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A B S T R A C T   

The Pliocene-Pleistocene transition is characterized by an abundance of Ice-Rafted Debris (IRD) in the North 
Atlantic basin. One of the regions affected by IRD during this period is the Gardar Drift, where the DSDP Leg 94 
Hole 611A is located. This region received sediments from different sources during the glacial and interglacial 
intervals (e.g., Iceland and Greenland). We analyzed grain size and particle-size specific magnetic properties of 
sediments for their provenance characterization between ~2.64 and 2.52 Ma. Our results show that major 
proportion of bulk sediments during both glacial and interglacial periods were made up of basaltic-rich Icelandic 
sediments, whereas only during intense glacial periods (Marine Isotope Stages 100 and 104), a small proportion 
of non-basaltic sand compositions were identified, possibly sourced from Greenland and other non-basaltic 
provenance. The non-basaltic sand fractions during the intense glacial periods were likely supplied as IRDs. In 
addition, a new level of coarse lithics (38 pcs. of >1 mm) composed of different rocks types (e.g., basalt, granite, 
granodiorite etc.) were identified in DSDP 611A Hole during the end of MIS 104 glacial period. The coarse lithic 
fragments showed distinctive magnetic properties than rest of the particle sizes and were classified as Iceberg- 
Rafted Debris (IBRD). Overall, our results show that higher sand percentage was found during the intense 
glacial episodes, and their magnetic grain size analysis could help in distinguishing their provenance. We 
elaborate that particle size specific magnetic measurements of sand fractions could help in rapidly characterizing 
the glacial episodes in the subpolar North Atlantic.   

1. Introduction 

The continental glaciers in the Earth’s Northern Hemisphere (Arctic 
and Greenland-Norwegian Sea regions) have existed since as early as in 
the Eocene-Oligocene (e.g., Eldrett et al., 2007; Stickley et al., 2009; 
Tripati and Darby, 2018). Ice-rafted debris (IRD) based records from the 
subpolar North Atlantic marine sediments suggested ice-shelf glacia-
tions in the Greenland-Norwegian Sea regions since late Miocene (Jan-
sen and Sjøholm, 1991; Larsen et al., 1994), however, major ice sheet 
development in the Northern Hemisphere was not present until the late 
Pliocene and earliest Pleistocene (~3.6–2.4 Ma) (Shackleton et al., 
1984; Maslin et al., 1998; Kleiven et al., 2002). The IRD records from the 
subpolar North Atlantic showed intensification of Northern Hemisphere 

Glaciation (iNHG), as a synchronous expansion of continental icesheets 
in Greenland, Scandinavia and Northeast America, at ~2.72 Ma (Marine 
Isotope Stage G6) followed by waxing and waning of ice sheets during 
glacial–interglacial cycles in the Quaternary (Shackleton et al., 1984; 
Maslin et al., 1998; Kleiven et al., 2002; Hodell and Channell, 2016). 

The iNHG has an irreversible effect on global climate and is associ-
ated with the pronounced cooling, significant fall in sea level (Droxler 
and Jorry, 2021; Rohling et al., 2014; Miller et al., 2020), weakened 
Atlantic Meridional Overturning Circulation (AMOC) (Raymo et al., 
1992; Kleiven et al., 2002; Hassold et al., 2006; Dausmann et al., 2017), 
and increased input of continental terrigenous material in the subpolar 
North Atlantic (Hassold et al., 2006). Recently, Hayashi and Ohno 
(2021) suggested increased strength of AMOC during the late Pliocene, 
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which amplified the iNHG. 
The provenance of the glacio-fluvial terrigenous sediments from the 

subpolar North Atlantic can provide information on the spatial-temporal 
glacial extent as well as on the strength of oceanic circulations during 
the iNHG. To fingerprint the sediment sources several studies have been 
carried out on the late Pliocene and Quaternary subpolar North Atlantic 
sediments and IRD deposits using the methods of major element 
chemistry (e.g., Gruetzner and Higgins, 2010; Hodell et al., 2010), stable 
and radiogenic isotopes (e.g., DePaolo et al., 2006; Farmer et al., 2003; 
Bailey et al., 2012, 2013; Hemming et al., 1998), magnetic mineralogy 
and grain sizes (Stoner et al., 1995; Kanamatsu et al., 2009; Sato et al., 
2015) and magnetic fabrics (Hassold et al., 2006). The subpolar North 
Atlantic consist of sediments (including IRD) removed by erosion from 
the surrounding landmasses, of which Iceland and Greenland are prime 
contributors (Prins et al., 2002; Hatfield et al., 2013), and to a lesser 
extent from Labrador, Scandinavia, and the British Isles (Bailey et al., 
2012). Iceland (and Midwest of Greenland) rocks predominantly consist 
of tholeiitic basalt, transitional alkaline basalts and alkali olivine basalts 
of Paleogene and Neogene age (Ward, 1971; Jakobsson, 1972; Schilling 
et al., 1982). The clastic material from Greenland consists of Precam-
brian rocks and can be divided into three geological types: gneisses and 
granites from the Archean Block and Nagssygtoqdian Mobile Belt, and 
granitic rocks from the Ketilidian Mobile Belt, (Kalsbeek and Taylor, 
1985). Other provenance areas are Newfoundland and Labrador to the 
West, and to a lesser extent provenance from the NE (Scotland, Ireland, 
and Scandinavia), regions with predominantly non-basaltic rock. 

