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Nature and origin of recent sediments in the Scotia Sea (northeastern Antarctic Peninsula)


 

 

 


ABSTRACT

The study of three cores sampled in the Scotia Sea allows to determine the processes of recent Quaternary sedimentation and to give its mineralogical and geochemical features. Three sources of unequal proportions appear depending on the location of the cores:

1) a continental source of which the chemism goes from the acid pole to the basic pole; it supplies a coarse-grained quartz-feldspar phase and clay minerals of chlorite-illite type. This source was determined from the study of a variety of ice-rafted lithoc lasts ;

2) a volcanic source, not too abundant, except in the clay phase characterized by smectites, and the trace element assemblages;

3) a siliceous biogenous source, sometimes very abundant, composed of radiolaria and diatoms.

RESUMEN

El estudio de tres testigos obtenidos en el Mar de Scotia permite determinar 1os procesos de sedimentación del Cuaternario reciente y proporcionar sus caracteristicas mineralógicas y geoquimicas. Tres fuentes de aporte de proporciones desiguales aparecen dependiendo de la ubicación de los testigos:

1) una fuente de aporte continental de la cual el quimismo oscila des de el polo ácido al básico; proporciona una fase cuarzo-feldespática de grano grueso y minerales de las arcillas del tipo clorita-illita. Esta fuente fue determinada a partir del estudio de una variedad de litoclastos acarreados por témpanos;

2) una fuente de aporte volcánico, poco abundante, excepto en la fase arcillosa caracterizada por esmectitas y en las asociaciones de elementos traza;

3) una fuente de aporte siliceo biogénico, a menudo muy abundante, consti tui da esencialmente por radiolarios y diatomeas.





INTRODUCTION

Oceanographic research in the austral regions is often difficult due to climatic conditions; however, numerous French missions organized by the TAAF (Terres Australes et Antarctiques Francaises) have been undertaken within the framework of the important program of recognition of paleoclimate in the Southern Ocean. Also, the multidisciplinary APSARA 3 -MD.54 oceanographic mission (March 2 to May 3, 1987) took place in the Southern Atlantic Ocean: numerous cores were taken from the northeastern of the Antarctic Peninsula and particularly from the Scotia Sea which, due to its morphology, presents one of the most reliable environments for recording the sedimentation with glacial characteristics and paleoclimate.

The Scotia Sea is located within a subduction geodynamic context which is similar to the Caribbean domain. The Scotia Sea is framed by a series of islands (the volcanic arc of the South Sandwich, South Georgia, the South Orkney and the South Shetland islands) and the Antarctic Peninsula. It is connected to the Pacific Ocean through the Drake Strait. Up until now, the studies of this fairly harsh region are very general and those specialized ones are rare (Warnke, 1970; Anderson, 1972; Ruddiman , 1977; Long, 1986; Bareilles, 1987).

This paper is, therefore, the preliminary survey of a sedimentological reconaissance which will be developed later in these southern regions based on the cored sediments sampled during APSARA 1-2-3-4 missions. This study aims to determine the characteristics of the coarse and fine-grained detritical phase and their nature and origin and also the ice-rafted lithoclasts by the observation on thin slides, the latter issued from the rock sustratum of the Antarctic continent. These lithological facies are considered to be representative of at least a part of the parent rock of marine sediments in the Scotia Sea.




PETROGRAPHY OF POTENTIAL SOURCES: LOCATION AND LITHOLOGY OF CORED SEDIMENTS


Petrography of potential sources (Dalziel & Elliot, 1973)

The South American continent metamorphic formations are essentially made up of chloritic schists and, except for the chlorite, there is no other index mineral which characterizes the regional metamorphism. Intrusive granitic plutonic rocks with porphyroblasts of biotite are also observed.

The South Orkney islands and South Georgia are essentially constituted of a metamorphic complex including micaschists, marbles and amphibolites.

The terrains of the South Shetland islands are composed of quartzites, biotitic gneiss and horblende associated with granitic plutons.

The Antarctic Peninsula is basically formed of orthogneisses and schists but also of metadolerites and amphibolites.

Finally, the South Sandwich Archipelago is a group of volcanic islands: basalts and basaltic andesites represent 95% of the lavas, the remainder being dacites and rhyolites.




Petrography of rock samples in cored sediments

The petrographic nature determination on thin slides under a polarizing microscope of numerous rock samples present in the Kullenberg cores, allows to obtain specific information on the different parent rocks which, on varied granulometric scales, participate in the Scotia Sea sedimentation.

Three series of samples were observed in cores KS.87735, 87748 and 87750, located south of the Scotia Sea for the first one and in the northern part for the two others (Figure 1).

Southern Scotia Sea

Core KS.87735

This core is located west of the South Orkney islands. All the rocks encountered in this core belong to the category of metamorphic rocks, product of ancient magmatic and sedimentary formations. The minerals likely to be released from these different rocks are especially the basic ones, such as: plagioclases, augites, actinolites, chlorites, epidotes, but also, biotites, muscovites and sericites : quartz is not very abundant in these facies. The tectonic or non-tectonic volcanic and plutonic rocks always present crystallization in vesicles and fractures or recrystallization from pre-existing minerals (plagioclases, biotites, etc.)

Northern Scotia Sea

Core MD.87748

Out of the 14 observed samples, only 4 belong to the category of volcanic or basic plutonic rocks more or less transformed by metamorphism. For these rocks, the mineral association is the same as stated previously: plagioclases, actinolites, epidotes and chlorites, to which the possibility of supplying hydrothermal products such as saponite, chlorite and zeolite must be added for some of them. The 10 other samples can be classified in the category of acid, granitic or sedimentary rocks of which the main feature is the invariable quartz content. The minerals which can be released from the latter of these rocks are quartz, feldspars, sericite, biotite but also chlorite, epidote and calcite, following a post-magmatic recrystallization that affected some facies.

