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Abstract The Dansgaard-Oeschger oscilla tions and Heinrich events described in N orth A tlan tic  sedim ents 

and Greenland ice are expressed in the c lim ate  o f the trop ics, fo r exam ple, as docum en ted  in Arabian Sea 

sedim ents. G iven the  streng th  o f th is  te leconnection , we seek to  reconstruct its range o f env ironm enta l 

im pacts. We present geochem ical and sed im ento log ica l data from  core SO130-289KL from  the  Indus 

subm arine slope spanning the  last - 8 0  kyr. E lemental and gra in size analyses consis tently  ind ica te  th a t 

in terstadia ls are characterized by an increased co n trib u tio n  o f  fluvia l suspension from  the  Indus River. In 

contrast, stadials are characterized by an increased co n trib u tio n  o f aeolian dust from  the  Arabian Peninsula. 

Decadal-scale shifts a t c lim ate  transitions, such as onsets o f in terstadials, were coeval w ith  changes in 

p roduc tiv ity -re la ted  proxies. Heinrich events stand o u t as especially d ry  and dusty events, ind ica ting  a 

d ram atica lly  w eakened Indian sum m er m onsoon, p o ten tia lly  increased w in te r m onsoon c ircu la tion , and 

increased a rid ity  on the  Arabian Peninsula. This fin d in g  is consistent w ith  o th e r pa leoclim ate  ev idence fo r 

con tinen ta l a rid ity  in the no rthern  trop ics du ring  these events. O ur results s treng then the  ev idence th a t 

c ircum -N orth  A tlan tic  tem pera tu re  variations translate to  hydro log ica l shifts in the  trop ics, w ith  m ajor 

im pacts on regional env ironm enta l cond itions such as rainfall, river discharge, aeolian dust transport, and 

ocean m argin anoxia.
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Published online is  Feb 2 0 1 4  Paleoproxy and c lim a te -m ode ling  studies have docum en ted  correspondences betw een trop ica l and high-

la titud ina l c lim ate  va riab ility  on various tim e  scales [Behl and  Kennett, 1996; Schulz et al., 1998; Peterson e t al., 

2000; Wang e t al., 2001 ; North Greenland lee Core Project Members, 2004; Zhang and  Delworth, 2005]. During 

the  last glacial period, c lim ate  va riab ility  is characterized by m illennial-scale w arm er (in terstadia l) and co lder 

(stadial) Dansgaard-Oeschger (DO) oscilla tions [Bond e t al., 1993; Dansgaard e t al., 1993]. Some o f the  co lder 

DO oscilla tions co inc ide  w ith  anom alous occurrences o f ice-rafted de tritus  in N orth A tlan tic  sedim ents, w h ich 

are referred to  as Heinrich events [Heinrich, 1988; Hemming, 2004]. It is postu lated th a t instab ilities o f the 

N orthern Hem isphere glacia l ice sheets led to  a freshw ater in p u t to  the  N orth A tlan tic  du ring  Heinrich events, 

w h ich  caused a strong decrease o r even shu tdow n  o f the  A tlan tic  m erid iona l ove rtu rn ing  c ircu la tion  (AMOC) 

[Broecker, 1994; Ganopolski and  Rahmstorf, 2001 ; McManus et al., 2004]. The DO oscilla tions and Heinrich 

events are also expressed in c lim ate  records o f  the  Indo-Asian realm  [Schulz e t al., 1998; Wang e t al., 2001; 

A ltabe t e t al., 2002; Clemens and Prell, 2003; Higginson e t al., 2004; Wang e t al., 2008; Banakar e t al., 2010]. 

However, fo rc ing  and response m echanism s o f the  Indo-Asian m onsoon system in con junc tion  w ith  these 

m illennial-scale oscilla tions are still poo rly  understood  [Kudrass e t al., 2001; Caley e t al., 2011].

Sedim entary archives in the  northeastern Arabian Sea have been described as sensitive recorders o f Indian

m onsoonal c lim ate  on annual to  m illenn ia l tim e  scales [Schulz et al., 1998; von Rad e t al., 1999; Lückge e t al., 

2002]. During the  past years a controversia l discussion evo lved w h e th e r the  m ain ly  p roductiv ity -re la ted  

proxies in the  Arabian Sea reflect d o m in a n tly  changes in the  Indo-Asian m onsoonal in tens ity  o r rather 

changes in the AMOC [Pourm and e t al., 2004; Schm ittner e t al., 2007; Boning and  Bard, 2009; Ziegler e t al., 2010; 

Caley e t al., 2011].
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Figure 1. Environmental setting o f sediment core SO130-289KL in the northeastern Arabian Sea. (a) SeaWiFS (Sea-viewing Wide Field-of-view 
Sensor) image o f a storm transporting dust from the Arabian Peninsula to  the Arabian Sea at 12 March 2000 (SeaWiFS project, NASA/Goddard 
Space Flight Center, Orbital Imaging Corporation (ORBIMAGE)). (b) Bathymetric map o f the Arabian Sea and the Persian Gulf (géomorphologie 
data from General Bathymetric Chart o f the Oceans 08). The bathymetric contour o f 120 m is highlighted, which is approximating the coastline 
during maximum last glacial lowstand o f sea level. The black arrows schematically indicate the wind field during early summer monsoon, which 
is favorable to transport dust from the Arabian Peninsula to  the indicated core location [Krishnamutti et al., 1980; Sirocko and Sarnthein, 1989].

In th is study, w e present a m u ltip roxy  record o f sed im ent core SOI 30-289KL from  the  oxygen m in im um  zone 

(OMZ) in the  northeastern  Arabian Sea (Figure 1) in o rde r to  reconstruct m onsoon-re la ted c lim ate  and oce­

anic va riab ility  over the last 80 kyr in decadal- to  centennia l-scale resolution. Sedim ent to ta l co lo r reflectance 

(/.*) and to ta l o rgan ic carbon (TOC) m easurem ents are used to  reconstruct m arine p ro d u c tiv ity  and organ ic 

m atte r preservation. Bulk chem ical sed im ent analyses (X-ray fluorescence (XRF)) are app lied  to  in fe r varia­

tions o f  b iogen ic and terrigenous in p u t as w e ll as th e ir  provenance. Grain size analyses and end-m em ber 

m ode ling  o f siliciclastic gra in  size d is tribu tions  are used to  id e n tify  transport mechanism s o f  the  sediments. 

The com b ina tion  o f h igh-reso lu tion  gra in size and e lem enta l analyses sheds new  lig h t on the  in te raction , 

ch rono logy, and po ten tia l causalities betw een a tm ospheric  and oceanographic d riv ing  m echanism s o f 

sed im ent fo rm a tion  in the Arabian Sea in decadal- to  centennial-scale resolution.

2. Modern Indian Monsoon

The m odern seasonal cycle over the Arabian Sea is d om ina ted  by the Indian m onsoon. In boreal sum m er 

(June-Septem ber) pow erfu l southw esterly  w inds (Figure 1) are generated by the  large pressure g rad ien t 

betw een the  Indian-T ibetan low-pressure cell and a be lt o f  h igh pressure over the  Southern Ocean [Webster 

e t ai., 1998]. It is debated  if  the  strong sum m er m onsoon is m ain ly  caused by elevated heating o f the T ibetan 

plateau [Wu e t ai., 2012] o r rather by o rog raph ic  insu la tion o f w arm , m oist a ir over con tinen ta l India from  the 

cold and d ry  extra tropics [Boos and Kuang, 2010]. In any case, the  strong and m oist m onsoonal southw esterly 

w inds, w h ich  are linked to  the  In te rtrop ica l Convergence Zone (ITCZ), prov ide  in tense rainfall to  the  Indian 

subcontinen t. This leads, to g e th e r w ith  snow m e lt in the  Flimalayas, to  h igh run o ff rates from  the  con tin en t 

[Bookhagen and Burbank, 2010], w h ich  results in h igh terrigenous in p u t to  the  coastal sedim ents near the 

Indus River m ou th  [M illim an e t ai., 1984].

