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Abstract 
 

 

The Ross Sea received about one third of the Antarctic ice. It is a crucial area to 

investigate the ice dynamics during the Cenozoic as it records the evolution of both 

the East Antarctic Ice Sheet (EAIS) and West Antarctic Ice Sheet (WAIS), whose 

variations are a direct response to climate change. Reconstructions of the ice flow 

models are mainly based on multi-proxy provenance analysis of glacigenic sediments 

but so far, a well-established model is not existing. There are still disputes of the 

different ice contribution between the EAIS and the WAIS, and the ice confluence in 

the Ross Sea. Thus, the main target of this study is to provide new inputs to build a 

robust model of Ross Sea ice flow during the Cenozoic.  

This work is based on 48 samples collected across the Ross Sea and analyzed by 

apatite fission track (AFT) dating. More in detail, a first set of 16 samples is from the 

drilling core CIROS-2, whose stratigraphic range is from early Pliocene to Quaternary. 

A second group of 32 samples derives from 18 post-Late Glacial Maximum (LGM) 

piston cores drilled across the Ross Sea. The obtained fission-track data have been 

modelled with statistical tools (among them, the Multidimensional Scaling) and 

finally interpreted in terms of thermal evolution by the HeFTy software. 

The AFT age data of CIROS-2 samples show a large range of ages but most of the 

grains fit well with two main age components at 24-42 Ma and 43-70 Ma whereas the 

other components are not regularly distributed through the well. This pattern indicates 

a mixture of provenance from different areas along the Transantarctic Mountains 

(TAM). Furthermore, it suggests glacial expansion over the McMurdo Sound during 

the Pliocene, and periodically ice invading and retreating in Pleistocene.  

The data of post-LGM piston cores samples also show a large range of individual 

grain ages. The lack of systematic trends across the Ross Sea indicates the presence of 

multiple sources with a complex and differentiated erosional history. The presence of 

apatites younger than 21 Ma, clearly of volcanic origin, such as ages older than 230 

Ma represent a significant signature for a source related to evolution of East 

Antarctica. Moreover, thermal modelling and the presence of apatites with cooling 
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ages of about 30-40 Ma reveal a main exhumation phase of the TAM during the 

Oligocene associated to the last phases of the West Antarctic Rift System. The spatial 

distribution of key marker apatites (e.g. younger than 21 Ma or older than 230 Ma) 

allows to identify the Central High as a major ice-flow divide. West of the Central 

High, the ice flow is from East Antarctica, with general northwards trend but with 

local flows from outlet glaciers, especially during ice sheet retreat phases. East of the 

Central High, sediments derived mainly by West Antarctica, with only minor 

contributions from the southernmost portion of the TAM and the lack of any 

significant input from the inner Marie Byrd Land. 

As a whole, this work supports the idea of a WAIS-dominated ice flow model during 

the early Pliocene, an EAIS-dominated ice flow model during the late Pleistocene and 

an EAIS-WAIS balanced ice flow model during the Last Glacial Maximum. 
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Chapter 1 

 

Introduction 
 

This work aimed to investigate the ice flow dynamics across the Ross Sea in 

Antarctica through detrital apatite fission-track analysis. It is based on samples from 

the off-shore drillhole CIROS-2 in the McMurdo Sound and from piston cores across 

the entire Ross Sea. 

 

In this chapter, an introduction on glacial dynamics through Antarctica and the Ross 

Ice Sheet is provided, the scientific questions are detailed and the structure and main 

contents of this thesis are briefly outlined. 

 

1.1 Overview 

1.1.1 The Antarctic ice and the sea level rise 

Fig. 1.1 Subglacial and seabed topography for Antarctica derived from digital 
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compilations. Blue areas highlight the marine-based parts of the ice sheets, which are 

extensive in Antarctica, Selected sections through the ice sheet show reverse bed 

gradients that exist beneath some glaciers in both ice sheets (Vaughan et al., 2013). 

 

The Antarctic cryosphere is mainly made by two main components: The West 

Antarctic Ice Sheet and the East Antarctic Ice Sheet. A first difference between these 

ice sheets is about the thickness as East Antarctica ice is almost 3 kilometers thick 

whereas West Antarctica ice is almost 2 kilometers thick. However, what’s more, most 

of West Antarctic Ice Sheet is grounded below the sea level and is much more 

sensitive to the temperature change of sea water than East Antarctic Ice Sheet (Fig. 

1.1). 

There is a general agreement on the fact that the Antarctic ice sheet is currently losing 

mass thus contributing to the sea level rising. The average ice mass change from the 

present assessment has been ~97 Gt yr–1 for a sea level equivalent of 0.27 mm yr–1 

over the period 1993-2010, and ~147 Gt yr–1 corresponding to a sea level change of 

0.41 mm yr–1 over the period 2005-2010 (Vaughan et al., 2013) (Fig. 1.2). Simply to 

say, the ice loss of Antarctica became faster in recent years.  

 

Fig. 1.2 The cumulative ice mass loss from the Antarctic ice sheet over the period 1992-

2012 (Vaughan et al., 2013). 

 

Actually, sea level changes occur over a wide range of spatial and temporal scales.  

There are many factors of contribution which makes it an integral measure of climate 
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change (Milne et al., 2009; Church et al., 2010). The expansion of the ocean due to 

warming is the dominate contributor to contemporary sea level change although the 

transfer of water currently stored on land to the ocean, particularly from land ice 

(glaciers and ice sheets), can be particularly important (Church et al., 2011a). The ice 

loss from glaciers between 1993 and 2009, measured in terms of sea level equivalent 

(excluding the glaciers peripheral to the ice sheets), is estimated to be of 13 mm. As 

shown in Fig. 1.3, the cumulative sea level equivalent from glaciers and the ice sheets 

in Greenland and Antarctic strongly contributes to sea level rise in recent decades.  

Any realistic prediction of future sea-level changes needs therefore of a careful 

reconstruction of past changes in thickness and extent of the Antarctic ice sheets 

which represents the main input data for numerical models (Anderson et al., 2014).  

 

Fig. 1.3 Sea level equivalent rise from ice loss from the ice sheets of Greenland and 

Antarctica and continental glaciers except those in the periphery of the ice sheets. 

(Vaughan et al., 2013) 

 

1.1.2 Overview of the Ross Ice Sheet 

 

The Ross Sea received about one third of the Antarctic ice. It is a crucial area to 

investigate the ice dynamics of Antarctica as it records the evolution of both the East 

and West Antarctic Ice Sheets, whose variations are a direct response to climate 

change. The catchment for the Ross Sea sector today includes ~1.65*106 km2 from the 
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East Antarctic Ice Sheet (EAIS), and 1.65*106 km2 from the West Antarctic Ice Sheet 

(WAIS) (Rignot et al., 2008).  

The ice-flow dynamics is strongly controlled geomorphology of the Ross Sea bottom. 

It is characterized by 6 northeast trending troughs separated by the so-called Mawson 

(MB), Crary (CB), Pennell (PB), and Ross (RB) banks in the western Ross Sea and 

less prominent ridges in the east. The continental shelf has gentle gradients, with a 

depth seaward of about 500 m and a shelf break at 500-600 m (Fig. 1.4) (Anderson et 

al., 2014). 

 

Fig. 1.4. Paleo-drainage map for the maximum ice sheet advance based on combined 

sediment provenance data and on the orientations of linear subglacial geomorphic 

features. The boundary between ice draining East Antarctica (yellow arrows) and ice 

draining West Antarctica (red arrows) is situated at approximately 180 longitude. The 

orange arrows reflect inferred paleodrainage in the area beneath the Ross Ice Shelf, 

which is based on locations of troughs. MS = McMurdo Sound, DT = Drygalski Trough, 

CB = Crary Bank, JB = JOIDES Basin (Trough), JT = JOIDES Trough, MB = Mawson 

Bank, PB = Pennell Bank, PT = Pennell Trough, RB = Ross Bank, SB = Sulzberger Bay 

and the numbers 3, 4, 5 and 6 correspond to the numbering system used by Mosola and 

Anderson (2006) to designate troughs. (Anderson et al., 2014). 
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The position of the maximum ice extent in the Ross Sea has been constrained by 

identifying the boundary between subglacial and glacial–marine sediment (Kellogg et 

al., 1979; Anderson et al., 1992; Licht et al., 1996, 1999; Domack et al., 1999), as well 

as the geometry of sedimentary packages and shelf morphologic features produced by 

glacial activity (Anderson et al., 1992; Shipp et al., 1999). Last Glacial Maximum 

(LGM) till thicknesses is variable across the Ross Sea, with the thickest strata 

occurring in the eastern Ross Sea, central Ross Sea, and on the outer shelf (Shipp et 

al., 1999). LGM sediments of western Ross Sea exhibit variable thickness, with LGM 

till generally confined to areas south of Coulman Island (Licht et al., 1996, 1999; 

Domack et al., 1999; Shipp et al., 1999). The position of maximum grounded ice 

extent in the eastern Ross Sea and central Ross Sea approximately follows the profile 

of the continental shelf break (Anderson, 1999; Shipp et al., 1999; Licht and Andrews, 

2002). Maximum ice extent in the western Ross Sea, not absolutely arrived the shelf 

break indicates that the Ross Ice sheet did not reach an equilibrium position during the 

LGM (Licht et al., 2004, 2005).  

Discriminating the contribution of the WAIS and EAIS to the Ross Ice Sheet and its 

variations in time since the formation of the Antarctic ice sheets has been object of 

research in recent years. This is of high relevance because WAIS and EAIS have 

different features and would respond differently to climate changes (Hollin, 1962; 

Hughes, 1973; Bindschadler and Scambos, 1991; MacAyeal, 1992; Alley and 

MacAyeal, 1993; Anderson, 2002). EAIS ice flows come from big outlet glaciers 

through the Transantarctic Mountains. WAIS, grounded under the sea level surface, is 

drained by rapidly moving ice streams and fringed by floating ice shelves (Hughes, 

1977).  

Although a relevant number of numerical modelling studies (Pollard and DeConto, 

2009), the relative role and the stability of the ice sheets is still debated. Overall, the 

ice-flow evolution during the LGM in the Ross Sea has been interpreted according to 

3 different models (Fig. 1.5): (1) WAIS-dominated model, based mainly on 

provenance studies, that predicts a flow from WAIS to a relatively narrow drainage 

along the western Ross Sea coastline (Stuiver et al., 1981); (2) WAIS-EAIS balanced 

model, in which the confluence of West Antarctic ice and East Antarctic ice occurs in 

the central Ross Sea and ice contribution from East Antarctic and West Antarctic is 

equivalent (Licht and Fastook, 1998; Denton and Hughes, 2000; Licht et al., 2005); (3) 

EAIS-dominated model, based on numerical modelling, in which the WAIS strongly 
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influenced the eastern Ross Sea and the EAIS contributed with most of the ice to the 

central and the western Ross Sea (Golledge et al., 2012). The definition of ice flow 

pathways during the LGM is highly complicated by repeated ice advance and retreat, 

the huge sea area and low sample density, despite several hundred sediment cores 

have been collected. A major advance in understanding the glacial history came with 

the development of multibeam swath bathymetry (Shipp et al., 1999, 2002; Mosola 

and Anderson, 2006; Bart and Cone, 2012), assuming that the present-day geomorphic 

features formed during the most recent glacial advance. However, the diachronicity of 

the expansion and retreat of the ice sheets through the Ross embayment such as the 

very different physiographic settings and the lack of a precise reliable radiocarbon 

ages preclude from unambiguous reconstructions. 

 

Fig. 1.5 A) Antarctica map, with study area (Ross Sea) indicated by the dashed gray 

perimeter; B) Detail of the Ross Sea, with the dotted line indicating the limit of the Ross 

Ice Sheet at the last glacial maximum (LGM); C), D) and E) represent three different 

interpretations of the flow lines during the LGM. C) and D) are based on provenance 

studies, whereas E) is based on numerical modelling (Stuiver et al., 1981; Licht et. al, 

1998; Denton et. al, 2000; Licht et al., 2005; Golledge et al., 2012). 
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1.1.3 Overview of ice flow dynamics study through provenance analysis  

 

 

Fig. 1.6 Schematic diagram showing influence of bed roughness on glacial erosion. (A) 

Rock-rock contacts cause abrasion and crushing which typically produce sand-clay sized 

sediment whereas larger size fractions are produced by plucking (Boulton, 1978; 

Haldorsen, 1981). These processes are observed at a variety of scales. Entrained debris 

may move along the ice-bed contact or as englacial debris bands. (Base image - 

Pearson Prentice Hall, Inc., 2005). (B) Longitudinal cross section along ice flow showing 

sediment entrainment and dispersal by basal freeze on (modified from Hooke et al., 

2013). Darker shading shows higher debris concentrations. The englacial plume 

collapses to a deposit <10 m thick (Licht and Hemming, 2017).   

 

The above described models arise some key questions: how could we define a more 

precise ice flow pathway? Is it possible to derive information about glacial dynamics 

from a provenance approach? In fact, as the glaciers were expanded, they crushed and 

redistributed bedrocks. Transportation paths of glacigenic sediments could be 

therefore a valuable indicator of ice-flow paths (Fig. 1.6).  

“Sediment provenance” or “provenance analysis” in the most general sense is the 
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reconstruction of the origin of sediment, that is the sources and processes on the 

landscape from which the sediment was derived. Provenance analysis has been widely 

used in glaciated areas of the northern hemisphere for both academic studies of ice 

sheet history and applied science such as mineral exploration, but it has only begun to 

be widely used in Antarctica in the past decade (Licht and Hemming, 2017).  

Almost 98% area of Antarctica is covered by ice and thus exposure of bedrock is very 

limited to small areas, making provenance study very challenging. Reconstructions of 

Antarctic provenance must rely heavily on the glacigenic sediment compositions and 

textures to make inferences about the geology and geochronology of ice-covered 

areas. This approach is aided by comparison to the limited exposed outcrops and 

geophysical imaging beneath ice cover to characterize the sediments as tracers of ice 

flow (Licht and Hemming, 2017).   

A valuable aid is represented by detrital geochronology and thermochronology that 

allow inferences about the location, age, and exhumation history of source terrains of 

sediments transported by ice. Because such data are sensitive to variations in the ice-

flow patterns, they provide information for the reconstruction of ice sheet dynamics 

over time (Zattin et al., 2012).  

 

c 
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Fig.1.7 Nominal closure temperatures of various geochronometers and 

thermochronometers in current use (Cloetingh et al., 2007). 

 

Apatite is a common accessory mineral in a wide range of rock types. The fission-

track system in apatite is widely used as a thermochronometer (Gallagher et al., 1998; 

Zattin et al., 2010, 2014). The temperature above which the fission tracks are 

annealed in apatite depends on the cooling rate as well as the composition of the 

apatite, but is approximately 100°C (Fig. 1.7), so the fission-track age represents 

approximately the last time the apatite was at 3-4 km depth (for geothermal gradients 

of 35 to 25 °C/km respectively). Thermal modelling and statistic data processing of 

fission-track dataset make it to be a robust effective solution of source-to-sink signals 

in the condition of bad bedrock exposure as the Antarctica is poorly known.  

 

1.2 Goals of the study  

 

The main goal of this work is to provide reliable information for a reconstruction of 

ice flow dynamics of the Ross Sea in Antarctica. More in detail: 

1. Most offshore drilling projects are located in McMurdo Sound in the western Ross 

Sea, providing important information of the ice flows in this area. The first goal of 

this study is to define the pathways of ice in the western Ross Sea in the last 5 Ma 

through the analysis of the stratigraphic record of the well CIROS‐2. 

2. A strong debate on the different contribution of East Antarctica and West Antarctica 

to ice flow in the Ross Sea during the LGM is still ongoing, especially about the 

confluence of ice near longitude 180° in the central Ross Sea. The second goal of this 

study is therefore to investigate the ice flow pattern in the central Ross Sea through 

samples from piston cores drilled all across the Ross Sea. 

3. The third goal of this study is to explore the exhumation history of the 

Transantarctic Mountains (TAM) and their contribution to the detritus transported to 

the Ross Sea by the EAIS through the outlet glaciers.  

 

1.3 Thesis outlines 

 

Chapter 1 provides an overview of the rationale of the thesis and its goals, giving a 
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brief introduction to Antarctica, the ice-sheet dynamics and the study tools.  

Chapter 2 is a presentation of the materials and methods used in this thesis. 

Chapter 3 presents the results of the first part of the work. It is focused on the ice flow 

pathways of the western Ross Sea during the last 5 Ma, based on detrital apatite 

fission-track data from samples from the drillhole CIROS-2. The content of Chapter 3 

is given by a paper which has been published in Terra Nova. Additional information 

not included in the paper is provided in Appendix.  

Chapter 4 is about the results of the second part of the work. It is focused on 

discovering the fission-track signatures of different sources for the Ross Sea ice flows 

during the Last Glacial Maximum, through the analysis of samples from piston cores 

across the Ross Sea. The content of Chapter 4 constitutes another paper submitted to 

the Geochemistry, Geophysics, Geosystems. 

Chapter 5 gives an overview of the results obtained in this thesis. 

Appendix include data repository of Chapter 3 and data repository of Chapter 4.  
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Chapter 2 

 

Materials and Methods 
 

This work is based on 48 samples collected across the Ross Sea and analyzed with 

apatite fission-track dating. In this chapter, details of the samples are described and a 

general explanation of analytical methods are provided. Main references for Methods 

are the review papers of Reiners and Ehlers (2005), Fitzgerald and Malusà (2018), 

Vermeesch (2013).  

 

2.1 Materials 

 

 

Fig. 2.1 Location of piston cores and CIROS-2 

 

The 48 samples were divided into 2 groups. One group is given by 16 samples from 

the drilling core CIROS-2 which range from early Pliocene to Quaternary. The other 

group is made by 32 samples from 18 post-LGM piston cores drilled across the Ross 

Sea (Fig. 2.1). 
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2.1.1 Samples from CIROS-2 

 

 

Fig. 2.2 The stratigraphy of CIROS-2 and samples distribution 

 

CIROS-2 was drilled in 1984 in the sea ice off the Victoria Land Coast on the western 

shelf of McMurdo Sound, at latitude 77º41’S and longitude 163º32’E, and at water 

depth of 211 m (Fig. 2.2; Barrett and Scientific Staff, 1985). CIROS-2 is proximal to 

the East Antarctic ice sheet (EAIS): in fact, it is located only 1.2 km east of the 

floating tongue of the present-day Ferrar Glacier, which flows from the polar plateau 

through the Transantarctic Mountains (TAM) and drains the East Antarctica into a 

fjord. The stratigraphy of CIROS-2 core ranges from Lower Pliocene to Quaternary 

(Ehrmann and Polozek, 1999; Sandroni and Talarico, 2006). It was drilled down to 

166.7 m below the sea floor and its sedimentary succession can be divided into two 
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main sequences (Fig. 2.2): a Pliocene lower sequence (from 167.7 to about 114 mbsf), 

dominated by diamictites, and a Pleistocene upper sequence, consisting of an 

alternation of sandstones and diamictites. The lower sequence is characterized by the 

presence of clasts dominated by monzogranites/granodiorites (Granite Harbour 

Intrusive Complex) and vesicular basalts (McMurdo Volcanic Group), with minor 

occurrences of gabbros/dolerites (Ferrar Supergroup), sandstones (Beacon Supergroup) 

and metamorphic rocks (Koettlitz Group). The upper sequence is dominated by 

tonalites, with very minor occurrences of gabbros/dolerites, strongly altered basalts 

and metamorphic rocks (Sandroni and Talarico, 2006). Within the Pliocene interval, 

the massive diamictites present were interpreted as lodgment tills deposited beneath 

an ancestral Ferrar Glacier, interbedded with mudstones indicative of a distal 

glaciomarine setting. In contrast, the Pleistocene diamictites were interpreted as 

waterlain tills related to the advances of grounded Ross Sea ice entering Ferrar Fjord 

and leading to the formation of an ice-dammed lake, where sand sedimentation 

occurred (Barrett and Hambrey, 1992; Hambrey and Barrett, 1993; Sandroni and 

Talarico, 2006). 

 

2.1.2 Samples from piston cores in the Ross Sea 

 

The 32 samples are from 18 piston cores were obtained from the Antarctica Research 

Facility at Florida State University. They were drilled by different scientific cruises 

across the Ross Sea: DF78, NBP94-07, NBP94-01, NBP96-01, DF62-01, DF76, 

NBP00-01, NBP94-07, NBP95-01 (Table 2.1). Subsamples for analysis were chosen 

from cores retrieved landward of the Last Glacial Maximum grounding line in the 

Ross Sea. Actually, most of cores are distributed in the central Ross Sea (Piston core 

2,3,4,5,6,7,12,13,14,15,16,17) near the longitude 180°. Several cores located in the 

western Ross Sea (Piston core 1,9,10.11). Piston core 8 located in the eastern Ross 

Sea. Details on location are shown in Table 2.1. Besides, samples from 9 Piston cores 

(P1-P9) located in the eastern Ross Sea have already published by Perroti et al. (2017) 

(Fig. 2.1). 

