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Abstract

High resolution records from North Atlantic deep-sea sediments have been instrumental in documenting millennial scale climate fluctuations during Marine Isotope Stages (MIS) 4-1, including variations in concentrations of ice rafted detritus (IRD) related to massive iceberg discharges from Northern Hemisphere ice sheets. We have analyzed 149 closely spaced samples from the top 2 meters of North Atlantic piston core V30-100 (44°06.5’N, 32°30’W) and produced detailed records of %IRD (%lithics=(#lithic grains >150 microns)/(#lithic grains >150 microns + #planktic foraminifera >150 microns)*100), IRD per gram (lithic grains >150 microns per gram sediment), and planktic forams per gram (whole planktic foraminifers >150 microns per gram sediment).

%IRD reveals 4 distinct intervals of >80% IRD coupled with consistently very low forams per gram at 40-48cm, 80-88cm, 137-149cm, and 179-184cm separated by long intervals of significantly lower IRD (<20%). The IRD per gram (lithics per gram) is consistently above 3000 lithics per gram during the intervals of high %IRD but show considerably more variability. %IRD and lithics per gram show a distinct lack of correlation at higher values. This is likely due to the influence of changes in planktic foram production affecting our proxies of IRD input. 

Upon analysis of our high-resolution IRD records with the low-resolution carbonate record from V30-100 as well as our detailed comparison to other IRD records from the Central North Atlantic (Hemming, 2003) suggests that the 4 intervals of high %IRD in V30-100 correspond to well documented Heinrich events that occurred in the North Atlantic during the last glacial interval (MIS 4-2). We have correlated the high IRD event centered around 180cm to H5, and the interval centered around 145cm to H4. The IRD events centered around 85cm and 45cm have been correlated to H2 and H1, respectively. If these correlations are correct, H3 has not been recorded in V30-100.
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Introduction

The generation of high-resolution records of North Atlantic deep-sea sediments has proven useful as evidence of millennial scale climate oscillations that occurred during the most recent Marine Isotope Stages (MIS 4-2). During the last glacial cycle, six separate events of significantly increased iceberg calving have been identified by massive inputs of sediment transported to the center of the North Atlantic Ocean by icebergs that broke off continental ice sheets. Indicators of these events, called Heinrich events, are a sharp increase in lithic fragments, called Ice-Rafted Detritus (IRD), and a decrease in the concentration of planktic foraminifera (forams) found in the ocean sediment (Heinrich, 1988). 
We have analyzed 149 closely spaced samples from the top 2 meters of North Atlantic piston core V30-100 (44°06.5’N, 32°30’W) (figure 1) and produced detailed records of %IRD, IRD per gram, and planktic forams per gram. The upper 100cm of the core was sampled at a 4cm interval and the 100-200cm section was sampled at a 1cm interval.
The main purposes of this study are to (1) generate three proxies to document changes in IRD input and foraminiferal abundance, (2) use these proxies along with magnetic susceptibility measurements, to identify Heinrich Events, and (3) compare the record of IRD input in the V30-100 core to core V23-14 a nearby core with a set of previously identified and well-dated Heinrich Events (Hemming, 2003).
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Methods

The Vema 30-100 core has a sample interval of 1 centimeter. Prior to this study, each of the samples was cleaned and processed. For this study, samples from the 100-200cm segment of the core were analyzed. This data will then be combined with existing, lower resolution data from the upper 100cm of the core that was taken at a 1cm interval. Each sample was sieved to >150 microns. The portion of the sample that was <150 microns - >63 microns was collected from the sieve and placed in a separate vial.

The >150 microns size fraction was then be split using a micro splitter until there were between 300 and 500 forams in the sample. The number of whole planktic foraminifers and lithic grains were then counted and recorded for each sample. The sample was placed on a slide for any further analysis. The data collected from each sample was used to calculate detailed records of %IRD (%lithics= (#lithic grains >150 microns)/ (#lithic grains >150 microns + #planktic foraminifera >150 microns) *100), IRD per gram (lithic grains >150 microns per gram sediment), and planktic forams per gram (whole planktic foraminifers >150 microns per gram sediment). These calculations were then plotted as a function of depth in the core.