The Arabian Sea receives one o f  the  h ighest am ounts o f  dust in p u t in the  w o rld  [Rea, 1994]. The h ighest w in d  

speeds and dust loads a round the  Arabian Sea are reached in spring and d u ring  the  sum m er m onsoon period 

[Ackerman and Cox, 1989; Clemens, 1998; Schulte and Müller, 2001 ]. In th is season dust is m ob ilized  in the 

northern  Arabian Peninsula and a round the  Persian G u lf by no rthw este rly  w inds, w h ich  result from  cyclonic 

c ircu la tion  a round the  Asian low  [M iddleton, 1986; Sirocko e t al., 1993; Clemens, 1998]. These w inds are 

referred to  as Shamal in the  Persian G u lf region. The dust transport is peaking du ring  occasional m ajor dust 

storms [Ackerman and Cox, 1989]. The dust-bearing, dry, and w arm  w inds are lifted  up and override  the  low - 

level, m oist, and coo le r sou thw este rly  w inds leading to  a m onsoonal inversion betw een the  tw o  air masses
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[Findlater, 1969]. The convergence o f these w inds form s the  regional sum m er ITCZ. The no rthw este rly  w inds 

tend  to  tu rn  east above the  m onsoon inversion [Sirocko and Sarnthein, 1989], and w h ile  lifting  up, they  d ro p  

m ost o f th e ir load, w h ich  is partly  p icked up by the  low -level sou thw este rly  w in d  resulting in a dust transport 

to  the  northeastern Arabian Sea (Figure 1).

The sum m er m onsoon southw esterly  w inds tr igg e r upw e lllng  o f  nu trien t-rich  waters, particu la rly  In the 

w estern Arabian Sea [Honjo e t ai., 1999]. Enhanced nu trie n t supp ly  to  surface waters leads to  extrem ely high 

p ro d u c tiv ity  in the Arabian Sea du ring  the  sum m er m onsoon. Subsequently, h igh rem lnera llzatlon  rates o f 

organ ic  m atte r lead to  a rapid consum ption  o f oxygen and establish oxygen-dep le ted  cond itions In the  w ater 

co lum n and on the  sea flo o r w ith in  the OMZ.

In boreal w in te r the  land-sea pressure g rad ien t is reverse and m oderate, d ry  and cold northeastern  w inds 

flo w  from  the Indlan-T lbetan h igh-pressure zone tow a rd  the  sou thw ard  sh ifted  ITCZ, w h ich  Is located at 

abou t 10°S. Northeasterly w inds induce convective  m ix ing along the  coast, genera ting  a second, sm aller 
p ro d u c tiv ity  m axim um  In the northeastern  Arabian Sea [Reichart e t al., 1998; Kum ar e t al., 2000]. The w in te r 

m onsoon is characterized by overa ll d rie r cond itions and low er dust Inpu t In to  the  Arabian Sea [Sirocko and  

Lange, 1991 ; Clemens, 1998; Prins and  Weitje, 1999]. Flowever, the  w estern Flimalayas, also part o f the  Indus 
River dra inage basin, are strong ly  in fluenced by the  westerlies du ring  the  w in te r. The westerlies bring 

m oisture from  the  N orth A tlan tic , M editerranean, o r o th e r in land  seas, w h ich  leads to  h igh w in te r snow  cover 

and subsequent sn o w m e lt-run o ff du ring  spring [Bookhagen and Burbank, 2010].

3. Materials and Methods
3.1. Core Setting

Sedim ent core SO130-289KL (23°07.34'N, 66°29.84'E, 571 m w a te r d ep th , Figure 1) was taken at the  Sindh 

con tinen ta l m argin w ith in  the  OM Z th a t expands today  from  about 200 to  1200 m w a te r d e p th  [von Rad e t a i,

1999]. This 20.2 m long p iston core was recovered on a levee at the  flank o f the  Indus subm arine canyon o ff 

the  Indus River m outh . O ceanographic setting  and sed im en to logy o f the  core setting  o f SOI 30-289KL and 

ne ighboring  cores SO90-136KL and SO90-137KA have been described by, e.g., Schulz e t al. [1998], von Rad 

e t al. [1999], and von Rad et al. [2002].

3.2. Age Model

The firs t-o rde r age m odel fo r SOI 30-289KL Is based on 20 accelerator mass spectrom etry  14C dates and cross 

corre la tion to  radiocarbon dated co lo r records from  the same region [Deplazes e t a i,  2013]. The age m odel 

was fu rth e r fine  tuned  by corre la ting  the h igh-reso lu tion  to ta l co lo r reflectance (/.*) records to  the  ice core 

S180  record o f  N orth G reenland lee Core Project (NGRIP) using the  GICC05modelext age scale [North 

Greenland lee Core Project Members, 2004; W olff e t al., 2010]. Because o f th is  fine  tu n in g  it is no t possible to  

In te rp re t lead o r lag relationships betw een the  tw o  records a lthough  lead and lag relationships am ong the 

proxies measured from  the same core are ce rta in ly  va lid . An add itiona l tim e  con tro l po in t is g iven by the Toba 

Ash layer Iden tified  In core SO130-289KL at 18.43 m subbo ttom  d e p th  (Figure 2) [Schulz e t a i,  2002; von Rad 

e t al., 2002; Storey e t al., 2012].

3.3. Lamination Index

A Lam ination Index (LI) has been established and is s im ilar to  the  B lo tu rbatlon  Index o f Behl and  Kennett 

[1996] and von Rad e t al. [1999]. A value o f 4 characterizes und is turbed  sedim ents w ith  fine  lam inations 
(typ ica lly  < 1  m m  to  2 m m  thick). A value o f 3 represents d iscon tinuous o r irregu la r lam inations (typ ica lly  1 to  

4 m m  thick). A LI o f 2 describes s ligh tly  to  partly  b io tu rba ted  sedim ents. A LI o f 1 represents s trong ly  to  
com p le te ly  b io tu rba ted  o r hom ogenous sedim ents. The LI is no t de fined  on the en tire  cross-core leng th  bu t 

on the  1.7 cm  broad im age transects o f w h ich  the  to ta l co lo r reflectance (/.*) was de te rm ined.

3.4. Total Organic Carbon (TOC)

Samples fo r TOC m easurements were taken every 2 cm  in the in terva l o f 7.51 to  9.79 m core d e p th  (115 

samples). The sed im ent samples w ere d ried  and TOC was de te rm ined  w ith  a LECO CS-444 ins trum en t by 

in frared de tec tion  a fte r com bustion  at 1400°C. Prior to  com bustion , TOC samples were acid trea ted  (10% HCI 

at 80°C) to  rem ove Inorgan ic carbon.
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Figure 2. Comparison o f color reflectance (/.*) and elemental abundances from the northeastern Arabian Sea (SO130-289KL) w ith NGRIP 
§180  ice core record, (a) NGRIP §180  record (dark blue) w ith 20 year resolution over the last 80 kyr [W olff et al., 2010]. (b) Sediment total 
reflectance (/.*) [Deplazes eta!., 2013] colored corresponding to  the Lamination Index (LI). A LI o f 4 indicates finely laminated sediments, a LI 
o f 1 indicates homogenous or bioturbated sediments. Elemental concentrations o f (c) nickel (green), (d) aluminum (red), (e) calcium (light 
blue), and (f) elemental ratio o f strontium to  calcium Sr/Ca (purple). Greenland interstadial numbers are indicated above, Heinrich events (H) 
below the L* record. Double-headed arrows indicate stratigraphie tie points. Yellow shaded areas denote relatively warmer climates in the 
Northern Hemisphere.

