Deglaciation and weathering of Larsemann Hills


SUPPLEMENTARY MATERIAL

Supplementary Table I. Rock weathering status and location of sites sampled for exposure age dating.

	Field
	Weathering Status
	Location
	Altitude (m)
	km from ice

	code
	A
	B
	
	
	C
	D
	E

	Broknes
	
	
	
	
	
	
	

	LH-01
	2
	4
	69°22.8S, 76°17.1E
	80
	2.7
	5.3
	-

	LH-02
	2
	3
	69°22.8S, 76°19.5E
	65
	2.3
	3.6
	-

	LH-03
	2
	0/3
	69°23.5S, 76°19.7E
	115
	1.7
	3.3
	-

	LH-04
	2
	0/3
	69°23.5S, 76°19.7E
	115
	1.7
	3.3
	-

	LH-12
	3
	4
	69°23.04S, 76°22.1E
	20
	1.9
	2.0
	-

	LH-13
	2
	4
	69°23.04S, 76°22.1E
	22
	1.9
	2.0
	-

	LH-14
	3
	4
	69°23.05S, 76°22.1E
	28
	2.1
	2.0
	-

	
	
	
	
	
	
	
	

	Stornes
	
	
	
	
	
	
	

	LH-05
	NR
	NR
	69°24.5S, 76°05.7E
	90
	4.4
	-
	2.5

	LH-06
	4
	5
	69°24.5E, 76°06.6E
	110
	4.2
	-
	2.5

	LH-07
	3
	4
	69°24.5E, 76°06.6E
	110
	4.2
	-
	2.5

	LH-08
	3
	4
	69°24.8S, 76°05.1E
	115
	4.7
	-
	2.1

	LH-09
	3
	4
	69°24.8S, 76°05.1E
	110
	4.7
	-
	2.1

	LH-10
	1
	0
	69°25.3E, 76°04.3E
	40
	3.9
	-
	0.9

	LH-11
	0
	0
	69°5.04S, 76°04.3E
	75
	3.6
	-
	0.4


Notes: Weathering status: (A) Sample obtained: 0 = retains striae; 1 = retains glacial polish; 2 = retains readily identifiable abraded surface; 3 = original surface < 50%; 4 = original surface lost entirely; 5 = previous abrasion inferred from topographic position. (B) Overall site (10 m2): 0 = retains abundant striae or glacial polish; 1 = abraded surface intact; 2 = original surface irregularly preserved; 3 = original surface heavily dissected, pitted, fragmented or minor tafoni; 4 = original abraded surface not recognisable, abrasion inferred from overall form of rock outcrop; 5 = previous abrasion inferred from topographic position. km from ice: (C) From East Antarctic Ice Sheet (D) From Dalk Glacier (E) From Stornes ice dome. NR = not recorded.
Supplementary Table II. Descriptions of the sampling sites.

Broknes

Sample LH01 was obtained from convex slabs at 80 m altitude, 300 m east of Three Man Peak on a rounded rock bench 30 m wide. Remnant stoss and lee features on bedrock indicate ice flow was generally north-west along Clarence Fjord into Prydz Bay. Form surface trends locally strike NW and the dip is 38°SW (Dirks et al. 1993). Abundant weathering relief produced by etching of minor structural lineaments on the formerly ice-abraded surface is generally up to 30–40 cm with tafoni hollows penetrating up to 20 cm laterally from some etched lineaments. The sample was obtained from a crest ~20 cm high. 
Sample LH02 was collected from ~65 m altitude 1 km NE of Gentner Peak close to the shore of Nella Fjord. The sample was taken from the centre of a rock bench 200–300 m wide where ice flow was contained broadly between Gentner Peak and Sorenson Bluff but was unconfined at a more local scale. Surface relief produced by subaerial weathering is generally 10–20 cm, again produced by etching along lineaments that trend NW. Overall surface lowering is less pronounced here than at site LH01, with some glacial striae trending at 238–258° (GR521 018) still evident. The rock was sampled immediately adjacent to the striated surface. Some remnants of abraded surface remained on the sample but this surface was partly etched ~0.5–1 cm lower than the striated ribs, implying loss of rock by subaerial weathering since deglaciation.
Sample LH03 is from the summit of Castle Bluff where striae orientated at 283° (GR 523 013) were recorded on a mafic pod within the Yellow Gneiss. Immediately surrounding the striated surface the more readily-weathered gneiss has been lowered by subaerial weathering 2–3 cm below the striated surface. The sample was obtained from the gneiss surface immediately beside the striae. 