Core MD.87750

Although it is located in a zone close to the preceeding one, the relative proportions of the two categories of rocks, basic and acid, were totally different. Out of the 8 samples, indeed, only 2 were of granitic composition; the others were in the category of basic plutonic or volcanic rocks: dolerites, gabbros, etc.

In summary, the rocks present in the Kullenberg cores belong, in most cases, to the category of basic, magmatic or metamorphic rocks. The paragenesis observed make it possible to suppose that these have been, by alteration, the main constituents of the fine-grained fraction.




Location and lithology of the cores

The three cores studied (Fig.1) were taken by means of an interface piston-core (cores KI.8711 and KI.8709) and a TAAF 1/4 m%%%2%%% piston-core (core KI.8709) during the TAAF mission (MD.54 - APSARA 3). It is possible to sample the uppermost 50 cm of recent sediments without disturbing the water-sediment interface.

– The core KI.8703 is located west of Coronation island (South Orkney islands). The sediments are composed of very homogeneous, gray, silty clays with no special structure; carbonates are absent. Water content ranged between 25% (base) and 38% (summit) with a maximum of 37% at 20 and 30 cm.

– The core K1.8709 is located northeast of Clarence and Elephant islands (South Shetland islands). The sediments are also made up of very homogeneous, silty clays without carbonates. Water contents were between 53% (base) and 67% (summit) with a minimum of 48% at about 20 cm.

– The core KI.8711 is located in the Scotia Sea, halfway between the South Orkney, the South Sandwich and the South Georgia islands. The sediments are alternatively composed of siliceous muds and silty siliceous clays. Water contents were between 61% (base) and 67% (summit) with a minimum of 52% around 8–9 cm.


[image: fig1_1_B.tif]
Figure 1. Location of studied cores in the Scotia Sea. Bathymetry after Kroenke and Woolard (1968).
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METHODOLOGY

Mineralogical characteristics of sediments were determined by X-Ray diffractometry (XRD). The diffractometer used was a Philips model PW.1730. Two analytical techniques have been employed:

- The oriented paste technique allows the determination of the main clay minerals in the < 2 μm fraction and their relative abundance. The thick paste obtained was spread across three slides with a standard spatula. The first slide was scanned untreated, the second was saturated with ethylene glycol before analysis, the third was heated at 550 °C for 1 hr. Percentages are given by diffraction peak heights [(010). rays]. Mineral cristallinity is evaluated according by the Biscaye (1965) tests.

- The powder technique allows to determine the main mineral contents other than clay minerals (feldspars, quartz, etc.) and the amorphous constituents, particularly the biogenous silica (Bareilles, 1987; Lapaquel1erie, 1987). A calibration curve was established for each mineral.

Chemical quantitative analyses were carried out on the < 2 pm fraction by X Ray fluorescence (XRF). The spectrometer used was a Philips PW.1350-1400. Two types of analyses were made:

- major elements (Si, Al, Fe, Ti, Ca, Mg, K, Mn and P) were analyzed by a dilution technique. Powdered samples diluted with spectroflux were melted at 1050° C. Major element contents were calculated in oxide form.

- Trace elements (Pb, Cu, Zn, Ba, Ni, Zr, Br, Rb, Sr, S, Cr, Co, Nb, and Ga) were analyzed in powdered and treated sample: artificial standards from NBS were simultaneously analyzed. Overall errors could be estimated at ± 10%.




MINERALOGICAL AND GEOCHEMICAL CHARACTERISTICS OF THE SEDIMENTS




MINERALOGY


Total fraction

The cored sediments are mostly composed of clay minerals and plagioclases (Table 1); a high content of quartz and biogenous silica was sometimes observed (radiolaria and diatom tests; KI.8703: 23% quartz - KI.8711: 37% biogenous silica). Although the mineralogical composition of all three cored sediments is, on the whole, uniform (low standard deviation), the vertical distribution of the constituents shows major variations from one level to another (Fig. 2 - Table 2). However, it should be noted that the general appearance of the quartz + feldspars fluctuations on one hand, and the biogenous silica fluctuations on the other, are similar in the three cores and the smoothed curves for the contents are comparable (Fig. 3). Thus, the high percentages of coarse-grained detrital (quartz and feldspars) are observed at the levels of 34–36 cm, 26 cm, 18–20 cm, 10 cm, 5 cm and 0–2 cm and the high biogenous silica contents appear at the 32–38 cm, 22 cm, 12–16 cm and 8 cm levels.












	
	KI.8703
	KI.8709
	KI.8711



	quartz %
	23
	12
	15



	0′
	  7
	  2
	  6



	feldspars %
	37
	41
	23



	0′
	  9
	11
	  7



	clay min. %
	36
	36
	25



	0′
	11
	13
	  9



	biog. Si %
	  3
	11
	37



	0′
	  3
	  4
	  6





clay min.: clay minerals. biog. Si: biogenous silica 0′: standard deviation.

