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8. CHEMICAL COMPOSITION, AGE, AND SOURCES OF VOLCANICLASTIC SEDIMENTS
FROM SITES917 AND 918

Reinhard Werner,2 Paul van den Bogaard,? Christian Lacasse,® and Hans-Ulrich Schmincke?

ABSTRACT

Volcaniclastic deposits drilled at Leg 152 Sites 917 (East Greenland Shelf) and 918 (Irminger Basin) comprise 21 Neogene
ash-bearing intervals and numerous Paleogene ash layers, tuffs, lapillistones, breccias, and conglomerates. The volcanogenic
components of the Neogene ash deposits consist mainly of brown to colorless glass particles with an average median grain size
of 30 um & 20 pm). Colorless glass particles are bubble wall shards and pumice fragments. Brown glass shards are slightly
vesicular or dense blocky shards, rarely highly vesicular or pumiceous. The glass shards have subalkalic and low-K subalkalic
basaltic, as well as low-K rhyolitic compositions. Rhyolitic ash layers are attributed to highly explosive plinian erugtions. T
tural criteria and degree of sulfur degassing of most mafic shards suggest an origin from hydroclastic explosive fragmentation
processes in a subglacial/sublacustrine eruption environment. Major element compositions indicate that most ash deposits are
derived from Iceland. Only a few mafic deposits may have originated at the Reykjanes Ridge.

Abundant, highly altered Paleogene ash layers in the middle Eocene sequence of Hole 918D confirm a peak in the volcanic
activity in the North Atlantic area at this period of time, as postulated in the literature. Polymict volcanic brecciagland con
erates immediately overlying flood basalts of the East Greenland Shelf are interpreted as lahars and fluvial deposits that mark
the end of the intense volcanic activity in East Greenland. Altered tuffs and lapillistones within the flood basalt se®itence of
917 are primary or reworked hydroclastic and pyroclastic deposits, reflecting rare explosive phases during the effusive eruptio
of the flood basalts.

Laser probePAr/®Ar dating of anorthoclase and plagioclase crystals from two successions of Paleogene tuffs and lapilli-
stones intercalated with the lavas of the Middle Series at Site 917 give mean apparent ages #dr26d& to 60.3 0.2

Ma.
INTRODUCTION shelf. The site is located in 508 m of water, approximately 50 km
from the coast of Greenland within a trough connecting deep fjords
Neogene ash-bearing sediments and Pal eogene vol caniclastic lay- in the northwest with the continental slope and rise (Larsen, Saun-

- o ders, CIift, et al., 1994). The outer shelf is characterized by the land-
ers recovered during Ocean Drilling Program (ODP) Leg 152 (East S
Greenland Marg n)greflect the Ce%ozoi% voIE:anic)actei?/ity irg the ward feather edge of the seaward-dipping reflector sequence (SDRS),
North Atlantic region. A total of six sites (914 through 919) were & Succession of baselap-free, seaward-dipping, and offlapping lava
drilled along a transect at 63°N, extending from 40 to 185 km east ({ﬂ_)IPW units. On the shelf, the SDRS is covered by up to 1.5 km of
the southeast coast of Greenland (Fig. 1). Sites 914-917 are locafef€09ene and Neogene sediments. Hole 917A (Table 1) penetrated
on the East Greenland Shelf, and Sites 918 and 919 were drilled d- M of sediments ranging in age from Quaternary to presumably
the continental rise of southeast Greenland within the western part est Paleocene, a 779.2-m-th|ck Paleo_cene ﬂO.Od basalt sequence of
the Irminger Basin. Here, we report on volcanological and geocheni?® SDRS, and continued into underlying sediments. Through the
ical studies of volcaniclastic sediments recovered at Sites 917 aff§€P basement penetration, the volcanic succession of Hole 917A

918. Neogene tephras drilled at Site 919 are discussed by Lacass&&&Crds the development of the SDRS from the earliest volcanism to
al. (this volume). the end of the volcanic activity at this site.

The aim of this study is to characterize volcanic processes in th Site 918 is located on the upper continental rise of the southeast

North Atlantic area south of the Greenland-Iceland Ridge. Major el®"é€nland margin near the center of the SDRS, approximately 130
ement compositions indicate potential source areas of the volca'gm_ from the coast of Greenland and 750 km west of Iceland (Fig. 1).
clastic deposits. We also evaluate transport and depositional proce Qs Site rests on oceanic crust within a broad magnetic low that is
es as well as the paleoenvironment at the time of eruption using tegonsidered to be of magnetic chron C24r age (late Paleocene to early
tural criteria and volatile contents of glass partictest/®Ar laser ~ —0CeNe; Larsen, Saunders, Clift, et al., 1994). This volcanic basement
dating of feldspars, occurring in some Paleogene volcaniclastic d& covered with approximately 1200 m of Paleogene and Neogene
posits, provides time markers for the flood basalt sequence drilled gigdiments. Four Holes (918A-D) were drilled at Site 918 in 1868

Site 917 1880 m of water. Whereas Hole 918A penetrated a 332.7-m-thick se-
' quence of Pliocene to Holocene sediments, only thin Quaternary sed-
Geological Setting and Statistics of Sites 917 and 918 iment successions were drilled at Holes 918B and 918C. Hole 918D,

however, penetrated almost 1200 m of sediments ranging in age from

Site 917 represents the most inboard site in a 6-km-long profil§a1Y E%C?ne to I-fllolocenﬁ, freacged the b?jsaltlc bas_eme?]t allt 1189f4
(Sites 914-917) on the outer middle East Greenland continentJi€ters below seafloor (mbsf) and continued 120.7 minto the lavas o
the SDRS. The complete statistics of each hole are given in Table 1.

The igneous and sedimentary sequence of Holes 918A and 918D

1Saunders, A.D., Larsen, H.C., and Wise, SW., Jr. (Eds.), 1998. Proc. ODP, i., spans a period from the Paleogene high-production volcanic phase in
Resilts, 152: College Station, TX (Ocean Drilling Program). East Greenland to the recent volcanism in the North Atlantic region.
_ "Department Volcanology and Petrology, GEOMAR, Wischhofstr. 1-3, D-24148  Among others, the volcanic centers of East Greenland, the Iceland-

Kiel, Federal Republic of Germany. rwerner@geomar.de id he E lceland. J M d the Revki

3Graduate School of Oceanography, University of Rhode Island, Narragansett Bay Fgeroe Ridge, the _aeroev_ ce a_n ' _an E_"yen and the Reykjanes

Campus, Narragansett, RI 02882-1197, U.SA. Ridge have been active during this period (Fig. 1).
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Figure 1. Map of the central North Atlantic showing locations of ODP drill sites and possible source areas for volcaniclastic sediments recovered at Sites 917

and 918.
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Table 1. Satistics of the ODP Leg 152 drill sitesdiscussed in this paper.

Outer East Greenland Shelf Irminger Basin
915A 916A 917A 918A 918B 918C 918D
Latitude: 63°28.285N  63°29.13™N  63°29.500N 63°5.569N  63°5.569N  63°5.575N  63°5.572N
Longitude: 39°46.909V  39°48.400N 39°49.665V 38°38.336// 38°38.339W 38°38.328W 38°38.334W
Water depth (m): 533.1 513.7 508.1 1868.5 1868.2 1879.4 1879.4
Total penetration (m): 209.4 101.7 874.9 332.7 25.8 35.4 1310.1
Total length of cored section (m): 209.4 101.7 874.9 332.7 25.8 9.6 1012.8
Drilled (mbsf): 0-25.8 6253.2
279.9-324.0
Core recovery (%): 15.7 16.9 52.0 78.2 98.8 100.4 25.1
Oldest sediment cored:
Depth (mbsf) 196.8 101.7 874.9 332.7 25.8 35.4 1189.4
Earliest age Eocene (?) Eocene (?) Paleocene (?) Pliocene Quaternary  Quaternary  early Eocene
Igneous rocks cored (mbsf): 1892909.4 41.9820.7 1168.21180.4
1189.41310.1
Lithostratigraphic summary: Fig. 8 Fig. 8 Fig. 8 Fig. 2 Figs. 2,8

Note: Data taken from Larsen, Saunders, Clift, et al. (1994).