Sample LH04 is also from atop Castle Bluff where the direction of ice flow was unconstrained by surrounding topography. The sample was obtained from a remnant of ice-abraded Yellow Gneiss that locally exhibits striae orientated at 283° (GR 523 014). Striae were not present on the sample, about 30% of which had been etched by subaerial weathering to depths of 1.8–1.5 cm, both implying some loss of original surface.

Sample LH14 was obtained from the ice-distal side of rock outcrops (28 m altitude) approximately half-way between the lake and fjord, at the mouth of the re-entrant valley that contains Lake Reid. These outcrops would have been subject to vigorous abrasion when ice overrode the low hill north of the lake and pushed into the Lake Reid Valley. Traces of formerly ice abraded surfaces and plucked edges are discernible but disintegration of the rock by subaerial weathering is generally well advanced, with individual tafoni hollows exceeding 30 cm in depth, breadth and height and some outcrop faces affected by tafoni over almost their entire surface. The sample appeared to bear some remnant of the original ice-abraded surface but there has probably been considerable surface loss. The ice-proximal side of the outcrops is partly mantled by the heavily-weathered till that forms the moraine saddle previously described between lakes Nella and Reid. 
Sample LH12 was obtained from the extreme north-western corner of Lake Nella (altitude 20 m) immediately south-west of the stream that drains the lake. The site would have been subject to relatively vigorous abrasion by ice discharging via the most direct route from the lake into Nella Fjord and still bears traces of the original abraded surface. The outcrop has been dissected by subaerial weathering along foliations and other lineaments to depths of 10–20 cm and the impression given by the microtopography of the surface is that up to 10 cm of surface lowering may have occurred across parts of the outcrop. The sample itself bore resistant ribs of rock that were probably remnants of the original glacially-abraded surface.
Sample LH13 was obtained from the same rock rib as LH12 but at a slightly higher altitude (22 m) and 30 m from the lake margin. This site would also have been abraded at the time ice most recently discharged from Lake Nella into Nella Fjord, but when ice flow may have been less strongly funnelled. The sample comprised a thin band of hard, dense gneiss within an overall rock mass displaying the characteristic sugary texture of the semi-pelite unit. Along one edge the hard gneiss band stood ~1.0 cm proud of the surrounding rock. While this hard, dense material is more resistant to erosion than the surrounding rock and is likely to have undergone less surface lowering by weathering, its resistance may also have militated against complete removal of terrestrial cosmogenic isotopes derived from pre-glacial subaerial exposure.

