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Detailed response to Referee 1’s comments 

We are very grateful for the constructive and helpful comments we received from both 
reviewers. Accounting for them has been of great help to improve the manuscript. 

 
General Comments: Waelbroeck et al. present results for 2 cores from the North Brazilian 
margin, using proxies for AMOC-related ocean circulation changes (Pa/Th, C. wuellerstorfi 
d13C) and South American precipitation events (Ti/Ca). As the proxy records were generated 
from the same location/core (more or less) the authors argue that there are no lead/lags related 
to age model uncertainty and hence this allows to properly assess the phase relationship 
between AMOC and South American rainfall during the last 45 kyr. Their new data allows to 
not only focus on the last 4 Heinrich stadials (already presented in Burckel et al., 2015), but 
also D-O events with shorter frequencies. Based on the careful analysis of their data (using 
mainly cross-wavelet analyses), they infer that changes in water mass transport in the mid-
depth range of the western equatorial Atlantic precede precipitation changes in Brazil. This is 
especially the case at Heinrich-like frequencies, and less so at D-O frequencies, which they 
relate to a positive feedback mechanism in the ocean/atmosphere system during Heinrich 
stadials. 

The manuscript is well written, well structured, and concerns an important topic that is 
certainly relevant for Climate of the Past. In essence, this paper is an evolution of the Burckel 
et al. (2015) paper, but with some extra Pa/Th and d13C data, which makes it possible to 
better study changes in water mass transport over Dansgaard-Oeschger frequencies. In 
general, the authors carefully address the possible biases on Pa/Th and other proxy records 
(influences by marine productivity, differential bioturbation, currents etc.) and deliver quite a 
good case for the ocean circulation changes and leads/lags to South American precipitation 
during D-O/Heinrich stadials. I do have some reservations about the age model, as I think 
there are some details missing in text to properly evaluate the chronology (and uncertainty). 
Moreover, more details on some of the geochemical analyses are required (citing an “in prep.” 
paper is in my opinion not enough). If these two main issues are properly addressed, I 
certainly recommend publication in Climate of the Past. 

We have added all the requested information concerning the age model and isotopic analyses 
in the material and methods section, as described in details below. 

 
Specific Comments: p.2 line 18: XRF, do you mean XRF core scanning (as in Jaeschke et al., 
2007, done with the CORTEX scanner) or with more conventional XRF done on glass 
beads/pressed tablets? If it is the former, please change the abbreviation throughout the text, 
e.g., XRF-core-scanning (XCS). 
We mean XRF core scanning, as in Jaeschke et al. (2007). The XRF data of core MD09-3257 
were produced with an AVAATECH XRF core scanner, as now described in the material and 
methods section of the article. We prefer to keep the abbreviation XRF throughout the text 
though because this is the abbreviation commonly used and the abbreviation most easily 
understandable by the reader since it directly refers to the physical principal behind the 
measurement technique. Moreover, we use the GeoB3910 XRF data from Jaeschke et al. 
(2007), who used the denomination XRF throughout their paper. Also, thanks to the new 
paragraph describing the measurement method, there can be no confusion any longer. 
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p. 3, line 9: I miss a paragraph on the geochemical measurements performed to derive the 
Ti/Ca ratio. The Ti/Ca values were already published in Burckel et al. (2015), but I cannot 
find the XRF methods in there (I could have overlooked it). The best would be to give details 
on the used methods here, at least briefly. Note also that if you used the same method as 
Jaeschke et al. (2007), you probably used a different core scanner (Avaatech? Itrax?). 

We thank Referee 1 for having identified this omission in the submitted version of our article. 
We have added the following paragraph to the material and methods section: 

“X-Ray Fluorescence Spectrometry 
Elemental composition was measured employing nondestructive, profiling X-ray fluorescence 
(XRF) spectrometry. The measurements were made using an AVAATECH XRF Core 
Scanner at the Bjerkness Centre for Climate Research, Bergen (Norway) at intervals of 0.5 
mm on core MD09-3257, and using a CORTEX XRF Scanner at the Bremen Integrated 
Ocean Drilling Program core repository at intervals of 0.4 cm on core GeoB3910-2 (Jaeschke 
et al., 2007). This automated scanning method allows for a rapid qualitative determination of 
the geochemical composition of the sediment at very high resolution (Croudace and Rothwell, 
2015).” 
 