VOLCANICLASTIC SEDIMENTS, SITES917 AND 918

METHODS dards: BHVO-1 Hawaiian basalt, AGV-1 andesite, and RGM-1 rhy-
olite).
All ash-bearing sediments and other volcaniclastic deposits that Age determinations were carried out®&r/*Ar laser dating on

have been identified by the Shipboard Scientific Party (Larsen, Saun- 70 single feldspar crystals from Site 917, applying a 25 W Spectra-
ders, Clift, et al., 1994) were sampled on the JOIDES Resolution.  Physics Argon lon laser and a MAP 216 series noble gas mass spec-
Thin sections were made from all samples possibly containing fresh ~ trometer. Three sets of irradiations were carried out in the 5 MW re-
glassparticles aswell asfrom 41 other volcaniclastic deposits. Twen-  @ctor at the GKSS Research Center (Geesthacht, Federal Republic of
ty-one Neogene ash deposits and four Paleogene volcaniclastic de-  Ge€rmany): Vial “CAN10” was irradiated for 3 hr without Cd liner in
posits were selected for detailed studies. the reactor core, received an average neutron flux of 8.7NI0
Texture, mineralogical and lithological composition, and alter- (P x ), and contained nine feldspar crystals from Sample 152-
ation were studied in thin sections. For samples containing freshglass ~~ 917A-24R-1, €8 cm. Vials "CAN8” and “CAN13" were irradiated
particles, maximum diameter of a particle and the smallest distance for 72 hr with a 0.5-mm Cd liner, rec_elved an average fast neutron
between two points through which the particle still fits were mea-  flux of 2.1 x 162 N/cn? x s, and contained 20 feldspar crystals from
sured using calibrated ocular scales. Fifty to 80 individual glasspar- ~ Samples 152-917A-23R-2, 12731 cm; 23R-3, 1417 cm; and 24R-
ticles and additionally the five largest shards were measured ineach 1> 1-3 cm (CANBS), and 41 feldspar crystals from Samples 152-917A-
thin section. The grain-size data presented in this paper are the arith- 24R-1, 6:8 cm; 23R-2, 127131 cm; 23R-3, 1417 cm; 24R-1, 13
metic means of these measurements (“medium diameter”). Relatifdn: and 53R-1, 83 cm (CAN13). In CAN10, MMhb-1 horn-
abundance of different clast types was determined by counting aboBiende crystals (52041.7 Ma, Samson and Alexander, 1987) were
300 grains per thin section (Table 2). applied as |rr§d|at|0n monitors. In .C.AN8 and CAN13 the neutron
Major element compositions and volatile contents (S, Cl, and FuX was monitored using TCR sanidine (27.92 Ma; Dalrymple and
of fresh glass particles and major element compositions of feldspafuffield, 1988). Monitor minerals and samples were irradiated in
were determined using a CAMECA SX50 electron microprobefilum'”um sample holdgrs, spatially defined sample positions prowq-
(EMP). The EMPwas operated at an accelerating voltage of 15 kVing control on both vertical and lateral neutron flux gradients. Verti-
and a beam current of 10 nA. To minimize sodium loss, felsic glass&§! variations in J-value were corrected by fitting a cosine function
were analyzed with the beam rastered (TV mode) scanning an area@fve to the data.
9.5 x 13 um (magnification 10,000). Natural glass standards JDF-D2 TyPical system blanks are 4 x"¥0cn'standard temperature and
(mid-ocean-ridge basalt [MORBJ-glass) and LIPARI (obsidian,Pressure (STP), 1 x ¥@cn¥STP, and 2 x 1& cn? STP at masses
Lipari, Cannetto Lami lava), and mineral standards PLAG and AL-36, 39, and 40, the total volume of mass spectrometer plus inlet sys-
BIT were used for calibration. Additional basaltic and rhyolitic glasstém approximating 1800 cmRaw mass spectrometer peaks were
standards (e.g., KN 18, VG-2) and interlaboratory monitors were arforrected for mass discrimination and interfering neutron reactions
alyzed periodically to monitor the accuracy of the microprobe. TdB0gaard, 1995; Bogaard and Schirnick, 1995). All analyses were
smooth out compositional heterogeneities, up to 8 points were angonducted at the GEOMAR Tephrochronology Laboratory.
lyzed on each glass particle. The data presented here are averages of
these analyses. Up to 30 individual glass particles were analyzed for
each ash deposit (Tables 3, 4). The standard CHALCOPYRIT was NEOGENE ASH-BEARING SEDIMENTS
used to calibrate the EMP sulfur analyses. The accuracy of the sulfur
analyses is estimated to 20 parts per million (ppm). Site 919 and the Pliocene and Pleistocene sedimentary sequence
Bulk rock analyses of volcaniclastic deposits were performed usef Hole 918A contain the majority of Neogene ash-bearing sediments
ing a Philips X unique X-ray fluorescence (XRF) spectrometer (stardrilled during Leg 152 (Fig. 2). Fifteen layers with significant

Table 2. Type, stratigraphic setting, textural characteristics, and composition of ash layer s and ash-bearing sediments recovered at Site 918.

Grain size Colorless glass Brownish glass
Core, section, Depth Avg Max Op.
Label Type interval (cm) (mbsf) Age (nm) (pm) (%) (Type) (%) (Type) (%)
152-918A-

1 EL 9H-2, 7475 70.54 Pleistocene 30 165 2 p 5 bl 2

2 EL 10H-4, 106101  83.3 Pleistocene 10 18 5 bl 8

3 DA 11H-2, 26-21 89 Pliocene 22 95 31 bl, (+v) 15

4 EL 12H-2, 36-31 98.6 Pliocene 49 425 10 bl, v 3

5 EL 13H-6, 36-37 114.16 Pliocene 25 95 9 bl, (+v) 10

6 EL 14H-2, 145147 118.75 Pliocene 13 32 6 bl 10

7 EL 16H-6, 83-85 141.63 Pliocene 19 155 7 bl 14

8 EL 19H-5, 140-142  169.2 Pliocene 12 20 >5 bl, (+v) 5

9 DA 23X-5, 64-65 206.44 Pliocene 20 75 5 v, bw 37 bl, v, (+p) 12
10 EL 25X-2, 1719 219.27 Pliocene 25 95 7 bl 5
11 EL 27X-4, 2324 239.93 Pliocene 10 18 5 bl 12
12 EL 27X-4, 36-31 240 Pliocene 12 28 5 bl, (+v) 7
13 EL 27X-4, 3435 240.04 Pliocene 10 12 >5 bl 6
14 DA 28X-2, 62-63 246.22 Pliocene 29 215 28 bl, v 12
15 EL 33X-2, 54-55 290.44 Pliocene 27 90 8 bl, (+v) 30

152-918D-

16 EL 22R-2, 1517 485.45 early Pliocene 16 37 6 bl 5
17 EL 31R-1, 3435 571.04 late Miocene 15 25 7 bl 32
18 EL 37R-3, 8182 632.41 late Miocene 13 19 5 bl 20
19 DA 40R-3, 6264 661.12 middle Miocene 14 95 12 v, bw 19 bl, (+v) 3
20 DA 42R-1, 3536 677.15 middle Miocene 16 75 70 bw, p 9 bl, v 2
21 EL 51R-6, 5658 771.26 Miocene ? 12 23 10 bl 21

Notes: With afew exceptions, depth, thickness and ages taken from Larsen, Saunders, Clift, et al. (1994). DA = disseminated ash layer, EL = ash-enriched ash layer. Avg = average
grain size, Max = maximum grain size (for explanation see “Methods” section of this study). % = volume percentage (fooesglaristethods” section). v = vesicular shards,
bw = bubble wall shards, p = pumice fragments. bl = blocky shards, (+p) = sample contains subordinate pumice fragmexulyi@@ and opaque clasts.
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Table 3. Electron microprobe analyses of mafic glassy tephrarecovered at Site 918.

