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Key Points: 7 

 The Vema Channel is a key location for monitoring past changes in deep-Atlantic flow 8 

speed. 9 

 We use sortable silt mean grain size analyses to update work using silt mean grain size 10 

and assess glacial Antarctic Bottom Water flow. 11 

 Northward flow of Antarctic Bottom Water through the Vema Channel was likely more 12 

vigorous during the glacial period. 13 
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Abstract 15 

Knowledge of past deep-ocean current speeds has the potential to inform our understanding of 16 

changes in the climate system on glacial-interglacial timescales, because they may be used to 17 

help constrain changes in deep-ocean circulation rates and pathways. Of particular interest is the 18 

paleo-flow speed of southern-sourced deep-water, which may have acted as a carbon store during 19 

the last glacial period. A location of importance in the northward transport of southern-sourced 20 

bottom water is the Vema Channel, which divides the Argentine and Brazil basins in the South 21 

Atlantic. We revisit previous studies of paleo-flow in Vema Channel using updated techniques in 22 

grain size analysis (i.e. mean sortable silt grain size), in Vema Channel cores and cores from the 23 

Brazil margin. Furthermore, we update the interpretation of the previous grain size studies in the 24 

light of many years further research into the glacial circulation of the deep Atlantic. Our results 25 

are broadly consistent with the existing data and suggest that during the last glacial period there 26 

was slightly more vigorous intermediate to mid-depth (shallower than 2600 m) circulation in the 27 

South Atlantic Ocean than in the Holocene, whereas below 3500 m the circulation was generally 28 

more sluggish. Increased glacial flow speed on the eastern side of the Vema Channel was likely 29 

related to an increase in northward velocity of AABW in the channel. An increase in Antarctic 30 

Bottom Water flow through the Vema Channel may have helped to sustain the large volume of 31 

southern-sourced deep-water in the Atlantic during the glacial period. 32 

 33 

1 Introduction 34 

During the Last Glacial Maximum (LGM) the Atlantic Ocean had an abrupt chemocline at 35 

~2500 m, suggesting a shoaling of the boundary between northern- and southern-sourced water, 36 

with the latter filling much of the deep Atlantic (Curry & Oppo, 2005; Hodell et al., 2003; 37 

Lynch-Stieglitz et al., 2007). δ
18

O and δ
13

C constraints suggest that this ocean state was 38 

maintained by either a decrease in mixing between Antarctic Bottom Water (AABW) and 39 

overlying water, an increase in the formation and transport rates AABW, or a combination of the 40 

two (Hoffman & Lund, 2012; Lund, Adkins & Ferrari, 2011). A decrease in mixing likely 41 

occurred due to shoaling of the boundary between the deep and shallow overturning cells above 42 

rough topography, and intense salinification of the deep water (Adkins, McIntyre & Schrag, 43 
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2002; Ferrari et al., 2014; Hoffman & Lund, 2012). However, direct evidence constraining 44 

glacial AABW volume transport and/or production is limited, preventing an assessment of its 45 

potential role in the altered ocean circulation, carbon cycling and climate state of the LGM. 46 

Reconstructions of glacial δ
13

C and Δ
14

C suggest that the deep ocean was more poorly ventilated 47 

than today (Burke & Robinson, 2012; Hodell et al., 2003; Skinner et al., 2015). Deep waters in 48 

the Atlantic were very depleted in radiocarbon, though bottom waters were relatively enriched 49 

(but still more depleted than today) (Barker et al., 2010; Burke et al., 2015; Skinner et al., 2010). 50 

These observations suggest quite vigorous AABW production during the LGM. However, 51 

quantifying glacial-interglacial changes in AABW strength from Δ
14

C records is complicated by: 52 

1) changes in water mass mixing; and 2) unquantified changes in air-sea gas exchange - driven 53 

by changes in temperature, Southern Ocean stratification and sea-ice extent. Glacial 
231

Pa/
230

Th 54 

evidence suggests reduced deep-Atlantic southwards export, in comparison to vigorous export in 55 

the ‘glacial north-Atlantic intermediate water’ (GNAIW) (Gherardi et al., 2009; Negre et al., 56 

2010), although recent modern studies have drawn attention to the difficulty of using 
231

Pa/
230

Th 57 

as an AMOC proxy (Hayes et al., 2015). Sortable silt mean grain size (SS) and δ
13