Results
Generation of our high-resolution record reveals 4 large peaks in the abundance of lithic grains (figure 3) at 40-48cm, 80-88cm, 137-149cm and 179-184cm. These intervals of >80% lithics are divided by intervals of much lower lithic input (<20%). There is one anomalous point in the %lithics data at 152cm. The spikes in %lithics align with increases in magnetic susceptibility (figure 6) and significant decreases in foram abundance (figure 5). Only 4 spikes in magnetic susceptibility are detected in the core. There is also a gap in this data from around 50cm to 75cm. Magnetic susceptibility data was collected prior to this study so the reason for this gap is unknown. During intervals of high %lithics, measurements of forams per gram are near 0. The lithics per gram plot (figure 4) shows more variability than %lithics but are consistently about 3000 lithics per gram during the high %lithics events. The data from the 100-200cm portion of the core is higher resolution and shows significantly more detail than the 0-100cm portion.  
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Figure 4: Lithics per gram Plot

The lithics per gram plot is consistently above 3000 lithics per gram during the intervals of high %lithics but show more variability. Where the %lithics is the highest, lithics/gram typically shows drastic increases.


Figure 5: Forams per gram Plot

Decreases in forams per gram coincide with increases in the % lithics.



Discussion

Analysis of our high-resolution IRD records with the low-resolution carbonate record and magnetic susceptibility data from V30-100 as well as our detailed comparison to other IRD records from the Central North Atlantic (Hemming, 2003) suggests that the 4 intervals of high %IRD in V30-100 correspond to well documented Heinrich events that occurred in the North Atlantic during the last glacial interval (MIS 4-2). The high percentage of IRD that characterizes Heinrich layers could theoretically be a product of two end-member scenarios: very low flux of foraminifera or, alternatively, very high flux of IRD. In fact, four of the six Heinrich layers from the last 60 kyr, H1, H2, H4, and H5, have very high IRD flux in cores within the IRD belt, whereas two of the layers, H3 and H6, only show a modest increase in flux or in the number of lithic grains per gram (Hemming, 2003).

The deepest high %lithics interval in the V30-100 core, centered around 180cm, was interpreted as H5 because there are no deeper spikes of increased magnetic susceptibility down the core meaning there are few lithic grains that would increase the magnetic properties of any samples. The typical carbonate sediment input for this region does not produce a magnetic signal. The data shows an anomalous point at 152cm. The reason for this outlier is unknown. The interval centered around 145cm has been correlated to H4. The IRD events centered around 85cm and 45cm have been correlated to H2 and H1, respectively (figure 3). If these correlations are correct, H3 has not been recorded in V30-100. 
H3 is considered an ‘atypical’ Heinrich event. During this event, the North Atlantic received relatively less IRD input from the Laurentide ice sheet than during more typical Heinrich events like H4 (Snoeckx et al., 1999).  Heinrich layers H1, H2, H4, and H5 are derived from a mix of provenance components that are all consistent with derivation from a small region near Hudson Strait. Heinrich layers H3 and H6 have different sources, at least in the eastern North Atlantic. These events appear to have a Hudson Strait source in the southern Labrador Sea and western Atlantic, consistent with a similar but weaker event compared to the big four (Hemming, 2003). 
A comparison of the V30-100 core to a well-dated core nearby shows a striking similarity. The %lithics plot for the V23-14 core (43.4°N, 45.25°W) (figure 1) also shows 4 distinct intervals of increased IRD representing H1, H2, H4, and H5 as well as a small spike that is indicative of H3 (figure 7). The intervals of high %lithics in the V23-14 core are longer and occur slightly closer to the top of the core. This is likely due to the upper portion of the piston core being lost as the core was taken. 


Table 1: Correlation of Heinrich Intervals

Table shows 14C ages and Heinrich layer identifications from core V23-14 compared to intervals of high IRD input in core V30-100. Heinrich event intervals are longer in the V23-14 core than in the V30-100 core. Modified from Hemming, 2003.