Core, section: 152-918A-9H-2 152-918A-11H-2 152-918A-11H-2 152-918A-12H-2 152-918A-13H-6
Interval (cm): 74-75 20-21 20-21 30-31 36-37
Label: 1 3 (pop. 1) 3 (pop. I1) 4 5 (pop. 1)
Type: EL DA DA EL EL
Part./points: 6f/12p 18f/66p 2f/8p 6f/17p 16f/60p
Share: 100% 90% 10% 100% 84%
Average sD Average trend SD Averagehetero  SD Average hetero  SD Average SD
SO, 50.06 0.46 49.37 0.99 51.89 1.73 50.46 0.52 49.09 0.26
TiO, 2.03 0.25 3.03 0.73 3.10 0.47 3.28 053 227 0.11
Al,O4 14.25 0.15 13.36 0.57 13.46 0.19 13.20 0.45 13.71 0.12
FeO* 12.54 0.38 14.19 127 13.97 0.44 14.82 0.98 13.03 0.25
MnO 0.21 0.04 0.24 0.03 0.29 0.04 0.26 0.03 0.22 0.03
MgO 7.10 0.40 5.75 0.78 3.86 0.01 4.80 0.91 6.75 0.10
Ca0 11.70 0.49 10.24 0.98 7.99 0.02 9.13 131 11.29 0.23
Na,O 2.42 0.12 2.82 0.23 351 0.29 2.99 0.17 257 0.05
K,O 0.23 0.07 0.45 0.21 0.87 0.21 0.61 0.20 0.23 0.03
P,0g 0.22 0.03 0.35 0.14 0.64 0.27 0.35 0.12 0.22 0.03
> (vol.-free) 100.75 99.80 99.58 99.89 0.35 99.38
SO, 0.13 0.05 0.15 0.06 0.17 0.07 0.12 0.04 0.18 0.02
F 0.09 0.04 0.13 0.03 0.16 0.05 0.16 0.04 0.11 0.02
Cl 0.03 0.01 0.02 0.02 0.04 0.02 0.03 0.01 0.02 0.01
Tota 101.01 100.11 99.95 100.20 99.68
Core, section: 152-918A-13H-6 152-918A-16H-6 152-918A-16H-6 152-918A-23X-5 152-918A-25X-2
Interval (cm): 36-37 83-85 83-85 64-65 17-19
Label: 5 (pop. 11) 7 (pop. 1) 7 (pop. 11) 9 10
Type: EL EL EL DA EL
Part./points: 3f/9p 3f/9p 7f121p 6f/15p 6f/14p
Share: 16% 30% 70% 100% 100%
Average SD Average SD Average hetero SD Average SD Average trend SD
SO, 48.12 0.96 48.34 0.69 49.01 131 50.14 0.29 50.13 0.57
TiO, 3.43 0.45 2.50 0.13 3.05 0.69 3.27 0.24 3.05 0.40
Al,O53 13.08 0.11 13.65 0.26 13.14 0.60 13.36 0.30 1372 0.58
FeO* 15.55 0.99 13.45 0.03 14.58 1.38 14.36 0.57 13.73 1.08
MnO 0.25 0.02 0.19 0.03 0.26 0.03 0.24 0.04 0.22 0.02
MgO 5.62 0.10 6.73 0.07 5.43 0.81 5.28 0.33 5.59 0.87
CaO 9.66 0.16 11.18 0.22 9.70 0.83 9.29 0.53 9.72 0.75
Na,0 2.73 0.02 2.58 0.04 2.84 0.30 2.83 0.04 2.90 0.24
K,0 0.44 0.03 0.26 0.01 0.54 0.42 0.49 0.09 0.51 0.30
P,Os 0.42 0.08 0.27 0.10 0.48 0.45 0.41 0.06 0.36 0.08
S (vol.-free) 99.30 99.15 99.05 99.66 99.93
SO, 0.21 0.08 0.17 0.02 0.18 0.04 0.18 0.05 0.16 0.09
F 0.15 0.02 0.14 0.01 0.15 0.05 0.15 0.02 0.15 0.05
Cl 0.03 0.01 0.03 0.01 0.04 0.03 0.02 0.00 0.02 0.02
Total 99.68 99.49 99.41 100.02 100.26
Core, section: 152-918A-28X-2 152-918A-28X-2 152-918A-33X-2 152-918D-40R-3 152-918D-42R-1
Interval (cm): 62-63 62-63 54-55 62-64 35-36
Label: 14 (pop. 1) 14 (pop. 1) 15 19 20
Type: DA DA EL (DA) (DA)
Part./points: 12f/68p 8f/46p 20f/59p 6f/13P 2f/8p
Share: 60% 40% 100% 100% 100%
Average SD Average SD Average trend SD Average trend SD Average hetero  SD
SO, 49.68 0.20 49.77 0.23 49.33 0.83 49.57 0.62 47.24 4.07
TiO, 3.35 0.08 3.76 0.10 3.19 0.66 3.16 0.78 2.03 177
Al,O3 12.95 0.07 12.32 0.10 13.08 0.36 13.31 0.66 11.70 181
FeO* 15.30 0.11 16.43 0.22 14.68 0.90 13.48 1.30 16.87 442
MnO 0.24 0.02 0.26 0.03 0.23 0.03 0.24 0.05 0.34 0.15
MgO 5.30 0.05 454 0.12 5.39 0.69 553 1.00 7.17 215
Ca0 9.66 0.19 8.91 0.19 9.72 0.88 10.17 1.25 10.79 118
Na,O 277 0.03 2.89 0.05 2.89 0.18 2.83 0.26 207 1.05
K,0O 0.45 0.01 0.52 0.02 0.49 0.15 0.51 0.19 0.83 0.54
P,O5 0.35 0.01 0.39 0.01 0.36 0.08 0.36 0.10 0.21 0.21
S (vol.-free) 100.06 99.78 99.36 99.15 99.24
SO, 0.19 0.05 0.22 0.03 0.16 0.06 0.12 0.04 0.06 0.05
F 0.13 0.02 0.14 0.02 0.13 0.03 0.12 0.02 0.24 0.16
cl 0.02 0.01 0.03 0.01 0.03 0.02 0.03 0.02 0.08 0.06
Total 100.40 100.17 99.68 99.42 99.62

Notes: (pop.) = chemicaly different population of glass particles within an individual deposit. DA = disseminated ash layer, EL = ash-enriched layer, and type in parentheses (DA) =
subordinate mafic component in a silicic deposit. Part./points = number of analyzed particles (f) and total number of analyses (p). Share = share of the total number of analyzed
mafic glass particles within an individual deposit (amounts to 100% unless the deposit consists of several chemically different populations); Average trend = average of a group of
analyses showing a clear trend; Average hetero = average of agroup of chemically heterogeneous particles within an individua deposit; and SD = standard deviation.
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Table 4. Electron microprobe analyses of silicic glassy tephrarecovered at Hole 918D.

Core, section: 152-918D-40R-3 152-918D-42R-1 152-918D-42R-1

Interval (cm): 60-64 35-36 35-36

Label: 19 20 (pop. 1) 20 (pop. 1)

Type: DA DA DA

Part./points: 3f/6p 17f/75p 4f/13p

Share: 100% 81 19%

Averagehetero  SD Average SD Average SD

SO, 7242 171 73.88 0.20 72.04 0.36
TiO, 031 0.12 0.10 0.04 11.79 0.04
Al,O3 11.45 0.43 12.18 0.04 11.79 0.04
FeO* 2.94 0.62 1.22 0.05 2.81 0.02
MnO 0.10 0.05 0.04 0.01 0.01 0.00
CaO 1.68 0.40 121 0.03 0.97 0.03
Na,0 2.90 0.18 2.99 0.07 341 0.10
K,0 1.98 0.48 294 0.10 2.95 0.12
P05 0.06 0.02 0.05 0.01 0.04 0.01
3 (vol.-free) 93.97 94.77 94.37
SO, 0.02 0.02 0.01 0.01 0.03 0.01
F 0.09 0.02 0.07 0.02 0.16 0.02
cl 0.03 0.02 0.02 0.01 0.12 0.01
Total 94.11 94.88 94.68

Abbreviations: (pop) = chemically homogeneous population of glass particlesin an individual deposit. DA = disseminated ash layer. Part./points = number of analyzed particles (f) and
total number of analyses (p). Share = percentage of al analyzed silicic glass particlesin the individual deposit. Average hetero = average of agroup of chemical heterogeneous par-

ticlesin anindividual deposit, and SD = standard deviation.

amounts of fresh glass particles were identified in Hole 918A. In ad-
dition, one lower Pliocene and five Miocene ash deposits were found
in lithologic Units | and Il of Hole 918D between 485.5 and 771.3
mbsf.