The Gardar drift is a large sedimentary drift deposit located in the 
subpolar North Atlantic region. The Gardar drift has been suggested to 
be the locus of IRD deposits during the intensified iNHG in the late 
Pliocene and earliest Pleistocene (Bailey et al., 2012, 2013). In the 
present work, we study physical grain size and magnetic properties of six 
different particle size fractions between sand and clay from the Gardar 
drift Deep Sea Drilling Project (DSDP) Site 611A, covering the iNHG 
time span between MIS G2 and 99 (~2.64 to 2.49 Ma) (Fig. 1). 

A new approach was recently developed to characterize and distin-
guish the magnetic minerals of the Iceland and Greenland by analyzing 
the particle size specific magnetic properties of glacial-fluvial sediments 
collected near the Greenland and Iceland margins (Hatfield et al., 2013, 
2017) as well as from the Norwegian-Greenland Seas (Hatfield et al., 
2019). Moreover, coarse sand (2 mm and 250 μm) fraction is recently 

related to dynamic of the calving margins as iceberg rafted debris (IBRD) 
(Krissek, 1995; Wilson et al., 2018). The particle size specific magnetic 
analysis has shown that magnetic properties of the sediments from these 
regions have great dependency on the physical particle sizes. We applied 
this method on the samples from Gardar drift to identify the provenance 
of magnetic minerals during the glacial and interglacial. While the 
provenance of IRD deposits from the DSDP 611A based on Pb isotopic 
composition of coarse lithic feldspar is reported for the studied time 
interval in Bailey et al. (2012), physical grain size and particle specific 
magnetic analysis of sand, silt and clay fractions can provide additional 
information on the bulk sediment provenance, and surface and deep- 
water circulations. We show that the particle size specific magnetic 
analysis can help in distinguishing the sediment provenance of subpolar 
North Atlantic sediments during the glacial and interglacial, and rapid, 
non-destructive, and relatively economical method of environmental 
magnetism can be used effectively for such distinctive objectives. 

2. Regional setting 

Gardar Drift is a large contourite drift deposit, on the lower eastern 
flank of the Reykjanes Ridge (52◦5′N; 30◦ 2′W), near the Charlie-Gibbs 
Fracture Zone, above influence of Norwegian Sea (Bianchi and McCave, 
2000). It was formed by lateral transport of fine sediment material-
brought by the southward flowing Iceland-Scotland Overflow Water 
(ISOW) bottom currents with NE-SW orientation [Ruddiman, 1977; 
Faugères et al., 1993; Wold, 1994; Bianchi and McCave, 2000]. The 
ISOW water mass is a mixture of Norwegian Sea Deep Water (NSDW) 
and Arctic Intermediate Water (AIA) (Bianchi and McCave, 2000; 
Blake-Mizen et al., 2019), and makes up 25% of North Atlantic Deep 
Water (NADW) (de Carvalho Ferreira and Kerr, 2017). The Gardar 
contourite drift is a prism that start at southwest near the Charlie-Gibbs 
Fracture Zone with a depth of 3000 m and develop towards northeast for 
about 1100 km up to a water depth of 1400 m. A depression approxi-
mately 200–300 m deep separates the Gardar Drift from the southern 
end of Björn Drift (Bianchi and McCave, 2000). 

Geochemical and rock magnetic characteristics of bulk sediments 
(terrigenous fractions) of different time periods i.e., from late Pliocene 
to Holocene and on latitudinal gradient (N-S) of the Gardar drift have 
been previously investigated in several studies (e.g., Kissel, 2005, Kissel 
et al., 1999, 2009; Ballini et al., 2006; Gruetzner and Higgins, 2010; Sato 

Fig. 1. Location of the DSDP Site 611A in the North Atlantic and ocean circulation patterns in the North Atlantic. Acronyms on map: NADW – North Atlantic Deep 
Water, LSW – Labrador Sea Water, DSOW – Denmark Strait Overflow, ISOW – Iceland-Scotland Overflow Water. 
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et al., 2015; Kanamatsu et al., 2009). In general, the terrigenous frac-
tions in the Gardar drift are divided into the mafic basaltic fractions rich 
in titanium, and relatively acidic (felsic) sediments rich in potassium 
(Kissel et al., 2009; Ballini et al., 2006; Gruetzner and Higgins, 2010). 
The magnetic rich basaltic fractions in the Gardar drift are mainly 
sourced from the Iceland and the Faeroe Islands brought by southward 
flowing ISOW(Kissel et al., 2009; Ballini et al., 2006; Hayashi and Ohno, 
2021). Whereas felsic sediments are sourced from the surrounding 
continental rocks either through ice-rafting during the glacial (stadials) 
(Ballini et al., 2006) and/or brought by Northeast Atlantic Deep Water 
(NEADW)/Lower Deep Water (LDW) when ISOW had shoaled (Gruetz-
ner and Higgins, 2010). The magnetic rich basaltic fractions are gener-
ally higher in the Gardar drift during the interglacial (interstadials), and 
magnetic mineral concentrations/grain size thus have been used as a 
proxy for determining the strength of ISOW (Kissel et al., 2009; Ballini 
et al., 2006; Snowball and Moros, 2003). 