Stornes

Sample LH06 was collected within 5 m of the summit of a ridge located 700 m north of White Hill, overlooking Lake Ferris. The sample was obtained amid plucked outcrops (110 m altitude) on the steep northern, ice-distal side of the ridge. While its surface was much smoother than the surrounding weathered rock and its position was consistent with being an abrasion remnant, the possibility exists that it was originally a fracture surface revealed by plucking that has undergone only minor later abrasion. Given the degree of plucking it is likely that inheritance of preglacial 10Be is minimal.
Sample LH07 was obtained from the southern, ice-proximal flank of the ridge from which LH06 was obtained and within 3 m of its summit. The rock in this area is generally smoothed with much less evidence of plucking than at LH06. Over 80% of the rock surface is affected by tafoni with some individual hollows 30–40 cm in depth, width and height. The rock surfaces are generally highly irregular and the sample was obtained from one of few that appeared to retain remnants of a glacially abraded surface. Although reasonably vigorous glacial abrasion is to be anticipated in this position, and while some surface loss has obviously occurred, the potential for a degree of inheritance remains.
Sample LH08 was collected from the summit of Gneiss Peak where weathered ribs of rock 1–2 m wide that bear remnant abrasion surfaces are dissected by corridors up to 40 cm deep and wide that occasionally intersect basins 1–2 m broad. This microtopography is consistent with glacial abrasion and perhaps some meltwater action. Pronounced physical weathering has since produced many angular rock fragments that floor the corridors. The dated sample was obtained close to the summit from an abraded rib of rock (115 m altitude) on the southern, ice-proximal side of a ridge that extends eastwards. The rock surface slopes at ~20° and the rock in the immediate vicinity of the sample exhibits only very limited evidence of relatively intact abraded surfaces, most of it being heavily pitted and etched by physical weathering. Corridors between the outcrops at the sample site are up to 40–50 cm deep, over 1 m wide and are floored by angular clasts. Freshly-exposed rock surfaces immediately adjacent to the sample site and at the foot of the corridor attest to nearby slope instability in response to weathering of this bedrock slope. 
Sample LH09 was also obtained from the crest of the eastern ridge of Gneiss Peak but at a slightly lower altitude (110 m) than LH08. At this site the surface slope is less than 5° and the sampled outcrop rises no more than 40 cm above angular gravelly sediments. These sediments are interpreted as being the product of strong mechanical weathering of adjacent bedrock outcrops rather than till that may formerly have masked the sampled outcrop. Exfoliating shells of rock 2–3 cm thick occur on the northern edge of the outcrop but while the sampled area was free of evident exfoliation a microtopography with 3–4 cm relief and weathered pits up to 0.5 cm deep attest to considerable loss of the original abraded surface.

Sample LH10 was obtained from a broad expanse of freshly-abraded rock outcropping in the thalweg of a valley at 40 m altitude, only 900 m from the edge of the Stornes ice dome. This valley would have served as the principal outlet of ice from a large glacially eroded basin immediately north of Tumbledown Hill, the head of which is presently occupied by a lake 600 m long and 300 m wide. The sampled surface lay in the axis of this glacial trough 150 m west of the lake and 25–30 m from the nearest valley wall. Striae orientated at 183° persist within 1 m of the sample site. These striae lie only 4 m from the edge of superimposed ice in the valley axis that would formerly have protected the surface from subaerial weathering.
Sample LH11 was obtained from very freshly-abraded rock within a narrow fosse between the steep ice margin and rock wall of a minor (20 m wide) corridor between two low hills 200 m north-east of Tumbledown Hill. The site is located within 400 m of the Stornes ice dome and within 3 m of the margin of superimposed ice in the trench. Both the size and configuration of the corridor militate against glacial erosion having been as effective here as it was in the much larger valley from which LH10 was obtained. The low hills to either side of the LH11 corridor would simply have been over-ridden rather than glacier flow being focused strongly through the corridor. Sample LH11 was obtained from the inside of a shallow corner in the corridor, a position that is not optimal for glacial erosion. The sample was obtained within 2 m of the retreating edge of a snow drift relatively late in the summer. Although the rock is fresh and unweathered where the sample was obtained, about 3 m higher up the corridor wall at a point that approximates the surface of the snowdrift there was an abrupt transition to more weathered rock that exhibits irregular lateral etching to a depth of 50 cm and tafoni hollows 10–20 cm wide and deep along the walls of the corridor. This suggests that the rock surface below this level has been protected from subaerial erosion by the snowdrift. In summary, it appears likely that glacial erosion would have been relatively ineffective at this site and that protection of previously eroded surface by superimposed ice rather than a recent age may account for its apparent freshness.