Sructureand Stratigraphic Distribution

In the sedimentary sequence of Holes 918A and 918D, volcanic
glass occurs as light to dark brown sideromelane, tachylitic, and col-
orless silicic fragments in horizons with glass particle contents vary-
ing from less than 5% to more than 80%. Because of the lack of dis-
tinct contacts with the surrounding sediments, and the relative low
concentration of dispersed glass particles, the thickness of individual
horizons cannot be determined precisely. Based on differences in
modal compositions, ash-bearing sediments can be divided into two
groups: (1) disseminated ash layers = 10%—-80% glass particles (DA
in Table 2); and (2) ash-enriched layers = 5%—-10% glass particles
(EL in Table 2). Altogether, five disseminated ash layers and 16 ash-
enriched layers were identified in Holes 918A and 918D. In contrast
to Site 919 (Lacasse et al., thisvolume), discrete ash layerswith sharp
contacts and more than 80% glass particles were not found at Site
918.

In spite of the excellent recovery (~100%) of the 87-m-thick
Pleistocene sequence of Hole 918A, only two Pleistocene ash depos-
itswereidentified (Cores 152-918A-9H and 10H). In contrast, 13 ash
deposits were found in Cores 152-918A-10H to 33X in the 245-m-
thick Pliocene sequence of Hole 918A (average recovery = 68%).
Considering biostratigraphic and paleomagnetic data as well as sedi-
mentation rates (Larsen, Saunders, Clift, et al., 1994), thisindicatesa
sedimentation rate of less than 2 ash depositym.y. for the Pleis-
tocene, but more than 10 depositsm.y. for the (late?) Pliocene. These
estimates, however, do not take into account a hiatus in the Pleis-
tocene succession corresponding to about 0.8 m.y. (Shipboard Scien-
tific Party, 1994d) and the relatively sparse core recovery in parts of
the Pliocene sequence (Fig. 2).

In Hole 918D ash-bearing deposits occur sporadically throughout
the ~300-m-thick sedimentary sequence ranging from lower Pliocene
to lower Miocene. Most were found in adepth interval between ~570
and 770 mbsf (Fig. 2) where generally high amounts of volcanogenic
components (e.g., pyroxene, zeolite, opaques, etc.) were recorded by
the Shipboard Scientific Party (Larsen, Saunders, Clift, et al., 1994).
The poor recovery, however, does not permit conclusions on the tem-
poral distribution of Neogene volcanic depositsdrilledin Hole 918D.

Texture and Composition

Dense blocky to slightly vesicular brown glass fragments are the
dominant vitric clast typein most ash-bearing sediments recovered at
Site 918 (Pl. 1), with some vesicular or pumiceous brown shards oc-
curring in several deposits (e.g., Layers 4, 9, 14, and 20; PI. 1; Table
2). Only Miocene Layers 19 and 20 contain significant amounts of
colorless glass particles (12 vol% and 70 vol%, respectively). The
majority of these shards are platy or cuspate bubble wall shards; sub-
ordinate tubular pumice shards with parallel alignment of elongated
vesiclesand afew pumice shardswith circular vesicles occur in Lay-
er 20 (M. 2). Most layers also contain opaque tachylite clasts as well
asaltered and/or hydrated glass particles. The average medium diam-
eter of theglass particlesis 30 + 20 um (coarse silt). Maximum grain
sizes (@ 5 largest particles) vary strongly from less than 20 um to
more than 500 um (Table 2), the largest individual glass fragments
being up to 1.5 mm in medium diameter. Sorting of the ash-bearing
sediments is poor except for well-sorted Layer 20.

Fresh colorless and brownish glass particle contents range from 5
to 37 vol%, except for Layer 20, which is 79 vol%. Additional major
components are tachylite, various amounts of lithic clasts, crystal
fragments, organic material, and clay. Feldspar, quartz, and clinopy-
roxene are the dominant mineral phases, minor mineral components
comprising olivine, amphibole, biotite, opaque (magnetite, pyrite),
and diagenetic minerals (e.g., glauconite). The minerals vary widely
in grain size and are rarely euhedral. Most are broken and occur as
small crystal fragments (<200 um). It is generally difficult to decide
whether the crystals and crystal fragments represent essential phe-
nocrysts (co-genetic with the glass shards), volcanic xenocrysts, or
epiclastic (detrital) particles.

Geochemistry

Nine ash deposits from Hole 918A and two from Hole 918D were
selected for chemical analyses (Tables 3, 4). The totals of microprobe
analyses of mafic and intermediate glass particles range from 99.4 to
101.0 wt%, whereas those of felsic glass shards range from 94.1 to
94.7 wt%. The low totals in the felsic glass shards are chiefly due to
hydration of felsic glasses and/or high initial volatile contents in fel-
sic magmas ranging, for example, from 2 to 7 wt¥©He.g.,
Bitschene et al., 1989). Inter-laboratory standards and selected ash
deposits were analyzed on both electron microprobe systems in order
to make our analyses comparable with those of the ash deposits from

97



R. WERNER, P. VAN DEN BOGAARD, C. LACASSE, H.-U. SCHMINCKE

S - Q
é(\ *o& g \OQ \Oé\ < °
I P
—0
>
A g
50 g
>
| (o4
100

Late Pliocene

200 I

? 300
Hole A

‘Hole D
400 I

500

Glacial I
conditions

(Larsen,Saunders,
Clift, et al., 1994)

Early Pliocene

16

Late Miocene

17
600
18
[}
5
o 19
S 20
700 @
3
s
2 o1
3
800 k)
s
>
S
w
900

(t.d. 1310 m)

© —

seafloor —

Site 918 (Neogene succession):

Volcanic deposits:

Disseminated ash layer
(>10% glass particles)

Enriched layer
(5 - 10% glass particles)
15 No. of the layer (e.g., in Tables 1, 2, 3)

All tephra layers consist mainly of brownish shards
except for those marked with:

R (mainly colorless shards)

Bi (bimodal composition)

Sedimentary sequences containing high
amounts of volcanogenic components
(Shipboard Scientific Party, 1994d)

Lithology:

Gravel (e.g., large dropstones)

Ice rafted debris (e.g., small dropstones)
Sand/sandstone

Silt/siltstone

Clay/claystone

Glauconite sand/silt

Calcereous microfossil enriched sediment
(e.g., nannofossil calk)

alternating layers of sand/silt/clay,
fining-upwards sequences (turbidites)

Unit:
11
A

Lithologic Unit
Lithologic Subunit
Recovery:

80 - 100%

60 - 80%

40 - 60%

20 - 40%

< 20%

Figure 2. Lithostratigraphy and stratigraphic position of ash-bearing sediments of the Neogene sedimentary sequence recovered at Site 918.

Site 919 presented by Lacasse et a. (this volume). The analytical re-
sults match well, particularly for major oxides like FeO*, Ca0O, and
K,O (Werner et al., 1996b).

The brownish glass shards generally show basaltic compositions
identical to the Icelandic signature; only afew fragments are basaltic
andesitic (Fig. 3). The composition of the mafic glass particlesis ho-
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mogeneous in Layers 1 and 9, whereas the glass shardsin Layers 10,
15, and 19 range from primitive to more evolved compositions. Lay-
ers 3, 5, 7, and 14 show bimoda compositions with two different
compositionally homogeneous populations of basaltic shards, and
Layers 4 and 20 are compositionally heterogeneous (Table 3). Al-
most all mafic glass particles bel ong to the subalkalic and low-K sub-
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alkalic series. Compositional ranges of mafic glass shards are shown
in MgO variation diagrams (Fig. 4).

The Pleistocene mafic glass particlesare mainly low-K subalkalic
and form the most primitive tephrarecovered at Site 918. Their MgO
concentrations range from 6.5 to 7.6 wt%, TiO, from 1.6 to 2.4 wt%
and Al,O, from 13.8 to 14.2 wt%. The Pliocene mafic tephra, in con-
trast, cover awider compositional spectrum, MgO ranging from 3.9
to 7.2 wt% and Al,O; from 12 to 14.4 wt%, and TiO, contents be-
tween 2 and 4 wt% in most layers. Only a few mafic shard popula-
tions in individual deposits can be assigned to high-, medium-, and
low-Ti types occurring in the North Atlantic (Bitschene and
Schmincke, 1990). Almost all analyses show a positive correlation
for FeO*, K,0O, and TiO, vs. MgO and a negative correlation for
Al,O4 and Ca0 vs. MgO (Fig. 4), following roughly the Thingmuli
tholeiitic fractionation trend (Carmichael, 1964). The Miocene mafic
glass particles are heterogeneous in composition and cover a similar
range as the Pliocene mafic tephra.