3.5. Conventional XRF Measurements

Bulk chem ical sed im ent analyses w ere perfo rm ed on samples from  a lm ost every 2 cm  over the  en tire  20.2 m 
long core (966 samples). This results in an average tem pora l sam pling reso lu tion o f ~ 8 0ye a rs  over the  entire  

core. The analyses w ere accom plished w ith  X-ray fluorescence (XRF) using Philips PW 2400 and PW 1480 

w ave leng th  dispersive spectrom eters. Forty-tw o m ajor and trace e lem ents were q u a n tita tive ly  analyzed a fter 
fusion o f  the  samples w ith  lith ium  m etaborate  at 1200°C fo r 20 m in (sam ple /U B 02 = 1/5). Q uality  o f  the  re­

sults was con tro lled  w ith  certified  reference m ateria ls (i.e., C om m un ity  Bureau o f Reference, Brussels). The 

precision fo r m ajor e lem ents was genera lly  be tte r than  ±0.5%  and be tte r than  5% fo r trace elem ents. Three 
outlie rs in the presented nickel (Ni) record have been rem oved from  the  record (3.58, 8.07, and 17.29 m).

3.6. Grain Size Analysis and End-Member Modeling

Grain size d is tribu tions  were stud ied  in 2 cm in terva ls in the upper ha lf o f the  core (0.21-9.79 m, 474 samples 

parallel to  XRF, Figure 3 and Figures S1-S4 in the  supporting  in fo rm a tion ). The samples were pre trea ted  w ith  

FI2O 2  (30-35% ), FICI (10%), and NaOFI (6 g pellets dissolved in lO O m L FI2Q) to  separate the  terrigenous
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Figure 3. Comparison o f color reflectance (/.*) w ith  proxies tracing sediment composition, transport, and source over the (top) last 42 kyr 
and over the time interval o f (bottom) 41.6-35.0 kyr before 2000 AD. (a) Sediment total reflectance (green), (b) Median grain size (red) 
and elemental ratio o f zirconium to aluminum Zr/AI (black), (c) Grain size end-member EM1 as proxy for the coarser aeolian dust (maroon), 
(d) Elemental ratio o f magnesium to  aluminum Mg/AI (orange) as provenance indicator o f the terrigenous sediment fraction (Figure 5). (e) 
Total organic carbon (TOC, black). Blue-shaded areas indicate Heinrich events 4 to  1. Greenland interstadial numbers are indicated above, 
Heinrich events (H) below the L* record. Bolling-Allerod (BA), Younger Dryas (YD), Preboreal (PB), and Holocene (HOL) are assigned.

sed im ent fraction  from  organ ic carbon, ca lc ium  carbonate, and b iogen ic  opal, respectively. The presented 

gra in size m easurem ents reflect the re fo re  on ly  variations w ith in  the  siliciclastic fraction . To preven t fo rm a tion  

o f aggregates Na4P207x  10 H20  was added p rio r to  gra in size analysis. Grain size analyses were perfo rm ed  on 

a laser d iffrac tion  partic le  size analyzer (Beckman Coulter) LS200, resulting in 92 size classes from  0.4 

to  2000 pm.

An inversion a lgo rith m  fo r end -m em ber (EM) m ode ling  was app lied  to  unm ix  the  po lym oda l gra in size d is­

tr ibu tio n s  th a t are com posed o f sed im ent subpopu la tions resulting from  d iffe re n t transport mechanisms 

[Weitje, 1997; Prins and  Weitje, 1999; Prins e t al., 2000] (Figures SI -S4). The 2-EM and 4-EM m odels cap ture  the 

d o m in a n tly  b im oda l gra in size d is tribu tions  best. The 4-EM has a mean coe ffic ien t o f  de te rm ina tion  o f 89.7%,

i.e., the  end -m em ber m odel reproduces on average 89.7% o f the in p u t variances [Prins and Weitje, 1999; Stuut 

e t al., 2002]. The 2-EM has coe ffic ien t o f de te rm ina tion  o f 64.7%. In spite o f the  low er coe ffic ien t o f de te r­

m ination  a 2-EM m odel was selected fo r the  investiga ted  intervals, because o f  the  princ ip le  o f parsim ony 

(a m in im a l num ber o f  end-m em bers) and a reasonable a ttr ib u tio n  o f  end-m em bers to  particu la r m echa­

nisms o f transport.

4. Results
4.1. Facies and Chemical Composition of Sediments

The sedim ents o f core SOI 30-289KL are characterized by tw o  sed im entary facies d u ring  the last glacial pe­

riod. D uring in terstadia ls the sedim ents are dark co lo red  and d is tin c tly  to  in d is tin c tly  lam inated; du ring  

stadials and FHeinrich (equiva lent) events they  are lig h t co lored and in general hom ogenous o r b io tu rba ted .
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The L* record and Lam ination Index (LI) trace these changes w ith  low  L* and h igh LI values du ring  the 

in terstadia ls and vice versa du ring  stadlals (Figure 2). Heinrich events are characterized by ligh t-co lo red  

sedim ents having h ighest L* values in the  en tire  record.

Two similar, a lte rnating fades can be found  at the beg inning o f  the  current Interglaclal period (Figures 2 and 3). 

The sediments o f the  Bolllng-A llerod (BA) are dark co lored and fine ly  to  d iscontinuously lam inated, whereas the 

sediments o f  the Younger Dryas (YD) are w h ite  colored and b ioturbated. The sediments from  the  "Preboreal" 

(PB, 11.7-10.9 kyr) are un ique w ith in  the  entire  record and consist o f fine ly  lam inated sediments w ith  a reddish 

color. The Holocene sediments are dark colored. The early to  m id-Holocene sediments are s ligh tly to  partly 

b io turbated, whereas the m iddle  to  late Holocene sediments are d iscontinuously lam inated.

Sed im ent-co lo r properties have been used in th is region as a proxy fo r TOC (%) [Schulz e t al., 1998]. This Is In 

line w ith  the  observation th a t the  L* record shows a rem arkable s im ila rity  to  the  new  TOC m easurements In 

the  In terval o f  41 to  35.5 kyr before 2000 AD (Figure 3e). A po lynom ia l regression o f second o rde r o f  L* 
(sm oothed over 2 cm) to  TOC (%) revealed a coe ffic ien t o f  de te rm ina tion  R2 o f 0.9. The TOC co n ten t Is 

genera lly  low er in stadials and Heinrich events than  In the Interstadials and varies betw een 0.6% In Heinrich 

even t 4 and up to  3.6% In the  Interstadial 10.

The L* record is also m im icked  by the concentra tion  o f the trace e lem en t nickel (Ni). Ni Is de livered to  the 

sed im ent m ain ly  in association w ith  o rgan ic m atte r [van der Weijden et al., 2006] and underlines th a t the  L* 

record traces the o rgan ic  m atte r co n ten t over the  en tire  record.

In the tim e  period o f ~ 81 to  68 kyr before 2000 AD (m ain ly end o f M arine Isotope Stage (MIS) 5, Lisiecki and  

Raymo [2005]) e lem en t concentra tions o f te rrigenous, siliciclastic o rig in  (e.g., AI, Fe, K, S I,T I,and Zr) reproduce 

the  DO oscilla tions traced by the L* and Nl records on ly  partly  and show  a reduced a m p litude  In th e ir  

va riab ility  (Figures 2 and S5). In contrast, du ring  m ost o f  the  last g lacial period (~ 6 8 -1 4  kyr, m ain ly  MIS 4 -2 ) 

the  terrigenous e lem en t concentra tions m im ic  the  DO oscilla tions traced by the  L* and Nl records. From 13 to  

2 kyr before 2000 AD elem ents o f te rrigenous o rig in  show  again a d iffe ren t, tem po ra rily  oppos ite  pattern  

com pared to  the L* and Nl records. The CaC03 con ten t, traced by calcium  (Ca) concentra tions, shows a 

pa ttern  th a t Is Inverse to  the  siliciclastic e lem en t concentra tions. In sum m ary, the  sed im ent consists m ain ly  o f 

CaC03, a siliciclastic frac tion  and o rgan ic  carbon; b iogen ic  opal Is rare (<  1%) [von Rad e t a i,  1999].