Table 1. Mean content of minerals and amorphous constituents in the cored sediments.
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Figure 2. Mineralogy of cored sediments in the Scotia Sea.













	level cm.
	quartz %
	feldspars %
	opal %
	clay min. %



	0–2
	27
	28
	  0
	45



	2–4
	26
	25
	  2
	47



	4–6
	21
	44
	  9
	26



	6–8
	18
	38
	  5
	39



	8–10
	26
	49
	  5
	20



	10–12
	33
	54
	  0
	13



	12–14
	13
	35
	  2
	50



	14–16
	  8
	38
	  0
	54



	16–18
	16
	45
	  0
	39



	18–20
	25
	52
	  0
	23



	20–22
	19
	43
	  0
	38



	22–24
	15
	40
	  0
	45



	24–26
	20
	32
	  0
	48



	26–28
	28
	38
	  7
	27



	28–30
	23
	25
	  8
	44



	30–32
	20
	22
	10
	48



	32–34
	22
	26
	10
	42



	34–36
	40
	33
	  5
	22



	36–38
	40
	33
	  5
	22



	38–40
	17
	50
	  0
	33



	40–42
	26
	38
	  7
	29



	42–44
	32
	24
	  0
	44



	44–46
	28
	55
	  0
	17



	46–48
	19
	28
	  5
	48



	48–50
	15
	38
	  8
	39



	50–52
	24
	27
	10
	39



	52–54
	15
	36
	  8
	41



	54–56
	18
	27
	  9
	46



	56–58
	17
	46
	  6
	31





clay min.: clay minerals.

Table 2a Mineralogy of cored sediments. Core KI.8703














	level cm
	quartz %
	feldspars %
	opal %
	clay min. %



	0–2
	10
	42
	12
	36



	2–4
	10
	41
	  3
	46



	4–6
	17
	31
	10
	42



	6–8
	12
	27
	12
	49



	8–10
	10
	39
	12
	39



	10–12
	12
	36
	  5
	47



	12–14
	12
	25
	  7
	56



	14–16
	15
	26
	10
	49



	16–18
	11
	56
	12
	21



	18–20
	15
	45
	14
	26



	20–22
	10
	49
	14
	27



	22–24
	10
	42
	17
	31



	24–26
	13
	44
	12
	31



	26–28
	12
	60
	21
	  7



	28–30
	12
	48
	  8
	32



	30–32
	11
	34
	12
	43



	32–34
	11
	39
	  8
	42



	34–36
	  8
	37
	  8
	47



	36–38
	  8
	51
	12
	29



	38–40
	  8
	47
	15
	30



	40–42
	10
	40
	13
	37



	42–44
	13
	55
	15
	17





clay min.: clay minerals.

Table 2b. Mineralogy of cored sediments. Core KI.8709.




>60 um fraction

The nature of the coarse-grained phases (>60 μm fraction) of the three cored sediments was determined with direct observation of the sifting residue (Table 3).

-KI.8703. These are essentially quartzitic-micaceous sediments and they could only be the result of the alteration of granitic, gneissic, micaschistous or sandstone rocks. Though the minerals of the fine-grained fraction do not show any wear, the coarse quartz grains are round, revealing an evolution in a littoral marine environment and transportation towards a deeper environment.












	level %
	quartz %
	feldspars %
	opal %
	clay min. %



	0–1
	12
	16
	37
	37



	1–2
	30
	25
	31
	14



	2–3
	11
	16
	30
	43



	3–4
	11
	20
	29
	40



	4–5
	13
	24
	32
	31



	5–6
	30
	19
	33
	18



	6–7
	17
	26
	39
	18



	7–8
	16
	38
	27
	19



	8–9
	30
	32
	28
	10



	9–10
	24
	32
	26
	28



	10–11
	12
	16
	31
	35



	11–14
	21
	18
	37
	24



	14–15
	13
	23
	36
	28



	15–17
	12
	18
	31
	39



	17–18
	  7
	43
	38
	11



	18–19
	  9
	28
	39
	24



	19–20
	17
	22
	40
	21



	20–21
	12
	20
	46
	20



	21–22
	18
	18
	49
	15



	22–23
	17
	26
	43
	14



	23–24
	18
	20
	38
	24



	24–25
	15
	18
	37
	30



	25–27
	14
	20
	38
	28



	27–29
	19
	41
	28
	12



	29–31
	11
	28
	41
	21



	31–33
	10
	19
	40
	31



	33–35
	  9
	18
	49
	24



	35–37
	  9
	17
	46
	28



	37–39
	  9
	15
	38
	38



	39–41
	  9
	16
	37
	28





clay min.: clay minerals.

Table 2c. Mineralogy of cored sediments. Core KI.8711.




-KI.8709. This core shows at the base a quartz detritical sedimentation similar to those sediments of the core KI.8703. At the top, the sedimentation is more fine-grained, quartzitic and specially micaceous; this results in a change of the process sedimentation at about the 42 cm boundary.


[image: fig1_3_B.tif]
Figure 3. Distribution of Quartz+Feldspars and Opal in cored sediments of Scotia Sea.


-KI.8711. The constituents of these sediments are identical to those already found in other cores (KI.8703 and 8709), but, here, the sedimentation has a rythmic characteristic. Essentially. quartz levels are followed by other levels characterized by a mainly biogenous silica sedimentation which reflects much quiet hydrodynamic conditions. It should be noted the presence of basalt, volcanic glass, sometimes in large pieces, as a result of a nearby source, most likely the South Sandwich islands.









	level
	K1.8703



	0–2 8–12
	Fine-grained, homogeneous and quartz detritic constituents-biotite, muscovite, chlorite and rare Fe-Mg minerals.



	34–36
	Quartz detritic constituents - coarse, round and worn ± flat quartz - little coloured and ferriferous elements.



	50–52
	Silt with coarse, round and worn ± flat quartz - few fragments of brown and vesicular volcanic glasses - little folia of muscovite.



	54–56
	idem with sparse Fe-Mg minerals.



	 



	level
	KI.8709



	2–4
	Quartz-micaceous, rich-chlorite and sericite silt - little quartz fraction.



	24–26
	idem - few biogenous silica fibres.