	Heinrich Event
	14C age (yr) from
V23-14
	Interval (cm) of
V23-14
	Correlated interval (cm) of V30-100

	H1
	14,000
	10-17
	40-48

	H2
	20,500
	40-64
	80-88

	H3
	27,000
	~85-87
	

	H4
	35,000
	106-126
	137-149

	H5
	43,000
	136-end
	179-184


Conclusion

The high-resolution record generated through this study shows four main spikes in lithics (figure 3). These spikes coincide with significant decreases in the input of planktic forams (figure 5) which supports the interpretation of these intervals as Heinrich Events. The use of %carbonate data as well as magnetic susceptibility data for the core has enabled us to interpret the intervals of increased lithics and decreased forams in the V30-100 core as Heinrich Events 1, 2, 4, and 5. Similar to other cores from this region, Heinrich event 3 was not captured in the record of the V30-100 core. This could be for a variety of reasons but based on my investigation is likely due to decreased input from the Laurentide Ice Sheet and differences in ocean surface circulation patterns. 
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Appendix

Table 2: Data from 100-200cm of V30-100
Table shows %lithics, lithics per gram, and forams per gram calculated for the 100-200cm portion of the V30-100 core. Samples were taken at a 1cm interval and data was calculated using the equations described in the methods section.
	Starting Depth (cm)
	Dry Wt. Sample (g)
	Wt. >63μ (g)
	Coarse Fraction %
	Wt. >150μ (g)
	Split
	% Lithics
	Lithics per g
	Forams per g

	100
	5.3297
	1.0129
	19.00482
	0.55
	3/512
	
	
	