The spatial distribution in concentration of magnetic minerals and 
magnetic grain size show coarser grained magnetic minerals near the 
source in northern Gardar drift and fine-grained magnetic minerals in 
the southern Gardar drift possibly indicating regional changes in 
strength of ISOW (Kissel et al., 2009; Ballini et al., 2006). These authors 
considered single source for magnetic minerals in the Gardar drift i.e., 
the northern Icelandic basaltic regions. A recent study by Sato et al. 
(2015) has shown that there are two components of magnetic minerals 
in the Southern Gardar drift during the late Pliocene-Pleistocene (1) 
high coercivity component (titanomagnetite) from Icelandic sources 
brought by ISOW, and (2) low coercivity component (magnetite) from 
southern sources by NEADW/LDW. They also reported increase in 
magnetic minerals from Icelandic sources during the early glacial stages 
of iNHG indicating strengthening of ISOW. While these studies have 
been carried out on the sediment cores collected at different water 
depths and during different climatic forcing, a better understanding on 
provenance of sediments is still needed from the Gardar drift. 

Previous studies on the Pb isotopic composition on individual ice- 
rafted feldspars (>150 μm) from DSDP Site 611 have shown that 
dominant IRD deposits prior to 2.64 Ma was importantly from the 
Greenland and Scandinavia, whereas more spread IRD sources (i.e. 
including NE America) was only after 2.64 Ma (MIS G2) (Bailey et al., 
2013). Bailey et al. (2012) further showed changes in the IRD prove-
nance fluxes during the early glacial and full glacial stages at ~2.52 Ma 
(MIS 100), one of the majors NHG episode, from Archean-aged circum- 
North Atlantic Ocean continental sources to dominantly Paleozoic and 
Proterozoic-aged sources, respectively. 

3. Materials and methods 

3.1. Materials 

DSDP Leg 94 Site 611A is located on the southeastern side of Gardar 
Drift (Baldauf et al., 1987). This Site was drilled at a water depth of 
3203.6 m and from the total of 132 m drilled, 99.4 m were recovered 
(Baldauf et al., 1987). The main goal for drilling this site was to obtain 
paleoclimate information before, during, and after the intensification of 
glaciation in the Northern. 

The lithology consists of marly nannofossil oozes, foraminiferal - 
nannofossil oozes with few detrital materials, and marly oozes with 
more detrital material, alternating with detrital calcareous muds (Bal-
dauf et al., 1987). 

A total of 79 samples, corresponding to the 117.15–104.75 m in-
terval (Fig. 2), were collected for investigations. The samples cover the 
interval between Marine Isotope Stage (MIS) G2 and MIS-99, corre-
sponding to ~2.64 and 2.52 Ma (Bailey et al., 2012). 

Age model of DSDP 611A have been performed successfully by Bailey 
et al., 2013 by linking the benthic δ18O measured on epifaunal species 
C. wuellerstorfi and infaunal O. umbonatus from Bailey et al. (2012) and 
LR04 (Lisiecki and Raymo, 2007). 

3.2. Methods 

3.2.1. Physical grain size 
The discrete bulk samples were first visually scanned for identifying 

any coarse lithic fragments. The macroscopic lithic fragments (>1 mm) 
were found between 112.8 and 113 mbsf. These coarse lithic fragments 
were separated from bulk samples and their sizes were measured using a 
scale. The grain size of bulk samples was then analyzed using a Micro-
trac Bluewave instrument that measures the particle size by laser 
diffraction in water. All the samples were first treated to remove the 
organic matter and carbonate content using the 10% hydrogen peroxide 
(H2O2) and 10% hydrochloric (HCl), respectively, for 48 h. The process 
was repeated twice, and the samples were washed with Milli-Q water 
after each step. After the complete removal of organic matter and car-
bonates, sodium pyrophosphate was used to avoid flocculation. For each 
sample, 1 g of material was placed in laser diffraction equipment for the 
grain size measurements. The grain size was calculated using the Mie 
theory for non-spherical particles (Hergert and Wriedt, 2012). Statistical 
parameters and particle size distribution were analyzed and plotted 
using the GRADISTAT software version 4 (Blott and Pye, 2001). The 
analysis was performed at the Centro Oceanográfico de Registros 
Estratigráficos (CORE), in the Oceanographic Institute of University of 
São Paulo (IO-USP), Brazil. 

3.2.2. Magnetic parameters 
The low-field magnetic susceptibility (normalized by volume, κ) was 

measured directly in 2010 on the u-channels of DSDP Leg 94 Hole 611A 
at the National Oceanography Centre (NOC), University of South-
ampton, UK using a Bartington MS2C 100 mm coil, with 1 cm resolution. 
Further, 64 discrete bulk samples between 117.15 and 104.75 m interval 
as part of another IODP samples request were analyzed using the Kap-
pabridge MFK1 model at CORE (IO-USP, Brazil). 

For particle size specific rock magnetic measurements, all 79 bulk 
sediments samples were first disaggregated in a 100 ml of 2% sodium 
hexametaphosphate solution and sieved through a 63 μm mesh, to 
isolate the sand (>63 μm). The residual material was then separated into 
following five fractions in settling columns according to the Stokes’ law: 
coarse silt (31–63 μm, 5 ϕ), medium silt (16–31 μm, 6 ϕ), fine silt (8–16 
μm, 7 ϕ), very fine silt (4–8 μm, 8 ϕ) and clay (<4 μm, 9 ϕ or more). For 
each sample, all the six size segregated fractions (sand, coarse silt, me-
dium silt fine silt, very fine silt and clay) were analyzed for rock mag-
netic parameters. 