The mafic glass particles contain between 100 and 1430 ppm sul-
fur (Fig. 5A). Sulfur analyses of matrix glasses can be used to assess
the degree of degassing of a magma during eruption, if the origina
sulfur content of the magmaisknown or can beinferred (e.g., Werner
et a., 1996a, 1996b). Moore and Fabbi (1971) estimate the original
sulfur content of deep-sea basalts to be 800 + 150 ppm. According to
Moore and Schilling (1973), the sulfur content of undegassed subma-
rine basalts dredged from the Reykjanes Ridge in water depth of
more than 200 m averages 843 ppm (660-1340 ppm), and the sulfur
content of undegassed tholeiitic basaltic magmas from Iceland is es-
timated to be around 1000 ppm (Moore and Calk, 1991; Werner et al.,
1996b). Based on these data, the original sulfur content of the Neo-
genetholeiitesrecovered at Site 918 is estimated as 1000 + 200 ppm.
Consequently, 60% of the mafic glass particles analyzed are not sig-
nificantly degassed with respect to sulfur (Fig. 5A).

Colorless shards recovered at Site 918 are rhyolitic and most of
them show an Icelandic affinity (Fig. 3). Only a few shards have
slightly lower akali contents than the Icelandic series, in particular
those found in Core 152-918D-42R (Layer 19). Unlike the composi-
tionally heterogeneous shards in layer 19, 81% of the shards from
Layer 20 (Core 152-918D-40R) are chemically homogeneous (Fig.
6) with high SO, (77.6-78.0 wt%) and CaO (1.2-1.5 wt%), but low
FeO* (1.0-1.4 wt%) and Al,O; (12.6-12.9 wt%) concentrations (all
values recalculated volatile free). The remaining shards in this layer
form a second homogeneous population with significantly higher
FeO* (2.8-3.2 wt%), and lower in SiO, concentrations. All rhyalitic

80 rock series (Jakobsson, 1979) for comparison. All analyses have been
normalized to avolatile free total of 100%.

tephra drilled on Site 918 belong to the low potassium series (K,0O
<3.8 wt%) as defined by Sigurdsson and Loebner (1981).

Eruption Processes, M ode of Transport, and Sources

The predominance of dense blocky glass shards in the mafic
tephradeposits (PI. 1) recovered at Site 918 indicates the tephrato be
derived from hydroclastic fragmentation processes (steam explo-
sions, cooling granulation). The eruptive environment of these hy-
droclastic eruptions (i.e., deep water vs. shallow water, or subglacial
vs. subaerial) can be inferred from the sulfur concentrations of the
glass shards. High hydrostatic pressure, or great water depth, pre-
vents the escape of volatiles by exsolution from an erupting magma.
Significant sulfur degassing startswhen the eruptive center is situated
inwater depths less than 200 m, whereas below 200 m sulfur content
isindependent of depth (Moore and Schilling, 1973; Moore and Calk,
1991; Werner et d., 1996b). Taking this into account, the mafic
shards studied were erupted in different environments since most | ay-
ers contain both undegassed and degassed shards (Fig. 5B). This hy-
pothesisisalso supported by the occurrence of highly vesicular mafic
shards alongside dense blocky fragments (PI. 1). On the other hand,
the glass populations are generally homogeneous in major element
composition. They therefore most probably originated from adistinct
volcanic event. A frequent change of the eruption environment in the
course of asingle eruptionisatypical feature of emergent submarine
and subglacial/sublacustrine volcanoes (Werner et al., 1996b).

Lacasse et a. (this volume) postulate a transport by stratospheric
winds or ice rafting for the particles of discrete and disseminated ash
layers drilled at Site 919. In contrast, Site 918 shows relatively low
glass particle concentrations, high amounts of different lithic clasts
and crystal fragments in most ash deposits, poor sorting, and large
maximum grain sizes (Table 2), suggesting a transport by turbidity
currents or mass flows, athough an ice raft origin cannot be com-
pletely ruled out for some deposits and/or fragments.

Iceland isthe largest subaerial volcanic areain the North Atlantic,
well known for subglacia volcanic activity during the Pleistocene
and Pliocene, and an important source for tephra layers in the
Irminger Basin (Lacasse et al., this volume). The chemical composi-
tions of the different Icelandic volcanic rock series are well known
(Walker, 1963; Carmichael, 1964; Imsland, 1978, 1983; Jakobsson,
1979; Meyer et al., 1985; Oskarsson et a., 1982). The northern Mid-
Atlantic Ridge (MAR), in particular the Reykjanes Ridge, is another
possible source region for mafic tephra drilled at Site 918. Basaltic
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Figure 5. A. Sulfur concentrations of mafic glass particles recovered at Site 918. The degree of degassing is evaluated on the basis of an average original sulfur
content of approximately 800-1000 ppm (inferred from data of Moore and Fabbi, 1971; Moore and Schilling, 1973; Moore and Calk, 1991; Werner et a.,
19964). B. Variability of sulfur concentrations of glass particles within individual layers. K,O content is also listed for each layer. C. Sulfur vs. FeO* concentra-
tions for mafic glass particles at Site 918. The solid lineisalinear regression through the data. Note the lack of correlation between S and FeO* in these glasses.

glass fragments on mid-ocean ridges are produced by cooling granu- The middle Miocene rhyolitic tephra Layer 20 is well sorted and
lation in deep-water conditions. The chemical composition of MAR consists mainly of bubble wall shards and subordinately of small
basdltsis given, for example, by Sigurdsson (1981), Schilling et a. pumice fragments (PIl. 1) derived from magmatic vesiculation and
(1983), Lackschewitz and Wallrabe-Adams (1991), and Lack- pyroclastic fragmentation. The deposit is therefore interpreted as dis-
schewitz et al. (1994). tal fallout tephra from a high eruption column of a Plinian eruption.

An important feature of MAR-basalts north of the Gibbs-Frac- This hypothesis is also supported by the lack of (dense) crystals and
ture-Zone (54°N) and south of Iceland (64°N) is their low potassiunthe relatively small grain size of the shards (<<100 pum). Possible
content, with an upper limit of approximately 0.2 wt%. All mafic sources for middle Miocene rhyolite tephra are Iceland (Sigurdsson
glass particles recovered at Site 918 show a clear Icelandic affinity @nd Loebner, 1981), the Jan Mayen magmatic province (Bitschene et
the total alkali-silica diagram (Fig. 3). Moreover, the chemical com-al., 1989), and volcanic centers near the Iceland-Faeroe Ridge (Sig-
position of most Pliocene and Miocene glasses is remarkably similardsson and Loebner, 1981). Jan Mayen and the Iceland-Faeroe
to the mafic products of the Icelandic Tertiary central volcanoeRidge, however, produced high-K alkali rhyolites and therefore can
(Figs. 4, 7). The Reykjanes Ridge is not a likely source for majoritype excluded as a source for the low-K rhyolitic tephra of Layer 20.
of the mafic tephra at Site 918 because their potassium contents gdrire major element composition of its glass shards indicate that Layer
erally exceed 0.2 wt% (Fig. 7A), even if they contain mainly unde20 was derived from explosive eruptions of an early Icelandic central
gassed and dense blocky fragments. Only some mafic glass partickedcano (Fig. 7A). The two chemically different populations of rhy-
of Layers 5 and 7 have low potassium concentrations (average = 0.88tic glass shards in this layer probably reflect the eruption from a
and 0.26 wt%, respectively), and are generally undegassed with reempositionally zoned or mixed magma column.
gard to sulfur. These layers consist only of dense blocky glass frag-
ments and, therefore, may originate from the Reykjanes Ridge.