All of cores in this work yield samples of a stratigraphic age younger than the Last 

Glacial Maximum. Each of the sample, collected in the sand levels, integrates about 5 

cm of materials: Piston core 1 samples from the core depth (25-32cm, 102-107cm, 
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187-192cm, 242-247cm,297-302cm); Piston core 2 samples from the core depth (0-

3cm); Piston core 3 (12-17cm, 35-40cm); Piston core 4 (12-17cm, 126-130cm, 184-

188cm); Piston core 5 (77-82cm, 92-97cm, 132-137cm, 154-159cm, 235-239cm); 

Piston core 6 (5-10cm, 73-75cm, 95-100cm); Piston core 7 (1-3cm, 81-84cm, 360-

365cm); Piston core 8 (18-24cm); Piston core 9 (28-32cm); Piston core 10 (245-

248cm); Piston core 11 (280-287cm); Piston core 12 (579-583cm); Piston core 13 

(100-105cm); Piston core 14 (45-51cm); Piston core 15 (179-187cm); Piston core 16 

(0-5cm); Piston core 17 (94-98cm); Piston core 18 (100-105cm) (Table 3.1).  

Although the gravel fraction of till can provide valuable provenance information, it 

was not included in this study because the core samples did not contain enough gravel 

to provide statistically meaningful results.  

 

Table 2.1 location of piston cores in the Ross Sea 

Sample name Cruise Core Latitude Longitude Water depth Core length

1 DF78 014-PC -76.5 164 424 334

2 NBP94-07 070-PC -76.405 -179.657 512 308

3 NBP94-07 093-PC -76.76 178.535 298 359

4 NBP94-01 027-PC -76.522 178.881 312 235

5 NBP94-07 078-PC -76.493 -179.963 375 270

6 NBP94-07 079-PC -76.487 179.949 295 151

7 NBP96-01 002-JPC -76.452 179.881 373 419

8 NBP96-01 006-JPC -77.222 -161.476 649 341

9 DF62-01 005-PC -77.3333 170 805 76

10 DF78 012-PC -78.267 175.25 538 271

11 DF76 001-PC -77.45 174.8 695 544

12 DF76 003-PC -78.2 -174.183 558 671

13 NBP00-01 001-PC -78.019 -176.252 578 237

14 NBP94-07 039-PC -77.924 -178 694 103

15 NBP95-01 017-PC -77.452 179.05 732 202

16 NBP94-07 041-TC -77.921 -178.26 716 32

17 NBP94-07 043-PC -77.917 -178.822 725 241

18 NBP94-07 051-PC -77.659 -177.789 678 125  

 

2.2 Methods 

 

2.2.1 Apatite fission-track dating and modelling  

 

The fission-track method is based on the accumulation of narrow damage trails in 

uranium-rich mineral grains (e.g., apatite, zircon, titanite) and natural glasses, which 
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form as a result of spontaneous nuclear fission decay of 238U in nature. It provides 

detailed information on the low-temperature thermal histories of rocks (below 120±°C 

for tracks in apatite and 280±°C for zircon). 

 

2.2.1.1 Formation of fission tracks 

 

The formation of fission tracks occurs when highly charged nuclear particles pass 

through insulating solids during radioactive decay (Wagner, 1968). In geological scale, 

natural or spontaneous tracks are produced almost exclusively by spontaneous fission 

of 238U as other naturally forming heavy isotopes (e.g. 232Th and 235U) have such long 

fission half-lives, they cannot form a significant source for spontaneous track 

formation (Table 2.2) (Wagner and Van den Haute, 1992).  

 

Table 2.2 Relative abundances of U isotopes, total half-life and half-life due to 

spontaneous fission decay process 

 

The formation of fission tracks is generally explained by the ion spike explosion 

model (Fleischer et al., 1965; 1975). When a heavy unstable nucleus decays by 

spontaneous fission, it splits into two nuclear fragments which are pushed away to 

each other by a combination of energy released by the nuclear fission and coulomb 

repulsion forces. The passage through the crystal lattice of the two positively charged 

nuclear fragments induces a change of electrostatic charge in the surrounding lattice 

region. Charge variation induces, in turn, widespread dislocation of atoms from their 

lattice positions, generating the high defect density which characterizes fission tracks 

(Figure 2.3).  
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Fig. 2.3 The “Ion Explosion Spike” model for fission track formation (from Fleischer et al., 

1975). 

 

2.2.1.2 Observation of fission tracks 

 

Unetched fission track is called latent track. Generally, latent tracks represent a 

cylindrical amorphous material in a crystalline matrix, with a sharp amorphous-

crystalline transition. The elastic strain field around the disordered core extends a 

short distance into the matrix, likely with 1/R2 dependence (Bursill and Braunshausen 

1990; R, radial distance), with no evidence for structural defects in its vicinity. 

Depending on the ion energy loss, the cross section of the track has a nearly circular 

shape with 6-10 nm widths in apatite (Paul, 1993), ~8 nm in zircon (Bursill and 

Braunshausen, 1990) and ~4-10 nm in muscovite mica, (Vetter et al. 1998). The track 

is a linear, continuous feature and has approximately a uniform diameter along most 

of its length. For its entire range, however, the track is a cylinder over a certain length 

and has a tapering-down in diameter near its end (Dunlap et al., 1997; Chadderton, 

2003), which may be the case of both terminals of a fission track (Carlson, 1990). 

Due to limited widths of only several nm, latent fission tracks can be viewed only by 

TEM (transmission electron microscopy) and other high-resolution microscopic 

techniques. However, latent tracks are conveniently scanned just in the condition of 

high track densities (i.e., >1010cm− 2), which is generally not the case of terrestrial 

minerals such as apatite and zircon. 

Chemical etching is the effective way to enlarge fission track as the disordered region 

of the track core is more rapidly dissolved than the surrounding undamaged bulk 

material, due to its lowered binding energy. Chemical etching is conducted by 

immersing a dielectric material into a particular reagent under strictly controlled 

temperature and time conditions. Therefore, only tracks that intersect the material’s 
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surface are etched and enlarged for observation (Fleischer et al., 1975; Durrani and 

Bull, 1987; Wagner and Van den haute, 1992) (Fig. 2.4). In theory, when all tracks 

that intersect the original surface become clearly visible under the optical microscope, 

etching should be stopped. Etching should be continued until the tracks that are etched 

most slowly and weakly become visible under the microscope, so that the number of 

etched tracks is approximately equal for all crystallographic orientations (Gleadow, 

1981; Sumii et al., 1987) 

 

 

Fig. 2.4 Photographs of etched fission tracks viewed under optical microscope. (A) 

Spontaneous tracks revealed on a polished internal surface of ~27.8 Ma Fish Canyon 

Tuff zircon. The crystallographic c-axis lies approximately vertical. (B) Induced tracks 

implanted on a muscovite detector (Brazilian Ruby clear) that were derived from the 

region of the photograph (A). (C) Spontaneous tracks on a polished internal surface of 

~33 Ma apatite crystal. The c-axis lies approximately horizontal. Scale bars are 10 μm 

(Tagami and O’Sullivan et al., 2005). 

 

Confined tracks are those entirely contained within the boundaries of the crystal. They 
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can be divided into two categories: Track-in-Track (TINT) and Track-in-Cleavage 

(TINCLE) (Lal et al., 1969). Laslett et al. (1982) proved that the true length 

distribution of fission tracks can be obtained from the measurement of “horizontal” 

confined tracks (Fig. 2.5). The most popular approach at present is therefore 

consisting in the measurement of the length distribution of spontaneous fission tracks, 

given that this parameter is indispensable for quantitative modeling of rocks’ thermal 

histories as well as for determining FT thermal annealing kinetics. 

 

Fig. 2.5 Confined horizontal tracks: “Track in cleavage” (TINCLE) and “Track in track” 

(TINT) (Tagami and O’Sullivan et al., 2005). 

 

2.2.1.3 Grain age calculation 

 

At present, external detector method (EDM) is the most widely accepted method to 

date mineral grains with fission-track analysis (Fig. 2.6). It is based on the 

measurement of two different track densities: spontaneous tracks (ρS) and induced 

tracks (ρI). In mineral grains, spontaneous fission tracks are etched and revealed on an 

internal polished surface. At the same time, induced fission tracks are recorded on an 

external detector (e.g., a low-U thin muscovite mica sheet) that is stably attached onto 

the etched grain surface during neutron irradiation. Therefore, ρS and ρI are measured 

on the internal mineral surface and on the external detector surface respectively. The 

advantage of this procedure is that FT ages can be determined on individual mineral 

grains. It is particularly vital to date grains with variable ages and compositions within 

individual samples. Previous studies of both sedimentary rocks (Green et al., 1989a; 

Hurford and Carter, 1991; Burtner et al., 1994; Barbarand et al., 2003a) and some 
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basement rocks (O’Sullivan and Parrish, 1995) have shown that significant variations 

in grain ages can occur within individual samples, and thus it is imperative to date 

individual grains age instead of simply identifying a bulk sample age. 

 

 

Fig. 2.6 Schematic illustration of the experimental steps involved in the external detector 

method. The technique is by far the most popular dating procedure for mineral samples 

collected from a variety of geologic settings. ρS = surface density of etched spontaneous 

fission tracks; ρI = surface density of etched induced fission tracks (Tagami and 

O’Sullivan, 2005). 

 

The AFT age of a single apatite grain determined by EDM method is given by: 
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t= grain age, λα = α decay costant, λf= fission decay costant, Ns= number of 

spontaneous tracks, Ni = number of induced tracks, I= 7.2527 x 10-3, Ф= neutron 

fluence (neutrons/cm2)), σ = cross-section 

 

The radial plot is the most widely used graphical method at present, in which the 

uncertainty in a single age estimate is isolated so that it is easier to judge the variation 

in ages between crystals. When multiple age populations are existing, statistical 

models can be applied to estimate the age components, (Galbraith and Green, 1990; 

Brandon, 1992; Galbraith and Laslett, 1993) (Fig. 2.7). This technique is essential for 

sedimentary provenance studies (“detrital FT thermochronology”; see Hurford and 

Carter, 1991; Carter and Moss, 1999; Garver et al., 1999; Ruiz et al., 2004) as well as 
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to identify and extract the “essential age” in dating volcanic ash layers (Naeser et al., 

1973; Gleadow, 1980; Kowallis et al., 1986; Kohn et al., 1992; Andriessen et al., 1993; 

O’Sullivan et al., 2001) 

 

Fig. 2.7 The age spectra (top) and radial plot (bottom) of twenty apatite grains from a 

sample artificially composed of two age groups (i.e., ~240 and ~340 Ma) (Galbraith and 

Green, 1990; Wagner and Van den haute, 1992; O’Sullivan et al., 2005). The two dashed 

lines show the component age estimates. In the radial plot, the horizontal and vertical 

axes represent the standardized age estimate and reciprocal error, respectively. 

 

2.2.2 Apatite fission track modelling  

 

2.2.2.1 Retention and annealing of FT 

 

Accumulation of the radiogenic daughter product below a certain temperature range is 

the concept of closure temperature. Above closure temperature, the system is open 

and radiogenic products are lost (after Dodson, 1973). Such closure is not 

instantaneous, and there is a transitional temperature range, the partial stability zone, 
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in which daughter products are partially lost. In fact, fission tracks are unstable and 

will tend to be repaired by solid-state diffusion processes (“annealing”). Annealing is 

essentially a function of time and temperature although other mechanisms have been 

considered. The setting of time and temperature boundaries for partial track stability 

(usually now referred to as the Partial Annealing Zone) shows the onset of a 

numerical description of the annealing process.  Within the Partial Annealing Zone, 

measured FT ages could be explained in terms of a sample’s thermal history (Fig. 

2.8a). 

As a result of annealing, the etchable length of the individual tracks, which is initially 

similar for all newly formed tracks in a given mineral structure (16 μm for apatite), is 

progressively shortened (Green et al., 1986). On geological time-scales, at 

temperatures >110 ± 10 °C fission tracks anneal completely in apatite (Wagner, 1968; 

Naeser, 1979; Gleadow and Duddy, 1981; Gleadow et al., 1986; Green et al., 1986). 

Annealing of fission tracks occurs at decreasing rates over geological time in the 

temperature range of 110-60 °C, known as the apatite partial annealing zone (APAZ) 

(Fig. 2.8) (Gleadow and Duddy, 1981; Naeser, 1981). Below 60 °C, annealing rates 

are very low and the tracks are generally considered stable. Annealing behaviour can 

be related to the etching characteristics of the host apatite through the measurable 

Dpar parameter, which is the c-axis parallel etch pit diameter intersecting a polished 

and etched apatite surface (Donelick, 1993; Burtner et al., 1994; Carlson et al., 1999; 

Ketcham et al., 1999; Barbarand et al., 2003b).  

The effects of annealing can be quantified by measuring the lengths of horizontal 

confined tracks (Gleadow et al., 1986). This depends on the fact that tracks form 

continuously, and thus each track experiences a different portion of the integrated 

thermal history (Braun et al., 2006). Thus, the track lengths distribution, obtained by 

measuring a sufficient number of horizontal confined tracks (preferably ≥100), 

contains information on the thermal history experienced by the sample (Braun et al., 

2006; Fig. 2.8b). 
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Fig. 2.8 a. Schematic cooling curves for rock and mineral systems considered in terms of 

fission-track accumulation (Wagner, 1972; Fitzgerald and Malusà, 2018). Curve 1 rapid 

cooling (e.g. Fish Canyon Tuff): all tracks are stable and measured age approximates to 

formation age. Curve 2 slow cooling (e.g. an Alpine gneiss): stability reached time after 

formation; tracks formed during residence in partial stability (or partial annealing) zone 

are partially annealed. Curves 1 and 2 only consider differences in initial accumulation of 

tracks. Curves 3 and 4 show reheating of already cooled samples. Curve 3 gives a mixed 

age: earlier-formed tracks partially annealed to a level dependent upon time and 

temperature experienced in partial stability zone; second family of tracks are stored on 

re-entry into stability zone. Intrusion of a dyke into granite could cause such partial 

resetting in granite samples near the contact. Curve 4 indicates a reset age: initial cooling 

into stability field is followed by reheating back into unstable zone. FT age would relate 

only to the time of re-emergence into the track stability zone. b Comparison of horizontal 

confined track-length distributions in apatite (after Gleadow et al., 1986). Undisturbed 

volcanic distributions characterise rapid cooling (Curve 1) with a dominance of long 

lengths, a narrow distribution and a mean track length ~14 μm. Undisturbed basement 

distributions are broader, with mean track lengths ~12-13 μm and would be found in 

samples following cooling curve 2. Partially reset samples (cooling curve 3) will also 
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show a broad track-length mixed distribution, sometimes resolving into bimodality. Total 

annealing (cooling curve 4) may show volcanic or basement-type distributions depending 

on the rate of cooling in the stability zone (Fitzgerald and Malusà, 2018).  

 

2.2.2.2 Thermal modelling 

 

 

 

Fig. 2.9 Analytical sequence required for the reconstruction of thermal histories from 

primary measurements of a, the number, and b, the lengths of fission tracks in a mineral 

sample, together with the 238U concentration, here indicated by a circular laser ablation 

pit in (a). Image an includes a region of interest outlining the area to be counted and an 

internal grid to assist in counting. Image b shows a confined fission track and its 

measured length. In the center, a radial plot shows the distribution all of grain ages, and a 

histogram the distribution of all lengths measured in a sample. These results can be 

thought of as primarily reflecting the time component, and the temperature component of 

the underlying thermal history, respectively. The thermal history reconstructed from such 

data is shown in the temperature-time plot, c, on the right. In practice, this FT analytical 

sequence is currently fully developed only for apatite and is the basis of the conventional 

approach described here (Fitzgerald and Malusà, 2018). 
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The EDM has become central to what we may now describe as conventional FT 

analysis, a combination of procedures that has progressively become the standard, and 

almost universally adopted, approach to FT dating in laboratories around the world. In 

this approach, FT ages are determined by the EDM using the empirical ‘zeta’ 

calibration against a set of independent age standards (Fleischer and Hart, 1972; 

Hurford and Green, 1983), combined with measurements of horizontal confined track 

lengths (Gleadow et al., 1986) usually measured using a microscope drawing tube and 

digitising tablet. In essence, these two complementary data sets comprising the FT 

grain-age distribution and the FT length distribution, contain, respectively, the time 

information and the temperature information that are required by forward modelling 

schemes to reconstruct the thermal history of a particular sample (Fig. 2.9). This 

approach has been widely applied to the common uranium-bearing accessory minerals 

apatite, titanite and zircon, of which apatite has been by far the most important, 

because of its common occurrence, its simple and consistent etching behaviour and its 

well-documented annealing properties relative to other minerals. 

 

2.2.3 Multidimensional Scaling (MDS) method 

 

Multidimensional Scaling (MDS) method has been proved to be an easy and efficient 

statistical technique for comparison of complex detrital geochronological dataset 

(Vermeesch, 2013). Actually, it is a dimension-reducing exploratory data analysis tool, 

but can capture the main features of detrital datasets. It is a robust and flexible 

superset of the Principal Component Analysis (PCA) which makes fewer assumptions 

about the data and produces a ‘map’ of points on which ‘similar’ samples cluster 

closely together, and ‘dissimilar’ samples plot far apart (Vermeesch, 2013). In this 

work, the MDS user-friendly interface provided by the website http://mudisc.london-

geochron.com has been used. 

 

2.2.3.1 Measuring the dissimilarity between two samples  

 

Kolmogorov–Smirnov (KS) test is useful for comparing detrital age distributions 

because it makes no assumptions about how the data are distributed and is thus 

sensitive to both the position of age peaks and the shape of the overall probability 



 

30 

 

curve (Berry et al., 2001; DeGraaf-Surpless et al., 2003). Depending upon the 

combined sample size, the KS statistic corresponds to a probability value (P) 

representing the probability that differences between the two distributions are not 

more than would be expected based on random chance (Amidon et al., 2005). 

 

where |⋅| stands for the absolute value and F(t) is the empirical cumulative distribution 

function: 

 

The KS statistic is most sensitive to the region near the modes of the sample 

distributions, and less sensitive to their tails. Therefore, we just use the KS effect size 

as a dissimilarity measure. 

 

2.2.3.2 Multidimensional scaling 

Let δ be a matrix of pairwise dissimilarities between n samples: 

 

where δi,j is the dissimilarity between samples i and j. Let f(δi,j) be a monotonically 

increasing function transforming the dis-similarities into ‘disparities’. Then MDS 

produces an R-dimensional (where R≤n) configuration of points 

x={x1,x2,…,xi,…,xj,…,xn} with xi=(xi1,xi 2,…,xi R) and xj=(xj 1,xj 2,…,xj R) for 1≤i, j≤n. 

The Euclidean distance between any two points xi and xj in this configuration 

approximates the disparities between samples i and j:  
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we only consider the case where R=2, so that the configuration x can be plotted on a 

sheet of paper, like a map. Therefore, we will use the terms ‘configuration’ and ‘map’ 

interchangeably.  

A graphical user interface has been created that implements MDS in a user-friendly 

way and can be downloaded from http://mudisc.london-geochron.com along with 

further details about the R code, input files and so forth (Vermeesch, 2013). 
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Chapter 3 

 

This Chapter contains the first part work of the PhD period, is mainly about the study 

of ice flow pathways in the western Ross Sea Coastline over the last 5 Ma through the 

analysis of the stratigraphic record of CIROS-2. In this part of work, we focus on 

recovering the derivations of the sediments in the CIROS-2 by detrital apatite fission-

track and then defining the ice flow lines. At the end, we identified the ice pathways 

during the early Pliocene and late Pleistocene. In the following chapter, the version of 

the manuscript published on Terra Nova is presented. 
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ABSTRACT 

 

The Ross Sea is a crucial area to investigate pathways of ice during the Cenozoic as it 

records the evolution of both the East and West Antarctic Ice Sheets. This work is 

based on detrital apatite fission track (AFT) data extracted from the sedimentary 

record of well CIROS-2, which spans through the last 5 million years. The AFT data 

show a large range of ages and most of the grains fit well with two main components 

that fall between 24-42 Ma and 43-70 Ma whereas the other components are not 

regularly distributed through the well, thus indicating a mixture of provenance from 

different areas along the Transantarctic Mountains (TAM). As a whole, our work 

suggests glacial expansion over the McMurdo Sound during the Pliocene, and 

periodically ice invading and retreating in Pleistocene. 

 

3.1 Introduction 

 

The Ross Sea is a crucial area to investigate the history of Antarctic ice during the 

Cenozoic as it records the evolution of both the East and West Antarctic Ice Sheets, 

whose variations are a direct response to climate change. In recent years, samples 

from offshore drilling projects have been investigated with different geochronological 

and thermochronological techniques (Hambrey et al., 2002; Barrett et al., 2009; Zattin 

et al., 2012; Olivetti et al., 2015; Talalay and Pyneb, 2017). These drillholes, mostly 

located in McMurdo Sound, provide information on the ice flows in the area of the 

western Ross Sea. The stratigraphy of the cores drilled during the Cape Roberts 

Project with a nearly continuous marine sedimentary record from early Oligocene to 

early Miocene suggests the presence of a West Antarctic Ice Sheet in the western Ross 

Sea since the Oligocene (Olivetti et al., 2013, 2015). The two drillholes of the 

Antarctic Geological Drill project (ANDRILL) investigated the last ca. 20 Myr, 

showing an ice pattern dominated by south to north trending flow lines parallel to the 

Transantarctic Mountains (TAM) front during the Miocene (McKay et al., 2009; 

Zattin et al., 2010, 2012; Cornamusini and Talarico, 2016). The drillholes CIROS-1 

and MSSTS-1 recovered a late Eocene to early Miocene (ca. 34 Ma to ca. 5 Ma) 
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sedimentary record whose detritus was supplied mainly from the Dry Valleys Block of 

the TAM (Hall and Buhmann, 1989; Ehrmann, 1998; Roberts et al., 2003; Sandroni 

and Talarico, 2004). The common view of these works is that the West Antarctica Ice 

Sheet was the main contributor of ice in the western Ross Sea, although outlet glaciers 

from the East Antarctic Ice Sheet also made a contribution since the Oligocene.  