To understand the magnetic concentrations, and magnetic grain size 
variations using the Day Plot, hysteresis loop and backfield isothermal 
remanent magnetization (BIRM) was measured for all the six distinct 
size fractions of 79 bulk samples (total 474 sample size) using a 
Vibrating Sample Magnetometer (VSM) MicroMag 3900 Princeton Lake 
Shore Cryotronics at CORE (IO-USP, Brazil). A maximum field of 1 T was 
applied for measuring the hysteresis cycle, with most samples saturating 
well below 500 mT. The hysteresis results were processed using the 
HystLab software (Paterson et al., 2018), and parameters saturation 
magnetization (Ms), saturation remanence (Mrs), and coercive force 
(Hc) were calculated from slope (paramagnetic) corrected hysteresis 
cycle. BIRM was used to obtain the coercivity of remanence (Hcr). 

Thirteen representative samples of different size fractions of glacial 
and interglacial intervals were analyzed for the first-order reversal 
curves (FORCs) to characterize the magnetic domains. Additionally, six 
coarse lithic fragments (IRD) found between 112.8 and 113 mbsf were 
also analyzed for FORC measurements. The 270 FORCs were measured 
for each sample with an averaging time of 0.5 s and 0.1 s of slew rate 
between successive measurements. The FORC diagrams were processed 
using Forcinel 3.0 software enabled with Variforc function (Harrison 
and Feinberg, 2008; Egli, 2013). The smoothing factors of Sc0 = 7, Sc1 
= 7, Sb1 = 7, and Sb0 = 3, horizontal and vertical lamda of 0.1, and 
output grid of 1 were used. 

Temperature dependence of magnetic susceptibility (χ-T) on 
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representative samples of different size fractions from glacial and 
interglacial interval was also measured up to a maximum temperature of 
700 ◦C in an argon atmosphere using a furnace-equipped KLY-4 AGICO 
Kappabridge instrument to constrain the magnetic mineralogy. 

4. Results 

4.1. Grain size 

A total of 38 macroscopic lithic fragments of >1 mm, identified as 
IRDs, were found in three levels at 112.8 mbsf (10 pcs.), 112.9 mbsf (20 
pcs.), and 113 mbsf (8 pcs.), respectively (Fig. 2). The largest lithic IRD 
fragment has a diameter of 1.5 cm and was found at 112.9 mbsf. The 
microscopic observation of these lithic fragments showed granites, ba-
salts, gabbro, gneiss, quartzite and sandstone composition. The coarse 

lithic frgaments (2 mm and 250 μm) are related to the dynamic of the 
calving margins and can be termed as iceberg rafted debris (IBRD) 
(Krissek, 1995; Wilson et al., 2018). Of these 38 macroscopic lithic 
fragments, several coarse lithics were identified as IBRD. 

The lithology of the bulk sample is represented by mud and char-
acterized by very poor sorting, with symmetrical curve and platykurtic. 
The mean grain size of studied interval is 0.725 μm, with a standard 
deviation of 0.038 μm. The largest particle size was 1.7 μm at 108.95 
mbsf, and smallest particle size was 0.256 μm at 108.75 mbsf. Overall, 
the clay varies between 51.6 and 83.6% (average = 64.6%), and silt 
fraction varies between 14.1 and 40.8% (average = 31.8%) (Table 1). 
The sand shows minimum concentration and varies between 0 and 
13.5% (average = 3.6%) (Table 1). The silt fraction was further sub-
divided into four subclasses i.e., coarse silt, medium silt, fine silt and 
very fine silt and their relative distribution is given in Table 1. 

Fig. 2. Benthic δ18O measured on epifaunal species C. wuellerstorfi (adjusted by adding 0.64%, purple line) and infaunal O. umbonatus (green line) from Bailey et al., 
2012, IRD abundance (Bailey et al., 2013), magnetic susceptibility measured on u-channels and sediment particle size variations from the studied interval. Particle 
size variation can be easily observed in the core. Larger circle symbols represent a higher percentage of grains of the specific grain size, while smaller circles represent 
a lower percentage of particles of that specific grain size. Note that less intense glacial intervals (MIS 102) when compared to MIS 100 or MIS 104, contain little or no 
IRD material. In the grain size plot, it is possible to observe that a major part of grains is clay and silt. The red starts are a level with Iceberg Rafted Debris (IBRD) very 
larger, >0.5 cm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The grain size data was plotted with depth, stable isotopes, magnetic 
susceptibility and is presented in Fig. 2. The sand shows opposite 
behavior to clay and silt distribution (Fig. 2). The sand shows minimum 
concentration during most of the interglacial periods e.g., MIS G1, 101 
and 103, whereas medium silt and clay fraction dominated the overall 
sediment assemblages during these intervals (Fig. 2). The high per-
centage of sand and coarse silt was found between ~107.7 and 106.3 
mbsf (MIS 100 and 99) (Fig. 2). During the MIS 100 glacial period, fine 
silt and clay concentration has reached minimum, whereas during the 
end of MIS 99 interglacial interval clay and silt fraction has again 
increased significantly (Fig. 2). 