p.3, line 22: Log-ratios of Ti/Ca are indeed the way to go, also, because they allow a better 
statistical modelling of compositional data (see Weltje and Tjallingii, 2008; normal ratios are 
asymmetric). It would be good to shortly address this too in this sentence. 
We thank Referee 1 for his/her remark and for his/her recommendation to read the article 
Weltje and Tjallingii (2008), which we found very informative. We have changed the 
sentence  

“Here, we use XRF ln(Ti/Ca) rather than Ti/Ca because small precipitation events are more 
clearly marked in ln(Ti/Ca) than in Ti/Ca.”  

into  
“Here, we use XRF ln(Ti/Ca) rather than Ti/Ca because log-ratios provide a unique measure 
of sediment composition, in contrast to simple ratios which are asymmetric (i.e. conclusions 
based on evaluation of A/B cannot be directly translated into equivalent statements about 
B/A) and hence suffer from statistical intractability (Weltje and Tjallingii, 2008).” 
 

p.3, lines 9-27 (Chronology): I find the chronological section not yet satisfying. For instance, 
I miss what software was used to calculate the age model (OxCal?), and more technical 
details (reservoir age? uncertainties?). I see that in Burckel et al. (2015) the age model is 
addressed in one of the 16 Supplements of that paper, but I think it is important to at least 
briefly address the most important parts again. As written now, you might as well have used a 
simple linear model between the age points, but I cannot find that in the text. As the age 
model is clearly crucial for the results of this paper, the details should be better outlined (and 
not simply covered by a reference to an “in prep.” paper). For instance, did the authors use the 
state-of-the-art OxCal Bayesian modeling, and if not, why not? The authors should read the 
Sections 3 and 4 in the Supplement of Grant et al. (2012), who do a good job of obtaining the 
chronological uncertainties with a Bayesian deposition model in OxCal (also to calculate 
lags/leads between proxy records, albeit with a different scope). 
All radiocarbon dates were converted to calendar dates using the OxCal 4.2 software, the 
IntCal13 calibration curve, and a surface water reservoir age of 550 ± 50 y between 0 – 18 ka 
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(Key et al., 2004), and of 750 ± 250 y between 18 – 31 ka (Freeman et al., 2016). The final 
age models were obtained using the state-of-the-art OxCal Bayesian modeling. We have 
added the age uncertainty for each core depth in Table S1 and S2.  

The article (Vazquez Riveiros et al., in prep.) is unfortunately not accepted yet. We have thus 
added all the information requested by Referee 1 to the section describing the chronology of 
our cores. The following sentences have been added:  
“The chronology of core GeoB3910-2 is based on 17 monospecific radiocarbon dates between 
0 – 31 ky (Burckel et al., 2015; Jaeschke et al., 2007). The Ti/Ca record of core GeoB3910-2 
was aligned to that of core MD09-3257 in order to transfer the radiocarbon dates of 
GeoB3910-2 between 12–36 ka to this nearby core. In addition, five monospecific 
radiocarbon dates between 1–21 ka were obtained directly on core MD09-3257. Speleothem 
tie points were used to derive the chronology of this core between 38–48 ka (Table S1 and 
S2) (Vazquez Riveiros et al., submitted). All radiocarbon dates were converted to calendar 
dates using the OxCal 4.2 software, the IntCal13 calibration curve (Reimer et al., 2013), a 
surface water reservoir age of 550 ± 50 y between 0–18 ka (Key et al., 2004), and of 750 ± 
250 y between 18–31 ka (Freeman et al., 2016). The final age models of cores GeoB3910-2 
and MD09-3257 were obtained using a P_Sequence depositional model (Bronk Ramsey, 
2008), i.e. a Bayesian algorithm producing posterior probability distributions for each core 
depth (Table S1 and S2) (Vazquez Riveiros et al., submitted).” 

 
p.4, lines 1-16: The details on the d13C methods should be given here, and not in the Vazquez 
Riveiros (in prep.) paper. 
We have added the requested information to the material and methods section: 