In this paper, we focus on defining the pathways of ice spanning the last 5 Ma through 

the analysis of the stratigraphic record of CIROS-2. We focus on sediments span the 

lower Pliocene to Quaternary. The heavy mineral record (Ehrmann and Polozek, 1999) 

indicates that during the Pliocene, the ice discharged through the TAM into McMurdo 

Sound. The source area shifted in the Quaternary to the south, to the region of the 

present-day Ross Ice Shelf. A similar view is derived from lithologies of clasts which 

show that during the Pliocene sediments of CIROS-2 originated both from the Ferrar 

Glacier flowing through the TAM, as it does today, and the southern Mount Morning - 

Discovery Peninsula (Sandroni and Talarico, 2006). From the Pleistocene to present-

day, the provenance shifted from the Blue Glacier area to the north along the coast 

and then into Ferrar Fjord from the east (Kyle, 1990; Sandroni and Talarico, 2006). 

Despite previous detailed work, there remains debate about the shifting of ice source 

areas, especially during the Plio-Pleistocene, when global climate changed from 

temperatures that were warmer than today (Naish et al. 2009). In particular, the 

contribution of eastward flowing ice form EAIS through the TAM is unclear. In this 

work, we provide new detrital apatite fission track (AFT) data on 16 samples from 

CIROS-2 that range in age from the early Pliocene to Pleistocene for obtaining new 

constraints on the pathways of ice over this interval. 

 

3.2 Geological setting 

 

The CIROS-2 drillhole was drilled in 1984 in the sea-ice platform off the Victoria 

Land Coast on the western shelf of McMurdo Sound (77°41’S; 163°32’E) (Fig. 3.1). 

It is located only 1.2 km east of the floating tongue of the present-day Ferrar Glacier, 

which flows from the polar plateau through the TAM and drains the East Antarctic Ice 

Sheet into a fjord (Barrett and Hambrey, 1992; Ehrmann and Polozek, 1999; Sandroni 

and Talarico, 2006). 

The on-shore region west of McMurdo Sound consists of the southern Victoria Land 
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sector of the TAM, composed of a late Precambrian to early Paleozoic crystalline 

basement, which mainly occupies the coastal area, and an overlying sedimentary 

cover complex, restricted to the inner part of the on-shore region (ca. 25-40 km from 

the coast) (Gunn, 1962; Gunn and Warren, 1962; Sandroni and Talarico, 2006). The 

basement complex consists of late Precambrian to early Palaeozoic amphibolite-facies 

metamorphic rocks (Koettlitz Group) intruded by granitoid plutons of the Granite 

Harbour Intrusive Complex (Grindley and Warren, 1964) that includes a 

heterogeneous series of orthogneisses and plutons ranging in age from possibly Late 

Proterozoic to Early Ordovician (Allibone et al., 1993a, b). Emplacement of granitoid 

rocks was followed by uplift and erosion, with the development of the extensive 

Kukri Peneplain, overlain by sandstones, conglomerates, siltstones and minor coal 

beds of the Devonian to Triassic Beacon Supergroup rocks (Harrington, 1965). In 

Jurassic time, both the basement complex and Beacon Supergroup were intruded by 

dolerite sills and dykes of the Ferrar Supergroup, accompanied by an extrusive phase 

not present within the Dry Valley region (Kyle, 1981).  

Geology of the southern and eastern parts of the McMurdo Sound is characterized by 

the presence of the Cenozoic alkalic McMurdo Volcanic Province (Cole and Ewart, 

1968; Kyle, 1981, 1990; LeMasurier and Thomson, 1990; Ehrmann and Polozek, 

1999; Fig. 1). Volcanic activity occurred during two main phases: the first (ca. 19 to 

ca. 10 Ma) characterized by trachytic rocks, and the second (last ca. 10 Ma), more 

voluminous, comprising basanitic to phonolitic sequences.  

CIROS-2 was drilled down to 166.7 m below the sea floor and can be divided into 

two main sequences (Fig. 3.2): a Pliocene lower sequence (from 167.7 to about 114 

mbsf), dominated by diamictites, and a Pleistocene upper sequence, consisting of an 

alternation of sandstones and diamictites (Sandroni and Talarico, 2006). The lower 

sequence is characterized by the presence of clasts dominated by 

monzogranites/granodiorites (Granite Harbour Intrusive Complex) and vesicular 

basalts (McMurdo Volcanic Group), with minor occurrences of gabbros/dolerites 

(Ferrar Supergroup), sandstones (Beacon Supergroup) and metamorphic rocks 

(Koettlitz Group). The upper sequence is dominated by tonalites, with very minor 

occurrences of gabbros/dolerites, strongly altered basalts and metamorphic rocks.  
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Fig. 3.1 Geological map of the southwest corner of the Ross Sea (modified from Warren, 

1969; Kyle, 1990; Sandroni and Talarico, 2006). AFT ages are cited from Gleadow and 

Fitzgerald, 1987; Fitzgerald, 1992, 2002; Fitzgerald et al. 2006; Zattin et al., 2014 and 

Olivetti et al., 2018. 

 

3.3 Material and Results 
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Fig. 3.2 Samples distribution along the sedimentary sequence of CIROS-2 (modified from 

Sandroni and Talarico, 2006) and abanico plots (Dietze et al., 2016) of analyzed data.  

 

Apatite grains were separated from cores and then processed for fission-track analysis 

through standard processing techniques. AFT single grain ages were calculated using 

the external-detector and the zeta-calibration methods (Hurford and Green, 1983) with 

IUGS age standards (Durango and Fish Canyon apatites; Hurford, 1990) and a value 

of 0.5 for the 4π/2π geometry correction factor. The analyses were subjected to the χ2 

test (Galbraith, 1981) to detect whether the data sets contained any extra-Poissonian 
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error. A χ2 probability of less than 5% denotes a significant spread of single grain 

dates. After using standard analytical procedures, grain-age distributions were 

decomposed into different components and plotted as combined radial and kernel 

density plots (Dietze et al., 2016) using the density plotter software of Vermeesch 

(2012), (Fig. 3.2). 

As a whole, the AFT data show a large range of single grain ages and no samples vary 

within the range predicted by Poissonian statistics that would equate to a single age 

distibution (Table 3.1, Fig. 3.2). Most of the grains fall within two age groups 

between 24-42 Ma (here called P2 for simplicity) and 43-70 Ma (P3). The youngest 

grain ages (P1 < 20 Ma) show a large age range and in general are represented by a 

lower number of grains. Other age groups are represented by AFT age component 70-

100 Ma P4 that from 124 m bsl depth, and in a few cases (C8, C13, C14), much older 

grains are present (P5).  

 

3.4 Discussion 
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Fig. 3.3 Distribution of AFT age components (this work), ice front position (from Barrett 

and Hambrey, 1992), heavy mineral distribution (Ehrmann and Polozek, 1999) and clast 

lithologies (Sandroni and Talarico, 2006).  

 

The distribution of AFT age populations in CIROS-2 show that apatites were derived 

from sources with different bedrock histories, some of which can be a diagnostic 

signal for the sediment provenance.  

In order to investigate the sediment source and the consequent glacial flow pattern 

Figure 3.3 compares the AFT age population distribution from this study with results 

from published heavy mineral and clast analysis (Ehrmann and Polozek, 1999; 

Sandroni and Talarico, 2006). 

The youngest AFT ages (P1, <20 Ma) matches the age of the widespread volcanic 

event in the western Ross Sea, whose presence has been already identified in CIROS-

2 (Ehrmann and Polozek, 1999; Sandroni and Talarico, 2006) and in other drillholes 

such as ANDRILL (Talarico et al., 2010; Zattin et al., 2012). The possible volcanic 

sources are Cenozoic alkalic McMurdo Volcanic Province, including Mount Morning 

(13-14 Ma) - Mount Discovery (about 5 Ma), Brown Peninsula (2-3 Ma), Black 

Island (3-4 Ma) and Ross Island (0.5-4 Ma). The oldest centers of the McMurdo 

Volcanic Province are today situated around the base of Mount Morning (Fig. 3.1) 

such as Gandalf Ridge (18.7-15.5 Ma), Riviera Ridge (15.2-13.0 Ma), and Mason 

Spur (13.5-12.4 Ma) (Kyle, 1981, 1990).  

Youngest grains from samples at the bottom of CIROS-2 (C16 and C15) are 

consistent with the abundance of volcanic clasts and the high quantity of brown 

hornblende and palagonite (yellow curve in Fig. 3.3), considered to be derived from 

McMurdo volcanic rocks. It is noteworthy that the massive diamictites with 

slickensides at the bottom of CIROS-2 have been interpreted as lodgment till. 

Together, this evidence suggests an expansion of glaciers flowing from the south to 

the north that occupied the Ferrar fjord at that time (late Pliocene) (Fig. 3.4A).   

Grain ages between ca. 13 and 18 Ma are likely to be volcanic in origin and are 

present mainly in the early Pliocene samples (C15 and C16), but are less abundant or 

nearly absent since the boundary of late Pliocene and early Pliocene. Their presence is 

significant only in Pleistocene samples C3 and C8. Two main reasons could have 

controlled this pattern: (i) the burial of older volcanic rocks under the younger 

volcanic edifices protecting the older rocks from later erosion and (ii) a change in 



 

40 

 

topography. Prior to about 5 Ma ago, Minna Bluff, Ross Island, and White Island had 

not formed and most part of Mount Morning was also probably absent (Kyle, 1981) 

(Fig. 3.4A). Growth of the Mount Morning - Discovery volcanic province might have 

acted as barrier cutting off sediment transfer from the south (e.g. Mason Spur) as 

proposed by some authors (Kyle, 1981,1990; Ehrmann and Polozek, 1999; Sandroni 

and Talarico, 2006).  

It is notable that although most of the exposed volcanic rocks are relatively young (i.e. 

<10 Ma), there are very few AFT grains with similar ages. The likely reason is related 

to lithology, as these rocks are mainly basaltic and devoid of apatites (where present, 

apatite usually has a very low U content). 

Sample C14 (125 m bsl) shows the first occurrence of P2 population represented by 

24 Ma that ages are not found in exposed bedrock in the immediate source area of the 

CIROS-2 location. A volcanic origin might be possible for ages between 20-30 Ma 

given that some volcanic apatites with a U-Pb age of about 30 Ma have been detected 

in AND-2A (Zattin et al., 2012) although the location of volcanic source unknown. 

However, these apatites could derive also from exhumed basement rocks because 

similar ages have been found in the Skelton Glacier. (Zattin et al., 2014; Olivetti et al., 

2018). 

Most of the populations in P2 have ages between 30 and 40 Ma and are related to 

apatites derived from erosion of exhumed bedrock exposed along the TAM front as 

they match exhumation phases described in literatures (Fitzgerald, 2002; Zattin et al., 

2014; Olivetti et al., 2015; 2018). Such AFT ages are rare in the Dry Valley (Gleadow 

and Fitzgerald, 1987; Fitzgerald et al., 2006) but they have been detected in the Royal 

Society Range (Olivetti et al., 2018) and are also abundant to the south, between the 

Skelton and Byrd Glaciers (Huerta et al., 2011; Zattin et al., 2014) as well as much 

further (600km) to the south (Stump and Fitzgerald, 1992; Fitzgerald, 1994; 

Fitzgerald and Stump 1997; Miller et al., 2010) (Fig. 3.4).  

Fitzgerald et al. (2006) and Fitzgerald (2002) dated samples on both sides of the 

Ferrar Glacier: 43.3Ma at 299 m in the Kukri Hills (Peak 1880), 50.3 Ma at 477 m in 

Cathedral Rocks, ~42 Ma at ~0 m and ~41 Ma at ~ -450 m in Mt Barnes. Given these 

age-elevation relationships, bedrock AFT ages < ~40 Ma should be present in ice-

covered area at around 500 m below sea level, corresponding to the maximum depths 

of the Ferrar glacial trough.  However, the portion of the Ferrar Glacier bed, with a 

depth of 500m beneath sea level is very limited. 
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The first occurrence of P2 grain ages in our samples overlaps minerals representative 

of intrusive and metamorphic rocks, and correspond also to an increase in clasts 

diagnostic of the Granite Harbour Intrusive complex suggesting a shift in the source 

area. 

In all, the most P2 grains probably was derived from the northern Royal Society 

Range because of the abundant similar AFT ages (20-40Ma) detected in this area and 

the proximity of the location of CIROS-2; besides, minor part also could be derived 

from the lower portion of Ferrar Glacier although the portion of the area 500m below 

the sea level is very limited.   

The ages of P3 are well represented in the Dry Valley region and from the higher 

elevation areas along the TAM front (Gleadow and Fitzgerald, 1987; Fitzgerald et al., 

2006). On the whole, P3 is always the most abundant population, suggesting that local 

erosion is the main source for the sediments.  

The two oldest populations match bedrock ages found in the inland of Dry Valleys 

(Gleadow and Fitzgerald, 1987). Considering the high elevations present in the Ferrar 

Glacier catchment (up to >3500m at Mt Feather for example) it is possible that grains 

with ages older than 70 Ma derive from a local or inland source and, thus, were 

transported eastward by outlet glaciers.   

Sediments above 100 m bsf have been interpreted as result of a variety of 

environments shifting between open sea, glaciolacustrine and glacial proximal (Barret 

and Hambrey, 1992). The occurrence of young, volcanic P1 within massive diamictite 

at 50 m and 42 m bsf suggests a possible glacial transport from south to north and two 

glacial expansion events of the southern glacier into McMurdo Sound (Fig. 3.4B).     
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Fig. 3.4 Sediment dispersal patterns during the deposition of massive diamictites in the 

early Pliocene (a) and late Pleistocene (b) in the western Ross Sea (modified according 

to Warren, 1969; Levy et al., 2012; Kyle, 1981). AFT ages are cited from Gleadow and 

Fitzgerald, 1987; Fitzgerald, 1992, 2002; Fitzgerald et al. 2006; Zattin et al., 2014 and 

Olivetti et al., 2018. 

 

3.5 Conclusions 

 

This work, based on AFT detrital data from the CIROS-2 sedimentary record, 
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provides new information about ice flow in the Ross Sea area during the last 5 Ma. 

(1) Two samples from an early Pliocene diamictite, include a volcanic component 

from the oldest McMurdo eruption centers, suggesting expansion of glaciers over the 

ice-free McMurdo Sound in early Pliocene, as showed in Fig. 3.4A, similar to the 

periodic advances of ice into the Ferrar Glacier region during the Pleistocene (Fig. 

3.4B) (e.g. between ∼ 23,840 14C yr BP to∼ 8340 14C yr BP, Hall and Denton, 2000; 

Staiger et al., 2006). 

(2) Two samples from the late Pliocene suggest a glacial expansion with a local 

source of sediments, probably associated with an advance of the Ferrar Glacier.  

(3) Since the early Pleistocene AFT data record a dominantly local provenance (i.e. 

from the Ferrar and outlet glaciers) with an irregular mix of ages, due to ice periodic 

invading and retreating across McMurdo Sound. 

(4) Two samples with volcanic apatites are best explained by distinct episodes of 

ice expansion from the south across McMurdo Sound.    
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Table 3.1 Apatite fission track data of CIROS-2. 

Central ages calculated using glass dosimeter 

CN5 and ξ-CN5 = 344.09 ± 10.36 (analyst XL). 

ρs: spontaneous track densities (10 5cm-2) 

measured in internal mineral surfaces; Ns: total 

number of spontaneous tracks; ρi and ρd: 

induced and dosimeter track densities (106 

cm-2) on external mica detectors (g= 0.5); Ni 

and Nd : total numbers of tracks; P(χ)2: 

probability of obtaining χ2-value for ν degrees 

of freedom (where ν= number of crystals-1); a 

probability >5% is indicative of a homogenous 

population. Samples with a probability <5% 

have undergone mixture modeling using the 

algorithm of Galbraith and Green (1990) 
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Chapter 4 
 

This Chapter includes the second part work during the PhD period. The main content 

is about the defining the signatures of apatite fission-track for the Ross Sea ice flows 

during the Last Glacial Maximum, which is based on the apatite fission track dating 

and modelling, and MDS analysis of the samples from piston cores across the Ross 

Sea. At the end, we build an ice flow lines model of the Ross Sea based on detrital 

provenance analysis of glacial sediments. In the following chapter, the version of the 

manuscript has already submitted to Geochemistry, Geophysics, Geosystems.  
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ABSTRACT: 

 

The Ross Sea received one third of Antarctic ice both from West Antarctica and East 

Antarctica. Ice dynamics of it are the direct response to climate change which make it 

to be a crucial investigating area. Our work based on samples from 18 piston cores 
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across the Ross Sea with post-LGM (Last Glacial Maximum) age. We aimed to 

identify apatite fission-track signatures of the Ross Sea ice flows during the LGM 

through detrital apatite fission-track dating and modelling and multidimensional 

scaling (MDS) method. Thermal modelling and the presence of apatites with cooling 

ages of about 30-40 Ma reveal a main exhumation phase of the TAM during the 

Oligocene associated to the last phases of the West Antarctic Rift System. The 

presence of key marker apatites (e.g. younger than 21 Ma or older than 230 Ma) 

allows to identify the Central High as a major ice-flow divide in the Ross Sea.  

 

  

4.1 Introduction 

 

The Ross Sea embayment is a crucial area for understanding the ice dynamics as a 

direct response to climate changes. The Ross Sea embayment being unclosed for two-

third by the two Antarctic Ice Sheets, is the natural storage of the sediments that are 

produced by the sub-glacial and aerial erosion and transported by glacial flows. The 

glacigenic sediments deposited in the Ross Embayment record the evolution of both 

the East and West Antarctic Ice Sheets, whose dynamics and stability along the 

geological time is still debated, although a number of sediments provenance studies 

(see Licht and Hamming, (2017) for a recent review), numerical modelling studies 

(e.g. Pollard and DeConto, 2009; Golledge et al., 2012; Dolan et al., 2018), and 

geomorphological studies have been carried out (Licht and Andrews, 2002; Mosola 

and Anderson, 2006).  

Overall, the ice-flow evolution during the last glacial maximum (LGM) in the Ross 

Sea has been interpreted according to 3 different models (Fig. 1): (1) West Antarctic 

Ice Sheet (WAIS)-dominated model, based mainly on provenance studies, that 

predicts a flow from West Antarctic Ice Sheet to a relatively narrow drainage along 

the western Ross Sea coastline  (Fig. 1B) (Stuiver et al., 1981); (2) WAIS-East 

Antarctic Ice Sheet (EAIS) balanced model, in which the confluence of West 

Antarctic ice and East Antarctic ice occurs in the central Ross Sea and ice contribution 

from East Antarctic and West Antarctic is equivalent (Fig. 1C) (Licht and Fastook, 

1998; Denton and Hughes, 2000; Licht et al., 2005); (3) EAIS-dominated model 

based on numerical modelling, in which the WAIS strongly influenced the eastern 
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Ross Sea and the EAIS contributed with most of the ice to the central and the western 

Ross Sea (Fig. 1D) (Golledge et al., 2012).  

The definition of ice flow pathways during the LGM is highly complicated by 

repeated ice advance and retreat, the huge sea area and low sample density, despite 

several hundred sediment cores have been collected. A major advance in 

understanding the glacial history came with the development of multibeam swath 

bathymetry (e.g. Shipp et al., 1999, 2002; Mosola and Anderson, 2006; Bart and Cone, 

2012), assuming that the present-day geomorphic features formed during the most 

recent glacial advance and during the peak LGM, thick ice from WAIS was grounded 

in the western Ross Sea (Bart and Cone, 2012). However, the diachronicity of the 

expansion and retreat of the ice sheets through the Ross embayment such as the very 

different physiographic settings and the lack of a precise reliable radiocarbon ages, 

preclude from unambiguous reconstructions. However, understanding of ice sheet 

history has increased significantly over the past decade because of an increasing 

number of provenance studies of glacigenic sediments based on different approaches 

such as mineral composition of the sandy fraction (e.g. Hughes,1977; Balshaw, 1980; 

Anderson et al., 1992; Licht and Fastook, 1998; Denton and Hughes, 2000; Farmer et 

al., 2004, 2006; Licht et al., 2005; Hauptvogel and Passchier, 2012) or 

geochronological and thermochronological studies (e.g. Zattin et al., 2010, 2013; 

Olivetti et al., 2013, 2015; Licht et al., 2014; Farmer and Licht, 2016; Licht and 

Hemming, 2017; Perotti et al., 2017; Li et al., 2019). The key for interpret the 

provenance data is based on the comparison of the mineral composition of the 

sediment with the mineralogy of the source area. In the specific case of the 

thermochronology we can compare the ages of the sediments with the age of the 

bedrock, and moreover to have a supplementary information on the erosion history of 

the source. Therefore, in fact, glacigenic sediments provide a valuable amount of key-

data concerning the history of sources that were eroded by the ice and thus a record of 

ice sheet history. Moreover, the limited exposure of bedrock geology and the 

inaccessibility of remote areas In Antarctica make thermochronological method a 

preferential tool to explore the complexity of the evolution of the Transantarctic 

Mountains (TAM) and also West Antarctica. This paper is based on detrital apatite 

fission-track data obtained on samples of post-LGM age from 18 piston cores across 

the Ross Sea. The distribution of different age population reveals a main exhumation 

phase of the TAM during the Oligocene and identifies the Central High as a major ice-
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flow divide in the Ross Sea. 