C data from 58 

the eastern New Zealand margin suggest an increase in glacial deep western boundary current 59 

(DWBC) flow speed and AABW production (Hall et al., 2001), while Pa/Th and SS data from 60 

the Indian Ocean suggest little change in AABW flow between the glacial period and the 61 

Holocene (Mccave et al., 2005; Thomas, Henderson & McCave, 2007). In addition, models can 62 

reproduce a volumetric expansion of AABW without any recourse to an increase in its formation 63 

rate (De Boer & Hogg, 2014). Similarly, it has been suggested that this volumetric increase can 64 

explain a significant part of the glacial-interglacial change in atmospheric CO2 without a change 65 

in the rate of bottom water formation (Skinner, 2009). More records of bottom water paleo-flow 66 

speed would help to address the mixed findings of the above studies, and inform understanding 67 

of glacial-interglacial climate.  68 

A useful location in which to study changes in Atlantic AABW flow is the Vema Channel 69 

(39.5
o
W, 30

o
S). In the South Atlantic, AABW flows northwards via the Rio Grande Rise, where 70 

it must flow through the Vema Channel, the Hunter Channel or over the Santos Plateau (Fig. 1). 71 

The Vema Channel is the most important of these conduits, 400 km long and up to 4550 m deep, 72 

with ~4 Sv of northward flow through the deep channel (McDonagh, Arhan & Heywood, 2002; 73 
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Speer et al., 1993). It is also the only conduit deep enough to transport Weddell Sea Deep Water 74 

(WSDW) (Jungclaus & Vanicek, 1999). Its importance has made it a key target for trying to 75 

monitor AABW in the recent past and on glacial-interglacial timescales (eg. Hogg & Zenk, 1997; 76 

Ledbetter, 1986; Zenk & Morozov, 2007).  77 

In a series of papers spanning a decade, Ledbetter and co-workers investigated the mean grain 78 

size of the silt (4-63 µm) fraction in sediment cores from the Vema Channel, with the aim of 79 

identifying changes in flow speed between the Holocene and the LGM (Ledbetter & Johnson, 80 

1976; Ledbetter, 1979, 1984, 1986). Two papers (hereafter LJ76 (Ledbetter & Johnson, 1976) 81 

and L84 (Ledbetter, 1984)) presented time slices from suites of cores on the eastern side of the 82 

channel with conflicting conclusions. LJ76 argued for an increase in the transport volume of 83 

AABW through Vema Channel during the glacial period, whereas L84 argued for the opposite.  84 

However, the data presented in the two studies are consistent and taken together provide some 85 

insight into glacial-interglacial changes in flow speed (Fig 2). It appears that there was a general 86 

reduction in grain size at depths between 1500 and 4000 m in the glacial period compared to the 87 

Holocene. In LJ76 (diamonds), multiple cores from within the deep, central part of the channel 88 

showed sharp increases in mean grain size in both the Holocene and the glacial period, occurring 89 

at depths between 4111 and 4300 m. Discounting one sample due to an age model error 90 

(Ledbetter, 1984), the rapid increase in grain size was found at least 70 m shallower during the 91 

glacial period (black diamonds) compared to the Holocene (grey diamonds). The later paper 92 

(L84, circles) contained only one glacial sample from comparable depths (4104 m) and this 93 

glacial sample did not show an abrupt increase in grain size. However, this result is consistent 94 

with data from LJ76 (Fig. 2). Taken together, these papers suggest that glacial flow speed was 95 

more sluggish than during the Holocene above 4000 m, with similar rapid speeds in the deep 96 

channel and a possible small expansion (~100 m shoaling) of this fast-flowing current to 97 

shallower depths. 98 

However, since these papers were published, it has become standard practice to measure sortable 99 

silt (i.e. the 10-63 µm fraction, 𝑺�̂�) as opposed to mean silt grain size. This is due to the tendency 100 

of particles <10 µm to exhibit cohesive behaviour, which can affect the sensitivity of mean silt 101 

grain size to bottom current strength (McCave & Hall, 2006). In addition, LJ76 and L84 did not 102 
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remove opal during sample preparation, a part of modern practice that helps to remove grains 103 

which may not have been sorted by bottom flow speed processes alone (McCave & Hall, 2006). 104 