	40–42
	Quartz-micaceous silt with few biogenous silica fibres and sponge spikelet.



	42–44
	Fine-grained, quartz and homogeneous matrix - coarse, round and worn quartz - abundant coloured elements.



	 



	level
	KI.8711



	0–1
	Abundant quartz detritic fraction - coarse, round and worn quartz - biotite, brown and vesicular volcanic glasses - felting of biogenous silica fibres.



	1–2
	Abundant quartz detritic fraction with coarse and roll elements - biotite - coarse, brown and vesicular glasses - little biogenous silica.



	23–25
	Quartz-micaceous silt - felting of biogenous fibres and spikelets.



	33–35
	Quartz-micaceous silt - coarse and worn quartz - few coloured and ferrigenous elements - little biogenous silica.



	37–39
	Quartz-micaceous silt with coarse elements - felting of biogenous silica.





Table 3. Lithology and mineralogy of > 60 μm fractions in the cored sediments.














	
	CHLORITES %
	ILLITES %
	SMECTITES %



	KI.8703
	56
	33
	11



	KI.8709
	69
	24
	7



	KI.8711
	45
	37
	18





Table 4. Mean contents of clay minerals in the clay phases (<2 μm fraction) of the cored sediments.





<2 μm fraction

The clay phases of the three cores are mainly composed

of very well-crystallized chlorites and illites (Table 4); the chlorites are always dominant, specially in core KI.8709 (69%) followed by illites (KI.8711: 37%). The smectites in core KI.8711 (18%) and in a few levels of core KI.8703 (Table 5) are, on the other hand, very poorly crystallized. In all samples studied, quartz and especially plagioclases are observed, often in large quantities, indicating the fineness of their granulometry, a characteristic of glacial sediments.

The vertical distribution of the percentages of the three clay mineral families shows major variations in the cores KI.8703 and 8709 (Table 5):

- in core KI.8703, the chlorites increase from the base to the top; on the contrary, illites decrease. Substantial percentages of smectites are observed at the base (50–56 cm) and at the top (0–16 cm).

- in core KI.8709, the chlorites are abundant in the upper levels (0–20 cm).

- in core KI.8711, the mineralogy is homogeneous and the smectites relatively abundant, in relation to what is found in the other cored sediments.












	level cm.
	chlorite %
	Illite %
	smectite %
	other minerals



	KI.8703.



	0–2
	63
	22
	15
	quartz-feldspars



	2–4
	60
	23
	17
	quartz-feldspars



	10–12
	60
	24
	16
	quartz-feldspars



	14–16
	64
	23
	13
	quartz-feldspars



	18–20
	68
	26
	  6
	quartz-feldspars



	22–24
	61
	39
	  0
	quartz-feldspars



	26–28
	54
	38
	  8
	quartz-feldspars



	30–32
	51
	43
	  6
	quartz-feldspars



	34–36
	52
	40
	  8
	



	38–40
	56
	34
	10
	quartz-feldspars



	42–44
	57
	36
	  7
	



	46–48
	47
	44
	  9
	



	50–52
	38
	32
	30
	quartz-feldspars



	54–56
	48
	33
	19
	



	KI.8709.



	0–2
	76
	24
	  0
	quartz-feldspars



	4–6
	76
	24
	  0
	quartz-feldspars



	8–10
	68
	24
	  8
	quartz-feldspars



	12–14
	65
	25
	10
	



	16–18
	75
	25
	  0
	



	20–22
	68
	22
	10
	



	24–26
	63
	25
	12
	



	28–30
	75
	21
	  9
	



	32–34
	70
	25
	  0
	



	36–38
	64
	27
	  9
	



	40–42
	67
	25
	  8
	



	KI.8711.



	0–1
	43
	32
	25
	



	2–3
	49
	30
	21
	quartz-feldspars



	4–5
	51
	33
	16
	



	6–7
	44
	37
	18
	



	8–9
	45
	36
	19
	



	9–10
	45
	37
	18
	



	10–11
	47
	36
	17
	



	14–15
	44
	41
	15
	



	15–17
	40
	47
	13
	



	17–18
	46
	36
	18
	



	19–20
	48
	37
	15
	



	21–22
	40
	42
	18
	



	23–24
	53
	41
	  6
	



	25–27
	44
	42
	14
	



	29–31
	44
	40
	16
	



	33–35
	46
	35
	19
	



	37–39
	48
	34
	18
	





Table 5. Mineralogy of <2 μm fraction in the cored sediments.








CHEMICAL COMPOSITION OF THE CLAY PHASES

The chemical composition of clay phases in cores KI.8703 and KI.8709 is similar (Table 6). The high Si02 content of core K1.8711 can be explained by the abundance of biogenous silica. The low values of standard deviation show that the chemical composition of these clay phases is relatively homogeneous. The lower Al2 O3 and the higher contents of core KI.8709 are probably related to the presence of magnesian and low-aluminium chlorite. The low Fe12O13 and high K2 0 contents core KI.8703 are related to the presence of illites. The vertical distribution of the main major elements makes it possible to suggest the following conclusions (Table 7):

- the first cm of the deposits present, overall, a hi gher MnO content; this content decreases rather rapidly with depth (KI.8703, between 0 and 30 cm; K1.8709 between 0 and 7 cm; KI.8711 , between 3 and 10 cm).

- the K 2 O content in core KI.8703 increases regularly between 0 and 32 cm, then decreases down to the base. Conversely, the Mg0 and CaO contents decrease from the top to 34 cm, then increase towards the base. These variations are to be related to the mineralogical composition and especially the presence of chlorite and illites.