The majority of the Neogene mafic glass particles recovered at PALEOGENE VOLCANICLASTIC DEPOSITS
Site 918 are therefore attributed to (probably subglacial) eruptions in
Iceland. The deposition of the particles far from Iceland (~750 km) in  The lithology of the Paleogene sequence drilled during Leg 152 is
the northwestern part of the Irminger Basin may be caused initiallghown in Figure 8. Apart from a slightly altered upper Oligocene ash
by turbidity currents that originated from the Iceland shelf and are redeposit on top of Subunit I1IB, Paleogene volcaniclastic layers were
lated to catastrophic floods (“jokulhlaups”; Carey, pers. comm.found in Hole 918D below 1117.8 mbsfin Units IV and V, and inter-
1994) that resulted from subglacial eruptions in northwestern Icecalated with the flood basalts. In Hole 917A several Paleogene suc-
land. cessions of volcaniclastic layers occur just overlying the flood basalts
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in lithologic Unit 11 and within the flood basalt sequence (Fig. 8). A
few thin Paleogene volcaniclastic deposits were also recovered in
Holes 915A and 916A (Table 1; Fig. 8).

The Paleogene vol caniclastic deposits occur as highly altered ash
layers, tuffs, lapillistones, monomict and polymict breccias, as well
as polymict conglomerates. Other major volcaniclastic deposits,
which are not considered in this study, comprise fluvial deposits con-
sisting mainly of volcanogenic material (e.g., within the flood basalts
in Section 152-917A-22R-1; Shipboard Scientific Party, 1994b) and
a succession of metamorphosed tuffaceous metasediments beneath
the basalt sequence at Site 917 (Vallier et al., this volume).

Ash Layers

At least six disseminated or discrete ash layers were identified in
Sections 152-918D-88R-1 to 89R-4 (lithologic Unit IV, middle
Eocene) within a sequence of siltstone and silty nannofossil chalk.
These 2- to 15-cm-thick layers consist of dightly to highly altered
mafic glassfragmentsin aclay matrix, and subordinate crushed pum-
ice occurs in some layers. Additional mgjor constituents are crystal
fragments, basaltic clasts, glauconite, and organic material. The ma-
fic shards are mainly dense, their average medium diameter ranging

altered mafic shards occur in the same interval. Some of these depos-
its are dominated by glaucony nodules that may represent argillized
basaltic glass fragments (Jeans et al., 1982). Deeper in the sequence,
in lithologic Unit V (lower Eocene), only a few sedimentary deposits
show clear evidence for a volcanogenic origin (e.g., slightly altered
mafic shards, crushed pumice fragments, and zeolites), but abundant
clay aggregates and glaucony nodules in some deposits may repre-
sent completely altered tephra.

Using piston and Deep Sea Dirilling Project (DSDP) cores, Donn
and Ninkovich (1980) inferred a middle Eocene episode of abundant
volcanism in the North Atlantic, the main volcanic source area being
the subaerial Iceland-Faeroes ridge (Sigurdsson and Loebner, 1981).
The relatively high amount of middle Eocene ash layers in Unit IV
probably reflects this peak in volcanic activity.

Volcanic Breccias and Conglomer ates

The terms volcanic breccia and volcanic conglomerate refer to
poorly sorted deposits consisting predominantly of volcanogenic
clasts (e.g., basaltic rock fragments) in a fine-grained matrix (Ship-
board Scientific Party, 1994a). Those deposits are present in cores re-
covered just overlying the flood basalt sequence (lithologic Unit 111)

from 40 to 200 um. In addition, several layers with minor contents oét Sites 915, 916, and 917 (A in Fig. 8), as well as intercalated in the
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flood basalts at Sites 917 and 918. The latter are generally monomict
breccias directly associated with individual lava flows (e.g., top or
basal breccias; Shipboard Scientific Party, 1994c, 1994d).

At Site 917, a 6-cm-thick sequence of a calcite-cemented,
polymict volcanic conglomerate was recovered on top of lithologic
Unit I (interval 152-917A-6R-1, 0-6 cm). Similar conglomerates
were found at Sites 915 (interval 152-915A-23R-1, 0-121 cm) and
916 (interval 152-916A-15R-2, 0-10 cm). These are underlain by
polymict volcanic breccias (interval 152-915A-23R-2, 7-70 cm, and
intervals 152-916A-15R-1, 0—-33 cm; 15R-2, 46-150 cm; 15R-3, 0—
47 cm) overlying thelavasuccession (Fig. 8). The clasts (up to 30 cm
diameter) of both breccia and conglomerate are mainly basaltic lava
fragments varying in mineral content, texture, vesicularity, and de-
gree of ateration. Most deposits are matrix-supported, athough
some breccias show a crude normal grading. The major constituents
of the matrix of the conglomerates are feldspar, quartz, pyroxene, bi-
otite, amphibole, glauconite, calcite, small clasts of basalt, and slight-
ly to highly altered volcanic glass. The glass particles are mainly
dense or vesicular brownish or greenish shards; crushed pumice frag-
ments are rare. The feldspars comprise compositionally different
types of plagioclase, aswell as alkali feldspar in some deposits (Fig.
9). In addition, the matrix of the breccias contains abundant opaques
and clay material, but usually neither quartz nor alkali feldspar.

The structure and polymict character of the breccias and conglom-
eratesindicate an epiclastic origin of these deposits. High amounts of

volcanogenic components, abundant clay-sized material, poor sort-
ing, and grading indicate that the breccias are polymict lahars. The
conglomerates are interpreted as fluviatile deposits (Shipboard Sci-
entific Party, 1994b).

The succession of lahars and fluviatile deposits probably reflects
thetransition from an active vol canic stage to anonvol canic erosional
stage of the source area (East Greenland). Polymict lahars are not di-
rectly initiated by volcanic eruptions but may be caused by collapse
of crater walls or avalanching of rain-soaked debris covering steep
slopes (Fisher and Schmincke, 1984). They therefore probably mark
the first stage of erosion after the volcanic activity ceased. The sub-
sequent stage is represented by the fluviatile deposits. The high
amounts of quartz and alkali feldspar found in these deposits may re-
flect the beginning of deep erosion of the crystalline basement (e.g.,
granite, syenite). This hypothesis corresponds well to the successive
increase in quartz and the decrease in volcanogenic components in
the overlying sediments (lithologic Units |11 and I), which is attributed
to achange of the sedimentary input to the East Greenland Shelf from
avolcanic source to a crystalline source (Shipboard Scientific Party,
1994b).

L apillistones and Tuffs

Lapillistones and tuffs were recovered at Site 917 intercalated
within the Middle Series of the flood basalts in igneous Units 35 and
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fining-upwards sequences (turbidites) 20 - 40%
- Lava, sill < 20% 1300

t.d. 874.90 m

Figure 8. Lithostratigraphy and stratigraphic distribution of Paleogene volcaniclastic deposits recovered on the East Greenland Shelf (Sites 915-917) and on the continental rise of southeast Greenland

(Irminger Basin, Site 918).

t.d. 1310 m
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Figure 9. Composition of feldspars in selected Paleogene volcaniclastic
deposits recovered at Site 917.

56 (Fig. 8). The complex volcaniclastic succession of Unit 35 com-
prises, from top to bottom, 18 cm reddish tuff (B in Fig. 8; interval
152-917A-23R-2, 120-138 cm), 42 cm lapillistone (C; 152-917A-
23R-3, 0-43 cm), 5 cm dark reddish soil (152-917A-23R-2, 42-47
cm), 10 cm thick tuff (D; 152-917A-24R-1, 0-10 cm), and 1 m vol-
canic breccia that grades into the underlying flow top (152-917A-
24R-1, 10-110 cm). The total thickness of this succession is 6.5 m
but, dueto the poor recovery (~ 30%), the true thickness of the depos-
its is unclear. Unit 56 consists of 115 cm of massive, dark reddish
brown tuff (E; interval 152-917A-53R-1, 0-115 cm). Four selected
deposits (B, C, D, and E) were studied in more detail:

VOLCANICLASTIC SEDIMENTS, SITES917 AND 918

alteration. Volatile-free normalized bulk rock analyses of the depos-
its B, C, and D show a homogeneous andesitic composition in the to-
tal alkali silica diagram (Fig. 3). Their uniform concentrations in
most immobile elements like Y (3839 ppm), Zr (468502 ppm), or

Nb (12-16 ppm) and feldspar compositions (Fig. 9) suggest similar
primary chemical composition of these deposits.

Whereas the massive lapillistone C may have formed by fallout
from a pyroclastic eruption, the distinct lamination of the tuffs B and
D suggests abundant water (vapor) in the transport system. The crys-
tal fragments and abundance of lithic clasts, which are lithologically
different from the essential components, are evidence for sudden
steam generation within the country rock and spalling during the
eruption of tuff B (Fisher and Schmincke, 1984). This deposit may be
derived from hydroclastic eruptions (i.e., steam explosions) and has
been probably reworked by water (river or beach). The lithologic ho-
mogeneous tuff D, however, probably represents a primary fallout
deposit, or pyroclastic flow deposit.