	101
	4.41409
	0.6725
	15.2353
	0.39
	1/128
	12.46291
	1217.918
	8554.425

	102
	6.09185
	0.8646
	14.19273
	0.5
	1/128
	10.16548
	903.5022
	7984.438

	103
	4.10695
	0.36459
	8.877391
	0.33
	1/128
	10.84746
	997.3338
	8196.837

	104
	4.96286
	1.0077
	20.30482
	0.57
	1/128
	11.44165
	1289.579
	9981.341

	105
	4.82598
	0.96615
	20.01977
	0.55
	0.015625
	17.61658
	1352.679
	6325.762

	106
	6.00456
	1.288
	21.45036
	0.79
	1/128
	17.72908
	1897.225
	8803.976

	107
	7.86253
	1.4797
	18.81964
	0.95
	1/128
	13.54167
	1269.82
	8107.314

	108
	4.15006
	0.7345
	17.69854
	0.43
	1/128
	13.7931
	1603.832
	10023.95

	109
	6.22194
	1.2718
	20.44057
	0.82
	1/256
	13.57143
	1563.499
	9957.023

	110
	5.48321
	1.29177
	23.55865
	0.89
	1/256
	11.0687
	1353.951
	10878.3

	111
	6.20823
	1.1542
	18.59145
	0.76
	1/256
	8.841463
	1195.832
	12329.44

	112
	7.16465
	1.04456
	14.57936
	0.64
	1/128
	9.60334
	821.8126
	7735.758

	113
	6.38286
	1.0271
	16.09153
	0.72
	1/128
	11.11111
	1082.9
	8663.201

	114
	6.55251
	1.2972
	19.79699
	0.95
	1/256
	8.707124
	1289.277
	13517.87

	115
	5.26568
	1.2224
	23.21448
	0.79
	1/256
	11.91336
	1604.351
	11862.48

	116
	7.34884
	1.41433
	19.24562
	0.89
	1/256
	10.51282
	1428.253
	12157.57

	117
	5.43468
	1.10561
	20.34361
	0.72
	1/256
	6.83112
	1695.776
	23128.5

	118
	7.31504
	1.4811
	20.24733
	0.87
	1/256
	11.6208
	1329.863
	10113.96

	119
	4.97532
	0.98956
	19.88937
	0.58
	1/128
	14.97326
	1440.711
	8181.182

	120
	5.376
	0.87142
	16.20945
	0.54
	1/256
	10.94092
	2380.952
	19380.95

	121
	9.17913
	1.8007
	19.61733
	1.23
	1/256
	10.55556
	1059.795
	8980.372

	122
	6.89257
	1.40035
	20.3168
	0.97
	1/256
	12.03704
	1448.516
	10585.31

	123
	7.41722
	1.3307
	17.94068
	0.88
	1/256
	11.6095
	1518.628
	11562.28

	124
	6.8397
	1.19811
	17.517
	0.73
	1/256
	9.964413
	1047.999
	9469.421

	125
	4.3439
	0.67313
	15.49598
	0.4
	1/128
	10.23891
	883.9983
	7749.718

	126
	7.23672
	1.13204
	15.643
	0.72
	1/128
	14.59144
	1326.568
	7764.844

	127
	8.2158
	1.4309
	17.41644
	0.88
	1/256
	14.54545
	1495.655
	8786.971

	128
	6.15926
	1.01185
	16.42811
	0.62
	1/128
	11.60494
	976.7407
	7439.855

	129
	6.1526
	0.94521
	15.36277
	0.59
	1/128
	16.50943
	1456.295
	7364.691

	130
	7.6831
	1.24762
	16.2385
	0.77
	0.015625
	35.88621
	1366.115
	2440.681

	131
	8.1189
	1.15871
	14.27176
	0.66
	1/128
	17.21698
	1150.895
	5533.755

	132
	6.4945
	0.99786
	15.36469
	0.62
	1/128
	17.78291
	1517.592
	7016.398

	133
	9.5322
	1.6414
	17.21953
	0.92
	1/128
	34.97653
	2000.797
	3719.603

	134
	9.009
	1.6633
	18.46265
	0.9
	1/128
	48.46154
	2685.315
	2855.811

	135
	11.0926
	1.89698
	17.10131
	0.98
	0.015625
	59.02613
	2867.497
	1990.516

	136
	12.6826
	2.06505
	16.28254
	1.03
	1/256
	39.61538
	4158.138
	6338.133

	137
	12.2502
	2.5946
	21.18006
	1.43
	0.03125
	82.26319
	3380.19
	728.8044

	138
	15.0101
	3.0922
	20.6008
	1.6
	0.0625
	89.3754
	2959.074
	351.7631

	139
	7.6715
	1.695
	22.09477
	0.87
	0.0625
	88.75141
	3291.143
	417.1283

	140
	10.73072
	2.21851
	20.67438
	1.05
	0.0625
	91.91759
	3459.227
	304.1734

	141
	18.34505
	3.95857
	21.57841
	1.93
	0.09375
	96.41721
	3348.551
	124.4296

	142
	16.96305
	3.69527
	21.78423
	1.99
	0.0625
	95.61753
	4301.113
	197.1344

	143
	17.14345
	3.57696
	20.86488
	1.74
	0.0625
	93.76392
	3143.358
	209.0594

	144
	5.53582
	1.20478
	21.76335
	0.57
	0.125
	90.53118
	3965.447
	414.7534

	145
	8.76521
	2.00935
	22.92415
	1.12
	0.0625
	86.60808
	4497.782
	695.4768

	146
	17.9873
	4.2692
	23.73452
	2.39
	0.125
	96.42005