Elements o f siliciclastic o rig in  were ad d itio na lly  p lo tted  norm alized to  Al to  Investigate changes In the 

chem ical com position  related to  transport m echanism s or provenance o f the  te rrigenous sedim ents th a t are 

no t depend ing  on d ilu tio n  by o th e r sed im entary constituen ts [Lückge e t a i,  2001]. Terrigenous e lem en t ratios 

such as TI/AI, M g/A I, and Zr/AI are ne ither depend ing  on redox nor on p ro d u c tiv ity  changes and show  sim ilar, 

Inverse m illenn ia l- to  centennial-scale va riab ility  patterns as the  terrigenous e lem en t concentra tions 

(Figures 3, S5, and S6). The e lem en t ratio  o f Sr/Ca fo llow s In general the  pa ttern  o f Ca (%) (Figure 2).

4.2. Grain Size Analysis

The m edian gra in size record o f the  te rrigenous frac tion  over the last 41 kyr shows In general h ighe r values 

d u ring  the  end o f the  last glacial period and low er values d u ring  the  cu rren t In terg lacla l period (Figure 3). The 

absolute values vary betw een ~ 4  and 24 pm. On m illennial-scale, the  m edian gra in  size record shows a 

pa ttern  conco m ita n t w ith  the  DO oscilla tions as de fined  by the  L* record w ith  low  values du ring  Interstadials, 

h igher values du ring  stadlals, and h ighest values du ring  Heinrich events. A t p ro m in e n t c lim ate  transitions, 

such as at the  onset o f In terstadial 8, the  m edian gra in  size shows ab rup t changes, w h ich  are coeval w ith  

changes In L*, In e lem en t concentra tions and In e lem en t to  Al ratios (Figure 3). The "tw o -end -m em ber (EM) 

m ode l" Is In accordance w ith  the  m edian g ra in  size record. The end-m em bers EMI and EM2 have m odal grain 

sizes o f ~ 22.5 pm  and ~ 4.7 pm  (Figure S3). The e lem en t ratio  o f Zr/AI traces the general pa ttern  In the  m e­

dian g ra in  size and 2-EM m odel In great de ta il (Figure 3b).

5. Discussion
5.1. Paleoproductivity and OMZ Intensity

Total co lo r reflectance (/.*) [Deplazes e t al., 2013] and Nl (%) show  a s im ilar m illenn ia l- to  centennial-scale 

pa ttern  s im ilar to  pa leocllm ate  records from  G reenland [North Greenland lee Core Project Members, 2004; W olff 

e ta l., 2010] (Figure 2), N orth A tlan tic  [Bond e t al., 1993], and from  the  Indo-Asian realm [e.g., Wang et a i,  2001].
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The m illennial-scale variab ility  characterized by DO oscillations and intercalated Heinrich events has been 

recognized at several locations docum ented  by d iffe ren t proxies in the Arabian Sea [Schulz e t al., 1998; Altabet 

et al., 2002; Clemens and Prell, 2003; Ivanochko et al., 2005]. However, at least three hypotheses were proposed 

w hich describe the im p rin t o f  m illennial- to  orbital-scale clim ate oscillations in Arabian Sea sediments.

The firs t hypothesis assigns the  d o m in a n t role to  the  Indian southw est sum m er m onsoon [Schulz e t al., 1998; 

Schulte and Müller, 2001 ; A ltabe t e t al., 2002; Clemens and Prell, 2003; Caley et al., 2011 ]. A strong southw est 

sum m er m onsoon leads to  coastal and open-ocean upw e lling  o f  nu trien t-rich  subsurface waters m ostly  in 

the  western Arabian Sea causing h igh p ro d u c tiv ity  in large parts o f  the  Arabian Sea. H igh surface w ate r 

p ro d u c tiv ity  leads to  h igh export p roduc tion  and h igh oxygen dem and driven by rem inera lization  o f  organ ic 

m atte r and u ltim a te ly  to  anoxic cond itions ham pering b io tu rba tion  and p o ten tia lly  enhancing preservation 

o f organ ic m atter. A ccord ing ly, Clemens and  Prell [2003] used m ain ly  proxies tha t are po ten tia lly  p ro d u c tiv ity  

related (S15N, opal mass accum ula tion  rate (MAR), percent Globigerina bulloides, excess Ba MAR, and 

lithogen ic  gra in size) to  de fine  the  Arabian Sea Sum m er M onsoon stack (SM stack).

In the second hypothesis, the  p ro d u c tiv ity  and in tens ity  o f  the  OM Z in the  no rthern  Arabian Sea are no t on ly  

de te rm ined  by the sum m er m onsoon bu t also by an in te rp lay  o f sum m er and w in te r m onsoon elem ents. 

During stadials and Heinrich events enhanced northeastern m onsoonal w inds lead to  w in te r m ix ing  and 

in te rm ed ia te  w a te r fo rm a tion  d ow n  to  at least 600 m w a te r d e p th  resulting in weaker OM Z cond itions 

[Reichart e t al., 1998; Reichart e t al., 2004; Klöcker and Henrich, 2006]. In contrast, in terstadia ls are characterized 

by p ro d u c tiv ity  m axima and sha llow  w in te r m ixing.

The th ird  hypothesis describes p ro d u c tiv ity  and OM Z in tens ity  changes as a fu n c tion  o f changes in the 

AMOC. The in tens ity  o f the  OM Z m ig h t be in fluenced by changes in the  fo rm a tion  o f Subantarctic M ode 

W ater and A ntarc tic  In te rm edia te  W ater (SAMW-AAIW) [Schulte e t al., 1999; Pichevin e t al., 2007; Boning and  

Bard, 2009]. Stable iso tope studies on p lankton ic  and ben th ic  fo ram in ife ra  o ff  Somalia suggest enhanced 

in te rm ed ia te  w a te r supp ly to  the  northern  Indian Ocean w hen the  AMOC was reduced [Jung e t al., 2009]. 

In tensified northeastw ard  in jec tion  o f oxygen-rich  SAMW-AAIW w ou ld  lead to  increased ocean ven tila tion  

and decreased in tens ity  o f the  OM Z d u ring  stadials and Heinrich events com pared to  interstadials. However, 

c lim ate-m ode l s im ula tions o f oxygen and nu trie n t concentra tions d u ring  the last glacial period suggest th a t 

changes in consum ption  are m ore im p o rta n t than  ven tila tion  in the Arabian Sea [Schm ittner e t al., 2007]. 

A ccord ing to  these m odel s im ulations, reduced AMOC cond itions lead to  a decreased n u trie n t de live ry  to  the 

upper Indo-P ac ifk  Ocean, reducing p ro d u c tiv ity  and causing a reduced OMZ in tens ity  as a consequence o f 

reduced oxygen consum ption . The m odel, however, does no t reproduce the strong OM Z cond itions in the 

Arabian Sea.

In o u r s tudy the  DO oscilla tions and the  cu rren t in terg lacia l period are traced in h igh reso lu tion  by the  L* 

record and Ni (%) th a t show  a h igh corre la tion w ith  organ ic m a tte r contents. O rganic pé trograph ie  analyses 

ind ica te  th a t the  organ ic m atte r is p redom inan tly  o f m arine o rig in  [Lückge e t a i,  1999, 2012]. The observed 

signal cannot be the  result o f d ilu tio n  by carbonate  o r siliciclastic con ten ts as they  show  a d iffe re n t pattern , 

fo r exam ple, d u ring  the  deg lac ia tion. The L* record cou ld  in p rinc ip le  reflect OM Z in tens ity  and there fo re  

represent a preservation rather than  a p ro d u c tiv ity  signal. The Sr/Ca record (Figure 2) th a t has been 

in te rp re ted  as an a ragonite  d isso lu tion  record [Reichart e t al., 1998; Klöcker and Henrich, 2006; Böning and  

Bard, 2009] and the re fo re  as an OM Z in tens ity  proxy fo llow s, in general, the  L* oscilla tions. However, surface 

sed im ent studies from  the Om an and Pakistan m argins suggest th a t b o tto m  w a te r oxygen concentra tion  is 

no t solely d riv ing  the  am o u n t o f buried organ ic m a tte r [Cowie et al., 2009]. Instead, a h igh settling  flu x  o f 

organ ic  m a tte r (i.e., h igh e xpo rt p ro d u c tiv ity  in the  surface water) [Pedersen e ta !., 1992] seems to  be needed. 