4.2. Magnetic parameters 

4.2.1. Magnetic susceptibility 
The u-channel magnetic susceptibility (κ) results show highly vari-

able distribution in concentration of magnetic minerals during the 
studied interval (Fig. 2). κ varies from 700 10 − 6 SI at 110 and 119 mbsf 
to 100 10 − 6 SI at 105 mbsf (Fig. 2). The κ shows a relatively higher 

concentration during the glacial periods MIS 104, 102 and 100, whereas 
intermittent interglacial periods MIS G1 and 101 show a decline in 
susceptibility values (Fig. 2). Bailey et al. (2012) identified at least six 
IRD events during the MIS 100 glacial as shown by coarse lithic data 
(Fig. 2). During these MIS 100 IRD peak episodes, the κ also shows peaks 
in values, mimicking the coarse lithic data (Fig. 2). Interestingly, during 
the MIS 99 interglacial, the κ has also increased and covaries with sand 
and coarse-silt abundance. 

4.2.2. Thermomagnetic curves 
Thermomagnetic curves (Fig. 4) show presence of magnetite in all 

the studied different size fractions of glacial and interglacial period 
sediments. Hematite was also found in few samples e.g., 115.95 m (fine 
silt) and 116.95 m (medium silt). The thermomagnetic curves of most 
samples are almost or completely reversible (106.15 (sand), 106.4 (very 
fine silt), 106.5 m (coarse silt), 115.95 m (fine silt) and 116.95 m (me-
dium silt)). 

4.2.3. Hysteresis loops and Day plot 
The particle-size specific results on various hysteresis and BIRM 

parameters (Ms, Mrs, Hc and Hcr) and their ratios (Mrs/Ms and Hcr/Hc) 
are provided in Supplementary Tables 1 and 2. A stack of hysteresis 
loops of different particle sizes shows two distinguishable signatures “A 
and B" (Fig. 3). The signature “A” shows saturation well below 500 mT 
and have relatively wide central part of the hysteresis loop compared to 
the signature “B” that has relatively more constricted central part, 
signifying the differences in coercivities distribution of two signatures. 
Further, few samples carrying "B" signature of hysteresis loop,don’t ac-
quire saturation in 500 mT applied field and indicates mixed low and 
high coercivities minerals/grain size than “A” signature. The "B" 

Table 1 
Composition of different grain size fractions of studied interval.   

Sand 
(%) 

(>63 
μm) 

Coarse 
Silt (%) 
(63–31 

μm) 

Medium 
Silt (%) 
(16–31 

μm) 

Fine 
Silt (%) 
(8–16 
μm) 

V. Fine 
Silt 
(%) 
(4–8 
μm) 

Clay 
(%) 
(<4 
μm) 

Average 3.6% 3.4% 5.0% 6.7% 8% 73.3% 
Minimum 0.0% 0.0% 0.0% 0.9% 6.1% 58.7% 
Maximum 13.5% 6.9% 7.5% 8% 8.7% 91.3%  

Fig. 3. Stack of all hysteresis loops of various size 
fractions. Note that the vertical axis represents the 
magnetic moment. The stack shows a very consistent 
“A” signature (see medallion), marked by the darker 
blue overlap in the stack. Few samples diverge from 
this signature due to the presence of a secondary “B” 
signature in the mix. Here, we showed with 500 mT 
field just for better view of hysteresis loops forms. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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signature shows a persistent paramagnetic signal. The signature "A" is 
shown by large number of samples (~85%). 

For the Ms and Mrs, normalized by mass, the higher average values 
correspond to fine silt, followed by coarse, medium, and very fine silt, 
while sand and clay fractions show lower values Supplementary Table 1 
and Fig. 5. The maximum values of Mrs/Ms are shown by very fine silt 
and minimum by sand, whereas different silt fractions and clay show 
similar mean Mrs/Ms values (Fig. 5) Hc and Hcr values are minimum for 
sand and maximum for the very fine silt fraction Supplementary Table 2 
and Fig. 5. The Hcr/Hc ratio is higher in the sand, followed by coarse silt, 
clay, and fine silt. 

The Day plot for different particle size fractions during the glacial 
and interglacial intervals is shown Fig. 9 (Day et al., 1977; Dunlop, 
2002). The different particle size fractions of sediments fall in the 
pseudo-single domain (PSD) region of the Day plot and are closely 
associated. The sand size fractions of glacial interval sediments show 
relatively higher diversity in the Day Plot (Fig. 9), with several samples 
showing coarser PSD range. 

4.2.4. FORCs 
The FORCs results on different sediment fractions of interglacial and 

glacial intervals, and on coarse IBRD lithic fragments >0.5 cm and < 1.5 
cm are presented in Figs. 6 and 7, respectively. We chose the most 
representative samples, with the highest and lowest Mrs/Ms ratio, for 
different granulometric fractions. 

Overall FORC diagrams of the sediment samples show the presence 
of interacting single domain (SD) low coercive (between 60 and 80 mT) 
ferrimagnetic particles (Fig. 6). Coercivity range and magnetostatic 
interaction for the different size fractions i.e., coarse silt, fine silt, and 
clay fractions of both glacial and interglacial intervals remain constant. 
While sand fraction from interglacial interval also did not show any 
distinguishable feature from the rest of particle size fraction’s FORC, 
sand fraction from glacial interval recovered at 106.21 mbsf show 
distinct behavior with relatively lower coercivity (Hc ~40 mT) and 
higher vertical interaction (Hu >40 mT) indicating PSD to the MD 
ferrimagnetic component (Fig. 6). The FORC diagrams further corrob-
orate with the results of Day Plot showing that there is only little 

Fig. 4. Temperature-dependent magnetic susceptibility curves of seven selected samples. All samples present the Curie point of magnetite at 580 ◦C, making it 
possible to use the Day Plot in these analyses. 
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variation between the finer particle size fractions (silt and clay). 
FORCs of coarse lithic IBRD exhibit a variety of signals (Fig. 7). 