“Epifaunal benthic foraminifers of the Cibicides wuellerstorfi species were handpicked in the 
>150 mm size fraction (Vazquez Riveiros et al., submitted). Core MD09-3257 C. 
wuellerstorfi 13C/12C (δ13C, expressed in ‰ versus Vienna Pee-Dee Belemnite, VPDB) was 
measured at the LSCE on Finnigan ∆+ and Elementar Isoprime mass spectrometers on 
samples of 1 to 3 specimens. VPDB is defined with respect to NBS-19 calcite standard (δ18O 
= -2.20 ‰ and δ13C = +1.95 ‰). The mean external reproducibility (1σ) of carbonate 
standards is ± 0.03 ‰ for δ13C; measured NBS-18 δ18O is -23.27 ± 0.10 and δ13C is -5.01 ± 
0.03 ‰ VPDB. Core GeoB3910-2 C. wuellerstorfi  δ13C was measured at the University of 
Bremen, Germany, on a Finnigan MAT 252 mass spectrometer equipped with an automatic 
carbonate preparation device on samples of 1 to 5 specimens, with a mean external 
reproducibility (1σ) for carbonate standards of ± 0.05 ‰ for δ13C.” 

 
p.4-5 (New sedimentary Pa/Th data): How was the discrete sampling performed for Pa/Th? 
This might be important for direct comparison of Pa/Th to Ti/Ca (from XRFscanning?) during 
the D-O variability. Are the analyses by both methods exactly performed on the same 
sediment intervals? Core scanner intervals are often deviating from those that are discretely 
sampled (e.g., at 1-cm resolution, a measurement at 5 cm is covering the interval from 4.5 to 
5.5cm, with an Avaatech core scanner). This might somewhat influence the lead/lag 
calculations, and may require resampling of the Ti/Ca data (although the impact is probably 
small). 

Pa/Th was measured on discrete 1cm-thick samples, as well as C. wuellerstorfi δ13C. In 
contrast, the use of an Avaatech XRF Core Scanner to measure MD09-3257 elemental ratios 
allowed us to produce a quasi-continuous MD09-3257 Ti/Ca signal with 1 measurement every 
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0.5 mm. For the purposes of the present study, we first resampled and dated core MD09-3257 
Ti/Ca signal at depth intervals of 0.5 cm. Then, prior to time series analyses, as explained p. 
6, lines 7-8, we resampled all three studied time series with constant time steps varying 
between 50 and 500 y (corresponding to ~0.5 to 5 cm spacing, knowing that the mean 
sedimentation rate is 10 cm/ky). Therefore, the fact that the initial sample thickness of Pa/Th 
or C. wuellerstorfi δ13C measurements is different from that of Ti/Ca measurements, has no 
impact on the lead/lag calculations. 
 

p. 5, lines 19-20: Add shortly why the 232Th is indicative of the vertical terrigenous flux 
(detrital origin?). 

We have modified the sentence 
“The 230Th-normalized 232Th flux, hereafter simply referred to as the 232Th flux, is indicative 
of the vertical terrigenous flux to the core site.” 
into 

“The 230Th-normalized 232Th flux, hereafter simply referred to as the 232Th flux, is indicative 
of the vertical flux of terrigenous material at the core site, since 232Th is a trace element that is 
mostly contained in the continental crust (Taylor and McLennan, 1985) and is thus commonly 
used as a geochemical tracer for material of detrital origin (e.g. Anderson et al. (2006)).” 

 
p.10, lines 8-12: The uncertainty of the leads and lags in the cross-wavelets should already be 
given in the Methods (section “cross-correlation and wavelet analysis”). The error 
propagation is not entirely clear to me, did the authors use a mean squared error (MSE)? 

We computed the uncertainty of the leads and lags produced by the wavelet analysis assuming 
Gaussian error propagation of the two independent uncertainties described p.10, lines 8-12. 
We computed the total 1σ uncertainty as the square root of the sum of the different variances 
representing the different sources of uncertainty taken into account. We have clarified this and 
changed the sentence  
“Note that uncertainties for leads and lags given in Table 1 are computed as the propagation 
of two uncertainties: (i) […] (Fig. 4-6d), and (ii) […] (Fig. 4-6f).”  
into  

“The uncertainties of the leads and lags (Table 1) are computed assuming Gaussian error 
propagation of the two following independent uncertainties: (i) […] (Fig. 4-6d), and (ii) […] 
(Fig. 4-6f).” 
However, we cannot move this paragraph from the results section to the methods section 
because the description of the two independent sources of uncertainty involves the description 
of the wavelet results given in Figure 4. 