The basic question  w h e th e r the  d iffe re n t proxies reflect m ain ly  prim ary p ro d u c tiv ity  o r b o ttom  w a te r oxygen 

concentra tion  o ra  com b ina tion  o f bo th  (i.e., oxygen exposure tim e) [Sinninghe Damsté e t al., 2002] has been a 

m atte r o f debate  since several decades [Tyson, 2005]. It is d iff ic u lt to  separate these tw o  m echanism s because 

they are in trins ica lly  corre lated. This means th a t increased p ro d u c tiv ity  can d irec tly  in fluence the  oxygen 

concentra tion  o f the  b o tto m  waters. The correspondence o f o u r/.*  record w ith  Arabian Sea SM stack [Clemens 

and Prell, 2003] (Figure S6) and results o f previous studies link ing the  observed N orthern Hem isphere 

m illennial-scale pa ttern  to  p ro d u c tiv ity  proxies in the Arabian Sea [Reichart e t al., 1998; von Rad et al., 1999; 

Sinninghe Damsté e t al., 2002; Pourm and e t al., 2004] suggest, however, th a t m onsoonal driven p ro d u c tiv ity  

plays a m ajor bu t no t an exclusive role in de te rm in in g  the L* and o rgan ic m atte r record.
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5.2. Terrestrial Siliciclastic Signature and Depositional Regime

C lim ate  va ria tions  in m onsoon  w inds  and p re c ip ita tio n  in fluence  n o t o n ly  th e  d e p os ition  o f  b iogen ic  

(as traced by L*) bu t also o f  lithogen ic sedim entary com ponents. Therefore, geochem ical com position  and 

properties o f the  siliciclastic fraction th a t are independen t o f p roductiv ity  o r OMZ in tensity bu t dependent 

on fluvia l o r aeolian inpu t were analyzed. Since the L* measurements and the geochem ical analyses were 

perform ed in the  same core and in h igh resolution the records can be com pared on a tim e  scale o f on 

average ~ 80years  and in case o f the onset o f Interstadial 8 even in a resolution o f - 4 0 - 6 0  years.

Elem ent concentra tions o f  siliciclastic, te rrigenous o rig in  like Al (%) closely fo llo w  the DO pa ttern  over m ost 

o f the  presented glacial record (Figures 2 and S5). W arm er in terstadia ls corre late w ith  h ighe r siliciclastic 

concentra tions than  co lder stadials. Elem ent ratios like T i/A l, M g/A I, and Zr/A I, w h ich  are no t in fluenced by 

p ro d u c tiv ity  o r redox cond itions, fo llo w  a s im ilar pa ttern  like Ti- and M g-e lem en t concentra tions (Figures S5 

and S6). This ind icates th a t the  m illennial-scale pa ttern  in the siliciclastic fraction  is no t ju s t a result o f d ilu tio n  

by b iogen ic  carbonate  in p u t o r preservation bu t reflects a change in inpu t, source, o r transport cond itions. 

The changes in the T i/AI, M g/A I, and Zr/AI records are as a b rup t and con co m ita n t w ith  changes in the L* 

record (Figure 3).

In contrast, signals derived  from  the  terrigenous fraction  you n ge r than  14-13  kyr before 2000 AD show 

ano the r— partly  oppos ite— pattern  com pared to  the  L* record. Sed im entary studies have shown th a t o f f  the 

large Indus River m ou th  m ost o f the  terrigenous sedim ents are transported  from  the  de lta  to  the  deep-sea 

fan via large subm arine canyon channel systems bypassing the  con tinen ta l slope [von Rad and Tahir, 1997]. 

The m odern Indus subm arine canyon starts a bou t 3.5 km o ff  the  coast in a bou t 20 m w a te r d e p th  and 

deepens seaward. A t the  she lf break region (135 m) the  Indus subm arine canyon has a m axim um  d e p th  o f 

abou t 1030 m [Giosan e t al., 2006; Inam  et al., 2007]. Therefore, the con tinen ta l m argin outs ide  the  Indus 

subm arine canyon gets m ostly  covered by hem ipe lag ic  sedim ents w ith  on ly  fe w  tu rb id ite s  [von Rad and  

Tahir, 1997]. During sea level lowstands, like tow a rd  the  end o f  the last glacial period, m ost o f the  fluvia l 

sedim ents w ere deposited  in channel-levee com plexes o f the  Indus subm arine fan, freq u e n tly  in the  fo rm  o f 

tu rb id ites  [Prins and  Postma, 2000]. During deglacia l sea level rise, the  depos ition  o f tu rb id ite s  decreased 

strong ly  on the  Indus subm arine fan leading to  increased sed im enta tion  in near-shore zones [Prins and  

Postma, 2000; Prins e t a i,  2000] and possibly on the  con tinen ta l slope because o f m ob iliza tion  and rew orking 

o f sed im entary m ateria l [von Rad e t a i,  1999]. This sh ift in depositiona l regim e and red irection o f sed im ent 

transport cou ld  expla in the  observed h igh te rrigenous po rtion  from  the B o lling-A lle rod to  the  onset o f the 

Flolocene associated w ith  a m axim um  siliciclastic depos ition  in the  reddish clays o f  the  Preboreal (Figure 3). 

This tim e  in terva l coincides w ith  m e ltw a te r pulse M W P -la  and partly  w ith  M W P -lb  representing periods o f 

m axim um  eustatic sea level rise [Stanford e t a i,  2011] (Figure 4). During the  Flolocene the  terrigenous signal 

reflects nearly the  oppos ite  trend  expected fo r sum m er m onsoon cond itions [Fleitmann e t al., 2003; Gupta 

e t a i,  2003], w h ich  m ig h t reflect enhanced sed im ent depos ition  w ith in  the de lta  and a change in depositiona l 

regim e on the  con tinen ta l she lf [Limmer et a i,  2012]. Today, sedim ents are m ain ly  deposited  w ith in  the 

inne rm ost she lf and at the  delta , whereas the  o u te r she lf (>  -  90 m) is characterized by a lack o f  deposition  

[von Rad and  Tahir, 1997]. The m ost recent evo lu tion  o f sed im ent transport by the  Indus River is a dd itiona lly  

in fluenced  by extensive d a m m in g  in th e  ca tch m e n t area [M illim an  e t al., 1984; C lift e t al., 2008; Lückge 

e t al., 2012],

The onset o f  s ign ifican t changes in the  depositiona l regim e and sed im ent provenance seems to  have 

occurred at -  14 to  13 kyr before 2000 AD corresponding  to  a "th resho ld " sea level stand o f -  7 0 -80  m 
(Figure 4). It seems th a t the  L* record and the  terrigenous signature  fo llo w  t ig h tly  the DO oscilla tions and the 

SM stack (Figure S6) w hen the  sea level was low er than  -  70 -80  m be low  the  m odern  sea level (Figure 4). By 
ana logy w ith  present-day seasonal variations, w arm er and m ore hum id  in terstadia ls are expected to  be 

characterized by e levated snow m elt and p rec ip ita tion  leading to  h igh erosion and river sed im ent loads. This 

agrees w ith  the observed enhanced co n trib u tio n  o f  siliciclastic m ateria l d u ring  the  interstadials. The te rr ig ­

enous sed im ent pa ttern  is oppos ite  to  the  SM stack o r shows a considerab ly reduced m illennial-scale 

va riab ility  w hen the  sea level was above - 7 0 - 8 0  m du ring  the  tim e  periods o f - 8 0 - 6 8  and <  14 kyr. We 

in te rp re t th a t the  siliciclastic oscilla tions reflect m onsoon va riab ility  du ring  m ost o f the  last g lacial period 