Supplementary Table III. Composition, analytical method and reliability of identification of minerals, and EPMA elemental data in efflorescences.
	Sample
	Location
	Grid
	Minerals*, reliability** & method*** of identification
	Na
	Mg
	Al
	S
	Cl
	K
	Ca
	Cu

	code
	
	reference
	
	(counts)
	(counts)
	(counts)
	(counts)
	(counts)
	(counts)
	(counts)
	(counts)

	DG_96
	Broknes
	534 036
	Halite (HP), thenardite (P) - EPMA & photo
	6301
	0
	551
	2929
	14593
	247
	103
	0

	DG_97
	Broknes
	539 028
	Thenardite (HP), halite (P) - EPMA
	3463
	0
	1658
	8330
	4871
	626
	311
	46

	DG_98
	Broknes
	545 024
	Halite (D), thenardite (HP) - EPMA & photo
	5599
	0
	176
	1726
	19463
	350
	251
	63

	DG_99
	Broknes
	549 023
	Thenardite (P), halite (P), magnesium sulfate? (P) - EPMA
	766
	1416
	849
	6310
	2422
	105
	143
	21

	DG_100
	Broknes
	549 023
	Halite (HP), thenardite (P) - EPMA & photo
	4780
	0
	100
	3021
	13405
	374
	270
	44

	DG_101
	Broknes
	547 021
	Halite (D), thenardite (HP) - EPMA & photo
	3043
	0
	313
	2949
	9312
	247
	667
	0

	DG_102
	Broknes
	546 020
	Halite (D), thenardite (HP) - EPMA & photo
	2467
	0
	2569
	1042
	8180
	874
	127
	0

	DG_103
	Broknes
	540 019
	Halite (D) - EPMA & photo
	8861
	0
	7
	521
	29750
	272
	132
	24

	DG_104
	Broknes
	538 017
	Halite (D), thenardite (HP) - EPMA & photo
	6159
	0
	860
	1931
	17121
	396
	5
	19

	DG_105
	Broknes
	538 017
	Halite (D), thenardite (HP), sylvite (P) - EPMA & photo
	2094
	1734
	0
	2205
	13227
	2504
	0
	0

	DG_106
	Broknes
	538 017
	Halite (D), thenardite (HP), sylvite (P) - EPMA & photo
	7273
	0
	94
	4749
	20364
	2274
	248
	38

	DG_107
	Broknes
	543 017
	Halite (HP), thenardite (HP) - EPMA
	9835
	0
	49
	1102
	28688
	122
	68
	12

	DG_108
	Broknes
	538 017
	Halite (D), thenardite (HP) - EPMA & photo
	2995
	0
	569
	1717
	6685
	202
	101
	22

	DG_109
	Broknes
	537 016
	Halite (D), thenardite (HP) - EPMA & photo
	4915
	0
	624
	2038
	12897
	385
	9
	37

	DG_110
	Broknes
	537 016
	Halite (D), thenardite (HP) - XRD; sylvite (Po) - EPMA & photo
	6956
	0
	0
	2489
	22628
	113
	389
	20

	DG_111
	Broknes
	543 016
	Halite (D), thenardite (HP) - EPMA & photo
	5561
	0
	5
	1634
	17799
	55
	351
	25

	DG_112
	Broknes
	535 015
	Halite (D), thenardite (HP) - EPMA & photo
	1691
	145
	0
	567
	5751
	157
	75
	0

	DG_113
	Broknes
	536 015
	Halite (D), thenardite (HP) - EPMA & photo
	1437
	0
	346
	785
	4686
	218
	47
	6

	DG_114
	Broknes
	536 015
	Halite (HP), thenardite (HP) - EPMA
	834
	112
	212
	269
	2935
	116
	54
	0

	DG_115
	Broknes
	535 012
	Thenadite (D), halite (D) - XRD; sylvite (P) - EPMA
	1955
	0
	129
	2528
	2943
	397
	9
	0

	DG_116
	Broknes
	535 013
	Halite (D), thenardite (HP) - EPMA & photo
	914
	0
	82
	344
	3065
	29
	33
	13

	DG_117
	Broknes
	542 010
	Halite (D), thenardite (HP) - EPMA & photo
	1117
	0
	124
	295
	3534
	103
	49
	0

	DG_118
	Broknes
	555 010
	Halite (D), thenardite (HP) - EPMA & photo
	839
	0
	104
	732
	1856
	72
	10
	0