 

 

 

Fig. 4.1 A. the location of the study area B, C, D represent three different interpretations 

of the flow lines during the LGM. B and C are based on provenance studies, whereas D 

is based on numerical modelling (according to stuiver et al., 1981; Licht et. al, 1998; 

Denton et. al, 2000; Licht et al., 2005; Golledge et al., 2012).  
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4.2 Geological setting 

 

4.2.1 Ross Sea 

 

The Ross Sea, bounded by the Transantarctic Mountains along the coast of Victoria 

Land and the Marie Byrd Land (Fig. 4.2) is occupied mostly by the Ross Ice shelf. 

The present-day catchment includes about 1.65 * 106 km2 from the EAIS and 0.75 * 

106 km2 from the WAIS (Rignot et al., 2008).The bathymetric features of Ross Sea 

consists of 6 northeast trending troughs separated by the so-called Mawson, Crary, 

Pennell, and Ross banks in the western Ross Sea and less prominent ridges in the east 

(Fig. 4.2). These troughs have similar dimensions to the ice streams that currently 

flow through this area. The continental shelf has gentle gradients, with a depth 

seaward of about 500 m and a shelf break at 500-600 m (Mosola and Anderson, 2006; 

Tinto et al., 2019). 

The maximum ice extent in the Ross Sea has been identified at the shelf break in the 

central and eastern Ross Sea and slightly seaward of Coulman Island in the western 

Ross Sea (Kellogg et al., 1979; Anderson et al., 1992; Licht et al., 1996, 1999; 

Domack et al., 1999; Shipp et al., 1999; Licht and Andrews, 2002). Last Glacial 

Maximum till thickness is variable but all data point to eastern and central Ross Sea 

tills thicker than western Ross Sea tills (Shipp et al., 1999; Licht et al., 2005).  

The typical stratigraphic succession of deposits sampled in piston cores from the 

western Ross Sea consists of an upward progression from till to proximal glacimarine 

to distal glacimarine sediments that generally show increasing abundance of 

diatomaceous material upwards (Anderson et al., 1992; Domack et al., 1999; Licht et 

al., 1999; McKay et al., 2008). This succession records a progressive landward shift in 

the retreating grounding line across the continental shelf and eventual onset of 

periodic open-marine conditions in the western Ross Sea (Anderson et al., 2014). 

Cores from the eastern Ross Sea generally consist of predominantly terrigenous 

glacimarine sediments resting in sharp contact on till. The absence of an upper 

diatomaceous facies in the central and eastern Ross Sea indicates the presence of 

widespread and persistent sea-ice cover that has restricted primary productivity 

(Dunbar et al., 1985; Licht and Andrews, 2002; Mosola and Anderson, 2006). 
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Fig. 4.2 Geological map of the Ross Sea, West Antarctic and East Antarctic with the 

distribution of piston cores (red points present samples in this paper, yellow points 

present samples published by Perroti et al. (2017). Bedrock distribution is modified 

according to Bushnell and Craddock, (1970), Litch et al. (2005); Bathymetric features are 

modified according to Mosola and Anderson, (2006). 
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4.2.2 The geology of West Antarctica and East Antarctica 

 

West Antarctica is composed of four major crustal blocks: Antarctic Peninsula, 

Ellsworth-Whitmore Mountains, Thurston Island, and Marie Byrd Land (Dalziel and 

Elliot, 1982). Western Marie Byrd Land, situated today adjacent to the Ross Sea (Fig. 

4.2) (Spiegel et al., 2016) is largely covered by the West Antarctic Ice Sheet and 

mostly grounded below sea level (Licht et al., 2005). The best-exposed rock outcrops 

in West Antarctic are in Marie Byrd Land (Perotti et al., 2017).  

The basement is given by the Neoproterozoic-Cambrian Swanson Formation which 

was intruded by the Devonian-Carboniferous Ford Granodiorite suit (Bradshaw et al., 

1983; Adams, 1986; Pankhurst et al., 1998; Weaver et al., 1991). It crops out mainly 

in the Ford Ranges in western Marie Byrd Land (Fig. 4.2) (Brand, 1979). The 

Swanson Formation and the Ford Granodiorite suite are both intruded by the Byrd 

Coast Granite (Weaver et al.,1992; Korhonen et al., 2010a, 2010b). The igneous 

activity involved the regions of Ruppert and Hobbs Coast (110-101 Ma) (Mukasa and 

Dalziel, 2000) and Ford Ranges-Edward VII Peninsula (Fig. 4.2) (Weaver et al., 1992; 

Pankhurst et al., 1998). Crustal extension in Cretaceous produced also the 

emplacement of mafic dykes throughout the Ford Ranges (Siddoway et al., 2005; 

Saito et al., 2013). Within the Ford Ranges, a migmatite granite complex is exposed in 

the Fosdick Mountains (Siddoway et al., 2004a), with orthogneisses and paragneisses 

which underwent at least two high-grade metamorphic events, in Devonian-

Carboniferous and Cretaceous time, respectively (Korhonen et al., 2010a, 2010b, 

2012; Yakymchuk et al., 2015). During the Cenozoic, starting from about 35 Ma, the 

region of Marie Byrd Land was affected by an intense alkaline volcanism and uplift 

(LeMasurier et al., 2011). 

East Antarctic craton has been stable since the break-up of Gondwanaland starting at 

Jurassic. A major exposure of rocks of East Antarctic is in Transantarctic Mountains 

(TAM). The basement of the TAM is composed by the late Proterozoic- Cambrian 

Koettlitz and Skelton Groups (Gunn and Warren, 1962; Findlay et al., 1984; Cook and 

Craw, 2002) intruded by Cambrian-Ordovician Granite Harbour Intrusive Complex 

(Gunn and Warren, 1962; Allibone et al., 1993). Uplift and erosion followed pluton 

emplacement, furthermore resulting in regionally extensive Kukri Peneplain. Above 
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Kukri Peneplain, mainly non-marine Devonian to Triassic Beacon Supergroup 

deposited (Barrett, 1991). During Jurassic, a large magmatic event, both intrusive and 

effusive, took place along the TAM for more than 3500 km (Ferrar Large Igneous 

Province (Elliot and Fleming, 2008). A c. 160 Ma gap separates the Jurassic 

magmatism from the late Cenozoic alkaline volcanism of the McMurdo Volcanic 

Group. The emplacement of Ross Island volcanoes resulted in significant 

modification of the McMurdo Sound palaeogeography (Kyle, 1981, 1990).  

The present-day exposure of the TAM is the result of different denudation episodes, 

well recorded by thermochronology techniques. The oldest event, based on fission-

track ages, has been detected in the Thiel Mountains (Fig. 4.2) and is dated at 165-150 

Ma (Fitzgerald and Baldwin, 2007). More widespread is a middle Cretaceous 

exhumation (ca.125-90 Ma), recorded in the Scott Glacier region (Fitzgerald and 

Stump, 1997), central Transantarctic Mountains (Fitzgerald, 1994) and both south and 

northern Victoria Land (Fitzgerald and Gleadow, 1988; Fitzgerald, 1992; Balestrieri et 

al., 1997; Lisker, 2002; Lisker et al., 2006; Storti et al., 2008; Welke et al., 2016). The 

Rb-Sr and 40Ar/39Ar age determinations on apophyllite in Ferrar basaltic rocks 

(Fleming et al., 1999; Molzahn et al., 1999), Rb-Sr relationships, K-Ar dates and 

palaeomagnetic pole positions in north Victoria Land (Faure and Mensing, 1993; 

Fleminget al., 1993) also support the Cretaceous denudation in large sectors of the 

TAM (Elliot, 2015).  

Based once again on fission track data, major Cenozoic denudation and uplift of the 

TAM initiated during the Eocene-Oligocene between 55 to 45 Ma or 40 to 30 Ma 

depending on regional variability and authors (Fitzgerald 2002; Prenzel et al., 2018). 

This denudation event appears to get younger southward from north Victoria Land to 

the central TAM (Fitzgerald, 2002; Miller et al., 2010). The onset in northern Victoria 

Land is quite synchronous to the opening of the Adare Trough, which was active from 

43 to 26 Ma (Cande and Stock, 2006). Oligocene apatite fission track ages are 

regionally clustered and patchy distributed all along the TAM, showing that some 

portion of the TAM continue to erode until the late Oligocene. This event is well 

described by thermochronology ages on bedrock (e.g. Fitzgerald, 1994; Miller et al., 

2010; Zattin et al., 2014; Olivetti et al., 2018) and on detrital grains (Zattin et al., 

2010, 2012; Olivetti et al., 2015; Li et al., 2019). Younger than Oligocene erosion is 

not reported in any portion of the TAM (Fitzgerald, 2002) 
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4.2.3 Overview of ice flow dynamics of the Ross Sea 

 

4.2.3.1 Eastern Ross Sea 

 

A review of the existing literature (Hughes,1977; Balshaw, 1980; Anderson et al., 

1992; Farmer et al., 2004; Licht et al., 2005; Perotti et al., 2017) indicates that eastern 

Ross Sea (ERS in Fig. 4.2) tills are provided uniquely by West Antarctic Ice Sheet. 

This is proved, for example, by clay mineralogy of tills which shows the highest 

concentration of smectite in the ERS troughs, whereas the content in the western Ross 

Sea (WRS) and central Ross Sea (CRS) (Fig. 4.2) troughs is lower (Balshaw, 1980). 

Combining the view from Hughes (1977) that West Antarctic Ice Sheet expanded 

following the Ross Sea bathymetry, Balshaw (1980) speculated that high 

concentration of smectite in ERS probably sourced from Bindschadler, MacAyeal and 

Echelmeyer Ice Streams in West Antarctica. Further evidence derives from 

petrographic composition (pebble, coarse sand, and heavy minerals). Different works 

(Anderson et al., 1992; Licht et al., 2005; Perotti et al., 2017) show a significant 

variability from the east to west across the Ross Sea. ERS sand fraction is composed 

of schist and smaller quantities of gneiss, rounded quartz and granite which is quite 

different form WRS tills sand fraction dominantly composed of rounded quartz, 

granite, diamicton fragments, volcanic glass, and minor diabase and litharenite 

(Anderson et al., 1992). Furthermore, ERS tills are compositionally similar to West 

Antarctica tills, particularly in their abundance of quartz and dearth of mafic and 

extrusive lithic components (Licht et al., 2005). Besides, the isotopic compositional 

data also show strong similarities between West Antarctica and ERS (Farmer et al., 

2004; Licht et al., 2005). U-Pb zircon age populations (100-110Ma, 450-475Ma, 330-

370Ma) found in tills located in Bindschadler and Kamb ice streams are consistent 

with eastern Ross Sea tills (Licht et al., 2014). Multi analytical provenance analysis 

(petrographic analysis of gravel-sized clasts, geochronology and thermochronology) 

of samples in the eastern Ross Sea and Sulzberger Bay by Perotti et al. (2017) also 

implied a WAIS source. As a general pattern, the common view is that ERS is 

dominated by ice derived from West Antarctica, with minor if not null sources from 

East Antarctica.  
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4.2.3.2 Central Ross Sea 

 

The analysis of sediment sources in the central Ross Sea is much more complex. The 

works by Farmer et al. (2006) and Farmer and Licht (2016), based on Nd, Sr and Pb 

isotopic signatures, indicate first that fine-grained detritus is the product of further 

comminution of coarser sediments. Comparison of present-day till isotopic data with 

existing data from fine-grained LGM tills in the central Ross Sea suggests that these 

were transported from East Antarctic ice that expanded through the TAM and 

indicates that the LGM sediments are a mixture of detritus eroded along the entire 

path of ice. However, the U-Pb zircon age distribution found in Whillans Ice Stream 

till (which is considered part of WAIS but partially originated in East Antarctica) is 

more similar to tills from the west- central Ross Sea (Licht et al., 2014). The region of 

converging East and West Antarctic ice has been hypothesized to be the CRS (Licht 

and Fastook, 1998; Denton and Hughes, 2000). The diagrams representing the 

petrographic composition of CRS till sample show a mixture of East and West 

Antarctic sources (Licht et al., 2005). Furthermore, most CRS till samples contain 

mafic intrusive lithic and mafic mineral components, which have been observed 

almost exclusively in the WRS and East Antarctica till samples. The mafic component 

is essentially absent in the ERS samples and those collected during the Ross Ice Shelf 

Project (Licht et al., 2005). An East Antarctica source for CRS till is also indicated by 

the presence of an oolitic limestone fragment in one CRS sample (Licht et al., 2005). 

Oolitic limestone has been mapped only in rocks of the Holyoake Range near the 

Nimrod Glacier, which bisects the Transantarctic Mountains (Bushnell and Craddock, 

1970; Licht et al., 2005). Additionally, Nd and Sr analyses from CRS cores show low 

ɛ Nd values, indicative of an East Antarctic source terrane (Farmer et al., 2004). Most 

if not all the analyses support therefore the idea that the confluence of the East and 

West Antarctic ice sheets during the LGM occurred in the CRS (Licht et al., 2005). 

 

4.2.3.3 Western Ross Sea 

 

Balshaw (1980) supposed that low smectite concentration in the western Ross Sea tills 

probably derived from Mercer, Whillans and Kamb Ice Stream that flow from West 
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Antarctica. Anderson et al. (1992) found that the WRS sand fraction is dominantly 

composed of rounded quartz, granite, diamicton fragments, volcanic glass, and minor 

diabase and litharenite, therefore pointing to a source from the Beacon Supergroup, 

Ferrar Group, McMurdo Volcanic Group and exposures of biotite schists and gneisses 

near Priestly Glacier in East Antarctica. Licht et al. (2005) presented that the WRS till 

samples bear strong compositional similarity to East Antarctic till samples and are 

distinctly different from West Antarctic till samples, which supported by Nd and Sr 

isotopic analyses of the silt+clay fraction from the same samples by Farmer et al. 

(2004). Sand fraction of LGM glacier till indicates that western Ross Sea till samples 

exhibit mineralogic and lithological frameworks similar to East Antarctic till samples, 

West Antarctic-derived ice streams did not advance into the western Ross Sea (Licht 

et al., 2005). The U-Pb zircon age distribution found in Whillans Ice Stream till is 

most similar to tills from the west-central Ross Sea Results (Licht et al., 2014). 

Studies of till provenance and the orientations of geomorphic features on the Ross Sea 

continental shelf show that ice with East Antarctic origins extended across the 

continental shelf west of 180° (Anderson et al., 2014). Provenance studies of offshore 

drillings (MSSTS, CIROS-2, CIROS-1, CRP-1, CRP-2/2A, CRP-3, AND-1B, AND-

2A) in McMurdo Sound in western Ross Sea reflect local geological source terrans 

from TAM and outlet glaciers of EAST Antarctica draining ice into western Ross Sea. 

What’s more, Provenance studies of AND-1B, AND-2A (record the last 20 Ma) by 

Zattin et al. (2010, 2012) show an ice pattern dominated by south to north trending 

flow lines parallel to the TAM in the western Ross Sea. In all, EAIS dominated the 

western Ross Sea, probably with an ice flow originated from the WIS northward 

along the coast of TAM.  

 

4.3 Material and Methods 

 

The 32 samples from 18 piston cores in our work were obtained from the Antarctica 

Research Facility at Florida State University. They were drilled by different scientific 

cruises across the Ross Sea: DF78, NBP94-07, NBP94-01, NBP96-01, DF62-01, 

DF76, NBP00-01, NBP94-07, NBP95-01 (Table 4.1). Subsamples for analysis were 

chosen from cores retrieved landward of the Last Glacial Maximum grounding line in 

the Ross Sea. Actually, most of cores are distributed in the central Ross Sea (Piston 
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core 2,3,4,5,6,7,12,13,14,15,16,17) near the longitude 180°. Several cores located in 

the western Ross Sea (Piston core 1,9,10,11). Piston core 8 located in the eastern Ross 

Sea. Details on location are shown in Table 1. All of cores in this work yield samples 

of a stratigraphic age younger than the Last Glacial Maximum. Each of the sample, 

collected in the sand levels, integrates about 5 cm of materials (depth shown in Table 

4.2)  

 

Table 4.1 Information of each piston core in this work. 

Sample name Cruise Core Latitude Longitude Water depth(m) Core length (cm)

1 DF78 014-PC -76.5 164 424 334

2 NBP94-07 070-PC -76.405 -179.657 512 308

3 NBP94-07 093-PC -76.76 178.535 298 359

4 NBP94-01 027-PC -76.522 178.881 312 235

5 NBP94-07 078-PC -76.493 -179.963 375 270

6 NBP94-07 079-PC -76.487 179.949 295 151

7 NBP96-01 002-JPC -76.452 179.881 373 419

8 NBP96-01 006-JPC -77.222 -161.476 649 341

9 DF62-01 005-PC -77.3333 170 805 76

10 DF78 012-PC -78.267 175.25 538 271

11 DF76 001-PC -77.45 174.8 695 544

12 DF76 003-PC -78.2 -174.183 558 671

13 NBP00-01 001-PC -78.019 -176.252 578 237

14 NBP94-07 039-PC -77.924 -178 694 103

15 NBP95-01 017-PC -77.452 179.05 732 202

16 NBP94-07 041-TC -77.921 -178.26 716 32

17 NBP94-07 043-PC -77.917 -178.822 725 241

18 NBP94-07 051-PC -77.659 -177.789 678 125  

 

Fission track method on apatites allow to date the cooling of the rock under  

~120°( and to reconstruct their time-temperature path (Reiners and Brandon, 2006). 

Cooling of the rock is usually produced by exhumation of the rock from depth to the 

surface as a consequence of surface erosion that in turn is controlled by tectonics 

activity and climatic forcing.  

 

4.3.1 AFT dating and modelling 

 

All 32 samples have been dated by apatite fission-track method. Apatite grains have 

been separated from piston cores and then processed for fission-track analysis through 

standard processing techniques. Usually 40 grains could be dated for each sample. 

AFT single grain ages were calculated using the external-detector and the zeta-

calibration methods (Hurford and Green, 1983) with IUGS age standards (Durango 
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and Fish Canyon apatites; Hurford, 1990) and a value of 0.5 for the 4π/2π geometry 

correction factor. The analyses were subjected to the χ2 test (Galbraith, 1981) to 

detect whether the data sets contained any extra-Poissonian error. A χ2 probability of 

less than 5% denotes a significant spread of single grain dates. After using standard 

analytical procedures, grain‐ age distributions of each piston core were decomposed 

into different components (Table 4.2, Fig. 4.3) and plotted as combined radial and 

kernel density plots (Dietze et al., 2016) (Fig. 4.4). 

 

 

 

Fig. 4.3 Distribution of AFT age populations. The percentage scale on the top represents 

proportion of different population (sample locations show in Fig. 4.2). 

 

Measurement of fission-track lengths was performed on all samples. In order to check 

the kinetics of annealing of fission tracks for each sample, we also measured the Dpar 

(the arithmetic mean of FT etch pit lengths measured parallel to the crystallographic 

c-axis (Donelick, 1993; Burtner et al., 1994). 
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Fig. 4.4 Abanico plots (Dietze et al., 2016) of AFT age data in the Ross Sea (sample 

locations show in Fig. 4.2). 
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60 

 

 

B 

 

Fig. 4.5 Thermal histories resulted from inverse modeling of AFT data through HeFTy 

software (Ketcham, 2005). A. It shows modeling (without constrains) of P4, P5, P7 in 

piston core 1, P5, P6 in piston core 4, P4, P6 in piston core 5 and P5 in piston core 7. 

Blue lines are the weighted mean paths and grey lines are the best fit paths. Red clored 

zone is  good path envelops and green clored zone is acceptable path envelops B. it 

shows modelling with constrains for P4, P5 in piston core 1, P6 in piston core 6 and P5, 

P6 in piston core 5.  

 

Track length measurement can provide a further information on the thermal history of 
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the source rock. Length data were divided into different groups according to the age 

of the grain in which they were measured. As a whole, statistically meaningful length 

distributions have been measured on 8 populations from 4 piston cores. In order to 

give a quantitative evaluation of the thermal history and thus of the geologic evolution 

of the source rocks, these data were input into the HeFty software (Ketcham, 2005) 

for thermal modelling (Fig. 4.5). This program generates the possible T-t paths by a 

Monte Carlo algorithm and then finds a range of cooling paths compatible with the 

measured AFT data. Predicted AFT data were calculated according to the Ketcham et 

al. (2007) annealing model for fission tracks revealed by etching with HNO3 5.0 N.  

 

4.3.2 Multidimensional Scaling (MDS) method 

 

 

 

Fig. 4.6 Multidimensional Scaling results of samples related to table 4.1 showing the 

relative of each sample. Samples 2 and 8 are too less grains so not included. ‘similar’ 
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samples cluster closely together, and ‘dissimilar’ samples plot far apart (Vermeesch, 

2013). Location of samples showed in Fig 4.2. Multidimensional Scaling results of 

samples both in this work and in the work by Perotti et al., 2018 attached in Appendix. 