[image: table]
Table 6. Mean chemical composition of clay phases (<2 μm fraction) in the cored sediments.




The SiO2 /A12O3, Al2 O3/Fe2 O3, Al2O3/MgO, Al2 O3/CaO, Al2 O3/K2 O, Al2 O3 /TiO2 , Fe2 O3/TiO2, MgO/Ca0 and K2 O/MgO relations confirmed the different nature between the clay phases of cores KI.8703 and KI.8709 on one hand and those of core KI.8711 on the other: this reflects their different origins. The analysis of these relations provided additional information, as well; thus, the relation SiO/Al2 O3 (Fig.4a) shows that a substantial quantity of Si (+ 50%) is not related to Al: such silica is opal form. The Al2 O3/K2 O relation (Fig. 4b) shows that the clay phases of core KI.8711 are richer in K than those in cores KI.8703 and KI.8709. Al and K are always positively correlated these two elements make up the composition of illites, among others. The A12O3/Fe2O3, A12O3/CaO and A12O3/MgO relations (Fig. 4c, d, e) show a peculiar behaviour for these elements: in core KI.8711 these elements are correlated positively, as in the oceanic clays (Parra, 1980), whereas they are negatively correlated and have, as a result, identical behaviour. The particular behaviour of Fe, Ca and Mg in cores KI.8703 and KI.8709 could be due to the nature of the parent rocks of these cored sediments. It should be noted, in fact, that the cored sediments presenting positive correlations are the farthest from the potential terrigenous sources; on the contrary, the two other cores are located, respectively, near King George island and Clarence island. In the latter case, Fe, Ca and Mg may have come from basic rocks which were very rich in calcic-ferro-magnesian elements such as amphiboles, epidotes, chlorites, etc. (see Petrography of potential sources); these minerals are present, as quartz and feldspars, in the fine-grained fraction. Elements like P, Cl, S and Mn are positively correlated (Fig. 5 - P2 O5 /MnO) and they have identical behaviour in the three cores, leading us to believe that they are more linked to the marine environment than to the allochthonous detritical materials.


[image: table]
Table 7a. Chemical composition of clay phases (< 2 pm fraction) in the cored sediments. Core KI.8703.






TRACE ELEMENTS IN CLAY PHASES

The clay phases of the three cores are relatively rich in trace elements and the average contents present important variations especially in Ba, Zn, Rb, Sr and Cr (Table 8): the values of the standard deviation are, on the whole, relatively low, revealing a homogeneity observed earlier with the mineralogy and the chemical composition. Variations in the vertical distribution of these contents appear in core KI.8703 for example (Table 9); the clay fraction becomes progressively rich in Rb between 0 and 34 cm: this increase in Rb is compared to that of the ill ites and of K2 O previously noted. For this core, the high values of Pb should be noted in the first 10 cm.


[image: table]
Table 7b. Chemical composition of clay phases (42 μm fraction) in the cored sediments. Core KI.8709.




[image: table]
Table 7c. Chemical composition of clay phases (<2 μm fraction) in the cored sediments. Core KI.8711.



The Al2 O3 /trace element relations also make it possible to differentiate the clay phases of cores KI.8703 and KI.8709 from those of core KI.8711 (Fig. 6). The latter shows a correlation with Al12O13 for the following elements: Rb, Ga, Nb, Ni, Cr, Sr and Zr; therefore, the clay minerals are likely to be including these elements in their structure. This type of relation is characteristic of clay detrital sediments from deep-sea environment (Parra, 1980). However, the part of the feldspars in this type of relation must be considered since the fine-grained fraction is rich in plagioclases. The fine-grained fraction of cores KI.8703 and KI.8709 shows two types of relations:

1) Rb, Ga, Nb, Sr (Fig. 6 a, b, c, d) are positively correlated with Al2 O3 as it is the case for the preceeding site. Part of the sediment involved has, therefore, the same origin as in core KI.8703.

2) Ni, Cr, Sr, Ba and Cu (Fig.6 e, f) are, on the other hand, negatively correlated and belong, as a result, to a different sedimentary source. In the Caribbean basin, the two latter elements characterized in a more particular way a volcanogenic source (Parra et al., 1986; Gandais, 1987; Pons, 1987); this could be the case for the Scotia Sea.

The K/Rb ratio shows that cores KI.8703 and KI.8709 have identical characteristics (Fig. 7) since the average value for each one of them was 143 and 145, respectively. Core K1.8711 is characterized by a lower ratio of 113. For a comparison, the products of sialic origin alteration from a Brazilian drainage basin to the east of Rio de Janeiro (Brazil) (Pons, unpublished) have a K/Rb ratio of 95: the calco-alkaline volcanic rocks have, on the contrary, a ratio between 220 and 560 (Smith et al., 1983).

These values suggest that the sediments in the Scotia Sea are the result of a mixture between an acid sialic phase and a basic phase issued from volcanic and metamorphic rocks, which characteristics have been specified during the study of the potential sources of sediments.


[image: table]
Table 8. Trace element mean content of clay phases (<2 μm fraction) in the cored sediments.






DISCUSSION: ORIGIN OF RECENT SEDIMENTS IN THE SCOTIA SEA

The 1ithological , mineralogical and geochemical characteristics of the recent Quaternary sediments from the Scotia Sea show that detrital materials have been issued from a variety of rocks which chemism goes from the acid extreme to the basic extreme. This dual origin appears with the nature of the ice-rafted rocks; the latter makes it possible to determine the parent rocks indirectly. Sampling on land was impossible during the oceanographic missions carried out.