Here, we update the results of the Ledbetter papers by analysing 𝑺�̂� in a subset of the same cores 105 

and in additional cores from the Vema Channel and the Brazil margin (Santos Plateau). Using 106 

our new data, we re-evaluate the differences between deep South Atlantic flow in the glacial 107 

period and the Holocene. Moreover, the interpretation presented in LJ76 that there was only a 108 

100m shoaling of the boundary between NADW and AABW in the glacial South Atlantic is 109 

difficult to reconcile with the many subsequent studies that have revealed the strong glacial 110 

Atlantic chemocline at ~2500m (suggestive of a substantial shoaling of NADW) in the glacial 111 

Atlantic. We therefore update the interpretation of grain size data from the South Atlantic in the 112 

light of more recent paleoceanographic research. 113 

 114 

2 Methods 115 

Sediment samples were taken from a variety of cores in the Vema Channel and on the Brazil 116 

Margin (Table S1). Holocene and glacial samples were selected from each core by reference to 117 

published age models, oxygen isotope stratigraphy and percent carbonate records  (Curry & 118 

Oppo, 2005; Hoffman & Lund, 2012; Jones, Johnson & Curry, 1984; Ledbetter, 1979, 1984; 119 

Lund et al., 2015; Tessin & Lund, 2013).  120 

Age models for cores from the Brazil Margin are based on radiocarbon dating, except for 121 

KNR159-113-JPC, KNR159-115-GGC and KNR159-120-GGC. For these cores, samples were 122 

taken to match the depths identified as Holocene and glacial using oxygen isotopes based on the 123 

studies of Curry and Oppo (2005) and Hoffman and Lund (2012). Given the radiocarbon age 124 

models, our Holocene samples range in age from 0-10,900 years, and glacial samples from 125 

18,000-23,000 years, thereby avoiding Heinrich Stadial 1 (Table S1). Some of the Brazil Margin 126 

cores contain significant age reversals of several thousand years that may indicate burrowing 127 

(Lund et al., 2015). These depths were avoided when sampling. We note that the deeper Brazil 128 

Margin cores have tops that are >5000 years old. Interpretation of the deepest samples as 129 

representative of the whole Holocene may be complicated by early Holocene changes in the 130 
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AMOC (eg. Hoogakker et al., 2011). However, modern AMOC was likely established by ~7 ka 131 

and Holocene changes since then have likely been modest. 132 

One core from the Vema Channel (NI-107-09-119-GGC) has radiocarbon data. For the 133 

remaining cores, Holocene and glacial samples were selected based on records of percent 134 

carbonate in Ledbetter (1979) and Jones et al. (1984) (e.g. Fig. S1). For these data, it is difficult 135 

to exclude the possibility that we have sediment outside the 18-23 kyr period above (e.g. samples 136 

from early HS1). Additional core-top samples were analysed for comparison of our 137 

measurements with those of LJ76 and L84. These core tops were identified as Holocene in age 138 

using the above methods (Ledbetter, 1984).  139 

Samples were processed for sortable silt analysis using standard procedures (McCave, 140 

Manighetti & Robinson, 1995). In summary, all samples were freeze-dried and weighed prior to 141 

disaggregation and wet sieving through 63 µm sieves to remove the coarse fraction. Fines were 142 

dried at 40 
o
C, and acidified twice in 2 M acetic acid to remove the carbonate fraction. Opal was 143 

removed by treatment with 200 ml 2 M NaCO3(aq) at 85 
o
C for 5 hours. Samples were stirred 144 

during heating after 1 and 4 hours. Between each chemical step, samples were left to settle 145 

before the liquid was siphoned. Samples were rinsed between each step with 18 MΩcm water. 146 

After treatment samples were stored in 0.2 % ‘Calgon’ (sodium hexametaphosphate) solution.  147 

𝑺�̂� analysis was conducted using a Coulter Counter Multisizer 4 at Cardiff University. Samples 148 

were disaggregated by rotation for ~24 hours and were ultrasonicated for 2 minutes immediately 149 

prior to analysis. Aliquots for analysis were taken using a pipettor held to the same depth within 150 

the sample vial, following 10 seconds of manual shaking. Particle concentration in the analysis 151 

vial was 1.5-4 %. The stirrer speed was set to 35, and a Beckman Enhanced Performance, 152 

Multisizer™ 4 beaker used to maintain the sediment in suspension. 70,000 particles were 153 

counted per measurement and 𝑺�̂� calculated online from the sediment size distribution profiles 154 

using the Multisizer4 software. On each day before analysis, the instrument was calibrated using 155 