 

The large single grain age dataset here obtained has been analyzed by the 

multidimensional scaling (MDS) method which has been proved to be an easy and 

efficient statistical technique for comparison of complex detrital geochronological 

data (Vermeesch, 2013). Actually, it is a dimension-reducing exploratory data analysis 

tool, but can capture the main features of detrital datasets. It is a robust and flexible 

superset of the Principal Component Analysis (PCA) which makes fewer assumptions 

about the data and produces a ‘map’ of points on which ‘similar’ samples cluster 

closely together, and ‘dissimilar’ samples plot far apart (Vermeesch, 2013). We use 

the MDS user-friendly interface provided by the website http://mudisc.london-

geochron.com. In order to maximize the statistical significance of the data, we 

excluded some samples with few grains (sample 2, 8,16) (Fig. 4.6). 

 

4.4 Results 

 

4.4.1 AFT data and comparison of detrital age distribution 

 

At least 40 apatite grains have been measured in each sample (except some samples 

that did not yield enough apatites). Samples analyzed from the same piston cores 

didn’t show significant variability with depth. The same observation was done by 

Licht et al. (2014) on U-Pb age distributions. Therefore, considering also that the lack 

of high-resolution chronology within the till and thus any time-transgressive analysis 

of flow changes is not possible and that the number of available grains is usually very 

low given the scarcity of sampled material, we merged age data of different samples 

from the same piston cores in order to increase the robustness of statistics. As a whole, 

the single grain ages cover a large range, spanning from 7.9 Ma to 539.3 Ma, and all 

samples show over-dispersion of ages relative to values predicted for standard 

Poissonian variation for a single age component. We paid more attention on the 

youngest grains (AFT ages < ~20 Ma), those with AFT age ~30 - ~40 Ma, and the 

oldest population as these age groups have been revealed as the most significant in 
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terms of source signature (Zattin et al., 2012, 2014; Olivetti et al., 2013; Perotti et al., 

2017; Li et al., 2019). However, to facilitate a discussion, we arbitrarily divided our 

AFT age distributions into 7 different age populations (Table 4.2, Fig. 4.3). We stress 

here the fact that any interpretation based on relative proportion among grain age 

populations must be done with caution. In fact, source of bias could be represented by 

vulnerability of grain-age distribution to hydraulic sorting effects and the mineral 

fertility of the source rock (Malusà and Garzanti, 2019). 

The youngest age population (P1) comprises grains younger than 21 Ma. Generally, 

this age population is poorly represented in our dataset. However, it appears clearly in 

3 piston cores, in core 3 and 5 located in the central Ross sea and in core 9 close to 

McMurdo island in western Ross Sea, although some grains are present also in piston 

cores 13 and 14.  

Population P2 ranges from 28 Ma to 46 Ma and it is widespread present in many 

piston cores from the central Ross Sea (piston cores 2, 3, 4, 5, 6, 7, 15) but also in 

piston core 11 which is close to the western Ross Sea. It is noteworthy the absence of 

P2 population in the piston core 1, collected close to the Victoria Land coast. 

For P3(53-75 Ma), P4(84-100Ma), P5(112-190Ma), P6(222-270) Ma, there are no 

clear trends of their presence in our samples. Generally, grains in these age ranges are 

much more abundant than other populations.  

P7 groups the oldest grains, with ages higher than 270 Ma. This age population 

appears meaningfully in piston cores 1, 4, 5, 7 which are located in the central and the 

western Ross Sea. The number of grains is usually quite low with the exception of 

sample 1. In Figure 4.6 we show a graphical representation of the statistical similarity 

among the samples obtained by Multidimensional Scaling (MDS) method (Vermeesch 

2013) where the solid lines mark the closest neighbors and dashed lines the second 

closest neighbors), Detrital data define different groups with most of samples (4-5-6-7) 

from the central Ross Sea that cluster closely together. Besides, samples 1 (East 

Antarctic coast) and samples 9-11 (western Ross Sea) both plots far from the other 

samples and from each other, pointing to a peculiar detrital age signature (Fig. 4.6).  

Samples 4-5-6-7 are the closest neighbors. It is noteworthy that age distributions of 

these four piston cores show the largest age range among all piston cores. They yield 

4 to 6 age populations with almost absence of grains belonging to P1 age population 

and similar grain abundance in populations P2 and P4. They are all located in the 

eastern flank of Central High (Ross Bank) in the central Ross Sea.  
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Samples 13-17 show most grains with an age of about 130 Ma (P5), and a further 

population P3 with an age of about 50-60 Ma. These two piston cores are both in the 

central Ross Sea and not far from the continental shelf.  

The similarity of samples 10-12 is given by three main age populations at 60 Ma (P3), 

90 Ma (P4) and 150 Ma (P5). They are located a bit far from each other, but at the 

similar latitude and very close to the border of the present Ross Ice Shelf (actually 

sample 10 is below the shelf).  

 

4.4.2 Thermal model of detrital populations 

 

Tracks for length measurement have been measured in dated grain, and only 4 

populations (from a total of 4 samples) yielded a significant number of lengths. 

Number of the track for each population span between 35 and 71, considered a poor 

quantity for standard bedrock samples where it is current to use also grain not already 

dated. In our case, because the samples are detrital it is mandatory measure length in 

dated grain, that limit the amount of available grain. Track lengths relative to 

population P4 have been found in sample 1 and 5, track length relative to population 

P5 in sample 1, 5 and 7, track length relative of population P6 in sample 4 and 5 and 

population 7 in sample 1 for a total of 8 thermal histories (Fig. 4.5A). Mean Dpar 

values do not show remarkable variations (1.17 to 1.45 μm), thus indicating little if 

not null variation of annealing kinetics (Burtner et al., 1994; Donelick et al., 1999). 

The same kinetic model has been therefore applied to all the samples, whose age and 

length data could be modelled through the HeFty program. During the first 

explorative phase, no external constraints have been input because of the lack of any 

information about the geological evolution of possible source of the sediments. We 

assumed that samples were beneath the PAZ temperature between 600 and 500 Ma.   

Population P4 (84 to 100 Ma) was modelled using data from samples 1 and 5 

separately. Mean track length of P4 (sample 1 and sample 5) show 12.77 μm (± 

1.39μm) and 13.19 μm (± 1.07 μm) respectively suggesting a slow cooling through 

the apatite Partial Annealing Zone (PAZ; about 120-60°C). Although the number of 

the measured track are limited, the thermal histories are very consistent between the 

two samples, showing a slow cooling through between 100 and 40 Ma when a marked 

increase of cooling rate occurred (Fig. 4.5A).  
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It could be interesting also to remark that the modeling suggests that at 95 Ma the 

samples were at low temperature, about 70-80 ° C, and the further flexure of the T-t 

paths occurred about 50-60 ° C.     

 

Modelling of P5 (112 to 190 Ma) (in samples 1, 5, 7) gives also quite consistent 

results among the three samples (Fig. 4.5A). These samples are characterized by 

similar MTL (13.27±1.62μm, 13.36± 1.21μm and 13.87± 1.14μm respectively) that 

are slightly longer than younger population. Despite the longer MTL, thermal 

modeling of samples 1 and 5 shows a slow cooling well constrained between 160 Ma 

50 Ma followed by an increase in cooling rate. Modeling of sample 7 suggests a more 

constant cooling rate and a faster cooling through the PAZ. The longer MTL of these 

samples could be due to the presence of some volcanic apatites coming from Ferrar 

dolerite (190 Ma) that generally are productive of apatites (see discussion of the 

source rock exhumation).   

Track lengths relative to population P6 (200 to 270 Ma) have been found in sample 4 

and 5 with values of MTL of 13.24±1.43μm and 13.38±1.14 μm respectively. Thermal 

modeling of the both samples yields a slow cooling from 250 to 50 Ma (Fig. 4.5A). It 

is interesting to remark that a constant cooling since 250 Ma is rule out and both the 

modelled samples suggest a slightly increase in cooling rate in the Cenozoic. 

Differently from younger populations, this change in cooling rate occurred a lower 

temperature, between 50 and 40 °C.  

Population P7 （>270 Ma）could be modelled in only one sample 1 with value of 

MTL 13.28 ±1.50 μm, showing a slow cooling form 440 to 130 Ma with constant 

cooling rate.  

 

4.5 Discussion 

 

4.5.1 Identification of EAIS and WAIS sources  

 

The large range of individual grain ages and the lack of systematic trends across the 

Ross Sea indicate the presence of multiple sources with a complex and differentiated 

erosional history, starting at least from to the Jurassic. Therefore, our major task was 
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the finding of key-data able to give an unambiguous signature to EAIS and WAIS 

provenance.  

A first clue is given by the youngest age population (P1<21 Ma) in our AFT age 

dataset (Table 4.2, Fig. 4.3). Such young grains are also present in datasets detected 

on offshore drillholes such as CIROS-2 and ANDRILL, and were interpreted as 

related to the widespread Cenozoic volcanic event in the western Ross Sea (Zattin et 

al., 2012). On the contrary, these ages are not present in the AFT detrital distributions 

in the eastern Ross Sea (Perotti et al., 2017) and in the U-Pb detrital zircon signature 

of West Antarctic sites (Licht et al., 2014). Actually, some volcanic centers are 

existing in West Antarctica but their contribution to the detritus that is flowing into the 

eastern Ross Sea is very minor (Anderson et al., 1992; Licht et al., 2005; Perotti et al., 

2017). However, it is possible that rare volcanic clasts could derive from the 

unexposed volcanic centers at present under the ice sheet in western Marie Byrd Land, 

although their emplacement ages are totally unknown (Behrendt et al., 1995, 2004; 

Ferraccioli et al., 2002; Luyendyk et al., 2003; Perotti et al., 2017). It is possible that 

erosion of these volcanic centers occurred earlier than the LGM (Licht et al., 2005). 

Therefore, we suggest that, where P1 population is present, a WAIS source can be 

excluded. In East Antarctica, except of course the surroundings of the McMurdo 

Volcanic Province, volcanic clasts have been detected in Royal Society Range 

foothills (Perotti et al., 2018) and Dry Valleys (Kyle, 1981,1990; Marchant et al., 

1996; Ehrmann and Polozek, 1999; Sandroni and Talarico, 2006). Considering the 

location of sample 9, in which P1 clasts are abundant, we speculate that the youngest 

grains in this sample are derived from McMurdo Volcanic Group. Less obvious is the 

explanation for P1 grains in samples 3 and 5 which are located in the central Ross Sea, 

thus quite far from the McMurdo volcanic edifices, taking also in account that the 

young grains are absent in the nearby piston cores. Based on the location of existing 

McMurdo volcanic outcrops, Licht et al. (2005), given the widespread presence of 

volcanic glasses in samples from the WRS, suppose a transport distance from a few 

tens of kilometers to over 100 km. However, it is also possible that some apatites 

derived from volcanic sources located south of the McMurdo region but at present 

below the ice. This hypothesis was already mentioned by Zattin et al. (2012) to 

explain the presence of volcanic detritus in the drill-hole AND-2A. More broadly, the 

presence of P1 apatites, clearly of volcanic origin, represents the signature for a west-

derived source, that is related to evolution of East Antarctica. In other words, the 
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presence of these grains in samples 3 and 5 and their absence in samples closer to 

West Antarctica (Perotti et al., 2017) suggests that the area of Central High was 

reached by EAIS-derived flows. This view is supported by the distribution of P7 

apatites, that is older than 278 Ma. They appear meaningfully in piston cores 1, 4, 5, 7 

which are located in the central and the western Ross Sea. Generally, exhumation ages 

detected on bedrock samples from East Antarctica are older than those from West 

Antarctica. For example, Fitzgerald (1994) detected AFT ages of 253-339 Ma in the 

Miller Range along the TAM whereas AFT ages in the Marie Byrd Land are 

Cretaceous or younger (Adams et al., 1995; Lisker and Olesch, 1998; Spiegel et al., 

2016). Moreover, published detrital AFT ages from piston cores located in the eastern 

Ross Sea (therefore sourced certainly from West Antarctica), are all younger than 222 

Ma (Perotti et al., 2017). On the contrary, sparse grains with ages older than 200 Ma 

have been detected offshore the TAM in the CRP, CIROS2 and Andrill wells (Zattin et 

al., 2010, 2012; Olivetti et al., 2013, 2015). We therefore infer that the presence of 

populations P1 and P7 may represent a significant signature of an East Antarctica 

source. 

We rule out the possibility that P1 ages are not related to magmatic cooling but to 

exhumation. In fact, although extensional tectonics has been proved along the margins 

of the West Antarctic Rift System during the Neogene (Cooper and Davey, 1985; Hall 

et al., 2008; LaMasurier, 2008), AFT bedrock ages younger than about 20 Ma have 

been never found. The youngest exhumation event has been described by Spiegel et al. 

(2016) in eastern Marie Byrd Land at about 20 Ma. 

On the contrary, the appearance of P2 apatites (28 Ma to 46 Ma) (Table 4.2, Fig. 4.3) 

is a clear signal of Oligocene exhumation in the source regions. These grains are well 

represented both in the central Ross Sea and the western Ross Sea samples. Detrital 

AFT ages ranging from 30 to 40 Ma have been already detected offshore the central 

TAM, although in older sediments (Zattin et al., 2010, 2012; Li et al., 2019). They 

derive from erosion of exhumed blocks exposed along the TAM front as they match 

exhumation phases detected on bedrock samples (Fitzgerald, 2002; Zattin et al., 2014; 

Olivetti et al., 2015; 2018). Actually, such AFT ages are rare in the Dry Valleys 

(Gleadow and Fitzgerald, 1987; Fitzgerald et al., 2006) and Granite Harbor region 

(Fitzgerald, 1992) but they have been detected in the Royal Society Range (Olivetti et 

al., 2018) and are also abundant to the south, between the Skelton and Byrd Glaciers 

(Huerta et al., 2011; Zattin et al., 2014) as well as much further (600 km) to the south 
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(Stump and Fitzgerald, 1992; Fitzgerald, 1994; Fitzgerald and Stump 1997; Miller et 

al., 2010). However, AFT data by Perotti et al. (2018), also show samples in the 

eastern Ross Sea (P3, P4, P6, P8, P9 in Fig. 4.2), possibly derived from West 

Antarctica, that yield grains with ages from 30 to 40 Ma. A further support to an 

Oligocene exhumation phase derives by results obtained by thermal modelling. In fact, 

a presence of a marked increase in cooling rates is visible in most of our simulations. 

It is noteworthy that the presence of this cooling event is irrespective of the AFT age 

of the modeled sample.  

 

4.5.2 Erosion history of the source rock  

 

The most remarkable result coming from the thermal modeling consists in the 

recurrent increase in cooling rate in the Cenozoic (Fig. 4.5A). In fact, a presence of a 

marked increase in cooling rates is visible in most of our simulations, and it is 

irrespective of the AFT age of the modeled sample. In this section we refined the 

modeling, testing different constraints derived by the known geological history of the 

regions surrounding the Ross Embayment (Fig. 4.5B). 

In the modeling without constraints, the time-temperature paths of the P4 of the both 

samples (1 and 5) (Fig. 4.5A) suggests a very recent increase in cooling rate. From the 

geological history of the TAM, erosional event younger than 15 to 10 Ma is unlikely 

(see Fitzgerald, 2002), therefore we find thermal history forcing the path to be in 

surface during the last 15 Myr. In these modeling (Fig. 4.5B) the age of increased 

cooling event is contained between 32 and 29 Ma, consistent with erosional history of 

many region along the TAM (Prentzel et al., 2014). This increase in erosion rate 

occurred at low temperature (ca 60 °C) corresponding to an erosion of maximum of 2 

km of crustal thickness, involving rocks were already come out from the PAZ. These 

paths are similar to what recently found in the internal domain of the Admiralty 

Mountains (same age and MTL) (Balestrieri et al., under revision), interpreted as an 

evidence of the Cenozoic erosional event active also in region far away from the TAM 

front. 

Track length of population P5 show a complex distribution, therefore we tested a 

more complex cooling history taking into account a first Paleozoic cooling (Kukri 

peneplain formation) and persistence in surface during the late Paleozoic, 
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corresponding to sedimentation of sandstone during the Devonian (Fig. 4.5B). Even in 

this modeling, a Cenozoic erosional event is visible, spanning from 55 to 30 Ma (Fig. 

4.5B). Similar to the P4 population this event is responsible of erosion of a limited 

crustal thickness of 1 or 2 km, depending on the assumed geothermal gradient.   

Thermal history of population P6 is the most enigmatic. Its cooling age of 200 to 260 

does not correspond to any erosional event in the TAM and probably in the entire 

Ross Sea region, and it is usually considered the time of the long-lasting continental 

sedimentation of the Beacon supergroup. In the modeling without constraint (Fig. 

4.5A) a slightly increase in cooling rate seems occur between 70 and 40 Ma. It is 

likely that cooling age corresponds to mixed ages due to an older cooling event 

followed by a long-lasting persistence within the PAZ. Modeling with constraint of 

Beacon sedimentation are shown in figure 5B showing some paths with a Cenozoic 

erosional event and other paths following a constant cooling since 200 Ma. The lack 

of similar age along the TAM and the occurrence of this population in the sample 

from Central High and its absence in the sample 1 (close to TAM), may reflect the 

WAIS provenance and an erosional event recorded in the Marie Byrd Land only. 

As a whole, this dataset suggests that an Oligocene exhumation phase was widespread 

in both the sides of the Ross Sea. It matched with the view that extension related to 

the West Antarctica Rift System was irregularly distributed across the breadth of the 

Ross Sea during the Paleogene (Harry et al., 2018).  

Evidence of a Cenozoic (Oligocene) erosional event in sample with old AFT cooling 

age have interesting climatic and tectonic implication. Following the general structure 

of the TAM margin, the Cenozoic AFT ages are expected to be in the TAM front only, 

where exhumation and deformation associated to the rift shoulder uplift are focused. 

In the inland region, the AFT ages move rapidly toward age older than ca 50 Ma, until 

ca 200 Ma (Fitzgerald, 2002). It is likely that our population P4, P5 and P7 represent 

the rock coming from the inland of the TAM, where a Cenozoic erosion event due to 

tectonic uplift is not expected. Our result suggests, instead, that also inland region 

recorded a Cenozoic erosional event, that removed a thickness of 1 to 2 km of crust. 

The extent of this erosional event, not associated to a focused deformation along the 

TAM front, could be the evidence of a climatic signal due to the Cenozoic general 

descent into icehouse condition that for the East Antarctica is dated at ca 35 Ma.     
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4.5.3 Implications on ice flow dynamics 

 

Given the widespread presence of P2 apatites in most of the samples, it is noteworthy 

its absence in the piston core 1 (Table 4.2, Fig. 4.3), located close to the East 

Antarctica coast. As already mentioned, on the basis of the MDS statistics (Fig. 4.6), 

site 1 yields a very peculiar distribution of single grain ages, clearly different from the 

samples collected in the central Ross Sea (piston cores 4-5-6-7) and from those more 

to the east. Nearby site 1 (55 km south), single grain ages of about 30 Ma had been 

detected on samples from Pliocene sediments in the offshore drillhole CRP (Olivetti 

et al., 2013). Furthermore, similar ages are present in the Plio-Pleistocene samples 

from the CIROS-2 well (Li et al., 2019). In general, literature agrees on a northward 

ice flow along the coast of TAM, that was able to bring sediments from the outlet 

glaciers of East Antarctica (Zattin et al., 2010; 2012; Olivetti et al., 2013; 2015). Our 

data demonstrate that sediments transported by the ice flow from the south did not 

reached the site 1 (Fig. 4.7) and therefore the supply is mainly from the local East 

Antarctica outlet glaciers. However, although maximum ice sheet advance reached 

site 1, as demonstrated by Anderson et al. (2014), the interplay between west- and 

south-derived ice flow along the Drygalski Through was complex, with one prevailing 

on the other, during the ice retreat after the LGM.  

Considering the AFT populations P1 and P7 (Table 4.2, Fig. 4.3) as marker signals for 

a provenance from East Antarctica as discussed above, the Central High seems to 

represent a major divide between EAIS and WAIS flows (Fig. 4.7). A similar 

conclusion was suggested by Licht and Fastook (1998), Denton and Hughes (2000), 

Licht et al. (2005, 2014) on the basis of different datasets. From a topographic point 

of view, the convergence of ice is marked by two merging sets of mega-scale glacial 

lineation detected by multibeam swath bathymetry (Shipp et al., 1999; Anderson et al., 

2014; Tinto et al., 2019). These results are also broadly consistent with the paleo-

flows estimated by numerical modelling by Golledge et al. (2013). 
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Fig. 4.7 Ice flow lines of the Ross Sea Ice Sheet during the LGM (Based on Apatite 

fission-track signatures and references according to Licht et al., 2005, 2014; Zattin et al., 

2010,2012; Anderson et al., 2014; Perotti et al., 2017 and Li et al., 2019). 

 

4.6 Conclusions 

 

This work shows that detrital AFT analysis can be a valuable tool to reconstruct not 

only the sedimentary provenance pattern but also the erosional history of a region 

where bedrock geology is poorly known. In fact, the samples here analyzed offer a 

picture of the ice-flow dynamics after the LGM in the Ross embayment but, at the 

same time, capture the signals given by differential exhumation of East and West 

Antarctica. 

The overall framework derived from statistical analysis of age groups indicates a 

complex exhumation of the Transantarctic Mountains and the regions belonging to 

West Antarctica starting at least since the Jurassic. However, thermal modelling and 

the presence of apatites with cooling ages of about 30-40 Ma suggests that an 

Oligocene exhumation event, associated to the last phases of the West Antarctic Rift 

System, is widespread all along the margins of the Ross Sea, therefore affecting both 
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West and East Antarctica. Further tectonics related to the rift during the Neogene did 

not produce any relevant exhumation. 