	DG_119
	Broknes
	542 007
	Halite (D), sylvite (D), gypsum (HP) - XRD; thenardite (HP) - EPMA & photo
	14958
	0
	0
	1269
	51845
	804
	544
	0

	DG_120
	Broknes
	536 007
	Halite (D), thenardite (HP) - EPMA & photo
	7768
	0
	415
	4390
	18982
	330
	232
	16

	DG_121
	Broknes
	554 004
	Aragonite (D), calcite (D) - XRD; halite (Po) - EPMA
	803
	304
	204
	337
	2940
	0
	61792
	89

	DG_122
	Broknes
	537 014
	Halite (D), thenardite (P) - EPMA & photo
	11602
	0
	1995
	1725
	40752
	831
	188
	0

	DG_123
	Broknes
	536 007
	Aragonite (D) - XRD, EPMA
	113
	973
	77
	1024
	829
	0
	36724
	87

	IS_1
	Broknes
	550 018
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_4
	Broknes
	541 007
	Halite (D), thenardite (D), gypsum (P) - XRD
	
	
	
	
	
	
	
	

	IS_9
	Broknes
	530 002
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_10
	Broknes
	543 016
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_11
	Broknes
	549 003
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_13
	Broknes
	552 003
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_14
	Broknes
	552 003
	Halite (D), gypsum (Pr) - XRD
	
	
	
	
	
	
	
	

	IS_15
	Stornes
	435 004
	Halite (D), hexahydrite (D) - XRD
	
	
	
	
	
	
	
	

	IS_18
	Stornes
	425 002
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_19
	Stornes
	425 002
	Halite (D), thenardite (D), magnesian calcite (HP) - XRD
	
	
	
	
	
	
	
	

	IS_20
	Stornes
	432 003
	Halite (D), thenardite (D) - XRD
	
	
	
	
	
	
	
	

	IS_21
	Broknes
	545 025
	Thenardite (D), halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_23
	Broknes
	541 031
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_25
	Broknes
	543 018
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_26
	Broknes
	542 016
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_27
	Broknes
	545 016
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_28
	Broknes
	545 014
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_30
	Broknes
	550 005
	Calcite (D), aragonite (D) - XRD
	
	
	
	
	
	
	
	

	IS_31
	Stornes
	419 990
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_33
	Stornes
	419 990
	Brushite (D), halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_34
	Stornes
	419 990
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_36
	Broknes
	539 018
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_37
	Broknes
	524 015
	Halite (D), thenardite (D) - XRD
	
	
	
	
	
	
	
	

	IS_39
	Broknes
	536 004
	Halite, cuprite (Po) - XRD
	
	
	
	
	
	
	
	

	IS_40
	Broknes
	526 008
	Halite (D), gibbsite (Po) - XRD
	
	
	
	
	
	
	
	

	IS_41
	Broknes
	548 022
	Halite, thenardite (D) - XRD
	
	
	
	
	
	
	
	

	IS_42
	Broknes
	548 023
	Halite (D) - XRD
	
	
	
	
	
	
	
	

	IS_44
	Broknes
	528 023
	Halite (D), thenardite (D) - XRD
	
	
	
	
	
	
	
	

	IS_45
	Broknes
	529 022
	Halite (D) - XRD
	
	
	
	
	
	
	
	


*= Minerals are known (XRD) or inferred (EPMA, photo). ** Reliability codes = Definite (D), Highly Probable (HP), Probable (P) and Possible (Po). *** Method of Identification = XRD (X-ray diffraction), EPMA (electron probe microanalysis) and photo (electron photomicrograph). **** EPMA elemental data are in counts.