The massive tuff (E) in Unit 56 consists of submicroscopic black
to dark reddish material and rare euhedral to subhedral crystals (<1
vol%), which do not exceed 1.5 mm in size. Its crystal fraction con-
sists chiefly of albite-rich plagioclase phenocrysts (Fig. 9), with mi-
nor pyroxene, quartz and ore minerals. The tuff has a dacitic compo-
sition (Fig. 3; Table 5). Because of its distinct eutaxitic textures, it is
interpreted as a partially welded pyroclastic flow deposit (Shipboard
Scientific Party, 1994c).

Age Deter minations

A first series of feldspar crystals (CANS 8 and 10) was hand-
picked from Samples 152-917A-23R-2, £231 cm (tuff B); 23R-3,
14-17 cm (lapillistone C); 24R-1,-B cm (tuff D1); and 24R-1,8
cm (tuff D2), and cleaned ultrasonically. Following, the laser dating
results are discussed in terms of apparent ages, isotope correlation,
and compositional criteria derived from neutron reactions on calcium
(CalK ratios derived fron¥Ar./*®Ary), and potassium (volume
%Ar, released per unit mass during laser fusion). All errors are quot-
ed at the one sigma level (Table 6).

Five feldspar crystals from sample D1, ranging in mass from 0.05
to 0.23 mgq, yield apparent ages ranging from %073 Mato 74 1
Ma. Potassium contents (E®RTP*Ar/mg; 1.0 x 16'°to 1.4 x 169
and Ca/K ratios (0.5-0.9) aretypical for anorthoclase. Both vary only
dlightly, except for crystal D1-b (77 £ 1 Ma) which shows a signifi-
cantly lower 3°Ar release (0.5 x X cm? STP/mg), higher Ca/K ratio
(2.3) and atmospheric “°Ar contamination (79%) (andesine?). | sotope
correlation returns an “errorchron” age of 58 Ma with an initial
“Ar/*Ar ratio of 300+ 13 (mean square weighted deviation
[MSWD] = 172). The MSWD is not significantly reduced if crystal

The reddish tuff (B) shows parallel layering with laminae 1-5 mmD1-b is excluded from the calculations.
thick. Major constituents are crystal fragments and large lithic clasts Apparent ages of nine anorthoclase feldspars from sample D2
up to 1 cm in a reddish clay matrix (Pl. 2). Feldspars up to 1 mnf0.2-0.6 mg) range from 60:8€0.2 Ma to 64.% 0.2 Ma. Potassium
(average = 0.5 mm) in size are the dominant mineral phase (15 vol%gontents (1.0 x 1@ to 1.5 x 10° cm? STP*Ar/mg) and Ca/K ratios
Pyroxene (1 vol%), magnetite, quartz, and chlorite (all <1 vol%) ar¢0.5-1.2) are similar to D1, but atmosphefi&r contents are signif-
minor. The lithic clasts range from rhyolites to andesites and basaltgantly lower (0.5%4.4%). The entire population defines an “error-
The lapillistone (C) is massive and, in contrast to the reddish tuffchron” with an age of 60.6 0.4 Ma and an initiaPAr/3Ar ratio of
lithologically homogeneous. The deposit consists of altered broke#74+ 93 (MSWD = 12).
pumice fragments and feldspars (25 vol%), ortho- and clinopyroxene Feldspar crystals from sample C (0-:0824 mg) show apparent
(1-2 vol%), and magnetite (<1 vol%). The feldspars occur as euheages from 3% 2 Ma to 57.7 0.7 Ma. The sample consists exclu-
dral and optically zoned phenocrysts up to 5 mm (average 1.7 mm) 8ively of plagioclase (andesine), thus potassium contents are uni-
size (Pl. 2). The tuff (D) is finely laminated and also lithologically ho-formly low (0.2 x 10°to 0.3 x 10 cm?® STP*Ar/mg) and Ca/K ra-
mogeneous. Large euhedral or broken feldspar phenocrysts (up tdi8s are uniformly high (6:912.4). Atmospherié°’Ar contamination

mm, average = 1.2 mm) are the dominant mineral pha4® (%)

is generally high too (74%), except for one crystal (C-a = 3.6%),

in a dense devitrified matrix (Pl. 2). Minor mineral phases are quartehich also shows the highest apparent age of the population{57.7

and ore minerals (both <<1 vol%).

0.7 Ma). Isotope correlation gives an “errorchron” with an age of 57

The XRF bulk rock analyses of these deposits (Table 5) have %3 Ma and an initiai®Ar/%Ar ratio of 287+ 5 (MSWD = 36).
be evaluated with caution, because of crystal/glass sorting and con- Eight feldspar crystals (0.69.30 mg) were analyzed from sam-
tamination processes prior to and during deposition and subsequepie B. The sample shows a pronounced bimodal composition. Half of
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Table 5. Bulk rock analyses (XRF) of Paleogene volcaniclastic depositsrecovered intercalated within the flood basalt succession at Site 917.

Core, section: 152-917A-23R-2 152-917A-23R-3  152-917A-24R-1  152-917A-53R-1  152-917A-53R-1

Interval (cm): 127-131 14-17 6-8 10-14 80-83
Label: B C D2 E1l E2
Type: Tuff Lapillistone Crystal tuff Pyrocl. flow dep.  Pyrocl. flow dep.
SO, 53.22 47.33 52.92 61.18 63.00
TiO, 1.67 1.64 1.02 1.32 1.23
Al,O5 17.74 15.03 21.94 12.59 12.61
Fe,0, 9.22 7.46 6.50 9.17 8.40
MnO 0.10 0.13 0.05 0.11 0.11
MgO 291 317 1.98 152 151
CaO 2.58 3.89 1.63 3.90 3.78
Na,O 232 237 240 243 3.61
K50 1.02 0.48 0.86 3.04 315
P05 0.03 0.38 0.05 0.34 0.32
SO, <0.05 <0.05 <0.05 <0.05 <0.05
Sc 21 17 13 18 13
\% 22 72 58 137 81
Cr 34 25 23 <18 19
Co 7 36 <4 34 25
Ni 22 25 30 21 19
Cu 64 18 31 48 35
Zn 121 121 70 126 100
Ga 32 25 30 21 22
As 15 <12 <12 <12 <12
Rb 20 7 8 39 44
Sr 181 302 186 537 382
Y 39 35 39 28 27
Zr 487 468 502 226 230
Nb 12 12 16 8 6
Mo 6 <2 6 5 4
Ba 251 210 1027 1286 1125
Ce 131 104 245 100 85
Pr 49 43 41 36 41
Nd 49 39 85 41 38
Sm 11 11 15 10 9
Pb 29 20 25 9 12
Th 5 <4 10 <4 <4
U <6 <6 <6 <6 <6
H,O 5.63 1117 9.87 1.03 247
CO, 0.51 5.01 0.23 0.07 0.10
Tota 97.12 98.20 99.71 99.05 99.43

Table 6. Apparent ages, argon isotope composition, and mass of single feldspar crystals from Paleogene tephra deposits (first series) 152-917A-23R-2,
127-131 cm (B), 152-917A-23R-3, 14-17 cm (C), 152-917A-24R-1, 1-3 cm (D1), and 152-917A-24R-1, 6-8 cm (D2).

