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Abstract. Understanding past iceberg activity during the Quaternary is key to constraining the spatial pattern and dynamics of
ice sheets, as well as the amount and distribution of freshwater released during iceberg melting. These mechanisms
significantly influence global climate and are primarily constrained by the records of ice-rafted deposits concentrated around
~40-50°N. The significance of iceberg transport at lower latitudes and its potential impact on the Atlantic Ocean circulation
remain poorly constrained. In this study, we document three ice-rafted dropstones recovered from the Mid-Atlantic Ridge at
mid-latitudes (~36°12°N), which could originate from various localities within the Laurentia or Baltica cratons. Their latitude
of deposition is consistent with areas of low-iceberg concentration during Heinrich events, according to published numerical
models of iceberg transport and melting. The samples form a calc-alkaline magmatic series (monzogranite, granodiorite, and
tonalite) and yield in-situ Rb—Sr ages of ~1700—1630 Ma. This suggests that they derive from the Late Paleoproterozoic
Labradorian arc-accretion orogeny exposed in eastern Canada. This provenance further suggests a relatively low-altitude

iceberg source in the Gulf of Saint Lawrence, favoring iceberg transport to lower latitudes.

1 Introduction

In the North Atlantic Ocean, important volumes of ice-rafted deposits around ~40-50°N (in the subpolar gyre) have been
documented, and result from the widespread discharge and melting of sediment-loaded icebergs into the ocean (e.g.,
Ruddiman, 1977; Heinrich, 1988; Hemming, 2004). Several periods of major iceberg discharge and large volumes of ice-rafted
deposits have been identified during the Quaternary and labeled as Heinrich events (Heinrich, 1988). The locations, amounts,
and provenances of these deposits have been used to study and reconstruct the spatial pattern and dynamics of ice sheets during
the Quaternary (e.g., Hemming et al., 1998; Bailey et al., 2012; Thierens et al., 2012; Small et al., 2013), which are key
parameters to refine climatic models (e.g., Ruddiman et al., 1989; Hemming, 2004; Raymo and Huybers, 2008; Huybers and

Tziperman, 2008). In particular, the melt of numerous icebergs produces a significant input of cold freshwater to the North
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Atlantic, which impacts the Atlantic Meridional Overturning Circulation and, in turn, induces global climate change (e.g.,

Broecker, 1994; Keigwin and Lehman, 1994; Oppo et al., 2015; McManus et al., 2004; Fendrock et al., 2022).

However, uncertainties remain regarding the provenance, quantity, distribution, lifespan, and impact of icebergs during
Heinrich events. Past iceberg activity and associated ice-rafted deposits in the North Atlantic are primarily documented at
subpolar latitudes, based on sediment core records (e.g., Hemming et al., 1998; Bailey et al., 2012; Thierens et al., 2012). Their
distribution and volume are well reproduced by numerical modeling of icebergs transport and melting (e.g., Levine and Bigg,
2008; Jongma et al., 2013; Wilton et al., 2021; Fendrock et al., 2022). However, records of icebergs at latitudes below 40°N
raise questions about the existence of significant short-lived ice-rafting events at lower latitudes and their potential impact on

the Atlantic Ocean circulation (e.g., Condron and Hill, 2021).
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Figure 1: Map of the North Atlantic Ocean showing the samples location (DR01) and surrounding Late Paleoproterozoic terranes
(2.0-1.6 Ga) of calc-alkaline affinity shown in grey (Reed et al., 2005; Whitmeyer and Karlstrom, 2007; Lahtinen et al., 2008), and
in purple when they are candidates for the source of the studied samples. The extent of documented ice-rafted deposits associated
with Heinrich layers is shown in green (Ruddiman, 1977; Hemming, 2004). Arrows indicate mean iceberg pathways during the last
glaciation following Bailey et al. (2012). Elevation and bathymetric data are from the GEBCO Bathymetric Compilation Group
(2025).
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In this study, we document ice-rafted dropstones from 36°12°N on the Mid-Atlantic Ridge (MAR), which allow us to further
constrain the extent of iceberg transport during the Quaternary at mid-latitudes. The three samples studied here were recovered
during the 2008 MOMARDREAM cruise in dredge M8-DRO1, between 36°11.70' N, 33°52.60' W and 36°11.75' N, 33°52.80"
W (Fig. 1). They were first interpreted as oceanic felsic rocks and are ~10 cm subrounded to subangular pebbles associated
with pelagic sediments (Andreani et al., 2014). Their relatively large size, compared to the sand-sized sediments generally
found in sediment cores, allows detailed petrological and geochronological analyses, including the first application of in-situ

Rb-Sr dating on dropstones, enabling provenance tracking.