Taking into account thet the geological environment and the climatic conditions are similar to those existing today in Greenland, we have compared the sediments studied here with those from the Kangerdlugssuaq fjord (west coast of Greenland). The sedimentary materials in this fjord result from glacial erosion of acid continental metamorphic rocks, essentially micaschists and gneiss (Berthois et al., 1972). The sediments present substantial mineralogical homogeneity, but they are richer in quartz and illite associated with trioctahedral micas but less abundant in feldspars and chlorites than those from the Scotia Sea. This suggests the existence of two sources for the sediments of Scotia Sea releasing products of different nature, which participate in the sedimentation of the three studied cores at variable degrees.


[image: fig1_4_B.tif]
Figure 4. Relation major elements/Al2 O3 of clay phases in the cored sediments.



[image: fig1_5_B.tif]
Figure 5. Relation P2 O5 /MnO of the clay phases in the cored sediments.


A very clear difference appears, indeed, between the clay phases of core KI.8711 located at the center of the Scotia Sea and the other two cores (KI.8703 and KI.8709) located farther south, towards the Antarctic Peninsula. For the > 60 μm inorganic fraction, the three cored sediments present homogeneity, on the contrary to what it might be expected: the quartzitic phase is always dominant. This characteristic has been also found in other cored sediments farther east, towards the Kerguelen islands (southern Indian Ocean) (Long, 1986). Concerning the clay phase, the chlorites and illites derived from the mechanical disaggregation of acid continental rocks, especially the basal ones.


[image: fig1_6_B.tif]
Figure 6. Relation trace elements/ Al2 O3 of the clay phases in the cored sediments.


Observation of the lithoclasts shows, effectively, that various petrographic facies could release these minerals. This is the case for some rocks which are found along the southern uttermost end of the South American continent. As for the smectites, they may be issued from a few altered continental volcanic facies but most are supplied by the volcanic arc of the Sandwich islands; this is the reason why the higher contents are located at the center of the Scotia Sea where the bottom currents are in an east-west direction. This trace element association confirms the originality of these cored sediments compared to the two others. Concerning essentially coarse-grained quartz phase, it represents the most resistant fraction of all the different parent rocks: it is ubiquitous background , transported by floating ice and the currents, which become dominant upon the breaking up of drift-ice in the spring.


[image: table]
Table 9a. Trace element content of clay phases (<2 μm fraction) in cored sediments. Core KI.8703)
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Table 9b. Trace element content of clay phases (<2 μm fraction) in the cored sediments. Core KI.8709
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Table 9c. Trace element content of clay phases (<2 μm fraction) in the cored sediments. KI.8711



Table 10 sums up the parent rock - marine environment mineralogical evolution as it appears in the Scotia Sea. The products are derived from the varied foliated crystalline rocks in the South Orkney is lands, the South Shetland islands, South Georgia and the Antarctic Peninsula, which are likely to supply a wide range of minerals. In fact, after mechanical disaggregation and wearing in a littoral marine environment (rounded quartz grains in the >60 μm fraction), only the most resistant quartz-feldspathic and micaceous phase is present; the fine-grained products are made up of chlorites and ill ites, mostly issued from the basic phase of the parent rock. The vertical fluctuations observed may be related to seasonal changes, which cause the breaking up of drift-ice and the cold periods to alternate. The homogeneity of the clay phase composition should also be noted, representing continuous and constant inputs over time. The appearance of smectites at a few levels in cores KI.8703 and KI.8709 shows that, at certain periods, the currents deliver in the southern part of the Scotia Sea, clay materials derived from volcanic rocks in the South Sandwich islands. Core KI.8711 records this volcanic influence all the time, including pumice fragments in the coarse-grained phase, but in a transitory manner.


[image: fig1_7_B.tif]
Figure 7. Relation Rb/K2 O of the clay phases in the cored sediments.


The geodynamic context of the zone under study in this paper is comparable to that of the Caribbean region. In both cases, it is a subduction zone, characterized by an active volcanic arc and a tributary sedimentation of the two petrographically clearly differentiatedpoles: a predominant acid continental pole and a subordinate basic intermediate volcanic pole.

The climatic factor plays a major role in determinating the nature of clay minerals: in the Caribbean domain, alteration is dominant and the clay assemblage is in the order of smectites, kaolinites, illites and chlorites (Pons, 1987). In the austral domain, alteration is almost inexistent and clay minerals are directly inherited from metamorphic and magmatic continental rocks due to ice wearing; the mineralogic assemblage is, in this case, of chlorites, illites and smectites.

In the austral domain, the siliceous biogenous sedimentation (radiolaria and diatomea) is sometimes very important since it represents around 50% at certain levels of core KI.8711, located at the center of the Scotia Sea. This biogenous phase has, on the contrary, a very low representation near the South Orkney and South Shetland islands (KI.8703 and KI.8709).




CONCLUSIONS

The Scotia Sea sedimentation is related to three poles, for which their significance varies depending on the location of the cored sediments:

1) a continental pole, which has a large range of minerals with a varied petrographic composition in the magmatic and metamorphic rocks, due to ice-rafted lithoclasts. The wear of these rocks by the ice supplies only a coarse-grained quartz-feldspar residual phase and a fine-grained phase composed of two cardinal components: chlorites and illites.

2) a volcanic pole, which is less important except for the clay sedimentation (smectites) in the central zone of the Scotia Sea.

3) a siliceous biogenous pole, which is also well-represented in this same central zone.


[image: table]
Table 10. Origin and nature of inorganic fraction in the cored sediments of the Scotia Sea.