	3593.647
	133.4275

	147
	14.1811
	2.9692
	20.93773
	1.6
	0.25
	97.61127
	3204.265
	78.41423

	148
	17.6592
	4.1173
	23.31533
	2.24
	0.25
	98.07409
	3471.958
	68.17976

	149
	14.113
	3.6959
	26.18791
	2.28
	0.03125
	86.58537
	4024.658
	623.5386

	150
	7.9511
	1.7141
	21.55802
	1.14
	1/256
	16.7979
	2060.595
	10206.39

	151
	11.40674
	2.4523
	21.49869
	1.75
	1/256
	13.75921
	1256.801
	7877.448

	152
	17.61694
	8.4339
	
	0.56
	0.125
	99.19311
	837.3758
	6.811626

	153
	8.18405
	1.7811
	21.76306
	1.25
	1/256
	11.16173
	1532.737
	12199.34

	154
	7.21655
	1.6703
	23.14541
	1.19
	1/256
	4.225352
	532.1102
	12061.16

	155
	3.960545
	1.0274
	25.94087
	0.77
	1/128
	5.947137
	872.6072
	13800.12

	156
	6.35321
	1.4106
	22.20295
	0.99
	1/256
	7.2
	1087.954
	14022.52

	157
	6.47562
	1.275
	19.68923
	0.84
	1/256
	7.666667
	909.2566
	10950.61

	158
	5.83277
	1.0032
	17.19938
	0.66
	1/256
	3.658537
	526.6794
	13869.23

	159
	6.35686
	1.2668
	19.92808
	0.89
	1/256
	4.664723
	644.3433
	13168.77

	160
	5.31
	1.1749
	22.12618
	0.84
	1/256
	4.153355
	626.742
	14463.28

	161
	6.4474
	1.2092
	18.75485
	0.87
	1/256
	4.659498
	516.1771
	10561.78

	162
	6.3575
	1.2551
	19.74204
	0.84
	1/256
	8.011869
	1087.22
	12482.89

	163
	8.8149
	1.7708
	20.08871
	1.2
	1/512
	20.07366
	6331.098
	25208.23

	164
	6.9174
	1.4033
	20.28652
	0.92
	1/256
	13.31719
	2035.447
	13248.91

	165
	9.2241
	1.4397
	15.60803
	0.91
	1/256
	11.1437
	1054.629
	8409.276

	166
	10.4618
	1.6398
	15.67417
	1.02
	1/256
	11.92214
	1199.029
	8858.131

	167
	7.245
	1.1869
	16.38233
	0.76
	1/256
	10.28278
	1413.389
	12331.82

	168
	8.2948
	1.336
	16.10648
	0.89
	1/256
	8.333333
	709.8423
	7808.265

	169
	7.7424
	0.9388
	12.12544
	0.54
	1/128
	11.21495
	793.5524
	6282.29

	170
	4.60605
	0.55438
	12.03591
	0.3
	0.015625
	9.278351
	500.2117
	4890.959

	171
	5.17026
	0.62045
	12.00036
	0.36
	1/128
	7.492795
	643.6814
	7946.989

	172
	7.28351
	1.02134
	14.02263
	0.62
	1/128
	5.491329
	333.9049
	5746.68

	173
	6.98104
	0.92922
	13.31062
	0.55
	1/128
	6.971678
	586.7321
	7829.206

	174
	6.92003
	0.91439
	13.21367
	0.54
	1/128
	7.692308
	425.4317
	5105.18

	175
	6.66041
	0.96401
	14.47373
	0.57
	1/128
	6.395349
	422.7968
	6188.208

	176
	8.53344
	1.65455
	19.38902
	0.96
	1/128
	5.429864
	179.9978
	3134.961

	177
	8.08294
	1.21311
	15.00828
	0.65
	1/128
	28.5
	1805.284
	4529.045

	178
	8.50442
	1.23376
	14.50728
	0.67
	1/128
	27.07692
	1324.488
	3567.086

	179
	13.06642
	2.35357
	18.01236
	2.04
	0.015625
	77.72926
	4359.266
	1249.003

	180
	8.16235
	1.64348
	20.13489
	0.01
	1
	96.64293
	116.3881
	4.042953

	181
	11.37608
	2.10679
	18.51947
	1.05
	0.125
	91.28077
	3077.334
	293.9501

	182
	12.6496
	2.55308
	20.18309
	1.26
	0.0625
	86.33298
	3076.145
	486.9719

	183
	10.40452
	2.20262
	21.16984
	1.05
	0.125
	91.04996
	2620.4
	257.5804

	184
	9.58013
	2.08679
	21.78248
	1.2
	0.125
	92.20263
	3100.584
	262.2094

	185
	6.17659
	1.10923
	17.95861
	0.62
	1/128
	21.59763
	1512.809
	5491.703

	186
	6.29001
	1.07305
	17.05959
	0.66
	1/128
	14.21446
	1159.935
	7000.307

	187
	6.82645
	 
	
	0.77
	1/256
	3.16092
	412.5131
	12637.9

	188
	6.70617
	1.06415
	15.86822
	0.74
	1/256
	2.486188
	343.5642
	13475.35

	189
	4.88194
	0.83552
	17.11451
	0.56
	1/128
	1.78117
	183.5336
	10120.57

	190
	6.05754
	1.20423
	19.87985
	0.87
	1/256
	1.324503
	169.0455
	12593.89

	191
	9.09273
	1.58336
	17.41347
	1.08
	1/256
	1.830664
	225.2349
	12078.22

	192
	7.01249
	1.17033
	16.68922
	0.81
	1/256
	2.932551
	365.0629