Basaltic samples represent the majority of IBRD. These basalts show SD 
to PSD particles with the Hc values lower than 30 mT while the Hu 
values approach 50 mT. However, one basaltic sample, hereby identified 
as altered basalt, shows SD particle with a very strong negative 

interaction of up to 120 mT on the Hc axis, while the Hu axis ranges from 
a few mT to 10mT (Fig. 7). IBRD characterized as granodiorites reveal 
low coercive multi-domain particles with the Hu values ranging from 10 
mT to 100 mT while the Hc values are between 40 and 60 mT (Fig. 7). 
Alkali feldspar granite is the only IBRD sample that shows no magnetic 
signals. One sample identified as gabbro shows Hc values between 40 

Fig. 5. Graphs of the distribution of Ms, Mrs, Hc, Hcr, Mrs/Ms and Hcr/Hc values in the six particle size fractions studied.  
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and 80 mT and Hu values go up to 60 mT. Gneiss contains multi-domain 
magnetic particles with coercivity spectra of up to 70 mT. The sample 
identified as sandstone contains low coercivity SD-magnetic particles 
(Fig. 7). 

5. Discussion 

5.1. Magnetic grain size as proxy for provenance 

This work used a new and unusual methodology to establish the 
sediment provenance during the glacial and interglacial intervals of the 
early Pleistocene. Different geochemical proxies are used to study 
provenance; however, these proxies are usually destructive, expensive, 
and require a greater amount of sample mass. 

This study shows that the use of magnetic parameters can be applied 
to provenance studies effectively avoiding the disadvantages from other 

methods. For all magnetic analyses used in this work, we used <1 g of 
sample of each magnetic fraction. Only the magnetic susceptibility 
analysis with temperature dependence was destructive, and it was 
applied to a limited number of samples weighing <0.35 g. 

One of the objectives of separating the different magnetic fractions 
from the silt fraction was to verify if there was a difference in the results 
of these fractions among themselves and with the clay fraction. This is 
the most time-consuming part of the analysis, as according to Stokes’ 
Law, pipetting is required. It was found that all the silt fractions and the 
clay fraction have very similar results to each other, with only the sand 
fraction showing diverging results. Thus, it is possible to make the 
preparation for these analyses even faster, with only the separation of 
the clasts and sand fraction from the rest of the material, or at most the 
separation of the silt and clay fraction. However, it is necessary that sand 
is always separated from the silt and clay fraction, since particles of 
these different sizes have different hydrodynamic behavior, reflecting 

Fig. 6. FORCs of selected sand, coarse silt, fine silt, and clay for samples from glacial and interglacial intervals.  
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very different aspects of environmental responses, especially in glacio-
marine environments, since particles of the sand fraction are usually 
IRD. 

By optimizing sample preparation, it is possible to perform prove-
nance studies using magnetic parameters at a higher resolution. 

Another consideration for using magnetic method is that the possible 
source areas must be known. The magnetic parameters for the study area 
must be accomplished to perform the characterization unless these 
values are already available in the literature. The magnetic properties of 
the source areas should differ significantly, primarily in the magnetic 
grain size to physical grain size ratio. 

5.2. Characterizing sediment sources in the Gardar Drift 

The subpolar North Atlantic sediments have been a subject of 
detailed investigation for characterizing the sediment provenance to 
understand the oceanic circulation and extent of ice-shelf glaciation in 
the Northern Hemisphere. Bailey et al. (2012, 2013) studied the Pb 
isotopic signatures from coarse lithic Feldspars recovered from the 
Gardar drift DSDP Site 611 for the late Pliocene-Pleistocene interval and 
suggested that Greenland and Scandinavia were the dominant source of 
the IRD in the subpolar North Atlantic prior to the MIS G2 glacial period, 
whereas IRD contributions from the North America has increased af-
terwards. In the current study, we found an additional level of the coarse 
macroscopic lithic (IBRD) rock fragments between 112.8 and 113 mbsf, 
corresponding to the glacial-interglacial transition interval of MIS 104 to 
MIS 103 (Fig. 2). These rock fragments showed varied compositions e.g., 
basalts, granites, granodiorites, sandstones. FORCs result on these 

coarse lithic rock fragments, showed distinguished characteristics (SD- 
MD magnetic particle) compared to the bulk sediments that show mainly 
PSD magnetic particles (Fig. 7). The coarse lithic rock fragments are 
composed not only of basalts but also of granites and granodiorites 
compositions. Therefore, these coarse lithics at this interval could have 
been supplied by wind-driven surface currents discharging Icebergs 
brought materials from Iceland-Greenland as well as from the North 
America that have such rock compositions. While our observations 
regarding the coarse lithic rock fragments are limited to microscopic 
observations and FORC measurements, Bailey et al. (2013) had provided 
more concrete evidence based on the Pb isotopic compositions of coarse 
lithic Feldspar during the MIS 104 from the DSDP 611 and had suggested 
similar provenances of IRD. 