[North Greenland lee Core Project Members, 2004]. Before and a fte r th is tim e  period they are in fluenced by a 

com p lex in te rp lay  o f  changes in provenance, depositiona l regim e, and m onsoon in tensity.
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Figure 4. Comparison o f Arabian Sea proxies and sea level, (a) Sediment tota l reflectance record (/.*, green). Greenland interstadial 
numbers are indicated above, Heinrich events (H) below the L* record. MIS indicates Marine Isotope Stage [Lisiecki and Ray mo, 
2005]. (b) H ighest-probability sea level history (black) based on six key deglacial sea level records over the last 22 kyr [Stanford et al., 
2011]. The black and dashed lines show the  99% and 95% confidence intervals, respectively. Sea level reconstruction from  northern 
Red Sea fo r 82-13 kyr before 2000 AD based on benthic §180  considering tw o temperature corrections: in dark blue the alkenone sea 
surface temperatures as a maximum assumption fo r deep water temperature changes (benthic Tmax) and in purple constant tem ­
peratures as a m inimum approach (benthic Tmin) [Arz et al., 2007]. (c) Alum inum (red). Grey-shaded areas indicate tim e intervals in 
which the  sea level was higher than ~ 7 5 m . The sedimentation model indicates changes in the depositional regime depending on 
the sea level.

5.3. Fluvial Versus Aeolian Signature

The siliciclastic in p u t in to  the  Arabian Sea can be o f fluvia l o r aeolian orig in . As the  core location is near the 

Indus River de lta , m ost o f  the  te rrigenous fraction  is expected to  be o f fluvia l o rig in  [von Rad et al., 1999]. 

Grain size analysis and end -m em ber m ode ling  are va luable too ls to  d is tingu ish  betw een sedim ents o f aeolian 

and o f fluvia l o rig in  in the  Arabian Sea [Prins and  Weitje, 1999]. A t the  con tinen ta l slope o ff  the  Indus River 

de lta , the  fluv ia l frac tion  is characterized by fine r g ra in  sizes, because the  coarser size frac tion  is e ithe r de ­

posited in the  de lta  o r funne led  w ith in  the  subm arine canyon [Giosan et al., 2006; Inam  e t al., 2007]. In con ­

trast, the  aeolian frac tion  has relative ly coarser gra in size d is tribu tions  [Prins and Weitje, 1999; Prins and  

Postma, 2000]. Based on th is basic prem ise and previous studies [Prins and  Weitje, 1999; Prins and  Postma,

2000] the  coarser EMI is assigned as aeolian dust and the  fine r EM2 as fluvia l m ud (Figures 3 and S3). The 

absolute values o f the EM have to  be in te rp re ted  w ith  caution  and g ive  on ly  qua lita tive  estim ations o f the 

aeolian versus fluvia l con tribu tions.

The gra in size analyses over the last 41 kyr genera lly  show  increased aeolian co n trib u tio n  (EM I) du ring  the 

end o f the  last glacial and enhanced fluvia l co n trib u tio n  (EM2) d u ring  the  in terg lacia l period (Figure 3). This is 

in line w ith  previous results from  con tinen ta l, m arine, and ice core studies th a t show  e levated dust loads 

d u ring  the  last g lacial period [Sirocko and Lange, 1991 ; Pourm and e t al., 2004; Ruth et al., 2007; Roberts e t al., 

2011; Sun e t al., 2012],

On a m illenn ia l-sca le , g ra in  size analyses show  a d is tin c t increase o f coarser aeolian dust (EM I) d u rin g  

FHeinrich events 4 to  1 (Figure 3). In con tras t, in te rstad ia ls  are characte rized  by fluv ia l m ud (EM2) and 

coarser-gra ined aeolian dust (EM I) is nearly absent. This tren d  is c learly  expressed d u rin g  FHeinrich even t 

4 and the  subsequent In te rstad ia l 8 (Figure 3). The m easured m ed ian  g ra in  size record can be ex tended  

ove r th e  e n tire  record by using Zr/A I as a g ra in  size proxy. Z ircon ium  is c o m m o n ly  associated w ith  

the  coarser-g ra ined  heavy m inera ls [von Rad e t al., 1999; D ypvik and  Harris, 2001], and Zr/A I is trac ing  

the  m easured m ed ian  gra in  size record  in g rea t de ta il (Figure 3). The Zr/A I ra tio  suggests th a t FHeinrich 

events  and  stadia ls are c o n s is te n tly  cha rac te rized  by coarser g ra in  sizes th ro u g h o u t th e  e n tire  

record  (F igure S6).
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The gra in size analyses s trong ly  support the  In te rp re ta tion  th a t the  in terstadia ls were m ore hum id  and 

w arm er leading to  enhanced depos ition  o f fluvia l m ud (EM2), whereas the  stadials and especially the  

Heinrich events were d rie r and co lde r leading to  enhanced depos ition  o f aeolian dust (EM I). The relative 

co n trib u tio n  o f  the  coarser aeolian dust (EM I) ab ru p tly  decreases from  a h igh percentage to  0% at the 

trans ition  from  Heinrich even t 4 to  In terstadial 8 (Figure 3). This change in dust co n trib u tio n  appears to  have 

occurred w ith in  less than ~60yea rs . It is im p o rta n t to  note th a t th is change happens exactly at the  tim e  when 

the  L* record and TOC (%) are record ing the  a b rup t onset o f  In terstadial 8. This is ind ica ting  th a t there  is no 

lead o r lag relation betw een a b rup t a tm ospheric  changes traced by gra in size analysis and m arine p roduc­

t iv ity  traced by L* record and TOC (%) on a decadal-scale. It is no tew o rth y  th a t these transitions seem to  

occur in less than  100 years. This is ~ 200-300 years faster than  m ode led  oxygen concentra tion  changes due 

to  changes in AMOC in tens ity  [Schm ittner et al., 2007]. However, studies o f the  m odern oceanic c ircu la tion 

suggest tha t, fo r exam ple, changes in the  fo rm a tio n  o f AAIW can be com m un ica ted  w ith in  decades to  the 

Arabian Sea [Fine e t a i,  2008]. The observed synchron ic ity  betw een gra in  size, L*, and o th e r com positiona l 

proxies suggests a d o m in a n t role o f the  m onsoons fo r the  oceanographic cond itions and sed im ent fo rm ation  

in the  Arabian Sea. Though it is like ly th a t the  oceanographic changes in the  Arabian Sea were, especially on a 

longer tim e  scale, also in fluenced  by oscilla tions in SAMW -AAIW fo rm a tio n  [Schm ittner e t al., 2007; Jung  

e t al., 2009],

The in ferred h igher expo rt p ro d u c tiv ity  du ring  in terstadia ls is classically exp la ined w ith  increased nu trie n t 

ava ilab ility  by upw e lling  o r changes in the  oceanic curren t system, w h ich  are related to  the southw est 

sum m er m onsoon [e.g., Schulz e t a i,  1998]. The observed m u ltip ro xy  pa ttern  cou ld  a lte rna tive ly  o r a dd i­

tio n a lly  ind ica te  increased nu trie n t in jec tion  via the  Indus River p rovok ing  enhanced m arine p ro d u c tiv ity  in 

the  region th a t is in fluenced by the Indus River p lum e and subsequent sed im ent deposition . The im portance  

o f fluvia l nu trie n t de live ry on coastal p ro d u c tiv ity  at the  study site has been suggested fo r recent tim es 

[iückge e t a i,  2012] and fo r o th e r locations on various tim e  scales [Peterson e t a i,  2000; D a g g e ta i,  2004]. The 

im portance  o f  riverine nu trie n t de live ry  du ring  glacial tim es m ig h t have been underestim ated  in the  n o rth ­

eastern Arabian Sea.