2 Methods

The samples were analyzed using a Jeol IT800 scanning electron microscope equipped with an Oxford Instruments X-Max 50
energy-dispersive X-ray spectroscopy (EDX) detector at ENS Lyon, France, producing back-scattered-electron (BSE) images
and X-ray elemental maps. Backscattered electron (BSE) imaging and X-ray elemental mapping were performed to
characterize the samples. BSE images, acquired at the thin section scale, were used to estimate phase proportions and bulk-rock
compositions using the volumetric masses provided by Abers and Hacker (2016). Electron microprobe (EPMA) analyses were
carried out at CAMPARIS (SU-IPGP, Paris, France) using a CAMECA SX-Five instrument. Data reduction followed the
method of Pouchou and Pichoir (1991). Analytical conditions for spot analyses were a 15 kV accelerating voltage, a 15 nA
specimen current, and a focused beam. Fe,Os;, MnTiOs3, garnet, Cr,0s3, orthoclase, albite, apatite, fluorite, and scapolite were
used as calibration standards. Representative microprobe analyses are presented in Table S1. Mineral abbreviations follow
Whitney and Evans (2010). Pyroxene and amphibole structural formulas were calculated following Lindsley and Andersen

(1983) and Hawthorne et al. (2012), respectively.

Rb-Sr in-situ analyses were performed at the ALIPP6 lab (ISTeP, Sorbonne University, Paris) using an imageGEO193 laser
ablation system with an Agilent 8900 triple-quadrupole ICP-MS/MS coupled with a reaction cell ORS4. Analyses were
performed with 50 um spots at 8 Hz and applying a fluence of ca. 2 J/cm2 with 40 seconds of ablation. The analytical setup
was optimized for maximum sensitivity in gas mode for the targeted mass isotopes in the reference material NIST610 (m/z set
for the first and second quadrupoles respectively at: 85 and 85; 86 and 102 then 88 and 104). Isotopic ratios from mica were
normalized to repeated analyses of the glass reference material BCR-2G with BHVO-2G and ATHO-G used as secondary
reference materials to assess data quality. Both analyzed isotopic ratios of the secondary reference material are well within 5%
uncertainty of the accepted value. Data reduction and instrument drift correction were performed with an in-house Matlab
program (Gyomlai et al., 2022; 2023) and isochron age calculation was carried out with the IsoplotR software (Vermeesch,

2018). Results are presented in Table S2.



80

85

90

https://doi.org/10.5194/egusphere-2026-3184
Preprint. Discussion started: 9 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

&) o

I DRo1-01 oWt Bl ST e, ¥ DR01-03 & *

) = 3 S - — 2 L
Figure 2: Back-scattered electron (BSE) images of thin sections: a) deformed granodiorite DR01-01; b) gneissic Opx-tonalite DR01-
02 and c) monzogranite DR01-03. d-f) Overlaid cross-polarized light microphotographs (same scale). g-i) Zoomed BSE images.

M8-DRO01-01 is a deformed granodiorite (following Streckeisen, 1976; Fig. 2a) composed of quartz (42.2 vol%), plagioclase
(41.1 vol%; Ab77.s2 Ani7.21), K-feldspar (13.0 vol%; Abos-07 Kfses06), and biotite (3.6 vol%; XMg=0.42-0.47; Fig. 3a), with
minor (<I vol%) zircon, muscovite (Sipfu=3.1-3.2), epidote, fluoroapatite, and ilmenite. The calculated bulk-rock
composition, expressed in oxide weight percentages (wt%), is as follows: SiO, 77.5, TiO, 0.1, Al,O3 12.8, FeO 1.0, MgO 0.4,
CaO 1.7, Na,O 4.0, K>O 2.5, corresponding to a granitic composition following Le Bas et al. (1986). The presence of
plagioclase twinning, quartz undulose extinction, and quartz ribbons (Fig. 2a) suggests high-T (>350°C) solid-state ductile
deformation. The overdispersion of Rb-Sr data, with a Mean Square Weighted Deviation (MSWD) of 13 for all data (Fig. 3c),
indicate multiple biotite generations. A likely magmatic age is constrained at ~1700 Ma by the feldspar isochron
(1697 + 45 Ma; MSWD = 1.9; Fig. 3¢) and by a large part of the analyzed biotite (orange population in Fig. 3d). A few biotite
analyses may suggest an older event at ~1740 Ma (Fig. 3d), but these data are not statistically significant. A younger age
population (around 1650-1630 Ma; Fig. 3d) likely represents partial resetting of biotite during high-T deformation.
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Figure 3: a) Composition of biotite in a XMg versus Ti pfu. b,c) Rb-Sr isochron age for DR01-03 and DR01-01 respectively with a
zoom on Kfs+Pl=Amp data and isochron age only from these minerals (represented by dotted lines). d) Calculated ages for DR01-
01 for each ablation spot considering the initial Sr ratio given by feldspar (variability of ages depending on the chosen initial ratio
on ages is <1%). Ages colored in blue and orange correspond to the two main populations of ages and isochron ages are calculated
for these populations and illustrated in panel c. “n” is the number of analysed spots and all uncertainties are 2o.