The presence of key marker apatites (e.g. younger than 20 Ma or older than 230 Ma) 

allows to identify the Central High as a major ice-flow divide (Fig. 4.7). West of the 

Central High, the ice flow is from East Antarctica, with general northwards trend but 

with local flows from outlet glaciers, especially during ice sheet retreat phases. East 

of the Central High, sediments derived mainly by West Antarctica, with only minor 

contributions from the southernmost portion of the TAM and the lack of any 

significant input from the inner Marie Byrd Land (Fig. 4.7).  
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Table 4.2 Apatite fission track data of 

samples collected from piston cores in the 

Ross Sea (the location of piston cores 

shows in Fig. 4.2). Each data is from 

emerging several samples’ AFT age data 

together which are collected from different 

depth in the same piston cores. 
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Chapter 5 

 

Conclusion 
 

1. The work based on detrital AFT data from the CIROS-2 sedimentary record 

provides new information about ice flow in the McMurdo Sound area during the last 5 

Ma:  

 

(1) In early Pliocene, the presence of a volcanic component (P1) from the oldest 

McMurdo eruption centers suggests a south-north ice flow over the McMurdo Sound.  

This south-north ice flow is related to a WAIS expansion.  

(2) In the late Pliocene, local source of sediments (P2, P3, P4, P5) testifies a glacial 

expansion of outlet glaciers, therefore supporting the idea of an EAIS expansion. 

(3) Since the early Pleistocene, AFT data record a dominantly local provenance (i.e. 

from the Ferrar and outlet glaciers) with an irregular mix of ages, due to ice 

periodically invading and retreating across the McMurdo Sound.  

 

2. The work based on detrital AFT data from the post-LGM piston cores across the 

Ross Sea provides new information on the exhumation of TAM and new inputs about 

ice flow model of Ross Sea.  

 

(1) The overall framework derived from statistical analysis of detrital ages indicates a 

complex exhumation of the Transantarctic Mountains and the regions belonging to 

West Antarctica starting at least since the Jurassic. However, thermal modelling and 

the presence of apatites with cooling ages of about 30-40 Ma suggests that an 

Oligocene exhumation event, associated to the last phases of the West Antarctic Rift 

System, is widespread all along the margins of the Ross Sea, therefore affecting both 

West and East Antarctica. Further tectonics related to the rift during the Neogene did 

not produce any relevant exhumation. 

(2) The presence of key marker apatites (e.g. younger than 21 Ma or older than 230 

Ma) allows to identify the Central High as a major ice-flow divide. West of the 
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Central High, the ice flow is from East Antarctica, with general northwards trend but 

with local flows from outlet glaciers, especially during ice sheet retreat phases. East 

of the Central High, sediments derived mainly from West Antarctica, with only minor 

contributions from the southernmost portion of the TAM and the lack of any 

significant input from the inner Marie Byrd Land. 

 

3. As a conclusive remark, this work shows that detrital AFT analysis can be a 

valuable tool to reconstruct not only the sedimentary provenance pattern but also the 

erosional history of a region where bedrock geology is poorly known.  
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Appendix 

 
Data repository Chapter 3 

 
 

1. Single grain AFT data 
 
 
 

C1 40 C2 40 C3 36 C4 40

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1378182 RhoD: 1362545 RhoD: 1339091 RhoD: 1331273

Nd: 6943.636 Nd: 6864.909 Nd: 6746.818 Nd: 6707.455

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area (μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

126 323 7352 91.96 39 96 3453 94.36 1 39 9626 5.91 3 51 7034 13.45

1 23 5138 10.31 28 111 5198 58.75 15 77 2591 44.75 6 90 6319 15.24

9 36 6274 59.08 4 24 2123 38.88 48 532 8450 20.77 47 417 3630 25.74

42 135 5594 73.44 64 202 3664 73.71 115 377 6835 69.94 160 1182 7762 30.9

3 35 2054 20.32 2 84 6876 5.57 15 77 1789 44.75 74 112 3902 149.44

43 105 1749 96.5 27 173 5283 36.41 1 32 6489 7.2 108 605 3447 40.72

32 74 5240 101.86 5 45 7461 25.95 39 251 8194 35.72 5 38 3727 30.04

7 18 4415 91.68 32 125 2763 59.62 88 374 8623 54.02 47 117 3877 91.27

1 32 4863 7.42 5 23 2508 50.67 80 378 8731 48.61 70 358 5882 44.59

5 67 8835 17.69 35 79 2872 102.84 1 60 6053 3.84 54 331 1992 37.22

83 513 9483 38.3 12 138 3263 20.31 1 9 2867 25.56 24 113 5253 48.42

48 257 8115 44.19 52 344 4355 35.27 85 645 8375 30.31 13 64 2756 46.31

1 18 8726 13.18 36 237 6531 35.44 12 92 2886 30 133 415 3080 72.92

64 390 5324 38.84 5 24 1726 48.56 1 34 6349 6.78 40 236 5209 38.67

24 101 5427 56.17 115 452 3965 59.26 151 473 3097 73.18 204 915 4905 50.81

35 96 6004 85.98 13 55 1800 55.07 13 175 5209 17.1 12 56 7713 48.85

68 222 6516 72.32 5 28 3016 41.65 70 229 5808 70.09 12 21 7768 129.45

75 121 3437 145.51 1 6 7007 38.88 95 535 5873 40.81 16 124 7831 29.46

21 48 3840 103.04 4 61 2344 15.32 197 1381 3871 32.8 60 134 4874 101.65

2 17 8510 27.87 27 111 2660 56.66 42 322 6039 30 48 134 2289 81.45

76 272 4722 66 23 127 4416 42.24 2 8 5521 57.38 21 122 2092 39.27

3 35 2345 20.32 40 320 5605 29.18 9 44 2296 46.98 86 600 5888 32.71

52 416 2504 29.61 12 100 4690 28.02 51 135 3579 86.51 47 393 7516 27.31

13 15 2105 202.55 26 179 3422 33.9 14 120 6559 26.84 63 399 8527 36.03

35 246 2260 33.69 6 38 1906 36.84 35 158 3725 50.87 21 103 4289 46.48

2 18 7736 26.33 92 307 8034 69.74 68 262 5761 59.56 37 96 6233 87.59

53 149 7283 83.9 15 45 5395 77.53 29 130 2761 51.22 15 70 7306 48.85

50 150 2413 78.66 30 119 5006 58.72 73 169 8530 98.82 1 49 3904 4.67

28 144 2590 46 107 654 5464 38.17 34 177 4378 44.13 6 61 5353 22.47

45 225 5545 47.31 8 48 2214 38.88 75 412 5518 41.83 26 134 5156 44.25

40 110 3090 85.76 12 69 5286 40.56 2 15 2932 30.67 23 226 4514 23.25

13 62 3547 49.59 13 70 2141 43.31 5 47 2470 24.48 125 584 5901 48.79

34 115 2840 69.81 60 208 7891 67.14 21 77 6604 62.57 5 38 4976 30.04

34 212 3207 37.97 112 680 9439 38.42 74 286 7673 59.38 45 210 7156 48.85

18 84 3203 50.68 32 90 4615 82.66 4 16 2236 57.38 48 166 7130 65.83

16 38 4403 99.2 138 439 4378 73.14 1 23 6314 10.02 51 139 4944 83.41

70 465 7668 35.64 5 34 3193 34.32 29 136 5699 48.61

135 650 8972 49.12 20 90 3996 51.79 15 21 7688 161.41

4 14 5576 67.48 24 141 6490 39.7 18 110 3554 37.33

25 166 3375 35.66 63 368 3078 39.93 1 48 5406 4.77  
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C5 50 C6 40 C7 40 C8 40

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1315636 RhoD: 1292182 RhoD: 1268727 RhoD: 1253091

Nd: 6628.727 Nd: 6510.636 Nd: 6392.545 Nd: 6313.818

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

73 702 7940 23.57 15 41 3536 80.69 55 245 3925 48.86 2 20 9057 21.47

23 158 4764 32.97 60 152 6115 87.02 26 71 2445 79.52 18 28 4469 136.79

30 280 4003 24.29 218 1531 4987 31.52 66 103 3869 138.51 3 28 2484 23

42 192 5536 49.49 31 302 5918 22.74 3 86 3536 7.62 13 12 2974 228.87

83 231 7002 81.09 4 22 1981 40.23 13 49 3539 57.71 1 22 5537 9.77

2 25 4254 18.14 13 63 3403 45.63 25 177 5610 30.79 3 41 9853 15.72

39 65 4568 134.84 11 48 4898 50.66 167 556 5949 65.3 38 395 9609 20.66

181 1236 4676 33.17 29 178 4461 36.06 32 65 2746 106.68 3 32 4414 20.13

25 55 5431 102.41 2 12 4280 36.88 13 63 3009 44.93 3 16 2884 40.2

62 187 8114 74.86 45 186 5185 53.47 30 208 6006 31.44 7 37 3263 40.56

11 47 3543 52.93 75 165 7187 100.1 54 286 8168 41.12 2 27 7179 15.91

102 258 7987 89.16 8 31 3762 57.02 1 17 4885 12.84 24 95 2158 54.1

35 79 4586 99.84 9 19 1791 104.28 1 23 5511 9.49 22 33 1612 141.8

51 188 7052 61.31 10 20 2439 110.02 26 98 6451 57.71 14 41 2858 73.02

43 72 3342 134.22 56 189 8951 65.43 16 37 1780 93.8 1 36 2365 5.97

1 6 2362 37.74 5 22 5425 50.24 30 91 5097 71.63 3 58 6270 11.11

91 280 7645 73.39 3 28 2933 23.74 52 99 2328 113.76 32 24 3102 280.55

5 94 6837 12.07 16 576 5816 6.16 11 41 4407 58.36 45 247 4364 39.06

32 310 8891 23.4 64 94 3242 149.36 3 31 5834 21.11 1 33 3785 6.51

45 122 4086 83.23 37 58 3132 140.05 15 57 2093 57.24 24 144 3946 35.74

52 236 4610 49.85 23 40 2387 126.37 35 178 8071 42.82 75 247 5047 64.97

59 216 4288 61.74 14 57 3450 54.28 45 157 6082 62.32 2 23 5095 18.67

45 210 5691 48.48 59 192 5810 67.84 28 268 4968 22.79 2 23 3542 18.67

166 516 7741 72.65 12 23 2193 114.77 12 99 6730 26.43 2 12 4079 35.74

76 320 6572 53.71 11 18 1658 134.22 13 39 4519 72.42 20 103 5228 41.62

7 18 2849 87.72 14 65 3473 47.63 1 48 7635 4.55 148 526 4434 60.23

8 88 7904 20.61 11 33 1859 73.56 37 177 4979 45.51 90 320 5104 60.2

3 35 3539 19.44 20 74 2954 59.71 54 365 6220 32.24 3 67 4473 9.62

24 70 6307 77.4 38 46 3256 180.78 20 85 4128 51.21 1 30 5355 7.16

9 87 6198 23.45 73 214 5044 75.27 123 514 5347 52.08 2 35 8205 12.28

30 298 4210 22.82 50 207 3462 53.39 1 51 9061 4.28 66 237 7829 59.61

65 384 7519 38.33 51 142 4369 79.22 85 343 8879 53.92 2 27 8029 15.91

51 185 2059 62.3 48 145 4731 73.05 36 186 5237 42.15 1 30 2111 7.16

30 360 8197 18.9 13 741 4800 3.89 23 105 7029 47.68 68 218 6635 66.74

3 12 5445 56.53 6 25 2736 53.05 12 126 7130 20.78 23 121 5153 40.75

53 279 6614 43 30 130 6904 51.01 2 30 2784 14.55 2 102 8318 4.22

75 376 3924 45.14 15 34 1760 97.18 38 154 6981 53.69 80 398 4997 43.08

47 183 3187 58.06 124 464 4988 59.04 45 339 7644 28.94 18 72 2780 53.54

28 158 5995 40.12 33 90 2796 80.87 48 206 8366 50.71 3 153 6038 4.22

10 71 4951 31.91 105 221 4807 104.59 33 283 7513 25.43 1 17 5236 12.64

44 146 3776 68.08

28 70 6849 90.21

38 135 5453 63.61

1 32 4601 7.09

48 156 4037 69.5

108 234 8888 103.97

13 97 1906 30.36

3 12 3451 56.53

27 258 3482 23.72

35 153 6136 51.74  
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C9 40 C10 50 C11 40 C12 40

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1237455 RhoD: 1221818 RhoD: 1206182 RhoD: 1190545

Nd: 6235.091 Nd: 6156.364 Nd: 6077.636 Nd: 5998.909

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area (μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

59 115 6253 108.53 31 66 1731 97.84 16 91 5072 36.5 80 279 5060 58.44

93 382 7344 51.73 3 12 3471 52.26 2 6 2533 69.02 23 35 2339 133.15

18 13 2015 288.82 17 84 5472 42.34 1 16 6000 13 23 41 2900 113.84

7 14 2445 105.8 297 612 3427 101.06 27 102 3991 54.87 50 196 1977 52.02

9 344 3571 5.58 95 231 1910 85.75 4 28 6121 29.67 62 125 4526 100.76

6 13 2067 97.72 150 640 7763 49.01 99 298 7419 68.79 88 160 6241 111.63

39 98 3796 84.34 53 219 4256 50.6 89 199 5280 92.44 50 221 3523 46.15

25 210 5928 25.35 36 126 4475 59.69 4 35 1822 23.75 43 141 4346 62.14

2 76 6908 5.61 8 118 3229 14.21 45 102 1877 91.19 10 16 2434 126.71

30 60 5008 105.8 79 352 4392 46.94 38 192 4490 41.07 33 125 2452 53.82

53 209 6262 53.87 3 38 8037 16.55 9 61 3833 30.64 14 65 2365 43.95

55 190 4710 61.46 29 103 2493 58.83 26 77 2724 69.91 51 80 3273 129.21

65 277 2579 49.87 85 618 9524 28.8 40 91 4014 90.86 39 135 3600 58.88

42 70 3296 126.75 130 668 6950 40.72 10 173 1794 12.02 36 142 4103 51.7

3 16 2622 39.88 22 42 3728 109.02 36 51 2316 145.3 14 51 2545 55.96

14 58 2757 51.29 29 95 3877 63.76 30 111 1988 56.02 9 48 2350 38.27

35 167 5114 44.56 62 274 7489 47.32 68 213 7875 66.12 52 195 4084 54.37

50 162 2297 65.51 69 171 6697 84.14 9 42 2132 44.46 1 104 3460 1.97

36 71 2503 107.27 5 13 3698 80.23 1 30 3736 6.94 3 12 3664 50.98

20 77 1722 55.18 21 144 2377 30.54 2 23 4856 18.08 1 16 2631 12.78

73 194 3678 79.78 32 34 1725 194.58 6 868 5376 1.44 14 35 2065 81.38

29 78 3369 78.83 105 364 3427 60.26 122 351 3124 71.95 16 94 2623 34.75

2 12 6907 35.46 21 92 4597 47.73 72 171 4990 87.06 1 5 2016 40.82

18 48 5429 79.51 109 445 2920 51.21 1 39 3323 5.34 24 65 1938 75.15

92 541 8942 36.18 5 11 3369 94.71 16 40 3284 82.74 1 6 2657 34.03

69 276 4343 53.11 1 20 4001 10.49 4 10 5008 82.74 36 123 2971 59.65

16 70 2296 48.58 2 7 1701 59.69 45 258 3478 36.21 14 85 2574 33.63

116 267 6841 92.03 142 484 4373 61.29 85 447 6146 39.46 11 54 3002 41.57

1 14 2221 15.22 51 135 1904 78.81 2 352 3593 1.18 103 265 5549 79.09

38 153 3644 52.77 7 29 3983 50.47 84 369 3933 47.22 8 43 4986 37.98

181 657 6942 58.51 42 189 4310 46.48 20 33 2935 124.95 40 136 4274 59.94

305 966 8326 67.01 3 22 5067 28.56 8 34 1626 48.8 36 94 3537 77.94

12 48 5937 53.11 1 16 7985 13.11 1 27 4779 7.71 2 9 2412 45.34

10 38 5597 55.9 1 22 3763 9.53 36 138 3108 54.08 34 114 2979 60.77

26 81 5622 68.12 144 346 4087 86.77 85 278 4710 63.34 97 427 4742 46.34

1 13 3010 16.39 50 123 3054 84.76 18 117 2705 31.95 5 31 2266 32.94

33 84 4068 83.27 19 196 2733 20.31 5 51 1607 20.38 40 103 2051 79.02

23 122 3678 40.09 22 41 4439 111.65 17 76 3923 46.4 7 261 3624 5.49

46 323 7609 30.31 104 500 6786 43.51 4 12 4224 69.02 69 157 4150 89.36

25 94 5167 56.49 29 117 3806 51.82 34 175 7971 40.32 35 134 3345 53.25

23 94 1920 51.15

33 208 5108 33.21

2 32 3708 13.11

1 12 4776 17.47

11 33 1731 69.59

8 64 1927 26.18

28 63 2529 92.62

14 149 8990 19.69

65 261 7385 52.06

121 379 3978 66.67  
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C13 34 C14 60 C15 50 C16 50

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1174909 RhoD: 1167091 RhoD: 1159273 RhoD: 1143636

Nd: 5920.182 Nd: 5880.818 Nd: 5841.455 Nd: 5762.727

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area (μm

2
) Age (Ma)

107 218 6155 98.05 3 32 6979 18.84 20 10 2144 387.27 38 146 3954 50.85

13 27 1762 96.2 25 69 3586 72.52 25 38 2159 129.98 2 88 6056 4.46

11 23 2024 95.56 34 98 2404 69.46 44 121 4877 72.17 10 66 2623 29.65

33 66 3704 99.87 71 275 6975 51.76 8 43 4439 37.02 1 12 2286 16.32

88 223 3379 78.95 4 28 2071 28.69 25 108 3706 46.03 5 16 2292 61

103 305 9876 67.62 21 47 2164 89.32 63 144 2390 86.73 28 85 2681 64.29

256 447 2933 114.26 9 17 3618 105.7 48 129 6597 73.83 1 33 4290 5.94

14 33 1664 84.84 45 152 4444 59.32 75 204 7388 72.96 1 52 3563 3.77

8 15 2280 106.47 3 58 4055 10.4 35 145 6789 47.99 23 43 2045 104.06

46 163 1952 56.56 52 121 3544 85.93 4 21 5142 37.9 40 143 3436 54.63

58 161 8023 72.11 11 46 2374 47.96 2 54 6862 7.39 1 14 4243 13.99

21 64 1727 65.71 1 25 6158 8.05 2 24 5405 16.61 7 38 2125 36.03

183 311 4920 117.37 76 184 8705 82.61 2 13 4890 30.63 25 83 1636 58.81

85 281 5329 60.6 11 41 1761 53.78 1 16 2562 12.46 2 17 3060 23.03

5 33 2320 30.43 32 51 2173 125.08 2 13 3723 30.63 28 101 2780 54.15

4 73 8128 11.02 43 151 4750 57.07 22 109 4680 40.16 21 98 2684 41.89

2 24 9367 16.75 13 35 2436 74.34 27 68 3345 78.76 9 5 2587 343.71

3 6 3828 99.87 26 123 6556 42.41 10 17 1772 116.34 2 6 3298 65.05

41 67 2045 122.02 6 7 3020 170.27 27 155 1606 34.67 23 195 4675 23.09

92 557 7930 33.16 20 54 1790 74.13 15 9 2867 324.32 1 11 3587 17.81

15 59 3330 50.97 50 228 3637 43.99 12 28 2353 84.97 11 38 4545 56.53

17 134 2506 25.49 19 59 4083 64.5 18 69 3321 51.85 2 8 4501 48.85

137 736 6383 37.36 32 34 1618 186.72 55 120 3250 90.83 20 70 2350 55.8

50 144 3268 69.52 9 20 2495 89.95 127 477 5748 52.92 19 73 2097 50.85

60 348 4636 34.61 10 33 2087 60.71 63 172 5722 72.69 63 166 2288 74.01

83 202 1727 82.18 37 58 2950 127.15 2 56 8670 7.12 3 4 1821 145.45

4 17 9408 47.19 6 40 2534 30.12 58 196 4488 58.79 1 8 4979 24.47

14 18 4030 154.69 15 48 4063 62.6 18 50 2530 71.45 45 124 5600 70.79

42 201 2751 41.92 12 15 6268 159.06 102 329 7104 61.58 14 39 3141 70.02

15 32 1628 93.67 1 19 2146 10.59 36 127 6250 56.32 19 28 3266 131.73

21 106 1937 39.76 28 58 3972 96.45 3 22 4730 27.16 8 36 4264 43.44

45 63 3157 142.2 19 41 1623 92.61 49 256 5196 38.09 10 23 2066 84.72

28 41 2457 136.02 14 18 3593 154.69 1 14 3306 14.24 24 105 3654 44.67

32 230 4824 27.95 12 32 4241 75.05 7 61 4929 22.86 28 59 1794 92.41

40 43 2676 184.58 2 32 2912 12.46 28 116 4702 47.17

13 40 3184 65.09 4 7 2687 113.04 5 23 5004 42.5

12 14 2744 170.27 9 176 6022 10.2 20 61 1939 63.99

11 19 1859 115.5 40 187 7021 42.55 6 45 2009 26.1

13 33 4315 78.81 13 24 6678 107.21 13 36 1654 70.44

45 136 2881 66.26 205 501 5071 81.15 2 55 3534 7.13

13 41 4598 63.51 106 333 4775 63.22 10 28 2337 69.67

28 149 3258 37.72 35 66 2377 104.97 4 9 1600 86.59

70 581 2304 24.21 62 186 2366 66.18 3 43 5622 13.67

1 9 5726 22.33 4 15 3467 53 16 83 2760 37.7

48 164 2803 58.65 3 13 3787 45.89 2 6 1855 65.05

7 63 1739 22.33 2 23 4042 17.33 9 33 2779 53.27

20 15 2013 262.95 2 30 6272 13.29 16 32 2044 97.33

38 110 6727 69.17 21 48 2580 86.73 1 6 2074 32.61

17 45 2811 75.6 14 60 5426 46.4 2 11 2608 35.56

46 139 2408 66.27 5 8 3771 123.54 14 49 2940 55.8

3 55 8204 10.97

13 90 4592 29.01

54 151 4193 71.59

37 107 3331 69.23

14 96 3734 29.29

1 36 8221 5.59

14 52 2155 53.97

5 25 4119 40.13

5 53 4004 18.96

16 66 2558 48.61  
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Data repository Chapter 4 