Taking into account the climatic context and the potentiality offered by the parent rocks, it seems that the clay minerals are directly inherited from the parent rocks following their release by gelifraction and by mechanical action of continental ice.
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Character and ages of Pleistocene drifts in a transect across the Strait of Magellan



ABSTRACT

Three glacial drifts of Pleistocene age can be differentiated in a transect across the Strait of Magellan from the slopes of Brunswick Peninsula on the mainland to the crest of the Boqueròn Range on Tierra del Fuego. The youngest drift displays sharp constructional morphology, is weathered to depths of less than a meter, and contains volcanic clasts with weathering rinds <1 mm thick. An intermediate drift has more subdued morainal topography and is weathered to depths of 2.5-3 m; weathering rinds reach mean thicknesses of 2.1-2.2 mm. The oldest drift extends to the highest terrain on the transect and retains little or no constructional morphology; weathering extends to >3 m and weathering rinds reach thicknesses of 5 mm. Traced northward, the two youngest drifts are correlated with moraine systems that reach the strait at the Second Narrows and First Narrows, respectively. Limiting radiometric ages, together with the relative-age data, indicate that the youngest drift correlates with the last glacial age (isotope stage 2), that the intermediate drift is of middle Pleistocene age, and that the oldest drift may date to the early Pleistocene. Each of the two older drifts may include deposits of more than one glaciation.

RESUMEN

En una transecta a través del Estrecho de Magallanes, desde las laderas de la Peninsula de Brunswick en el continente hasta la cresta de la cadena Boqueròn en Tierra del Fuego, se diferenciaron tres drift glaciales de edad Pleistocena. El drift más joven muestra una morfologla con struccional, está meteorizado hasta una profundidad de menos delmy contiene clastos volcánicos con anillos de meteor ización, 1 mm de espesor. Un drift intermedio tiene una topografla morénica desgastada y está meteorizado hasta profundidades de 2.5-3 m; los anillos de meteorización llegan a un promedio de 2.1-2.2 mm de espesor. El drift más antiguo se extiende hacia los terrenos más altos de la transecta y mantiene poco o nada de la mor fologla construccional ; la meteorización se extiende hasta 3 mm de espesor. Continuados hacia el norte, los dos drift más Jóvenes se correlacionan con los sistemas de morenas que llegan al Estrecho en la Segunda Angostura y Primera Angostura, respectivamente. Edades ra diométricas limitantes junto con datos de edad relativa indican que el drift más joven se correlaciona con la illtima edad glacial (estadio isotópico 2), que el drift intermedio es de edad Pleistoceno medio y que el drift más antiguo puede datar del Pleistoceno temprano. Cada uno de los dos drift más antiguos puede incluir depòsitos de más de una glaciación.





INTRODUCTION

The distribution of glacial drifts in southernmost South America and Tierra del Fuego was first mapped on a regional basis by Caldenius (1932) who distinguished four moraine belts along and beyond the eastern flank of the Andes. Being strongly influenced by his earlier studies in Fennoscandia and impressed by the relatively unweathered character and well-preserved morphology of the three innermost Patagonian moraine systems, he inferred that these South American glacial drifts and related ice limits were correlative with drifts of the last glaciation in northern Europe and designated them, from oldest to youngest Daniglacial, Gotiglacial, and Finiglacial; to an older unit he assigned the name Initioglacial. Feruglio (1950), Auer (1956, 1970), and Polanski (1965) followed this interpretation.

Along the Strait of Magellan Magallanes (Estrecho de Magallanes), Caldenius (1932) mapped as Fimiglacial a moraine system immediately west of Punta Arenas that trends northeast toward the Second Narrows (Segunda Angostura) and onto Tierra del Fuego, while a moraine system that crosses the strait at the First Narrows (Primera Angostura) he designated Gotiglacial (Fig. 1). The Daniglacial limit was placed at Punta Dungeness, at the Atlantic shore, while the Initioglacial drift was inferred to extend farther seaward onto the now-submerged continental shelf. Marangunic (1974) subsequently mapped the moraine systems on the mainland adjacent to the strait in greater detail and gave them local names, but he continued to regard them as representing phases of the last glaciation.

That the moraine systems which cross the strait, and the equivalent moraines to the north, are older than Caldenius realized was first shown Ly Mercer (1982, 1983). At Lago Buenos Aires, for example, a moraine mapped by Caldenius (1932) as Daniglacial predates a lava flow having a K/Ar age of 1 77, 00 0 ± 57, 00 0 yr. Morner and Sylwan (1989) recently obtained paleomagnetic evidence from the same Lago Buenos Aires moraines which shows that Caldenius ’ Finiglacial and Gotiglacial moraine systems are of Brunhes age, and that the boundary marking the Brunhes/Matuyama reversal (ca. 740, 000 yr B.P.) lies within the Daniglacial moraine system.

In the course of the present study, additional evidence was obtained which demonstrates that the moraine systems along the Strait of Magellan are far older than inferred by Caldenius. This investigation, carried out with Calvin J. Heusser in 1980 and 1982, involved reconnaissance geologic mapping, stratigraphic and pollen-analytical studies, and relative and radiocarbon dating of glacial and nonglacial deposits in southernmost Chile with the aim of obtaining an improved understanding of the Quaternary environmental history.




MORAINE SYSTEMS AND DRUMLIN FIELD

The three moraine systems mapped by Caldenius (1932), from oldest to youngest, as Daniglacial, Gotiglacial, and Finiglacial can be traced southwestward on Tierra del Fuego and show clearly on aerial photographs and satellite imagery. On the mainland side of the strait, the distribution of the older drifts can also be discerned on aerial photographs and less clearly on satellite imagery. The youngest moraine system, which forms the Second Narrows and is here referred to as the Segunda Angostura moraine system, reaches the shore at Chabunco just southeast of the Punta Arenas airport; it can be traced progressively southward behind Punta Arenas to higher terrain on Peninsula Brunswick (Fig. 1). A moraine of comparable age forms a belt of drift as much as several kilometers wide bordering Seno Otway to the west.