MS8-DR01-02 is a gneissic Opx-tonalite (Fig. 2b) composed of quartz (30.4 vol%), plagioclase (58.8 vol%; Abes.67 Anszi-ze
Kfso1-02), K-feldspar (2.0 vol%; Aboz-os Kfses.05), biotite (6.0 vol%; XMg=0.42-0.50; Fig. 3a); orthopyroxene (2.0 vol%; Woo:
Enso4s Fss7.60) with minor (<1 vol%) zircon, fluoroapatite, ilmenite and iron oxide. The calculated bulk rock composition
(Wt%) is as follows: SiO; 68.9, TiO; 0.7, Al,O3 16.2, FeO 3.5, MgO 1.1, CaO 4.0, Na,O 4.4, KO 1.1; corresponding to a
granodioritic composition following Le Bas et al. (1986). This sample is foliated (Fig. 2b), indicating high-T deformation
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similar to sample DRO1-01. K-feldspar is sometime found at the contact between quartz and plagioclase but is mainly
associated with partly rounded biotite forming coronitic textures around it, and in contact with plagioclase or quartz (Fig. 2b).

This feature may suggest local partial melting potentially associated with the high-T deformation.

M8-DRO01-03 is a monzogranite composed of quartz (32.1 vol%), plagioclase (29.3 vol%; Abgo-73 Anzz29 Kfsoi-02), K-feldspar
(32.7 vol%; Abos.12 Kfsss.os), biotite (3.0 vol%, XMg=0.47-0.56; Fig. 3a), amphibole (2.4 vol%) and minor (<1 vol%) epidote,
titanite, fluoroapatite and iron oxide. Amphibole is hastingsitic and relatively potassic (K,u=0.26-0.30) and magnesian
(Mg/(Mg+Fe?")=0.50-0.53), with Tiyu=0.14-0.16. The calculated bulk rock composition (wt%) is as follows: SiO, 72.6, TiO,
0.1, Al,0; 14.2, FeO 2.1, MgO 0.7, CaO 2.1, Na,O 2.8, K,O 5.4; corresponding to a high-K granitic composition following
Le Bas et al. (1986). This sample is coarse grained with macrocrystalline magmatic textures (Fig. 2¢). Rb-Sr data obtained on
biotite, K-feldspar, plagioclase and amphibole are highly consistent (Fig. 3b) with a MSWD of 2.8 and yielding a well
constrained age at 1666.9+1.5 Ma.

4 Discussion

The three studied felsic samples were dredged at the MAR (36°12°N; Fig. 1), on the young seafloor (<0.78 Ma; Paulatto et al.,
2015) of the Rainbow Massif (Andreani et al., 2014). Their two Late Paleoproterozoic ages (~1700-1630 Ma) demonstrate that
they are allochthonous, and were deposited as dropstones (Bennett et al., 1994) on the active MAR during the Quaternary.
This explains their exotic composition for an oceanic setting, notably their higher potassium content (K,O>1wt%) compared
to most oceanic felsic rocks (Koepke et al., 2007). The nature (felsic), size (~10 cm), and location (mid-Atlantic) of the three
samples are indicative of transport by ice-rafting, despite not being faceted or striated (Bennett et al., 1994). Therefore, the
studied samples likely originate from the Laurentia (North America and Greenland) or Baltica (Northeast Europe) cratons
(Fig. 1). Considering their lithological coherence, their rarity (no previously described dropstones in the Rainbow area), and
the similar ages of the two dated samples, the three studied samples are likely from the same provenance. They represent a
+K-rich calc-alkaline magma series (tonalite-granodiorite-monzogranite), typical of continental-arc batholiths in active-margin

settings but also compatible with collisional orogens (Barbarin, 1999).