Beckman Coulter L20 aperture instrument calibrator. Most samples were analysed two or three 156 

times, using different aliquots (Table S1). The uncertainty on a single measurement is ~±0.1 µm 157 

(2 sigma). For samples with repeat measurements we calculated 2 standard errors ranging from 158 

±0.02-0.5 µm (Table S1).  159 
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In Section 4 we make use of a recent calibration study (McCave, Thornalley & Hall, 2017) to 160 

assess changes in flow speed using the 𝑺�̂� proxy. The calibration includes the core top samples 161 

measured in this study, and therefore should be appropriate for the estimations here. 162 

 163 

3 Results 164 

3.1 Core-top comparison with previous studies 165 

We compared seven core top samples with measurements made in LJ76 and L84 (Fig. 3) the 166 

results of which are also included in McCave et al. (2017). The 𝑺�̂� results were proportional to 167 

the earlier studies’ grain size measurements, with only minor scatter (R
2
 = 0.97). Implications of 168 

this result for data interpretation are discussed in Section 4.2.    169 

3.2 Brazil margin/Santos Plateau 170 

With the exception of the sample at 3350 m, the Holocene Brazil Margin samples have similar 171 

𝑺�̂� at all depths, and not much structure can be discerned beyond the uncertainties of the 172 

methods (Fig. 4 a,e). The two slowest inferred current speeds are at 4000 m and 3600 m, 173 

although these are separated by a depth of relatively high 𝑺�̂� at 3950 m. One depth (3350 m) has 174 

very high Holocene 𝑺�̂� recorded in two samples. The volume distributions of sediment size in 175 

both samples were relatively flat, suggesting poorly-sorted sediment. This core site lies on a 176 

small rise (80 m high) at the base of a long and relatively steep slope. It is possible that these 177 

sample depths are turbidite layers, and are thus discarded in further discussion.  178 

During the glacial period the shallowest three sites on the Brazil margin appear to have had 179 

slightly elevated 𝑺�̂� relative to the Holocene (Fig. 4 a,e). Below these depths (>2600 m) the 180 

glacial 𝑺�̂� converge with values from the Holocene. In contrast to the Holocene there are no 181 

extreme values of 𝑺�̂� at 3350 m. Below this depth, Holocene and LGM 𝑺�̂� are similar within 182 

uncertainty, with overlapping ranges of inter-sample 𝑺�̂�. 183 

3.3 Vema Channel 184 
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Prior to outlining the results for the cores in Vema Channel it is noted that, when quoting water 185 

depths in comparison between glacial and Holocene cores, this is with reference to the eastern 186 

side of the channel only (i.e. sites where we have data for both time intervals). Samples 187 

shallower than 4 km from the Vema Channel have significantly lower 𝑺�̂� (~17-19 µm) than the 188 

sites on the Brazil margin (~20-23 µm), which may be due to changing proximity to the sediment 189 

source (Fig. 4 b,f). In the Holocene, Vema 𝑺�̂� increases dramatically below depths of ~4200m. 190 

In L84 and LJ76, the depth of this increase falls between 4184-4235 m. Our studies are therefore 191 

consistent in this respect. The Holocene profile of 𝑺�̂� in our study increases in a small jump 192 

below 3934 m to a maximum of ~20.5 µm close to the upper edge of the eastern plateau of the 193 

Vema Channel, a feature that is not seen in the data of LJ76 or L84.  194 

The glacial profile of 𝑺�̂� has lower 𝑺�̂� for all depths shallower than 3965 m compared to the 195 

Holocene (Fig. 4 b,f), also consistent with LJ76 and L84. Glacial 𝑺�̂� exhibits an abrupt jump to 196 

Holocene-like values at 3965 m, and this sharp increase continues to the two deepest core sites 197 

(located at 4148 m and 4181 m on the eastern plateau), which had high 𝑺�̂� values (~24 µm) 198 

during the glacial period. These values of  𝑺�̂� were 3-5 µm greater than the Holocene values at 199 

the same sites, and are similar to Holocene sites lying in the deep channel itself. By contrast, L84 200 