5.4. Provenance of Aeolian Dust

The Arabian Sea is surrounded by deserts in India, Pakistan, Iran, Iraq, and the Arabian Peninsula th a t are all 

po ten tia l sources o f aeolian dust [Sirocko and lange , 1991 ;P ourm and e ta l,  2004]. M inera lógica! and chem ical 

studies o f  sed im ent samples from  the  Arabian Sea ind ica te  th a t m agnesium  can be used as a po ten tia l 

provenance ind ica to r o f the  Arabian Peninsula over the  last 24 kyr [Sirocko e t a l,  2000]. The d is tribu tio n  o f 

M g-rich m inerals in the  sedim ents shows a persistent pa ttern  w ith  a m axim um  close to  the  Arabian Peninsula 

and decreasing values in the  m ore dista l part o f the  Arabian Sea [Sirocko and lange , 1991 ; Sirocko e ta l., 2000]. 

This has been in te rp re ted  as depos ition  o f dust p lumes th a t are rich in M g-bearing m inerals. Palygorskite 

(M g-rich clay) th a t can be found  in sabkhas and Mesozoic rocks o f the  Arabian Peninsula o r d o lo m ite  th a t is 

fo rm ed  today  in coastal sabkhas a round the  Persian G u lf are po ten tia l source-typical m inerals [Sirocko and  

lange , 1991; Sirocko e t al., 1993]. In con trast to  M g, Al reveals low  concentra tions in the  sedim ents o f f  the  

Arabian Peninsula [Sirocko e t al., 2000]. Accord ingly, Prins et al. [2000] proposed th a t the  excess o f Mg to  Al, i.e., 

M g/A I and Ti/AI values o f  sedim ent samples, can be used to  distinguish an aeolian "Arabian source" from  a 

fluvia l "Indus River source." In th is study it was also shown tha t M g/A I seems to  not reflect grain size at the  Indus 

submarine fan and the  Oman con tinen ta l slope.

The M g/A I record o f SO130-289KL shows a m illennial-scale pa ttern  sim ilar to  the  aeolian end-m em ber EMI 

derived  from  the  gra in size analyses (Figures 3 and S6). A cross p lo t o f M g/A I versus Ti/AI ind icates tha t 

sedim ents deposited  du ring  Heinrich events rather have an Arabian source signature, whereas interstadials 

rather have an Indus River source signature (Figure 5).

The M g/A I record in general increases tow a rd  the  end o f the  last glacial period, w h ich  suggests an increased 

relevance o f  the  Arabian source. This long -te rm  trend  cou ld  partly be related to  the  low ering  o f the  eustatic 

sea level leading to  an exposure o f the  Persian Gulf, w h ich  represents a po ten tia l source o f M g-rich m inerals 

[Sirocko e t al., 1993]. A t the  end o f  the  last g lacial period the  sea level was ~ 120 m low er than  today, so th a t 
the  Persian G u lf was largely exposed (Figure 1 b). However, the  observed m illennial-scale oscilla tions o f M g/A I 

are like ly no t re flecting changes in sea level fluc tuations b u t rather changes in m onsoonal c lim ate  variab ility ,
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Figure 5. Provenance o f terrigenous sediments deposited during major interstadials (reddish) and Heinrich events (bluish) over the time 
interval o f 62-35 kyr. (a) Cross plot o f elemental ratios o f magnesium to aluminum Mg/AI and titanium to aluminum Ti/AI to trace the 
source of the terrigenous sediment from the Arabian Peninsula (aeolian) versus Indus Riveras shown in Prins etal. [2000]. (b) Sediment total 
reflectance { I ')  record with indicated samples used to characterize the major interstadials and Heinrich events in Figure 5a.

because the  sea level seems no t to  flu c tua te  as ab ru p tly  as the  above described proxies [Arz et al., 2007; 

Siddall e t al., 2008].

It was previously postu lated th a t in tim es o f  w eakened sum m er m onsoon the  w in te r m onsoon streng thened 

[Reichart e t al., 1998; Sun e t al., 2012] and th a t th is cou ld  have led to  increased aeolian in p u t from  the 

northeastern deserts like the  Thar Desert [Prins and  Weitje, 1999]. Based on the  presented data an add itiona l 

in p u t cannot be excluded bu t the  M g/A I record suggests th a t such an in p u t was no t im p o rta n t enough to  

ove rp rin t, fo r exam ple, the  h igh M g/A I values associated w ith  Heinrich events, w h ich  are typ ica l fo r an 

Arabian Peninsula provenance. A dd itiona lly , studies in the  Thar Desert showed th a t du ring  the last glacial 

period there  was no m ajor dune fo rm a tion  and th a t dust transport seems to  depend  m ain ly  on the  strength  

o f the  southw est sum m er m onsoon [Kar e t al., 2001; Glennie e t al., 2002].

5.5. Climate Implication for the Arabian-lndian Realm

The gra in size and geochem ical analyses are consis tently  ind ica ting  th a t the  in terstadia ls d u ring  the  last 

glacial period were characterized by an increased co n trib u tio n  o f fluvia l m ud from  the  Indus River to  the 

Arabian Sea (Figures 3 and S6). The Indus River discharge depends on rainfall and snow m e lt [Bookhagen and  

Burbank, 2010]. This trend  is there fo re  suggesting th a t w arm er and m ore hum id  c lim ate  cond itions in asso­

c ia tion w ith  an in tens ified  sum m er m onsoon in the  Indus River ca tchm en t area led to  increased snow m e lt 

and p rec ip ita tion  resulting in increased erosion and river sed im ent loads. This tren d  cou ld  be a dd itiona lly  

s treng thened by a w eakened Indian w in te r m onsoon and an increased w esterly (w in ter) c ircu la tion , leading 

to  increased snow fall and subsequent snow m e lt in the  w estern Himalayas. In contrast, the  co lde r c lim ate  

states are characterized by a relative increase o f  aeolian dust from  the  Arabian Peninsula.

Dust m obiliza tion and transport from  the Arabian Peninsula to  the  Arabian Sea have been in te rp re ted  in terms 

o f con tinen ta l arid ity, w in d  strength, w in d  directions, and provenance [Clemens, 1998; Prins and Weitje, 1999;
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Figure 6. Co-occurrence o f Heinrich events and increased aridity or decreased precipitation intensity reconstructed at different sites in the 
northern (sub) tropics, (top) The core locations o f (bottom) the proxy records. Green coloring shows the distribution of average rainfall in July 
over the period o f 1979 to 1995 [Janowiak and Xie, 1999]. (a) Bulk carbonate ô180  record (dark blue) at IODP Site Ul 308 tracing Heinrich 
events in the North Atlantic [Hodelleta l., 2008a]. (b) Elemental ratio o f zirconium to aluminum Zr/AI (maroon) from the northeastern Arabian 
Sea (this study) reflecting grain size, source aridity, and wind strength, (c) Elemental ratio o f iron to potassium Fe/K (red) at core GeoB9508 o ff 
Senegal tracing Sahel aridity [Mulitza et al., 2008]. (d) Magnetic susceptibility (MS, light green) at site PI-6 in the Lake Péten Itzá reflecting 
wet-dry cycles [Hodell et al., 2008b]. (e) Stalagmites ô180  records from Hulu Cave (PD, black; MSD, purple; MSL, orange) [Wang et al., 2001] 
and Sanbao Cave (SB26, light blue; SB10, red; SB22, dark green) [Wang et al., 2008] reflecting the intensity o f the East Asian monsoon. For 
comparison, the Hulu ô180  record is plotted 1.6%o more negative to  account for the higher Hulu values than Sanbao Cave [Wang etal. ,2008].