Figure 1 illustrates the various Late Paleoproterozoic (2.5-1.6 Ga) terranes with calc-alkaline affinity that could be the source
of the studied samples (Reed et al., 2005; Whitemeyer and Karlstrom, 2007; Lahtinen et al., 2008). Most of these terranes
within the Laurentia and Baltica cratons correspond to accreted calc-alkaline batholiths that contain lithologies similar to our
studied samples, but only a few are younger than 1.8 Ga (Reed et al., 2005; Whitmeyer and Karlstrom, 2007; Lahtinen et al.,
2008):

- In Northeast Europe, a possible candidate is from the Fennoscandian craton and corresponds to the youngest calc-alkaline

magmatic rocks (1.71-1.66 Ga) of the Transscandinavian Igneous Belt (Fig. 1), associated with the Gothian orogen (Hogdahl
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et al., 2004; Lahtinen et al., 2008). However, these rocks represent a relatively small outcrop area and display more alkaline
compositions than the studied samples (Hogdahl et al., 2004).

- In Greenland, we identified no suitable candidate for the provenance of the studied samples. The region is divided into three
roughly E-W-striking Paleoproterozoic orogenies, the youngest and southernmost of which (the Ketilidian orogen) is dated at
~1.8 Ga (Reed et al., 2005; Lahtinen et al., 2008).

- In North America, the Trans-Labrador Batholith (Canada, in the Quebec and Labrador regions; Fig. 1) experienced significant
plutonism, deformation and metamorphism during the Labradorian arc-accretion orogeny (1710-1600 Ma) and matches both
the lithologies (i.e., gneissic tonalites, granitoids, and monzogranites) and the obtained ages (Gower, 1996; Dickin, 2000;
Whitmeyer and Karlstrom, 2007; Gower et al., 2008). We therefore consider this batholith the most plausible source for the

studied dropstones.

Modelling of icebergs transport and melting in the North Atlantic mainly focuses on an iceberg source from the Laurentide Ice
Sheet and the Hudson Strait ice stream (Jongma et al., 2013; Wagner et al., 2018; Condron & Hill, 2021; Fendrock et al., 2022)
or from the European Fennoscandian and British-Irish Ice Sheets (Levine and Bigg, 2008; Wilton et al., 2021). In both cases,
these studies suggest a very low concentration of icebergs at latitudes below 40°N, but indicate possible iceberg transport up
to the Gulf Stream (~35°N). Nonetheless, southern iceberg calving from the Gulf of Saint Lawrence ice stream would favor
transport and melting at lower latitudes (Levine and Bigg, 2008). Furthermore, this hypothesis is consistent with the proposed
provenance of the studied dropstones from the Trans-Labrador Batholith, located just north of the Gulf of Saint Lawrence
(Fig. 1). Transport of icebergs to subtropical latitudes (20—40°N) has also been documented along the American east coast
(Condron and Hill, 2021) and interpreted as resulting from coastal boundary currents, which cannot account for the position
of the studied dropstones in the middle of the Atlantic Ocean. Therefore, in this study we document the transport and melting
of icebergs at relatively low latitude (36°N), suggesting a significant iceberg source from the Gulf of Saint Lawrence ice
stream, which could represent substantial iceberg transport at latitudes lower than 40°N, with associated freshwater release

and a potentially different impact on global climate.

5 Conclusion

In this study, we document three ice-rafted dropstones recovered at the Mid-Atlantic Ridge at mid-latitudes (36°12°N). They
represent a Late Paleoproterozoic calc-alkaline magma series (monzogranite, granodiorite, and tonalite) that possibly derives
from the Labradorian arc-accretion orogeny, now outcropping in eastern Canada. Their latitude of deposition is compatible
with modelled low-concentration iceberg zones during Heinrich events, but is more consistent with an iceberg source from the
relatively southern Gulf of Saint Lawrence ice stream. This study documents an episode of iceberg transport at relatively low
latitude (36°N), suggesting transient episodes of far-reaching iceberg drift and a potentially stronger impact on ocean cooling

at mid-latitudes.
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Table S2 reports the Rb—Sr geochronology results.
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