(who’s samples were from the same transect of the channel) did not observe a glacial increase in 201 

grain size in the deepest samples, but did not measure samples deeper than 4104 m. Samples 202 

from LJ76 show an increase at 4111 m, 100 m deeper than the shallowest increase observed in 203 

our study, but consistent with the largest increase in 𝑺�̂� we observe.  204 

 205 

4 Discussion 206 

4.1 Changes in Glacial North Atlantic Intermediate Water 207 

Profiles of δ
13

C, Cd/Ca and radiocarbon in the Atlantic suggest that the glacial water column was 208 

divided into Glacial North Atlantic Intermediate Water (GNAIW) above ~2500 m and southern-209 

sourced water below it (eg. Curry & Oppo, 2005; Lynch-Stieglitz et al., 2007), although recent 210 

neodymium isotope measurements suggest that a significant portion of the deep water may have 211 

been northern-sourced (Howe et al., 2016). Nevertheless, evidence from Pa/Th measurements 212 
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and 𝑺�̂� from the North Atlantic suggests that overturning circulation within the GNAIW was 213 

vigorous (Evans & Hall, 2008; Gherardi et al., 2009; Lippold et al., 2016; Thornalley et al., 214 

2013). Our 𝑺�̂� data from the Brazil margin tentatively support a strong local flow of GNAIW 215 

within the South Atlantic. The shallowest three samples are perhaps shallow enough to have felt 216 

the influence of GNAIW during the LGM (Curry & Oppo, 2005), and suggest a mildly 217 

strengthened flow above 2500 m. Based on a recent 𝑺�̂� calibration, this increase may have been 218 

around by ~1-2 cms
-1

 compared with the Holocene (McCave, Thornalley & Hall, 2017). 219 

However, we note that this change may not reflect the production rate of GNAIW, but may be 220 

controlled by more local processes such as the response of the circulation to local isopycnal 221 

forcing or to changes in eddy kinetic energy.  222 

For deeper Brazil Margin samples, the glacial and Holocene 𝑺�̂� values are within uncertainty 223 

(except for the extreme Holocene 𝑺�̂� at 3350 m), suggesting that flow speeds on the deep 224 

western boundary were no different between the two periods. This finding is perhaps unexpected 225 

given data suggesting a shoaling of the boundary between AABW and GNAIW to ~2500 m (eg. 226 

Curry & Oppo, 2005; Hoffman & Lund, 2012). Based upon these studies one might expect 227 

slower glacial flow below 2.5 km until the core of AABW is reached. However, recent studies 228 

based on neodymium isotopes and data/model assimilation have called the extent of such 229 

shoaling into question (Gebbie, 2014; Howe et al., 2016). In addition, we note that, in core sites 230 

from 3.5-4 km depth in the Vema Channel, glacial 𝑺�̂� was lower than that in the Holocene, in 231 

contrast to sites at similar depths on the Brazil Margin. The differences in these results highlight 232 

the effects of localised flow speed changes on 𝑺�̂�. For instance, at depths >3 km, the Brazil 233 

Margin becomes the Santos Plateau, a relatively enclosed basin subject to recirculation of major 234 

ocean currents (McDonagh, Arhan & Heywood, 2002). Therefore, inferences regarding large 235 

scale ocean currents are difficult to make at these depths. The Vema Channel data may represent 236 

a more robust estimate of the flow speeds at depths 3.5-3.8 km, and do suggest more sluggish 237 

flow, possibly indicative of the boundary between northward flowing AABW and southward 238 

flowing GNAIW. 239 

4.2 Changes in AABW strength 240 
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Inferences on past changes in AABW flow through Vema Channel are complicated by the 241 

relatively complex flow and hydraulic models of this region. Today, AABW (defined loosely as 242 

water <2 
o
C (Hogg et al., 1982)) is situated below ~3500 m in the Vema Channel, and below 243 

~3300 m over the Santos plateau (Fig. 1). A level of no-motion at ~3700 m in the Vema Channel 244 

indicates the modern boundary between northward-flowing AABW and southward-flowing 245 

North Atlantic Deep Water (NADW) (Zenk & Visbeck, 2013). The channel itself is divided into 246 

a deep central channel (4500-4200 m), a relatively flat eastern plateau (4200 m) and the upper 247 

channel. In the deep channel (Figs. 1, 4b, 5), current meters and early grain size measurements 248 

(LJ76) have shown that there is currently a very strong northward flow (30 cms
-1

), generated as a 249 

large volume of northward-flowing AABW is focussed into the channel confines (Frey et al., 250 