Pourmand e t al., 2004]. Increased w in d  strength leads to  an increase o f the  transported terrigenous grain sizes, 

whereas the to ta l am oun t o f transported dust seems to  reflect m ainly source a rid ity  on the Arabian Peninsula 

[Clemens and Prell, 1990; Rea, 1994; Clemens, 1998]. The observed increase in aeolian con tribu tion  and grain size 

in core SO130-289KL could there fore  reflect increased w in d  strength o f the  northw esterly w inds in 

Mesopotam ia and around the Persian G ulf and /o r decreased sum m er monsoon-ITCZ in tensity  over the Arabian 

Peninsula, i.e., increased dust source aridity. This is in line w ith  con tinen ta l clim ate reconstructions, which 

propose a s trengthen ing o f the  Shamal [Glennie et al., 2002] and increased a rid ity  on the Arabian Peninsula 

during  co lder clim ates [Preusser e t al., 2002; Rosenberg e t al., 2011 ]. The ITCZ-summer monsoon system m igh t 

not on ly  have decreased in in tensity  bu t m igh t also have shifted southeastward during  co lder c lim ate states, 

triggered  by the increased strength o f the northw esterly w inds and a decreased strength o f  the  southw esterly 

m onsoonal w inds. Dune reconstructions from  the northeastern Arabian Peninsula (Wahiba Sands) stand in 

contrast to  a m ajor sh ift o f  the ITCZ near the  g round du ring  the last glacial period [Preusser et al., 2002]. 

However, a t h igher tropospheric  levels the strengthened northw esterly  w inds m igh t have penetrated farther to  

the east, leading to  h igher dust en tra inm ent to  the study site.

5.6. Heinrich Events Related Droughts in the Tropical Northern Hemisphere

Heinrich events in the  northeastern  Arabian Sea stand o u t as especially p rom inen t peaks o f aeolian dust 

co n trib u tio n , w h ich  suggest a strong reduction  o f p rec ip ita tion  in the Indus River ca tchm ent area and
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increased a rid ity  on the Arabian Peninsula (Figure 3). For com parison, we analyzed a set o f key pa leoclim ate 

records th a t is located at the  northern  rim  o f  the  m odern  boreal sum m er ITCZ position  and there fo re  react 

m ost sensitively on a sou thw ard  m ig ra tion , con trac tion , a n d /o r in tens ity  decrease o f the ITCZ m onsoonal rain 

be lt (Figure 6).

M ulitza  et al. [2008] used the  e lem en t ratio o f Fe/K to  reconstruct relative con tribu tions  o f a tm ospheric  dust 

and fluvia l suspension in m arine sedim ents close to  the  m outh  o f the  Senegal River (Figure 6c). They found  

ab rup t onsets o f arid  cond itions in West African Sahel co inc id ing  w ith  FHeinrich events. Hodell e t al. [2008b] 

analyzed m agnetic  susceptib ility  in Lake Peten Itzá, Guatem ala, w h ich  traces a lte rna tions betw een clay and 

gypsum  depos ition  re flecting w e t-d ry  cycles (Figure 6d). The m ost arid  cond itions were observed du ring  

Heinrich events, w h ich  is in line w ith  reconstructions from  the  Cariaco Basin [Peterson e t al., 2000; Deplazes 

e ta l., 2013]. Wang et al. [2001, 2008] found  evidence fo r reduced East Asian m onsoon in tens ity  co inc id ing  

w ith  Fleinnch events by analyzing S180  in sta lagm ites from  FHulu and Sanbao Caves (Figure 6e).

FHeinrich events are characterized by increased freshw ater in p u t and cold tem pera tu res in the  N orth A tlan tic  

[Hodell e t al., 2008a] (Figure 6a) and a reduction  o f the  AMOC [McManus e t al., 2004]. C lim ate s im ulations 

ind icate  an ITCZ sou thw ard  sh ift and a decrease in ITCZ sum m er m onsoon in tens ity  a fte r a m ajor reduction  o f 
the  AMOC [Zhang and  Delworth, 2005; Krebs and Timmermann, 2007]. Stager e t al. [2011 ] have postu lated  th a t 

Fleinnch event 1 co inc ided  w ith  a catastroph ic d ro u g h t in the trop ica l Afro-Asian region and Schefuss e t al. 

[2011] have reported  an ITCZ southw ard sh ift over southern Africa. O ur s tudy suggests to g e th e r w ith  a set o f 
key pa leoclim ate  records th a t the  con tinen ta l no rthern  trop ics a round the  g lobe  were indeed im pacted  by 

increased a rid ity , b u t no t on ly  du ring  Fleinnch even t 1 b u t also d u ring  Fleinnch events 6 to  2. This indicates 

th a t the  hypothesized e ffect o f Fleinnch events on the  trop ica l hydroc lim ate  occurred under a varie ty  o f 
background cond itions  (greenhouse gas concentra tions, ice sheet ex tent, and inso la tion) du ring  the last 

glacial period.

6. Conclusion

Elemental and gra in size analyses ind icate  independen tly  a h igh sensitiv ity  o f the  s tud ied site to  m onsoonal 

c lim ate  va riab ility  d u ring  the last glacial period. O ur decadal- to  centennial-scale Arabian Sea data suggest

1. The sed im entary depositiona l system at the  con tinen ta l slope o ff  Pakistan seems to  change w ith  a 

"th resho ld " sea level o f - 7 0 - 8 0  m. Fluvial suspended load is m ainly transported along the Indus submarine 

canyon to  the deep sea w hen sea level is low er than this thresho ld  (~ 68 -14  kyr). During this tim e  interval, 

inorgan ic properties o f the hem ipelagic sediments closely trace m illennial-scale clim ate variability. The de­

position center o f  sedim entation shifts from  the deep sea tow ard  the shelf and delta w hen the sea level is 

h igher than -  70 -80  m, w hich leads to  reduced clim ate sensitivity o f  inorganic properties at the  study site.

2. The fluv ia l versus aeolian sed im entary co n trib u tio n  varies d u ring  the  last g lacial period in concordance 

w ith  the  Dansgaard-Oeschger oscillations. Interstadials are characterized by a fluvia l signature ind ica ting  

w arm er and m ore hum id  glacial cond itions leading to  enhanced ru n o ff and transport o f suspended load 

by the  Indus River to  the  ocean. Stadials reveal an increased aeolian co n trib u tio n  th a t at least partly 

orig inates from  the  Arabian Peninsula. This leads to  the  conclusion th a t co lder clim ates were charac­

terized  by decreased ITCZ-lndian sum m er m onsoon in tens ity  and by increased no rthw este rly  w in d  

s treng th  and a rid ity  over the Arabian Peninsula. Fleinnch events 6 to  1 stand o u t as p rom inen t, especially 

d ry  and dusty events.

3. The ab rup t and coeval change o f  inorgan ic, organic, oceanic, and a tm ospheric  proxies at m ajor c lim ate  

transitions, e.g., the  beg inn ing  o f  In terstadial 8, suggests a d o m in a n t role o f the  Indian sum m er m onsoon 

on the  oceanographic cond itions and on subsequent sed im ent depos ition  in the Arabian Sea du ring  

MIS 3. P roductiv ity-re la ted  proxies o f the  Arabian Sea [L*, TOC) can there fo re  be in te rp re ted  in term s o f 

m onsoonal c lim ate  variab ility .

4. The close relationsh ip  betw een Indus River sed im ent and m arine o rgan ic  m atte r con trib u tio n s  du ring  the 

last g lacial period ind icates tha t regional p ro d u c tiv ity  was at least partia lly  fed by fluv ia l nu trie n t in jection.

5. Finally, th is  study to g e th e r w ith  o th e r key pa leoclim ate  records suggests increased con tinen ta l a rid ity  in 

the  northern  trop ics d u ring  Fleinnch events 6 to  1. C ircum -N orth  A tlan tic  tem pera tu re  variations translate 

to  hydro log ica l shifts in the  trop ics, w ith  m ajor im pacts on regional env ironm en ta l cond itions in the 

m onsoonal w orld .
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