Previous studies on geochemical and magnetic properties of terrig-
enous fractions of the Gardar drift have suggested two distinguishable 
compositions; (1) titanium rich mafic basaltic fractions, and (2) rela-
tively acidic (/felsic) sediments rich in potassium (here referred as non- 
basaltic) (e.g., Kissel et al., 2009; Ballini et al., 2006; Gruetzner and 
Higgins, 2010). The different composition of terrigenous fractions shows 
a great dependency on glacial-interglacial climatic variability. The 
higher basaltic fractions are brought by southward flowing deep-water 
ISOW during interglacial from the Iceland and the Faeroe Islands (Kis-
sel et al., 2009; Ballini et al., 2006; Hayashi and Ohno, 2021), whereas 
non-basaltic felsic sediments are sourced from the surrounding conti-
nental rocks brought either by Icebergs (Ballini et al., 2006) and/or by 
NEADW/LDW when ISOW had shoaled during glacial (Gruetzner and 
Higgins, 2010). Sato et al. (2015) and Hayashi and Ohno (2021) were 
able to distinguish two magnetic components (1) high coercivity 

Fig. 7. FORCs of selected IBRDs, characterized by basaltic and non-basaltic signatures. Non-basaltic IRDs include granodiorite, gneiss, and sandstone while the 
basaltic IRDs include vesicular basalt, gabbro and altered basalt. 
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component (titanomagnetite) from Icelandic sources brought by ISOW, 
and (2) low coercivity component (magnetite) from southern sources by 
NEADW/LDW in the Southern Gardar drift. 

In this work, we use particle-size specific magnetic properties (Mrs/ 
Ms) to distinguish different provenances of the Gardar drift sediments. 
Hatfield et al. (2013 and 2017) studied particle-size specific magnetic 
properties of glacial-fluvial sediments collected near the Greenland and 
Iceland margins and attributed Mrs/Ms ratios with a mean of 0.26 and 
range from 0.16 to 0.36 for the basaltic sediments of Iceland. They 
attributed Mrs/Ms ratio from 0.24 to 0.49 for clay; 0.16–0.35 for silt 
and0.16–0.40 for sand. Greenland sediments (non-basaltic provenance) 
have a Mrs/Ms ratio with a mean of 0.06 and ranges between 0.02 and 
0.15 (Hatfield et al., 2017). Hatfield et al. (2017) attributes Mrs/Ms ratio 
ranges from 0.07–0.33 for clays; 0.03–0.15 for silt; 0.02–0.14 for sand of 
Greenland sediments. We use these subdivisions to distinguish the Ice-
landic and Faroe Island basaltic sediments and Greenland (non-basaltic 
sediments) for clay and sand fractions. For subdivisions of silt fractions 
like coarse, medium, and fine silt, we use the magnetic characteristics of 
the modern sediments available for the Norwegian-Greenland Seas in 
Hatfield et al. (2019). Further, Mrs/Ms of most of the coarse, medium, 
fine and very fine silt fractions fall within Mrs/Ms range of Icelandic silt. 
Some clay fractions were not directly classified, because they have an 

overlap between the magnetic grain size of basaltic and non-basaltic 
clay. However, it is possible to conclude that the dominant fraction is 
basaltic. The hydrodynamic behavior of clay and silt size fractions is 
very similar (McCave et al., 1995). Based on this comparison, we were 
able to distinguish the provenance of different size-fractions which is 
shown in Fig. 10. The different size fractions (i.e., sand, silt and clays) of 
most of the samples of both glacial and interglacial interval show 
basaltic signatures, falling within fine PSD range (Figs. 8 and 9). The 
magnetic grains sizes of Icelandic basaltic samples do not show any 
dependency on physical grain sizes and show homogeneity (Hatfield 
et al., 2013). This is further supported by the FORC measurements on 
different size fractions of glacial and interglacial interval showing 
similar signature (Fig. 6). Hatfield et al. (2013) have shown that only 
fine silt and clay fraction of Greenland are as fine as Icelandic sediments, 
whereas coarse silt and sand show distinguished magnetic grain sizes 
falling in the coarse PSD and MD zone. Coarse silt and sand of non- 
basaltic magnetic signature is associated to IRD. In the studied inter-
val, only sand fractions of few samples (13 samples) of the Glacial MIS 
104 and 100 clearly showed non-basaltic signatures (Fig. 8). This is 
further supported by independent observations made by Hassold et al. 
(2006), who suggested that silt and clay fractions in the Gardar drift are 
from Iceland and are brought by ISOW. The MIS 104 and 100 are intense 
glacial events, as observed in oxygen isotopic data (Lisiecki and Raymo, 
2007), and therefore likely brought more IRD deposits from Greenland, 
Scandinavia, and North America. Consequently, more sand-sized parti-
cles are transported in this region during MIS 104 and MIS 100 glacial 
events and is recorded by magnetic grain size data. While MIS 102 is 
relatively less intense glacial event, and thus non-basaltic sands are 
absent. However, our study is limited by non-availability of particle-size 
specific magnetic data from other IRD and IBRD probable provenances 
like North America. Overall, particle size specific measurements of 
magnetic parameters can indicate different provenances and glacial- 
interglacial strengths. 