2017; Hogg et al., 1982). There are two main models (Hogg, 1983; Jungclaus & Vanicek, 1999) 251 

for how the flow evolves in the channel, and we discuss the major processes here so that we can 252 

analyse the observed changes in 𝑺�̂� (Fig. 5). 253 

As AABW accelerates in the Vema channel, the fluid maintains geostrophic balance via an 254 

eastward dip of isopycnals. In addition, friction causes a westerly Ekman flow on the channel 255 

floor, particularly in the deep channel where flow speeds are high. This flow causes downwelling 256 

on the western side, and upwelling on the eastern side of the channel (Fig. 5). Isopycnals dip to 257 

the west in the deep channel and a strong thermocline develops on the eastern side. This vertical 258 

compression of parcels of water drives an increase in positive relative vorticity, resulting in 259 

increased northward flow on the eastern side of the deep channel. In the hydraulic model of 260 

Hogg (1983), this velocity increase achieves geostrophic balance through an increased eastward 261 

dip of the isopycnals of the overlying layers, resulting in vertical stretching of those layers over 262 

the eastern plateau. This stretching causes an increase in negative potential vorticity and a weak 263 

southward flow over the plateau, that is observed by current meters and consistent with recent 264 

numerical modelling efforts (Frey et al., 2017; Hogg et al., 1982; Hogg, 1983). In both models, 265 

the critical point appears to be the change in bathymetric slope at the edge of the plateau where 266 

the isotherms and isopycnals are concentrated by frictional or hydraulic processes. However, the 267 

high velocity in the deep channel likely extends onto the lowest part of the plateau (Jungclaus & 268 

Vanicek, 1999; Ledbetter & Johnson, 1976). We now discuss our results in the context of this 269 

model of the flow. 270 
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The Holocene 𝑺�̂� profile from Vema Channel displays its lowest values from 3600-4000 m, 271 

closely corresponding to the modern boundary between NADW and AABW (Zenk & Visbeck, 272 

2013). A small step to higher values at ~4000 m appears as the cores approach the level of the 273 

plateau (Fig. 4 b, d). This change in grain size may be related to local changes in slope as much 274 

as to focussing of flow through Vema Channel.  275 

The glacial 𝑺�̂� profile suggests that, in general and above 3965 m, flow in the Vema Channel 276 

region was more sluggish than the Holocene (by ~1-2 cms
-1

), supporting inferences based on 277 

Pa/Th measurements (Gherardi et al., 2009) and perhaps still corresponding to the boundary 278 

between AABW and GNAIW (see above). By contrast, glacial 𝑺�̂� displays a sharp increase with 279 

depth beginning at 3965 m, observed in core sites located on the upper edge of the eastern 280 

plateau (Fig. 4 b,f). The initial increase in grain size occurs at the same depth as the small 281 

Holocene increase at ~4000 m. Glacial 𝑺�̂� values were greater than Holocene values below at 282 

least 4148 m depth in the two samples located on the main part of the eastern plateau. These data 283 

suggest that flow speeds were ~4-6 cms
-1

 faster during the glacial period in the lower part of the 284 

Vema Channel. We note that none of our core sites lie within the deep channel, with the deepest 285 

being situated on the lower part of the plateau. 286 

Greater glacial flow speed on the eastern plateau may imply a faster flow of AABW at depths 287 

>3965 m, via two possible mechanisms. Firstly, an increase in total flow through the Vema 288 

Channel may have outweighed recirculation over the eastern plateau, resulting in fast northward 289 

flow on the plateau as well. For example, the sample with the greatest 𝑺�̂� value on the plateau is 290 

in a small channel, which may have acted in a similar way to the deep Vema Channel, focussing 291 

the overall increase in northward flow. Alternatively, a faster flow in the deep channel could 292 

have resulted in more intense stretching of water parcels over the plateau, causing an increase in 293 

the southward recirculation.  294 

Our glacial period core transect does not extend deeper than ~4200 m and therefore we can only 295 

confidently infer faster glacial flow speeds between ~4000 m and 4200 m on the eastern plateau. 296 