An extensive field of drumlins lies outside the Segunda Angostura moraine system on the north side of the strait (Clapperton, 1989). Weathering of the drift at the surface of the drumlins is comparable to that of the drift forming the moraines at the First Narrows, here called the Primera Angostura moraines. Drumlins have also been mapped by Marangunic (1974) west of the First Narrows, but were not visited during the present study.




GLACIAL-GEOLOGIC TRANSECT

Transects transverse to the trend of the end moraine systems were made near the latitude of Punta Arenas both on the mainland and on Tierra del Fuego to see if multiple drift units could be differentiated. Each transect extends from sea level at the strait inland for 15-20 km to an altitude of about 500 m (Figs. 1 and 2).


[image: fig2_1_B.tif]
Figure 1. Map of Strait of Magellan (Estrecho de Magallanes ) between Second Narrows (Segunda Angostura) and the southern Brunswick Peninsula showing locations of transects (A – A’) across Pleistocene drift sheets. Limit of Segunda Angostura moraine system and drift shown by line with single ticks; limit of Primera Angostura drift shown by line with double ticks. Fjord-bottom contours near transect are in meters. Inset map shows location of detailed map with respect to moraine systems of Tierra del Fuego and adjacent mainland (S= Segunda Angostura moraine system; P= Primera Angostura moraine system; D= Punta Dungeness moraine system).



[image: fig2_2_B.tif]
Figure 2. 
Section across Strait of Magellan along line A - A’ (Fig.1) showing upper limits of two youngest drifts, coincident with meltwater channels on Tierra del Fuego at 198 and 395 m altitude. Minimum thickness of ice at the transect during the last glaciation was 400 m; during the intermediate glaciation it was 600 m. Ice of the oldest glaciation overtopped the highest terrain of the Tierra del Fuego segment of the transect.



Mainland Transect

The mainland transect follows a secondary road that lies on the north sidi of Rio Tres Brazos and passes Estancia Discordia about 5 km west of the main coastal highway; it lies close to latitude 53° 17’ S.

Within 7.5 km of the coast, the road passes across a low rolling drift plain largely underlain by greyish till that is locally capped by 1-2 m of coarse recessional gravel. A Prominent kame lies about 1 km downslope. The till is oxidized to 50 cm depth and granitic clasts within the weathering profile are hard and coherent; some sedimentary clasts, however, are weathered through. Weathering rinds on volcanic clasts are 1 mm thick and barely discernable.

At an altitude of about 180 m, and some 7.5 km inland from the coastal highway, the road passes onto an older drift that typically is weathered to a depth of 2.5-3 m. In an exposure at 345 m altitude, rinds on fine-grained volcanic clasts within the upper half meter of the weathering profile average 2.1 mm (n=33), and at other nearby sites rind thickness equals or slightly exceeds 2 mm. Among other lithologies present, sedimentary clasts are generally weathered to the core and metamorphic clasts either lack a rind or have rinds of variable thickness. In general, siliceous rock types are hard and unweathered, volcanic clasts have a distinct weathering rind, and granitic and mafic clasts have a pitted surface and a difuse or variable rind. Except for the latter lithologies, most clast surfaces are hard and generally smooth.

At about 390 m altitude, and at a point about 13 km from the coastal highway, the road passes onto a still-older drift which was followed to the crest of the road at about 410 m where shallow exposures in till show that weathering extends to depths of at least 3 m. The soil profile has a well-developed B horizon about 25 cm thick. Volcanic clasts at and near the surface have rinds averaging 4.3 mm thick (n= 33). Granitic and mafic clasts typically have rough, weathered surfaces, but nearly all stones are hard and sound.

The lowest, youngest drift on the transect is correlated with drift of the Segunda Angostura moraine system based on weathering characteristics and altitude of the drift limit with respect to other measured limits of the drift farther north (see below). The higher, intermediate drift was not traced continuously northward, but its relative position outside the limit of the younger drift and its degree of weathering suggest it may be equivalent to at least some of the drift of the Primera Angostura moraine belt along the Strait of Magellan. The greater weathering of the oldest drift and its relative position imply possible equivalence to the drift of the moraine system that extends northeast of the First Narrows to Punta Dungeness.




Tierra del Fuego Transect

A transect on the east side of the Strait of Magellan follows a secondary road from sea level at Porveni r eastward across Cerro Piedra, approximately at latitude 53° 18’ S.

The lowermost 10 km of the road crosses drift lying inside the projected limit of the Segunda Angostura moraine system. Terrain to the north and south of Porvenir is hummocky and marked by numerous kettle lakes, along the shores of which even-laminated lacustrine sediments are widely exposed. Gravel lies at the surface along much of the transect and in places is oxidized to a depth of a meter or more. Although most clasts are hard and sound, sedimentary lithologies, granites, and a few small volcanic stones are weathered through. Rinds on volcanic clasts are generallly less than 1 mm thick. This landscape, interpreted as dead-ice terrain, passes upslope into smoother morainal forms that end abruptly at an altitude of 198 m, about 6.5 km from Porvenir. At this point the road crosses a prominent, sharply incised meltwater channel at least 500 m wide that marks the upslope limit of the youngest drift sheet. The channel is similar in size to a channel that separates the youngest two drifts west of Punta Arenas which, together with adjacent, lower ice-marginal channels, can be traced northeastward toward the Strait (Uribe, 1982).

Beyond the meltwater channel, the landscape is more subdued and marginal meltwater channels are less-sharply defined because of colluvial deposition along their sides.
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