 
p. 11, line 23: Is the cross-correlation really imprecise and unreliable, or does it just lump all 
frequency signals into one and give you an average output, which is basically correct for the 
time window that was analyzed? The authors could have used different time windows (e.g., 
3000 years and 6000 years) and calculate a running correlation across the whole interval (with 
one of the records shifted towards the other in different time steps). The result from such a 
running correlation test will/would be probably very similar to the cross-wavelet analyses. 
Cross-correlation is not imprecise or unreliable, just not the most suitable method to study 
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non-stationary climate signals. I suggest to change this sentence, and also that at p. 11 line 29, 
more focusing on the fact that these cross-correlations cannot be used to disentangle the 
leads/lags of variable frequencies in the proxy records. 

Cross-correlation does indeed lump all frequencies. This method thus yields one unique 
relative phase for the entire studies record, which is meaningless because different portions of 
the studied records are characterized by different frequencies. Also, as described p. 6 (lines 4-
11), cross correlation consists in computing the correlation coefficient between two time 
series, after having shifted one with respect to the other by increments of the time step (R 
script given in the supplementary material). The results of this operation are given in Figure 2 
and are not similar to the cross-wavelet analyses for the reason given above. 
However, we agree that the sentences p. 11, line 23 and line 29 could be improved and that 
we should insist on the fact that cross-correlation is not a suitable method to study non-
stationary climate signals. We have thus modified  

“[…] confirms that the latter method yields imprecise and unreliable results when applied to 
climatic signals”  

into  
“[…] confirms that the latter method yields imprecise and unreliable results when applied to 
non-stationary climatic signals”,  
and 

“However, as shown here, cross-correlation does not yield reliable results when applied to 
climatic signals of the last glacial.”  

into  
“However, as shown here, cross-correlation is not a suitable method to analyze non-stationary 
climatic signals such as those of the last glacial.” 
 

p. 12, line 26: What is the reason to not just use a ln(K/Ca) ratio, instead of ln(Ti/Ca), to 
circumvent these problems? (Other than the reason that previous studies used Ti/Ca, but 
probably did not consider these bioturbation effects). 
We agree with Referee 1 that it seems judicious to use ln(K/Ca) or ln(Rb/Ca) instead of 
ln(Ti/Ca) as a proxy of runoff from the adjacent continent. However, the present study builds 
on previous studies from the same region and cores using ln(Ti/Ca) or Ti/Ca, so we chose to 
use ln(Ti/Ca) and simply verified if an offset between ln(K/Ca) or ln(Rb/Ca) and ln(Ti/Ca) 
was detectable.  

 
p.13, line 10: To me it seems that for HS3 there is also not a clear visible lead of Pa/Th 
relative to ln(Ti/Ca). Is this not what you expect considering that the origin of icebergs/IRD 
seems to be more European orientated for HS3 (Gwiazda et al., 1996; Henry et al., 2016), 
while the others find their origin mainly from the Laurentide ice sheet? The reduction in 
overturning seems to be also much less during HS3 compared to the others. 

We agree that the reduction in overturning as recorded by Pa/Th is much smaller during HS3 
compared to the other Heinrich stadials. Concerning the lead of Pa/Th relative to ln(Ti/Ca) 
marking the beginning of HS3, the only notable difference between that transition towards 
higher Pa/Th values and the transitions corresponding to the other Heinrich stadials, is one 
single Pa/Th data point (dated at ~31 ka) which was not duplicated and makes the transition a 
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little noisy. We thus prefer not to draw firm conclusions from the presence of this single data 
point. 
 

p.13, line 20: Doesn’t the 232Th flux show that the vertical terrigenous flux was largest 
during HS4? 

We thank Referee 1 for this question that led us to realize that the discussion concerning the 
different phasing observed for Heinrich Stadial 1 than for the Younger Dryas and the other 
Heinrich stadials had to be modified. 
The large 232Th flux recorded during both HS4 and HS1, together with the similarity in Pa/Th 
and Ti/Ca amplitudes during these two Heinrich stadials indicate that the different phasing 
observed for Heinrich Stadial 1 is most likely not due to a difference in terrestrial input. 