However, one glacial data point from LJ76 located on the western slope of the deep channel 297 

suggests an increase in flow speed there (Ledbetter & Johnson, 1976). Given the correlation 298 

between the core-top silt-mean grain size data of LJ76 and our 𝑺�̂� data in Figure 3, the glacial 299 
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value would be ~3 µm greater than the Holocene value if converted to 𝑺�̂�. This increase is 300 

similar in magnitude to the increases we observe on the eastern plateau, suggesting a general 301 

increase in glacial flow speed of ~4 cm
-1

 in the deeper Vema Channel, which is 10 % of the 302 

maximum flow speed recorded by current meters in the channel. However, detailed comparisons 303 

of LJ76 silt (4-63 µm) data with our new 𝑺�̂� (10-63 µm) glacial data are not conducted, nor 304 

likely justified, because of the potential for changes in the sedimentation of fine sediment (which 305 

behaves cohesively and is therefore not current-sorted) and opal in the Atlantic during the glacial 306 

period, neither of which were excluded or removed from the LJ76 grain size analyses (Bacon, 307 

1984; McCave & Hall, 2006). 308 

Further tentative evidence for faster glacial flow speeds in the deep channel at depths greater 309 

than 4200 m comes from the inability of LJ76 to identify the LGM using oxygen isotope 310 

stratigraphy in cores from the deep channel (>4200 m), which they suggest is due to non-311 

deposition or erosion of sediment under fast glacial currents. More effective sediment scouring 312 

from the deep channel provides additional support for the idea that the grain size data indicate 313 

broadly faster flow in the deepest parts of the Vema channel during the glacial period.  314 

In contrast to the Holocene-LGM differences seen at Vema Channel, 𝑺�̂� measurements on the 315 

Santos plateau show that mean flow speed at AABW depths was identical within uncertainty 316 

between the Holocene and the LGM. AABW enters the Santos Plateau (Fig. 1) from the northern 317 

end of the Vema Channel as a sluggish cyclonic circulation (~1-5 cms
-1

) (McDonagh, Arhan & 318 

Heywood, 2002). Therefore, the 𝑺�̂� results suggest that AABW flow was similarly sluggish there 319 

during the LGM. Due to the recirculatory nature of the flow over the Santos plateau, it is likely a 320 

poor indicator of wider changes in AABW flow speed. The Holocene-glacial period changes in 321 

AABW flow may be observed in the Vema Channel due to the concentration of the flow there.   322 

On balance, the available data suggest increased northward flow of AABW in the deep Vema 323 

channel during the last glacial period. This result suggests that an increase in bottom water flow 324 

from the Southern Ocean may have been the cause of the large radiocarbon gradient observed 325 

between bottom- and overlying deep-water (Burke et al., 2015). Such an increase in AABW 326 

transport was likely at least partly responsible for maintaining the large volume of southern-327 

sourced deep-water in the Atlantic.  328 
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Enhanced flow of AABW may have been caused by several factors, including the increased 329 

density of glacial AABW driving stronger geostrophic flow, or a greater production rate of 330 

AABW due to increased sea-ice production and brine rejection (Adkins, McIntyre & Schrag, 331 

2002; Miller et al., 2012). Alternatively, an increase in glacial deep-ocean stratification - caused 332 

by the high salinity of bottom waters – likely led to reduced mixing of AABW with overlying 333 

waters in the Southern Ocean, which are rapidly mixed today due to the interaction of the fast-334 

flowing ACC with rough bottom topography (Watson and Naveira Garabato, 2006). Therefore, a 335 

greater proportion of AABW may have escaped the Southern Ocean to enter ocean basins to the 336 

north, including the Atlantic (Watson and Naveira Garabato, 2006). Such an increase in supply 337 

of dense bottom water to the Atlantic may have led to more rapid flow through the Vema 338 

Channel and is thus supported by our data.  339 

Because of the importance of deep ocean circulation and AABW production rates in altering past 340 

global climate and the carbon cycle, further work is required to investigate the suggestion of this 341 

study for enhanced glacial AABW flow, and its relationship to AABW properties and production 342 

rate. This may be achieved though the combined use of paleoceanographic proxies containing 343 

information on water transport rates, such as 
14

C, 𝑺�̂� and Pa/Th, and the coupling of water mass 344 

distribution proxies with inverse modelling techniques (eg. Gebbie, 2014; Lund, Adkins & 345 

Ferrari, 2011). 346 

 347 

5 Conclusions 348 

We have revisited grain size analyses of sediment cores from the Vema Channel to investigate 349 

glacial paleo-flow speed by comparison with Holocene sediments. We used modern methods 350 