 
 

1. Sample details  
 

Name of the sample  Name of the cruise Individual samples collected through the core

A49

A57

A63

A69

A74

2 NBP94-07-070 A260

A268

A270

A300

A301

A302

A336

A337

A338

A339

A340

A341

A343

A350

A351

A352

8 NBP96-01-006 A353

9 DF62-01-005 A22

10 DF78-012 A84

11 DF76-001 A90

12 DF76-003 A111

13 NBP00-01-001 A208

14 NBP94-07-039 A259

15 NBP95-01-017 A313

16 NBP94-07-041 A323

17 NBP94-07-043 A324

18 NBP94-07-051 A330

NBP94-07-079

NBP96-01-002

1

3

4

5

6

7

DF78-014

NBP94-07-093

NBP94-01-027

NBP94-07-078
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2. Single grain AFT data 

 
A49 35 A57 39 A63 45 A69 35

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1397787 RhoD: 1389671 RhoD: 1381555 RhoD: 1365322

Nd: 5663.029 Nd: 5622.059 Nd: 5581.088 Nd: 5499.147

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

256 116 3257 510.78 43 30 1607 333.97 127 45 1972 637.47 20 16 3862 288.09

47 46 2185 241.52 116 111 5414 245.19 63 117 1915 126.59 112 145 3515 179.54

55 39 2126 331.03 40 23 2104 403.03 95 132 2320 168.65 31 42 2734 171.66

15 14 1757 253.04 90 103 3716 205.64 15 20 4072 175.65 24 38 1719 147.17

68 93 1676 173.75 16 41 2492 92.65 14 19 1686 172.61 38 55 1789 160.83

98 118 5310 197 37 40 2385 217.5 16 29 1622 129.68 48 116 3232 96.8

10 19 1966 125.54 3 4 2261 176.91 35 48 2335 170.84 24 20 2226 276.81

60 145 3241 98.9 74 102 2155 171.2 23 36 1615 149.93 10 24 1899 97.47

45 55 2113 194.12 46 143 5127 76.47 72 79 1706 212.83 44 58 1989 176.37

56 70 2819 189.87 101 111 1763 214.01 34 75 1853 106.74 12 23 2327 121.82

26 53 4386 117.09 46 126 2985 86.72 39 32 1865 283.05 51 80 3255 148.54

45 57 1687 187.4 9 40 2553 53.58 46 151 3968 71.92 81 75 3528 249.66

42 77 2552 130.06 73 107 4024 161.12 48 43 1608 259.73 184 368 3021 116.79

55 86 3490 152.23 63 109 4860 136.76 45 110 2787 96.4 108 191 1855 131.92

92 292 1619 75.45 91 63 1642 336.49 22 14 2526 362.69 67 138 3316 113.43

30 38 2617 187.4 23 23 1763 234.81 96 231 2313 97.92 69 116 2039 138.7

48 37 2106 305.13 240 278 2231 203.22 19 37 1823 120.78 18 23 1621 181.87

8 3 2206 612.28 75 161 2594 110.45 23 56 1674 96.78 60 47 1603 294.08

22 26 2080 200.65 71 182 4092 92.62 13 28 2011 109.3 9 21 2027 100.23

122 156 2464 185.67 5 24 4312 49.63 23 49 1627 110.49 78 145 2779 125.56

31 43 1637 171.35 19 27 3090 166.13 132 195 2254 158.75 67 116 1781 134.72

69 63 3922 258.55 2 3 2701 157.49 48 46 2295 243.1 21 75 2849 65.66

52 58 1859 212.41 67 161 1732 98.76 30 79 2443 89.54 44 31 1857 326.15

192 296 3150 154.37 18 41 3930 104.14 63 69 2186 213.21 93 177 1630 122.67

28 29 1614 228.46 21 18 2227 273.13 32 20 2067 369.1 146 209 4071 162.59

53 97 1800 130.28 17 40 1861 100.84 20 43 2172 109.49 8 14 2399 133.3

68 117 2081 138.49 83 133 2788 147.54 42 47 1621 208.75 87 85 3100 236.84

66 154 2974 102.41 71 158 3393 106.58 17 21 1647 189.39 43 71 4319 141.19

29 63 2066 109.93 11 34 1617 76.91 119 106 3326 261.18 312 147 5374 481.8

115 75 1684 359.13 60 63 3739 223.82 31 56 2056 130.11 14 13 2508 248.96

98 352 4219 66.71 26 38 3664 161.58 42 65 1706 151.61 98 232 1930 98.8

86 45 3112 444.62 9 4 1959 516.79 57 96 1852 139.45 59 68 5696 201.33

23 38 2167 144.16 10 26 1606 91.33 13 29 2331 105.56 58 68 1630 197.97

41 132 2303 74.38 14 38 2360 87.51 40 47 2632 198.96 217 303 3447 166.63

14 49 1977 68.45 48 31 2808 360.04 4 3 3230 309.04 87 92 2379 219.12

10 27 1644 87.97 45 139 1794 76.41

30 136 2715 52.54 3 3 1649 233.15

26 31 2553 197.51 109 168 1745 152.23

3 6 2504 118.48 40 30 2841 309.04

39 34 1850 266.74

20 42 2660 112.08

55 95 2906 136.01

63 187 1735 79.49

36 45 1897 187.19

133 130 2846 238.44  
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A74 35 A260 22 A268 23 A270 40

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1375062 RhoD: 1332858 RhoD: 1324741 RhoD: 1316625

Nd: 5548.312 Nd: 5335.265 Nd: 5294.294 Nd: 5253.324

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

44 28 1731 355.02 306 319 2069 215.84 15 24 1939 140.4 32 85 3523 84.93

74 48 4651 348.48 218 302 3188 163.09 26 86 2482 68.29 10 34 1732 66.45

47 51 3473 210.57 17 23 2075 166.95 8 43 1777 42.11 45 116 1884 87.5

17 5 1977 744.94 22 35 2426 142.25 14 28 3871 112.56 2 30 1641 15.12

45 115 1669 90.25 139 232 5254 135.66 69 263 3102 59.31 2 88 2460 5.16

107 97 2920 251.24 32 149 4274 48.96 91 209 4201 98.13 15 19 1643 176.84

61 59 1848 235.77 31 12 3415 565.57 27 42 2106 144.36 64 152 2283 94.92

15 27 4351 127.76 125 254 5399 111.64 49 121 3863 91.32 5 77 1845 14.73

62 72 3000 196.96 60 100 5279 135.85 10 6 1857 367.8 93 139 2415 150.18

24 37 2521 148.92 7 24 4469 66.4 8 24 2302 75.26 8 16 1685 112.56

59 113 3838 120.14 12 94 4359 29.15 9 7 1632 285.57 18 36 4637 112.56

18 33 1856 125.46 6 42 3890 32.61 71 211 2800 75.97 68 87 3029 175.1

131 115 3104 259.29 59 72 4639 184.83 19 84 2737 51.16 26 65 3109 90.21

69 112 1670 141.52 39 289 6742 30.81 16 21 1903 170.75 85 524 3763 36.73

349 396 3971 201.51 43 56 3363 173.35 26 65 2139 90.21 19 53 2434 80.9

21 19 2155 251.73 103 189 6718 123.51 13 84 4207 35.05 1 8 1639 28.33

54 33 1895 369.28 16 81 5546 45.04 32 176 1846 41.16 1 34 1646 6.68

22 16 2261 311.7 233 349 5509 150.98 66 75 3524 196.81 5 95 2698 11.94

35 58 3356 138.66 65 25 6561 569.06 31 122 3933 57.45 14 15 3070 208.55

168 130 1943 293.37 52 72 4478 163.18 10 40 1941 56.53 19 91 1937 47.24

35 69 2835 116.75 61 295 9485 47.14 27 68 2422 89.55 101 299 5553 76.26

141 165 4820 195.48 19 13 3283 326.04 23 25 2386 205.62 24 55 3572 98.34

28 96 1851 67.39 7 30 3029 52.77 29 89 2153 73.58

29 68 1621 98.3 13 40 2765 73.39

8 4 1734 448.55 19 46 1608 93.13

112 296 3362 87.29 11 43 2142 57.83

13 12 6187 246.83 15 36 3744 93.94

105 244 2206 99.18 3 193 3938 3.53

8 10 2566 183.18 6 106 2263 12.84

21 53 3380 91.38 5 29 3445 39.04

29 30 2182 220.7 31 170 2205 41.28

50 28 1602 401.96 1 85 2183 2.67

10 15 2185 153.01 17 105 2987 36.66

187 216 1867 198.01 34 184 3211 41.83

26 90 2461 66.75 54 134 1746 90.87

52 212 3844 55.46

143 296 2917 108.79

80 154 4090 116.91

5 25 1923 45.26

2 8 2190 56.53  
 

A300 40 A301 40 A302 40 A336 40

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1308509 RhoD: 1284160 RhoD: 1259812 RhoD: 1243579

Nd: 5212.353 Nd: 5089.441 Nd: 4966.529 Nd: 4884.588

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

11 14 1810 174.69 12 37 2584 71.03 24 49 1917 105.31 22 85 5897 54.98

5 35 2331 32.12 215 188 1911 247.05 42 20 3218 439.88 11 30 3164 77.75

43 118 2867 81.61 12 14 1795 186.05 40 75 2149 114.59 45 87 5111 109.41

92 304 2709 67.85 78 148 4300 115.03 42 44 2467 203.67 16 28 4013 120.77

28 161 2170 39.08 13 25 2316 113.51 7 8 4050 186.94 26 61 2223 90.29

29 194 2294 33.6 158 41 2903 797.25 22 63 1698 75.26 39 215 2377 38.58

36 155 2584 52.13 13 10 2095 280.11 163 359 3334 97.68 14 22 3683 134.35

9 10 3382 199.72 146 124 2639 254.21 17 36 3214 101.56 53 513 6431 22

40 124 3119 72.3 36 86 1801 91.53 14 37 2669 81.51 36 122 3991 62.65

34 180 3176 42.43 11 35 3237 68.84 133 166 1938 171.38 19 61 1617 66.11

18 28 2838 143.28 37 25 3996 317.95 248 141 2521 370.43 2 4 1602 105.8

17 30 1837 126.47 4 47 2349 18.71 48 68 1798 151.23 23 129 4811 37.92

42 38 1891 244.41 144 58 2427 524.79 17 76 2380 48.31 29 61 5480 100.63

25 41 2156 135.98 39 40 2356 211.21 10 35 2129 61.64 543 453 5590 250.78

12 46 2025 58.53 41 130 2209 69.08 52 198 5771 56.68 27 128 6618 44.84

1 6 1602 37.45 30 142 2577 46.36 15 16 1612 200.09 59 99 2539 125.9

25 25 2550 221.53 59 74 2155 173.23 9 33 2808 58.85 58 84 3235 145.65

17 43 5113 88.49 236 341 2860 150.63 131 243 4559 115.82 1 16 2530 13.32

12 6 1760 435.7 26 43 1779 131.8 95 219 4725 93.36 14 24 2803 123.26

23 79 3217 65.28 5 5 2054 216.54 35 185 2979 40.88 8 6 3808 278.35

12 21 2520 127.52 9 52 2929 38 31 86 3491 77.67 58 131 2606 93.77

58 86 2586 150.24 46 126 1733 79.9 75 162 2859 99.59 265 343 2060 162.75

8 37 2208 48.55 28 25 2495 242.04 25 137 6220 39.44 60 152 3905 83.67

45 196 2271 51.54 26 27 1612 208.65 26 274 2752 20.54 22 43 2543 108.23

29 171 2272 38.11 141 165 2323 185.49 18 123 2916 31.65 31 32 4558 203.43

15 100 1643 33.72 48 150 4684 70.09 39 116 3417 72.47 58 166 5327 74.11

166 380 3654 97.71 6 31 3218 42.48 8 35 3100 49.36 33 27 1844 255.61

39 77 2663 113.15 37 65 2623 124.15 47 86 1875 117.4 35 98 1951 75.74

47 26 2280 395.06 20 30 2287 145.16 42 256 3021 35.47 38 124 4259 65.05

22 42 1669 116.99 12 5 2761 507.97 7 32 2651 47.25 28 76 3741 78.12

32 41 2244 173.55 69 141 4110 106.88 17 89 3408 41.27 24 72 5455 70.72

42 123 2686 76.5 124 234 2509 115.65 26 188 4339 29.91 19 25 5414 160.13

22 37 2366 132.64 12 15 1987 173.81 15 32 3128 100.82 66 90 3737 154.58

17 29 3678 130.78 3 18 1685 36.6 126 239 2562 113.28 112 183 2211 129.26

25 211 3356 26.65 34 102 1824 72.99 6 17 1891 76.06 4 17 2204 50

13 67 2566 43.58 96 100 3556 208.02 56 222 8221 54.45 58 131 2490 93.77

136 128 1605 235.12 9 59 1883 33.51 37 102 1913 78.16 81 372 3080 46.29

99 83 2085 263.37 245 436 2304 122.57 14 73 2532 41.44 45 117 3718 81.53

49 215 2161 51.16 87 188 5103 101.11 9 33 2230 58.85 16 30 3436 112.79

17 36 1853 105.56 6 35 1775 37.64 60 151 5464 85.57 18 108 3302 35.46  
 



 

83 

 

 

 
A337 40 A338 38 A339 40 A340 40

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1235463 RhoD: 1227347 RhoD: 1219231 RhoD: 1202998

Nd: 4843.618 Nd: 4802.647 Nd: 4761.676 Nd: 4679.737

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

55 112 2804 103.92 108 55 7198 402.69 76 137 5155 115.4 39 90 1725 88.85

14 60 2291 49.59 81 230 4064 74.1 45 39 2116 237.75 38 166 3400 47.09

16 17 1928 197.72 63 66 3293 198.9 91 117 3420 161.22 6 28 1608 44.09

7 4 1997 362.93 73 146 2370 104.95 19 35 3387 112.95 14 9 1879 313.41

162 422 3473 81.38 61 165 5292 77.76 28 43 4546 135.25 61 291 3915 43.13

14 31 2347 95.63 12 51 2454 49.6 16 58 1637 57.64 75 113 5708 135.59

57 85 3228 141.5 23 26 3913 184.53 269 296 4532 187.98 7 25 2545 57.55

13 112 1603 24.71 9 18 1801 104.95 16 53 2283 63.06 19 28 2045 138.59

33 593 2271 11.86 598 448 9506 276.46 110 146 2915 156.23 37 16 3438 460.57

5 8 1699 131.97 276 183 4134 311.51 87 183 3671 99.02 20 28 3013 145.81

86 201 4404 90.64 31 72 2733 90.47 2 2 2377 206.55 8 61 4896 27.02

12 41 2239 62.14 40 67 2156 125.12 8 10 4089 165.77 17 73 1616 47.9

110 187 1729 124.29 6 69 1701 18.38 24 57 2536 87.78 31 58 1898 109.41

9 22 1800 86.69 44 45 2380 203.66 21 81 3364 54.19 26 17 1709 308.26

19 29 2410 138.28 62 21 4281 596.32 33 22 2237 307.4 19 32 2627 121.43

5 13 2528 81.53 106 155 3902 143.12 146 267 2081 113.76 40 114 3502 72.04

12 44 2347 57.92 5 15 1923 70.16 1 6 1952 34.89 27 64 2218 86.51

17 90 1765 40.17 35 84 2211 87.58 5 15 1758 69.59 26 48 1681 110.87

59 194 2003 64.56 9 25 3588 75.73 27 23 3364 241.81 3 35 2925 17.67

3 10 1875 63.69 45 137 4780 69.14 2 4 1730 104.1 81 182 3344 91.23

35 37 2268 198.71 10 20 3577 104.95 25 67 2268 77.85 21 245 2233 17.67

33 141 3257 49.74 46 173 4232 56.02 12 15 1722 165.77 148 194 7578 155.61

31 98 2348 67.13 30 49 3407 128.28 16 25 2518 132.95 20 16 2507 253.04

39 75 3159 109.99 27 56 2011 101.23 91 528 6430 36.07 27 11 2862 487.82

26 53 3479 103.81 89 143 1769 130.38 123 248 3217 103.27 79 133 3639 121.48

14 45 3347 66.03 8 22 3451 76.5 8 40 1844 41.84 31 134 2013 47.59

38 116 3268 69.51 101 140 4231 150.89 39 222 3141 36.77 18 116 3000 31.96

25 75 1613 70.72 216 103 2507 429.17 30 69 2087 90.62 79 51 5423 312.12

23 40 2722 121.52 225 87 2690 525.29 26 203 2260 26.83 58 309 7694 38.64

48 107 3205 95 23 88 2748 55.07 18 43 2003 87.27 11 57 2360 39.72

10 40 2867 53.11 56 271 3462 43.58 18 67 3282 56.14 25 118 4581 43.59

21 87 2412 51.29 38 43 2455 184.35 89 63 2540 289.9 55 280 1815 40.43

68 92 6989 155.79 20 45 4517 93.37 72 413 5277 36.49 8 20 2118 82.06

28 63 2557 94.13 19 51 2501 78.36 2 32 1894 13.11 26 44 1979 120.86

108 91 2326 248.34 27 37 1894 152.6 7 11 3015 132.2 27 60 1816 92.24

78 240 4295 68.96 22 21 3563 217.97 36 74 7293 101.31 26 202 1647 26.52

4 59 3212 14.45 188 201 2525 194.95 8 27 2630 61.89 34 109 3559 64.08

131 320 2910 86.75 37 37 1823 208.22 12 61 1895 41.16 147 237 4591 126.8

21 49 3892 90.79 48 87 3998 114.78 30 263 5395 23.51

72 123 1991 123.69 80 212 4407 78.72 22 32 3887 140.4  
 
 

A341 37 37 A343 20 A350 35 A351 34

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36

RhoD: 1178650 RhoD: 1170533 RhoD: 1162417 RhoD: 1154301

Nd: 4556.824 Nd: 4515.853 Nd: 4474.882 Nd: 4433.912

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

35 61 2084 115.44 11 48 3313 45.97 8 54 2926 29.5 15 30 1731 98.17

121 283 3809 86.22 12 12 1671 198.21 226 122 3289 359.49 59 102 1859 113.44

3 7 2621 86.42 53 52 3280 201.97 5 18 3134 55.2 29 32 1793 176.85

24 138 2999 35.21 29 94 4558 61.8 60 104 2810 114.12 47 119 4271 77.67

15 13 2085 230.09 16 22 2164 144.76 54 50 3012 212.01 76 210 3638 71.21

5 14 3192 72.1 14 32 3338 87.47 10 22 1773 90.08 11 78 2206 27.84

10 12 2420 167 10 17 2660 117.33 14 76 3557 36.66 214 187 2838 222.53

20 22 3342 181.96 26 40 2222 129.53 18 31 2258 114.85 47 118 2344 78.33

29 66 5750 88.59 9 134 1606 13.51 38 121 3077 62.37 43 67 4067 125.75

2 14 2047 28.94 37 59 3318 125.01 9 61 2471 29.38 5 75 3733 13.18

35 58 2436 121.36 4 33 1841 24.35 30 50 2598 118.64 6 14 2045 84.24

34 79 2670 86.79 13 20 2938 129.53 24 38 3315 124.83 18 13 3130 268.29

9 14 3332 129.2 50 91 2712 109.66 22 68 4811 64.25 23 51 2705 88.62

9 36 1736 50.55 28 231 2877 24.35 57 162 3330 69.84 6 15 2260 78.66

21 68 1612 62.39 347 236 2364 289.38 11 64 2479 34.21 19 75 2406 49.93

42 72 3464 117.35 12 17 1673 140.55 12 33 2343 72.17 114 227 3401 98.6

3 14 4092 43.36 129 341 3866 75.7 8 23 1634 69.05 69 155 2668 87.48

24 119 2652 40.81 5 14 2515 71.49 4 23 2672 34.62 43 144 3739 58.81

8 27 2841 59.87 32 50 1977 127.56 16 56 2068 56.77 69 166 3813 81.72

25 134 6701 37.76 28 158 1896 35.57 14 13 2308 211.42 116 199 4394 114.31

31 164 6254 38.26 13 78 3637 33.18 14 52 5994 53.05

16 27 2796 119.2 55 75 2260 144.72 75 29 4264 492.39

83 113 4534 147.42 15 46 1676 64.75 123 389 5447 62.26

6 29 5177 41.87 24 73 4219 65.28 18 42 2992 84.24

24 28 2023 171.7 52 86 1850 119.56 312 329 3371 184.95

38 202 5084 38.08 12 20 3075 118.64 16 36 1625 87.34

9 36 4575 50.55 4 9 3315 88.09 73 167 4772 85.91

18 57 2265 63.79 52 49 1872 208.39 12 83 2345 28.54

39 60 3850 130.63 19 27 2849 138.93 15 48 2304 61.53

164 214 5627 153.73 59 147 4031 79.61 35 81 2857 84.93

19 157 3334 24.52 21 15 3660 273.52 31 58 2039 104.89

132 267 4961 99.59 270 345 2020 154.32 58 104 3178 109.41

37 60 4109 123.99 12 82 2170 29.14 30 94 3473 62.84

61 75 4796 163.04 30 90 3189 66.18 36 37 3423 189.69

205 318 3412 129.56 58 148 4697 77.74

5 34 1611 29.79

18 85 3463 42.85  
 
 



