a minor role in the mid-depth 
δ13C decrease. Instead, the accumulation of the respired carbon 
resulting from the reduced ventilation associated with AMOC is 
the dominant cause of the deglacial mid-depth δ13C decrease. Fur-
thermore, our results suggest that remineralization in the NADW 
near-surface end-member is more important than the reminer-
alization during the NADW transport pathway. During HS1, with 
the weak AMOC, the near-surface water from the NADW forma-
tion region shows reduced ventilation, favoring the accumulation 
of the remineralized materials. In previous studies (e.g., Lund et 
al., 2015; Oppo et al., 2015; Oppo and Fairbanks, 1987), the deep 
end-member, where deep ocean δ13C records come from, was used 
to quantify the δ13C change in the Atlantic. Our results suggest that 
the deep NADW end-member includes additional remineralization 
from the surface end-member, and the surface end-member is 
not only more appropriate for diagnosing the mechanism of δ13C
changes, but also reveals a significant process contributing to the 
δ13C change, especially during the early deglaciation. However, the 
surface and deep NADW end-members could be interdependent, 
and the increased remineralized material in the surface NADW 
end-member during HS1 likely also reflects mixing with older wa-
ter at depth under a weak but not fully collapsed AMOC. Last 
but not least, this study presents a diagnosis of the δ13C change 
by estimating each component, which can be further improved in 
accuracy with more sophisticated models explicitly simulating dif-
ferent components in the model in the future.
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