(sortable silt mean grain size), and expanded the sample set to include sites from the Brazil 351 

margin over the Santos Plateau. Our results are broadly consistent with the earlier work of 352 

Ledbetter and co-workers.  353 

The results suggest that, during the LGM, intermediate South Atlantic Ocean circulation on the 354 

western boundary (shallower than 2600 m) was slightly more vigorous than the Holocene, 355 

whereas in general, below 2600 m, inferred flow speeds were similar to the Holocene. However, 356 
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local recirculation might affect these deeper flow speeds, and so these samples are difficult to use 357 

as proxies for the large-scale ocean circulation.  358 

In the Vema Channel, glacial flow speeds were slower than the Holocene at depths shallower 359 

than 3965m, possibly representing the boundary between AABW and GNAIW.  In contrast, we 360 

record increased glacial flow speeds at depths greater than 3965m, located over the eastern 361 

plateau of the Vema Channel. Combined with additional data from early studies, we infer that 362 

this increase may have resulted from an increase in northward velocity in the deep channel 363 

related to increased AABW flow. However, due to the complexity of the circulation within 364 

Vema Channel, further hydraulic modelling is ideally required to test the validity of this 365 

interpretation of the grain size data. An increase in AABW flow through the Vema Channel may 366 

reflect changing mixing rates in the Southern Ocean, and may have helped to sustain the large 367 

volume of southern-sourced deep-water in the Atlantic during the glacial period. 368 
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 579 

Figure Captions: 580 

 581 

Figure 1: Core sites and modern ocean conditions across the Brazil margin, Santos plateau and 582 

Vema channel. Modern AABW is indicated by water temperatures below the 2 
o
C isotherm. 583 

Simplified bottom currents are plotted after McDonagh and Heywood (2002). Plotted using 584 

Ocean Data View and the World Ocean Atlas 2013 (Schlitzer, 2016). Core locations do not 585 

exactly align with bathymetry because it is averaged over the width of the section. For a more 586 

detailed view of the relationship between the cores and the bathymetry see Figure 4. 587 

 588 

Figure 2: Results of Ledbetter and Johnson (1976) and Ledbetter (1984). Profiles of grain size 589 

with depth are plotted using a Loess best fit regression combining data from both studies. 590 

Confidence intervals were constructed using a Monte Carlo approach considering measurement 591 

uncertainty and assuming a depth uncertainty of ±20 m. 592 

 593 

Figure 3: L84 silt mean grain size versus sortable silt (𝑆�̂�) measurements from this study. Core 594 

top samples are from the topmost centimetre of each core. Error bars indicate the range of 𝑆�̂� 595 

measured at each site. In most cases error bars are smaller than symbols. 596 

 597 

Figure 4: Depth and longitudinal profiles of 𝑆�̂� made during this study with bathymetry (The 598 

GEBCO_2014 Grid, version 20150318, www.gebco.net) for each site: a), c) and e) Brazil 599 

Margin and Santos Plateau; b), d) and f) Vema Channel. Core positions where samples were 600 

taken from both the Holocene and the glacial period are plotted in c) and d) with black outlines, 601 

and core-top-only sites are plotted with white outlines. Bathymetric profiles in a) and b) are 602 

taken from the sections (white lines) shown in c) and d). Holocene and glacial profiles of 𝑆�̂� are 603 

shown in grey and black respectively in a, b, e, f. Each data point shows the average 𝑆�̂� of all 604 

measurements made at that depth. The error bars show the range of those measurements. Typical 605 

uncertainties on single samples are ±0.1 µm. Profiles of grain size with depth (e and f) are plotted 606 

using a Loess best fit regression. 90 % confidence intervals on the lines were constructed using a 607 

Monte Carlo approach considering measurement uncertainty and assuming a depth uncertainty of 608 

±20 m. Two Holocene points lying outside the Loess regression confidence intervals in f) were 609 

from sites north of the main section of sites. 610 

 611 

http://www.gebco.net/
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Figure 5: Circulation schematic for the modern Vema Channel. Circles with crosses (dots) 612 

denote currents into (out of) the page. Dashed lines depict isopycnals. Arrows in the deep 613 

channel show the direction of Ekman transport induced by bottom friction. Remaining arrows 614 

show the changes in relative vorticity (+/- ξ) due to compression or stretching of the water 615 

column, and the displacement of the current in the main channel due to these effects. 616 
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