 

84 

 

 
 

A352 28 A353 17 A22 40 A84 40

Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.09 Zeta err.: 10.36 Zeta: 344.94 Zeta err.: 27.24 Zeta: 344.94 Zeta err.: 27.24

RhoD: 1146185 RhoD: 1138069 RhoD: 9.92*10
6

RhoD: 9.62*10
6

Nd: 4392.941 Nd: 4351.971 Nd: 4798 Nd: 4798

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

42 160 3633 51.73 17 27 1886 122.32 11 62 2627 30.28 19 22 2672 141.72

26 86 3651 59.54 5 17 2872 57.43 44 30 1804 246.17 41 63 1810 107.08

3 3 1674 194.88 157 286 4719 106.78 17 36 1271 80.29 44 141 1950 51.57

15 60 1687 49.27 64 78 3189 158.95 25 41 1221 103.49 20 38 2237 86.74

184 235 3932 153.08 9 33 1965 53.27 32 34 1329 159.05 54 82 1927 108.35

45 56 3617 157.06 51 89 2496 111.42 26 99 4297 44.78 25 65 1924 63.5

8 57 1640 27.71 132 187 6573 136.98 2 48 1919 7.12 21 22 1415 156.46

3 15 2229 39.45 284 275 5600 199.43 8 192 2101 7.12 36 74 2924 80.21

13 8 1658 313.75 38 43 2681 171.04 6 20 1888 51.12 120 276 5253 71.74

32 68 2246 92.44 5 37 3278 26.45 14 60 3195 39.8 3 28 3347 17.75

15 16 1609 182.87 15 44 1685 66.52 4 33 1616 20.7 17 21 1540 132.93

7 35 1600 39.45 22 16 3136 264.19 1 76 3408 2.25 114 121 3108 154.45

165 118 2450 270.89 11 5 2664 417.66 10 60 2516 28.45 25 60 1265 68.76

9 19 1739 93.04 140 123 5204 219.46 5 13 3140 65.47 11 23 1219 78.87

2 10 2039 39.45 47 42 1798 215.83 9 23 2155 66.6 34 67 1049 83.65

76 113 3426 131.71 13 32 2092 79.19 32 82 2793 66.42 9 26 1416 57.18

32 42 2325 149.01 29 16 6067 346.03 11 39 3069 48.08 23 56 1736 67.79

4 4 1864 194.88 12 45 2006 45.46 25 19 1847 214.7

21 22 2832 186.14 18 33 1913 92.65 16 53 1942 49.89

23 18 1777 247.98 21 53 3417 67.44 47 88 2759 88.01

23 17 1603 262.27 51 108 1738 80.29 35 95 2370 60.84

3 6 1680 98.17 9 26 2067 58.95 24 35 1545 112.78

19 20 1600 185.27 21 57 1868 62.73 18 22 2281 134.34

3 16 1736 36.99 9 10 1508 152.17 11 19 2053 95.35

25 33 2109 148.17 17 37 2260 78.13 15 21 1778 117.44

4 21 3861 37.58 11 73 3379 25.73 10 6 3433 270.76

24 34 2378 138.17 3 9 1807 56.78 72 110 2815 107.7

7 19 1617 72.48 13 90 2542 24.67 39 64 1875 100.32

15 87 4004 29.43 14 37 2151 62.48

26 54 1677 81.85 47 124 2183 62.58

3 29 4423 17.67 20 71 1965 46.57

3 14 1466 36.56 80 189 3618 69.85

25 73 3167 58.33 46 101 2496 75.13

6 56 2401 18.31 149 269 4952 91.25

10 45 3474 37.91 98 301 5278 53.79

36 52 4066 117.37 18 71 4290 41.93

30 34 3243 149.22 65 96 2544 111.37

28 163 4367 29.32 16 30 1133 87.89

56 66 2787 143.56 19 60 1714 52.33

21 50 3397 71.46 22 87 2126 41.82  
 

A90 36 A111 40 A208 40 A259 42

Zeta: 344.94 Zeta err.: 27.24 Zeta: 344.94 Zeta err.: 27.24 Zeta: 344.94 Zeta err.: 27.24 Zeta: 344.94 Zeta err.: 27.24

RhoD: 9.58*10
6

RhoD: 9.58*10
6

RhoD: 9.3*10
6

RhoD: 9.12*10
6

Nd: 4798 Nd: 4798 Nd: 4798 Nd: 4798

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

11 53 1497 34.2 35 62 1361 92.6 18 28 3523 102.3 75 198 4452 59.31

10 45 2140 36.61 2 24 1658 13.75 19 33 2699 91.69 12 25 2474 75.06

7 58 2222 19.91 11 10 1488 179.23 73 193 7320 60.38 5 14 1687 55.93

2 7 1913 47.04 24 94 1171 42.05 8 20 2224 63.84 10 28 1627 55.93

7 29 2245 39.76 49 82 1233 97.98 11 20 2957 87.62 29 62 1913 73.16

2 13 2643 25.37 33 56 2032 96.64 18 22 2142 129.92 19 57 2933 52.22

43 118 5682 59.93 13 23 2026 92.72 44 42 3035 165.88 19 63 3309 47.26

10 70 2825 23.56 1 3 4260 54.84 21 29 3798 115.12 10 8 3067 193.68

116 148 2593 128.22 77 203 2878 62.37 30 35 2593 136.04 9 17 2769 82.74

18 53 2723 55.87 25 20 3363 203.29 35 26 2216 212.38 8 46 3351 27.3

8 20 2349 65.75 8 26 2151 50.64 61 67 2839 144.4 7 17 1922 64.44

33 86 2784 63.09 13 38 2206 56.28 17 32 4219 84.65 17 35 2337 75.95

57 97 1505 96.37 20 60 2302 54.84 30 56 1373 85.36 11 24 3571 71.69

25 134 2661 30.75 15 32 1533 76.99 43 39 1926 174.47 15 16 1523 145.8

3 16 2556 30.91 10 13 2332 125.86 18 16 1897 177.97 4 19 2497 33.03

9 27 3254 54.84 176 306 9024 94.34 22 39 2593 89.85 13 49 1841 41.6

57 126 5785 74.32 60 179 5056 55.15 20 31 1663 102.66 7 15 1749 72.99

7 29 2859 39.76 24 55 1507 71.7 38 40 3872 150.6 8 21 2697 59.64

84 135 2313 102 7 16 1425 71.88 35 36 3937 154.09 3 5 1357 93.69

46 48 2176 156.43 27 54 2435 82.09 18 41 1870 70.04 19 46 1792 64.64

24 177 1432 22.36 113 123 4503 150.03 6 40 1551 24.01 24 61 1689 61.59

22 7 3109 499.43 63 75 4200 137.32 55 78 2054 112.12 20 42 1923 74.47

13 125 3090 17.16 9 16 1603 92.28 37 90 2919 65.61 13 34 1896 59.86

11 37 2693 48.94 24 21 2182 186.12 28 44 3067 101.27 28 10 3323 426.03

24 47 2776 83.82 51 21 1502 389.27 14 30 2360 74.42 9 21 1324 67.06

12 26 2021 75.81 25 43 1916 95.35 49 98 3402 79.7 6 18 1524 52.22

1 23 2230 7.18 43 74 2229 95.3 2 3 3522 106.05 7 22 3097 49.85

28 24 2673 189.94 9 18 1571 82.09 4 63 3058 10.18 2 7 3582 44.78

21 51 1798 67.68 74 138 4682 88 9 13 2380 110.1 20 38 2940 82.26

5 13 1567 63.24 138 267 7964 84.84 19 85 2088 35.75 66 143 2983 72.19

5 29 1982 28.42 6 24 2250 41.17 58 60 2466 153.22 12 43 3226 43.75

42 221 2921 31.32 19 17 3007 182.07 39 40 2399 154.52 17 58 2944 45.94

4 13 4029 50.64 44 132 2353 54.84 19 64 1608 47.44 10 16 2011 97.57

32 73 4016 72.02 28 85 2518 54.2 33 41 1807 127.82 34 39 2746 135.69

64 154 2211 68.3 6 15 2972 65.75 28 69 5853 64.76 15 25 2923 93.69

19 57 1276 54.84 40 46 1478 142.1 13 21 3063 98.54 5 5 5020 155.4

11 17 1895 106.03 20 30 2103 106.05 18 32 1870 87.88

58 124 2391 76.82 42 116 2960 57.81 11 104 3158 16.62

20 46 1860 71.44 8 21 1668 60.82 11 16 2112 107.24

16 37 2176 71.06 17 61 1437 44.55 28 54 2823 81.05

19 24 2427 123.34

47 74 4332 99.14  



 

85 

 

 

 
A313 40 A323 20 A324 40 A330 30

Zeta: 344.94 Zeta err.: 27.24 Zeta: 344.94 Zeta err.: 27.24 Zeta: 344.94 Zeta err.: 27.24 Zeta: 344.94 Zeta err.: 27.24

RhoD: 9.06*10
6

RhoD: 11.39*10
6

RhoD: 11.32*10
6

RhoD: 11.25*10
6

Nd: 4798 Nd: 4798 Nd: 4798 Nd: 4798

Ns Ni Area(μm
2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma) Ns Ni Area(μm

2
) Age (Ma)

62 160 2156 60.27 25 37 2494 131.38 21 82 2942 49.81 89 186 2063 92.18

28 84 4235 51.88 11 72 5177 29.94 10 31 4361 62.67 22 64 4235 66.35

57 156 4006 56.84 106 121 3689 169.83 241 276 2896 168.26 35 119 3387 56.82

46 93 3721 76.83 64 160 3761 78.1 24 51 2719 91.23 33 71 4523 89.56

11 84 3112 20.43 30 49 2325 119.16 27 34 2413 153.21 5 16 2087 60.35

220 427 7285 80.01 20 33 2530 117.97 27 35 1512 148.88 107 151 5538 136.04

23 17 2339 208.02 27 49 1783 107.35 9 26 4980 67.23 123 178 2456 132.7

104 54 2646 294.13 64 115 2526 108.41 75 141 4627 103.02 98 150 4539 125.54

14 40 1538 54.46 76 100 1799 147.59 127 161 4050 152.2 23 64 4246 69.35

29 104 4061 43.43 12 32 4310 73.25 26 58 4440 86.93 405 575 8165 135.24

21 67 1536 48.79 26 42 3734 120.47 21 43 2286 94.65 32 131 5904 47.22

118 222 3514 82.53 12 65 2926 36.16 8 14 5756 110.61 7 19 2522 71.09

77 204 5379 58.71 55 126 3024 85.18 19 35 3314 105.12 62 130 2536 91.88

8 42 3375 29.69 60 106 3129 110.25 18 63 6433 55.54 80 114 2257 134.74

32 89 1909 55.94 9 32 2644 55.01 46 80 2393 111.29 46 53 1602 166.24

34 88 2307 60.09 34 76 3332 87.29 10 36 2717 54.01 168 156 3963 205.64

22 25 3514 136.06 4 6 1671 129.65 15 29 3411 100.2 36 45 2894 153.38

17 26 5535 101.37 67 75 2005 173.14 23 66 1895 67.68 157 192 548 156.74

72 107 3527 104.3 58 105 4504 107.61 38 90 2809 81.91 49 68 2446 138.32

49 98 5424 77.66 31 70 1340 86.41 23 70 1737 63.83 141 155 3815 174.13

18 25 1398 111.54 28 89 7279 61.13 178 309 6686 110.81

60 101 3490 92.16 83 94 3550 170.12 3 4 1921 143.9

82 214 2746 59.6 144 208 2717 133.77 80 85 2483 180.08

2 7 2424 44.49 5 5 2592 192.34 220 312 9143 135.38

44 29 1965 232.83 17 19 4498 172.36 19 27 2555 135.11

123 100 5487 189.39 45 85 3757 102.54 75 106 5091 135.84

32 136 1953 36.66 86 196 3329 85.1 32 64 3353 96.29

33 54 2922 94.79 145 223 4182 125.71 124 286 2351 83.58

80 154 2157 80.67 85 176 2747 93.61 22 65 4106 65.34

146 279 5640 81.26 15 84 4178 34.77 45 75 1887 115.38

65 90 2589 111.88 74 81 2085 175.94

73 148 2021 76.62 50 65 3375 148.46

20 26 4155 119.09 31 31 3517 192.34

77 118 3048 101.17 14 29 3761 93.57

20 67 3978 46.48 92 130 4340 136.71

38 81 4964 72.89 52 110 2455 91.64

31 161 5148 30.02 17 54 2038 61.17

19 64 2099 46.22 13 22 3875 114.35

28 152 3859 28.72 9 103 3354 17.04

82 220 4250 57.98 238 352 7973 130.67  
 

 

3. Length measurements and AFT modeling  
 

 



 

86 

 

1 P4（84-100Ma） 1 P5 (112-190Ma) 1 P7 (>270Ma) 4 P6 (222-270Ma)

length (um) angle (°) length (um) angle(°) length (um) angle(°) length (um) angle(°)

9.83 62.58 11.01 2 11.57 84.58 9.77 0

10.97 54.35 15.13 48.67 11.2 5 9.6 24.91

10.21 62.18 15.76 87.03 12.41 86.6 11.72 29.71

13.02 43.07 9.46 54.39 10.84 27.79 9.82 38.34

13.84 7.02 10 7.21 10.52 78.62 12.91 0

13.22 84.23 12.57 89.11 13.05 7.99 9.76 66.92

10.21 45 9.83 69.89 13.57 62.32 11.41 66.49

10.87 85.76 12.69 2 12.13 62.73 9.57 60.82

14.67 41.72 13.68 13.87 14.3 84.78 13.99 84.73

10.27 8.87 14.29 54.02 10.52 69.23 12.88 54.64

10.1 89.94 10.96 61.44 14.14 75.19 11.56 86.24

12.75 56.19 12.85 54.26 14.57 58.76 14.59 20.78

13.48 4.97 14.31 59.43 13.58 7.04 11.38 43.57

12.58 12.34 9.45 1 11.95 26.13 11.48 36.63

13.12 21.62 10.64 89.47 15.84 84.58 14.35 27.16

14.03 47.61 10.93 65.17 13.26 66.99 15.23 40.83

12.18 79.19 12.33 20.89 12.14 9.73 10.22 60.37

15.75 20.37 14.25 76.3 14.4 8.34 10.48 82.43

13.35 34.18 14.67 83.14 14.6 52.16 11.09 31.61

10.75 55.64 13.81 73.42 10.81 89.05 15.22 12.35

13.74 0 15.26 59.56 12.49 39.3 12.53 70.63

13.47 74.52 14.84 77.3 11.83 76.54 13.7 27.24

9.31 11.64 15.07 84.74 9.6 68.44 12.63 13.52

8.75 85.03 13.35 75.4 9.48 75.94 14.19 63.16

9.81 45.66 11.92 72.76 9.24 21.61 12.87 8.71

9.48 76.71 14.1 6.31 13.5 39.68 11.74 18.36

9.67 25.4 11.72 13.46 12.7 44.57 13.17 78.27

11.33 68.66 11.83 61.81 13.55 7.26 15.31 88.33

9.99 58.43 11.39 68.25 11.03 53.28 14.96 32.14

12.96 38.95 12.12 41.68 13.25 56.38 13.58 55.16

9.44 30.82 8.86 82.87 15.25 9.62 15.5 85.2

11.52 71.49 12.68 29.53 14.57 12.61 12.9 55.93

9.45 71.49 13.76 68.59 9.61 20.64 11.54 46.61

10.45 76.05 13.25 36.9 10.42 22.01 12.37 33.21

12.18 60.01 11.95 7.77 9.83 77.98 11.36 79.17

10.71 42.06 10.68 36.89 12.58 85

11.76 0 14.04 1.2 12.71 21.56

11.56 48.13 11.95 7.86 12.25 80.24

9.15 21.15 11.85 52.55 12.72 47.75

12.6 40.3 13.49 79 14.11 40.81

12.94 47.26 9.9 4.4 12.54 64.86

13.3 32.64 12.23 3.66 9.84 30.96

11.98 23.24 12.48 0

9.71 0 12.66 24.29

9.22 44.42 12.64 16.09

10.17 52.31 12.8 28.94

9.92 40.6 11.44 45.53

10.69 41.36 10.85 51.91

10.4 88.54 10.91 21.19

12.92 43.41

14.26 48.81

10.11 59.78

9.57 26.98

9.61 78.79

8.13 29.57

12.92 65.95

8.25 44.97

14.32 55.3

9.71 78.08

13.52 54.95

13.23 62.93

13.85 48.32

14.46 15.26

11.3 59.93

11.73 57.67

14.54 76.6

12.77 50.42

12.64 48

10.49 84.27

13.74 19.37  
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5 P4 (84-100Ma) 5 P5(112-190Ma) 5 P6 (222-270Ma) 7 P5 (112-190Ma)

length (um) angle(°) length (um) angle(°) length (um) angle(°) length (um) angle(°)

12.14 69.33 10.02 36.89 13.69 40.36 14.63 23.95

12.05 67.85 13.26 66.49 12.76 50.3 13.67 21.29

10.99 84.62 11.28 44.19 12.94 38.43 13.49 27.15

10.87 50.33 13.33 44.55 13.45 61.63 13.2 0

11.35 37.4 14.53 53.72 11.99 83.21 16.04 37.9

11.14 58.61 13.39 83.33 12.03 61.98 13.53 28.73

12.23 75.03 15.48 88.01 12.81 69.76 13.84 16.12

10.68 11.8 14.43 36.08 12.34 70.26 11.01 26.39

11.55 47.22 12.37 11.25 12.28 73.11 14.23 41.87

10.62 56.66 12.74 65.47 13.13 56.56 14.38 68.46

14.12 49.79 11.15 88.76 10.48 45.47 11.11 59.12

11.04 53.27 11.93 82.76 11.73 59 12.12 26.53

12.72 22.5 12.9 32.84 10.79 55.9 10.68 32.37

12.02 22.5 11.02 55.34 13.24 72.58 12.64 84.03

11.89 52.61 11.29 39.82 11.6 62.88 12.1 23.47

13.79 61.89 12.5 18.17 11.11 18.63 11.45 32.95

14.51 81.55 10.43 34.96 10.01 41.95 14.53 24.42

11.8 32.68 10.63 58.84 12.79 51.52 12.15 74.94

13.24 79.51 10.18 31.1 10.69 53.24 10.92 47.15

11.46 10.12 12.21 64.26 11.37 54 11.67 50.7

14.71 28.19 11.56 10.89 10.61 26.68 14.16 83.2

11.29 55.6 13.79 60.61 10.12 50.38 15.15 15.14

14 26.9 12.15 63.03 12.32 53.96 13.27 17.81

11.5 48.67 11.27 30.67 13.82 60.81 12.53 71.05

12.27 17.68 11.35 54.23 10.96 87.52 12.82 67.7

12.84 75.86 11.6 46.02 14.51 36.64 11.96 82.94

12.34 23.28 11.32 46.02 12.09 29.08 13.54 76.65

13.11 0 11.21 88.6 12.64 22.51 15.98 43.78

14.51 14.87 13.3 64.99 10.72 52.44 13.73 42.41

11.51 24.86 14.93 45.92 11.42 11.83 13.49 74.2

15.56 83.46 10.4 87.52 14.56 84.68

14.51 45.79 11.3 53.26 12.59 88.29

11.77 35.66 11.51 4.29 12.24 70.68

11.8 61.58 13.61 36.86 11.82 65.27

12.17 49.03 11.47 41.13 11.01 73.89

14.91 31.94 14.55 69.27

12.41 21.38 11.86 16.98

12.88 57.69 12.28 84

12.73 18.7 13.72 50.38

11.2 24.95 13.36 88.09

12.96 85.6 13.8 38.01

12.72 63.52 12.34 68.74

12.24 67.55 10.53 82.93

10.58 89.03 13.77 61.41

10.17 89.63 10.41 68.73

10.27 52.61 12.39 84.71

12.51 44.82 13.09 6.91

15.2 80.14

14.78 64.2

14.69 34.69  
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4. MDS results (include age data from Perotti et al., 2018) 

 

Multidimensional Scaling results of samples related to table 4.1 with samples from the 

published paper by Perotti et al., 2018. showing the relative of each sample. Samples 2, 

8, 16, 18 and samples p2, p5, p8 are too less grains so not included. ‘similar’ samples 

cluster closely together, and ‘dissimilar’ samples plot far apart (Vermeesch, 2013). 

Location of samples showed in Fig 4.2. 
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