We have thus replaced this portion of the discussion by the following few sentences:  
“Such a different sequence of events seems to indicate that in the case of HS1, the increase in 
rainfall over tropical South America during HS1 was not a response to a decrease in Atlantic 
overturning circulation. Instead, a southward shift of the low-latitude atmospheric convection 
zone (Intertropical Convergence Zone, ITCZ), along with its associated maximum in 
precipitation, could have occured in response to extended northern high-latitude ice sheets 
and sea ice cover without any change in ocean circulation (Chiang et al., 2003). This 
atmospheric mechanism would have prevailed at the beginning of HS1 because ice sheets 
reached their maximum extent around that time.” 
Similarly, we removed the two sentences on this topic from our conclusions and modified the 
conclusions last sentence into: 
“Finally, the relative lead of Pa/Th over ln(Ti/Ca) is visible for the YD and for all Heinrich 
stadials, except HS1. In the case of HS1, the southward shift of the ITCZ could have been an 
atmospheric response to the maximum extent in northern high-latitude ice sheets and sea ice 
cover (Chiang et al., 2003) around that time, rather than a progressive response to a slowdown 
of the AMOC, as is the case of the other stadials. These different atmospheric and oceanic 
scenarios remain to be tested by numerical experiments performed over several thousands of 
years in glacial conditions, whereby climate models compute water and calcite δ18O, DIC 
δ13C, and sedimentary Pa/Th.” 

 
We are grateful to Referee 1 for noticing that the discussion of this aspect of our data in the 
submitted version of our manuscript was not convincing. We are glad that the revised version 
is improved in this regard. 

 
p.14, line 27: Is a 2-4cm downward shift also plausible for differential bioturbation? I suppose 
there is always bioturbation of both fine and coarse particles. 
The sentence p.14, line 25 to 27 does indeed concern differential bioturbation. We have 
clarified this by replacing “bioturbation” by “differential bioturbation”. 
 

Technical Comments:  
We thank Referee 1 for all his/her comments and advices, not only on the article content but 
also on its form.  
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p.2 line 8-10 (“In the best. . .into calendar ages”): Sentence does not read well. 
Rephrase/break up sentence. 

We have replaced the very long sentence 
“In the best cases, when marine cores are radiocarbon dated, past surface reservoir ages do 
not vary too much through time, and bioturbation biases remain limited (e.g. for high 
sedimentation rates), dating uncertainties mainly derive from the calibration of radiocarbon 
ages into calendar ages.” 
by 2 sentences: 

“When marine cores are radiocarbon dated, uncertainties can arise from bioturbation biases 
(e.g. Lougheed et al. (2018)) and changes in past surface reservoir ages (Waelbroeck et al., 
2001; Thornalley et al., 2011). In the best cases, when changes in past surface reservoir ages 
and bioturbation biases remain limited, dating uncertainties mainly derive from the calibration 
of radiocarbon ages into calendar ages.” 
 

p.2 line 26: Add when the core was recovered. 
Done 

 
p. 3, line 27: Please write “as defined by Rasmussen et al. (2014)”. This should also be done 
for the other parts of the text where citations are part of the sentence. 
Done 

 
p. 8, line 21: Table S2 considers the opal measurements, which Table needs to be referred to? 

We thank Referee 1 for having noted this omission. We have added a table (Table S4 in the 
new numbering) containing the cross-correlation results to the supplementary material. 

 
Figure 1: I think a larger overview map of South America would have been nice here (e.g., 
Burckel et al., 2015) 
We chose this degree of zoom in order to be able to clearly represent the different catchment 
areas. The rationale behind this choice is to provide the reader with the information on the 
surface currents and Brazilian rivers that may impact on the terrigenous input at the core site. 

 
Figure S1: Multiplier for ln(Ti/Ca), is this really necessary? Is it not sufficient to change the 
range on the y-axis? 
We opted for that solution for simplicity. Importantly, the scaling by 0.3 of the ln(Ti/Ca) of 
both cores has no incidence on this supplementary figure showing the alignment of 
GeoB3910-2 ln(Ti/Ca) to MD09-3257 ln(Ti/Ca).  

 
Figure S1: The unit for the sedimentation rate is missing partially on the y-axis. 

Fixed! 
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