5.2.1. Characterization of glacial intervals 
The analysis of sediment particle size provides new information on 

sediment supply during glacial-interglacial cycles. These analyses allow 
us to observe varying behaviors in different glacial and interglacial in-
tervals. Glacial intervals have three distinct characteristics: a coarser 
average particle size, a higher average percentage of sand, and a higher 
number of non-basaltic particles, primarily in the sand fraction. These 
characteristics, however, are distinct in each glacial interval. 

MIS 104 has the second highest input of predominantly non-basaltic 
particles, primarily from the sand fraction, and is the only level with 
IBRD larger than 0.5 cm; however, the average particle size (0.633 μm) 
is like the average size of MIS G1 particles but larger than other inter-
glacial and glacial  periods, such as MIS 103, MIS 102, and MIS 101 with 
the average 2.8% percent sand. We have identified new levles contain-
ing IRD clasts (>150 μm), located above the level with IRD described by 
Bailey et al. (2013). The IRD clasts discovered in this study, dating from 
the end MIS 104 - beginning of MIS 103, are most likely associated with 
the deglaciation. MIS 102, on the other hand, has essentially interglacial 
characteristics, which can be attributed to IBRD with the average par-
ticle size (0.542 μm), the average percentage of sand (1.7%), or the low 
presence of non-basaltic particles. In comparison to interglacial periods, 
the amount of IRD (larger than 150 μm) revealed by Bailey et al. (2013) 
is also close to zero. 

During full glacial and late glacial conditions, MIS 100 has the 
highest mean sand value (6.5%), the largest mean particle size (1.048 
μm), or the highest input of non-basalt particles, primarily in the sand 
fraction. The highest amount of IRD was also found by Bailey et al. 
(2013) of all glaciers studied, with several peaks throughout the inter-
val, the largest being near the transition with MIS 99. 

This allows different glacial MIS to be distinguished. As previously 
stated, MIS 102 is regarded as a less intense glacial interval, more akin to 
interglacial intervals. Glacial intervals 100 and 104 are regarded as 

Fig. 8. Mrs/Ms ratios (middle) and basaltic/non-basaltic signatures derived 
from the interpretation of the magnetic results (right). 
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Fig. 9. Day Plot of sand, coarse silt, fine silt, and clay fractions. In the plot, it is possible to see that most of the samples are in the pseudo-single domain, with few 
samples in the multidomain, mainly the sand fraction. The left side of figure shows interglacial samples. The transitions of interglacial/glacial or glacial/interglacial 
and glacial periods are in the right side. 
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intense glacial intervals in the literature (Raymo et al., 1989). It is 
possible to observe, even though these two intervals were intense glacial 
periods, MIS 100 is even more intense than MIS 104. In the transition to 
interglacial MIS 99, glacial intervals as intense as MIS 100 continue to 
have input from larger, non-basaltic particles. This deposition occurs in 
already deglacial conditions. 

6. Conclusions 

In this work, we studied physical grain size and magnetic grain size 
parameters of MIS 104 to MIS 99 of DSDP Leg 94 Hole 611A. From a 
methodological point of view, the relation between magnetic grain size 
and physical grain size makes it possible to differentiate a sediment 

source area, in a faster, non-destructive, and less expensive way than 
compared to other geochemical techniques. When the magnetic grain 
size is compared to the physical grain size, it is reasonable to conclude 
that the large percentage of the granulometric fractions of the analyzed 
samples are basalt-rich Icelandic sediments. These grains are classified 
as fine PSD, and are consistent throughout the analyzed core. 

Grain size fractions of some samples considered non-basaltic are sand 
that occur during more intense glacial periods (MIS 100 and 104) and 
transitions from these glacial to interglacial periods. These particles are 
mostly coarse PSD. Because of the increase in grain size during glacial 
intervals, particularly during the transition to glacial intervals, these 
non-basaltic grains can be classified as IRD. As the studied region is 
separated from the landmass by icebergs, IBRD from Greenland or other 

Fig. 10. Provenance signatures identified by grain size analysis and environmental magnetism compared with benthic δ18O measured on epifaunal species 
C. wuellerstorfi (adjusted by adding þ0.64%, purple line) and infaunal O. umbonatus (green line) from Bailey et al., 2013, IRD counts,magnetic susceptibility and 
environmental magnetic signatures. A background basaltic signature (probably detrital) is present in all samples. The blue and red shaded bars marked the non- 
basaltic signatures (red) and basaltic signatures (blue). During glacial interval signatures vary, either dominated by basaltic or by non-basaltic signatures. Note 
the non-basaltic provenance is dominant or significant after the glacial peaks in the case of strong glaciations (MIS 100 and MIS 104). The weaker glaciation at 
MIS102 is characterized by weak/absent non-basaltic signatures. Non-basaltic signatures appear occasionally also in interglacial levels. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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non-basaltic sources such as North America are also a significant source 
of IRD for the region. 

The glacial periods could be distinguished by three distinct charac-
teristics: larger average particle size, a higher average percentage of 
sand, and a higher presence of non-basaltic particle, particularly in the 
sand fraction. Each glacial period, however, has its signature. Because of 
the higher percentage of sand, larger average particle size, and greater 
presence of non-basaltic granulometric fractions, MIS 100 can be 
considered the most intense during the study period, while MIS 104 
exhibits similar but less pronounced characteristics. 
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