Supplementary Table IV. Chemistry of 1:5 sediment:water extracts.
	Grid
	Sample
	Sample
	Conductivity
	Na
	Mg
	Cl
	K
	Ca

	reference
	easting
	northing
	(µS/cm)
	(mg/L)
	(mg/L)
	(mg/L)
	(mg/L)
	(mg/L)

	505 025
	50.5
	2.5
	155
	104
	10
	186
	18
	< 0.5

	515 025
	51.5
	2.5
	19
	24
	1
	24
	2
	< 0.5

	510 030
	51.0
	3.0
	19
	24
	1
	21
	2
	< 0.5

	515 035
	51.5
	3.5
	101
	83
	2
	115
	9
	< 0.5

	520 030
	52.0
	3.0
	149
	102
	8
	182
	18
	< 0.5

	510 020
	51.0
	2.0
	59
	51
	1
	72
	7
	1.3

	520 020
	52.0
	2.0
	42
	31
	1
	56
	5
	0.5

	520 000
	52.0
	0.0
	12
	< 1.0
	1
	17
	1
	< 0.5

	530 000
	53.0
	0.0
	46
	< 1.0
	3
	22
	4
	< 0.5

	525 005
	52.5
	0.5
	12
	< 1.0
	< 0.5
	13
	0
	< 0.5

	530 010
	53.0
	1.0
	20
	< 1.0
	1
	22
	1
	< 0.5

	550 000
	55.0
	0.0
	20
	27
	1
	18
	3
	0.7

	550 010
	55.0
	1.0
	19
	18
	2
	13
	3
	0.7

	554 014
	55.4
	1.4
	64
	54
	3
	56
	8
	1.0

	554 015
	55.4
	1.5
	529
	408
	24
	765
	31
	7.2

	550 030
	55.0
	3.0
	437
	336
	21
	630
	68
	10.2

	545 034
	54.5
	3.4
	530
	375
	44
	635
	51
	26.3

	535 032
	53.5
	3.2
	43
	19
	4
	18
	9
	4.0

	540 030
	54.0
	3.0
	95
	67
	3
	117
	8
	1.2

	540 010
	54.0
	1.0
	16
	< 1.0
	1
	19
	2
	< 0.5

	545 005
	54.5
	0.5
	39
	16
	3
	43
	4
	< 0.5

	520 010
	52.0
	1.0
	27
	19
	3
	40
	3
	0.6

	540 020
	54.0
	2.0
	35
	28
	1
	46
	4
	0.6

	545 025
	54.5
	2.5
	75
	50
	3
	100
	7
	1.2

	
	arithmetic mean
	107
	97
	6
	135
	11
	4

	
	geometric mean
	52
	53
	3
	56
	5
	2

	
	standard deviation
	157
	127
	10
	216
	17
	7

	
	
	
	
	
	
	
	
	

	420 980
	42.0
	98.0
	10
	11
	1
	14
	3
	0.9

	435 985
	43.5
	98.5
	23
	20
	0
	31
	3
	< 0.5

	435 995
	43.5
	99.5
	32
	20
	2
	40
	4
	1.3

	440 990
	44.0
	99.0
	15
	23
	2
	21
	2
	1.9

	440 000
	44.0
	0.0
	137
	109
	6
	173
	16
	1.0

	445 995
	44.5
	99.5
	62
	53
	7
	79
	11
	1.3

	445 985
	44.5
	98.5
	9
	16
	4
	15
	2
	1.6

	427 994
	42.7
	99.4
	115
	93
	11
	140
	6
	2.4

	420 990
	42.0
	99.0
	9
	< 1.0
	4
	12
	2
	< 0.5

	415 985
	41.5
	98.5
	20
	21
	3
	23
	2
	1.7

	415 995
	41.5
	99.5
	15
	15
	3
	22
	3
	0.7

	427 977
	42.7
	97.7
	21
	27
	2
	26
	3
	1.3

	430 980
	43.0
	98.0
	37
	32
	1
	51
	5
	0.7

	426 985
	42.6
	98.5
	7
	11
	< 0.5
	14
	1
	< 0.5

	420 000
	42.0
	0.0
	64
	48
	2
	74
	6
	0.9

	425 005
	42.5
	0.5
	22
	4
	3
	22
	5
	1.9

	430 998
	43.0
	99.8
	17
	4
	2
	17
	2
	0.6

	
	arithmetic mean
	36
	32
	3
	45
	4
	1

	
	geometric mean
	24
	21
	2
	32
	4
	1

	
	standard deviation
	38
	30
	3
	47
	4
	1