	12083.58

	193
	9.03909
	1.38811
	15.35674
	0.93
	1/256
	1.912568
	198.25
	10167.4

	194
	6.48766
	0.96055
	14.8058
	0.56
	1/256
	2.238806
	236.7572
	10338.4

	195
	8.4521
	1.25063
	14.79668
	0.78
	1/256
	2.839117
	272.595
	9328.806

	196
	8.26991
	1.08633
	13.13593
	0.68
	1/256
	2.258065
	216.6892
	9379.546

	197
	8.13327
	1.20085
	14.76466
	0.74
	1/256
	4.788732
	535.0861
	10638.77

	198
	8.2428
	1.19328
	14.47663
	0.76
	1/256
	1.898734
	186.3444
	9627.796

	199
	4.49128
	0.59537
	13.25613
	0.36
	1/128
	6.64557
	598.4931
	8407.403





Table 3: Data from 0-100cm of V30-100
Table shows %lithics, lithics per gram, and forams per gram calculated for the 0-100cm portion of the V30-100 core. Samples were taken at a 4cm interval prior to this study. 
	Starting Depth (cm)
	Coarse Fraction %
	% Lithics
	Lithics per g

	0
	18.99253
	2.606635
	253.3057

	4
	17.48185
	2.194357
	247.8047

	8
	21.52019
	1.006711
	121.9202

	12
	20.0334
	2.464789
	199.5101

	16
	18.86435
	2.402402
	248.4834

	20
	18.58998
	5.095541
	347.2481

	24
	18.22938
	9.292035
	969.9244

	28
	17.01272
	7.100592
	628.9583

	32
	19.59491
	14.64968
	1496.334

	36
	18.7175
	24.37276
	1423.106

	40
	23.74782
	82.8629
	5466.789

	44
	18.49333
	90.28698
	2580.391

	48
	25.37199
	87.93774
	3362.782

	52
	24.14882
	27.9661
	2626.278

	56
	25.76111
	25.39683
	3227.23

	60
	24.46214
	9.322034
	1350.826

	64
	19.9952
	8.007449
	1015.067

	68
	20.13152
	13.26165
	1831.931

	72
	16.465
	14.28571
	1101.918

	72
	16.465
	19.31034
	1142.73

	76
	17.84541
	16.90141
	1564.752

	80
	25.1428
	88.84462
	3809.32

	84
	24.73017
	99.04
	3894.23

	88
	23.39644
	89.33121
	3810.332

	90
	26.82969
	16.76471
	1548.584

	91
	17.13546
	15.64246
	760.7081

	92
	27.42737
	16.32653
	1086.726

	92
	27.42737
	13.7931
	2077.158

	96
	21.61325
	11.99143
	1470.284




Figure � SEQ Figure \* ARABIC �1�: Locus Map


Locus map from displaying the locations of deep-sea sediment cores V30-100 at (44°06.5’N, 32°30’W) and V23-14 at (43.4°N, 45.25°W) in the Central North Atlantic Ocean. Lines with arrows indicate ocean surface circulation patterns.





Figure 2: Scanned image of V30-100 


A scanned image of the upper 400 cm of the V30-100 core. The segment analyzed in this study (0-200cm) is highlighted in green. The 0-100cm segment of the core was previously analyzed at a 4cm. The 100-200cm section was analyzed at a 1cm interval to generate a higher resolution record.





Figure 3: % Lithics Plot


The %lithics plot reveals 4 distinct intervals of >80% lithics coupled with consistently very low forams per gram at 40-48cm, 80-88cm, 137-149cm, and 179-184cm separated by long intervals of significantly lower lithics (<20%). There is an anomalous outlier at 152cm.





Figure 6: Magnetic Susceptibility


Magnetic susceptibility data also shows 4 drastic increases. There are no increases in magnetic susceptibility further down the core suggesting the spike in %lithics centered around 180cm is the deepest and therefore the oldest high %lithics event. There is a gap in the data between 50cm and 75cm





Figure 7: V30-100 and V23-14 comparison


Comparison of %lithics from the radiocarbon dated V23-14 core (pink) (Hemming, 2003) to the V30-100 core (green). Identified Heinrich event intervals in V23-14 are similar to the intervals of high %lithics in V30-100. The V23-14 Heinrich events are longer suggesting a larger IRD input at this location during the events than at the location of V30-100.