Apparent age Error Mass Volume °Ar
Sample no. (yrs) (yrs) AOAr* [39Ar, % Al 4m CalK (mg) (cm® STP/mg)
B-a 6.06E + 7 823E+4 387E+1 10 0.15 0.146 2.52E-10
B-b 594E +7 1.80E+5 3.79E+1 29.3 0.14 0.179 2.47E-10
B-c 599E +7 9.22E +4 383E+1 0.3 0.14 0.231 2.06E-10
B-d 6.27TE+7 1.10E+6 401E+1 15 11.08 0.092 1.33E-11
B-e 6.28E + 7 537E+5 401E+1 6.7 10.92 0.172 1.72E-11
B-f 7.36E+7 7.22E+5 471E+1 3.0 8.53 0.126 1.81E-11
B-g 6.03E+7 6.10E + 4 3.85E+1 14 0.14 0.286 2.15E-10
B-h 7.89E+7 489 +5 507E+1 11.9 7.78 0.299 2.58E-11
C-a 577TE+7 743E+5 3.68E+1 3.6 12.36 0.148 2.27E-11
C-b 573E+7 6.78E +5 3.65E+ 1 77.6 9.51 0.227 2.31E-11
C-c 527E+7 133E+6 336E+1 79.9 8.79 0.126 1.94E-11
C-d 4,05E +7 157E+6 257E+1 89.8 6.86 0.205 3.20E-11
C-e 453E+7 1.44E + 6 2.88E+1 817 10.76 0.217 2.21E-11
C-f 4.92E+7 6.95E + 5 313E+1 70.1 8.79 0.239 2.54E-11
C-g 371E+7 2.35E + 6 235E+1 94.2 7.51 0.084 2.38E-11
Dl-a 599E +7 269E+5 3.82E+1 4.0 0.49 0.052 1.35E-10
D1-b 7.69E+7 143E+6 493E+1 78.8 1.25 0.062 5.38E-11
D1l-c 6.42E +7 319E+5 410E+1 535 0.61 0.143 9.80E-11
D1-d 5.73E+7 341E+5 3.66E + 1 59.6 0.74 0.184 1.17E-10
Dl-e 567E+7 2.60E +5 36lE+1 59.9 0.89 0.225 1.09E-10
D2-a 6.43E+7 225E+5 3.56E + 1 37 0.71 0.604 1.11E-10
D2-b 6.16E + 7 219E+5 341E+1 0.5 0.62 0.367 1.44E-10
D2-c 6.18E+7 207E+5 342E+1 12 0.56 0.213 1.52E-10
D2-e 6.21E+7 224E+5 344E+1 25 0.64 0.337 1.39E-10
D2-f 6.12E+7 167E+5 338E+1 1.0 0.60 0.358 1.42E-10
D2-g 6.09E + 7 207E+5 337E+1 2.2 0.55 0.364 1.45E-10
D2-h 6.42E+7 215E+5 355E+1 4.4 119 0.275 1.03E-10
D2-i 6.14E+7 1.88E+5 340E+1 12 0.59 0.565 1.01E-10
D2-k 6.26E +7 259E +5 346E+ 1 14 0.50 0.410 1.49E-10
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the crystal s are plagioclase (andesine-oligoclase) with low potassium
contents (0.1 x I® to 0.3 x 10 cm® STP*Ar/mg) and high Ca/K

VOLCANICLASTIC SEDIMENTS, SITES917 AND 918

within two sigma error limits (95% confidence) (Fig. 11). Because
tuff B represents a reworked deposit (whose plagioclase crystals are

ratios (7.811.1). These crystals give apparent ages ranging fromompositionally identical to the lapillistone C), and tuff D appears to
62.8+ 0.5 to 78.% 0.5 Ma. The other half represent K-feldspars (an-be dominated by older xenocrysts, our determination of the time span
orthoclase?), which show the highest potassium contents in the entcemprised by the Paleogene volcanic succession of Site 917 is based

Site 917 sample series (2.2 x®Qo 2.5 x 10° cm?® STP*Ar/mg;
Ca/K ratio = 0.140.15). Their apparent ages range from 59012

on the*Ar/*Ar ages of deposits E and C only, indicating that the en-
tire sedimentary sequence was deposited betweerr@SMa (E)

Ma to 60.6+ 0.1 Ma. The entire population (plagioclase plus K-feld-and 60.3t 0.2 Ma (C).

spar) gives an errorchron age of 6038 Ma (initial**Ar/3Ar = 329
+ 56; MSWD = 367).

In summary, the first series ¢fAr/*Ar laser ages of feldspar
crystals from Site 917 samples D1, D2, C, and B uniformly shows a
high degree of scatter that is much beyond the variability that is com-
monly introduced by analytical errors (MSWD < 3). This scatter is
only partly due to primary differences in the composition (and origin,
and age?) of the crystals, which are contained as phenocrysts (and
older xenocrysts?) in highly altered deposits interpreted to represent
primary (D1, D2, C) or reworked (B) tephra. Because the scatter
equally affects the weighted mean apparent ages and the isotope cor-
relation, and estimated initi®Ar/3%Ar ratios are near 295.5, there is
also no unambiguous indication of a general “exc&%s” compo-
nent in the crystals. Most likely, the Ar isotope composition of some
of the crystals is affected by alteration. All feldspars appeared clean
during initial microscopic inspection following a rigid ultrasonic
cleaning procedure, but showed pronounced internal discoloration
along cleavages or exsolution lamellae after irradiation, possibly in-
dicating the presence of submicroscopic alteration products and/or
fluid and glass inclusions. Of course, Ar isotope compositions of
crystals with primarily low potassium affér ., contents (samples B
and C plagioclase) are most strongly affected by alteration-induced
exchange of potassium or argon isotopes.

If only crystals with high potassium contents §®TP3*Ar/mg),
and low*Ar ;.. and Ca/K ratio are considered (Fig. 10), these sub-
populations give mean apparent ages of 2Ma (D1; N = 4), 61.5
+ 0.2 Ma (D2; N =7), and 6080.2 Ma (B; N = 4), indicating that
the Paleogene volcanics of Cores 152-917A-23R and 24R were de-
posited during a short time interval between abou6&Ma.

A second series of feldspar crystals from the same samples (B, C,
D1, and D2) plus one sample of the massive tuff E (Sample 152-
917A-53R-1, 8883 cm) was etched in hydrofluoric acid (10%, 15
minutes) before ultrasonic cleaning, in order to more efficiently re-
move alteration products (irradiation CAN 13).

Their argon isotope analyses confirm the compositional diversity
of B, C, D1, and D2 feldspar crystals, as expressed by their Ca/K ra-
tios, potassium contents, and atmosph&#g contents (Fig. 10;
Table 7): tuff B shows a bimodal feldspar population, lapillistone C
feldspars are uniformly low-K plagioclase, samples D1, D2, and tuff
E show intermediate Ca/K ratios and high potassium contents.

1

4.

CONCLUSIONS

. The majority of mafic tephra deposits recovered at Site 918

probably originated from subglacial/sublacustrine eruptions in
Iceland, as indicated by their textural characteristics, and ma-
jor element and sulfur chemistry. The tephra was transported
into the Irminger Basin by turbidity currents that may have
been initiated by catastrophic floods (“jokulhlaups”) on Ice-
land. The middle Miocene rhyolitic tephra can be attributed to
highly explosive plinian eruptions in Iceland.

2. The high amount of altered ash layers in the middle Eocene se-

quence of Hole 918D confirms a peak in volcanic activity in
the North Atlantic area during this time, as postulated by pre-
vious workers.

3. The transition from an active volcanic period to a nonvolcanic

erosional stage at East Greenland is reflected by a succession
of lahars and fluvial deposits that overlies the flood basalts at
Sites 915, 916, and 917. Highly altered volcaniclastic deposits
intercalated with the Middle Series of the flood basalt se-
quence of Hole 917A represent primary or reworked tephra
that originated from explosive hydroclastic and pyroclastic
eruptions.

Argon isotope compositions aff\r/>Ar laser ages of feld-
spar crystals from Paleogene tephra deposits at Site 917 are
highly variable, probably indicating the presence of older re-
worked volcanic crystals or xenocrysts in two of the deposits
(tuff B [Sample 152-917A-23R-2, 12731 cm] and tuff D
[Samples 152-917A-24R-1,-3 cm, and 24R-1,-8 cm]).

Mean apparent ages of isochronous plagioclase and K-feldspar
crystals from tuffs and lapillistones recovered in the intervals
152-917A-53R-1, 8883 cm, and 23R-3, 147 cm, however,
indicate an eruption of these tephra deposits betweent60.5
0.2 Ma and 60.2 0.2 Ma.
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Figure 10. Apparent “°Ar/3°Ar ages vs. potassium content (top = volume 3°Ar,; and middle = atmospheric “°Ar content) and Ca/K ratio (bottom = derived from
STArc/*Ary) of feldspar crystals from Paleogene tephra samples B, C, D1, D2, and E (Cores 152-917A-23R, 24R, and 53R).Uppermost diagrams show analyt-
ical uncertainties of apparent ages (one sigma error bars, generally smaller than symbol size). Left column (US): First analytical series with ultrasonically
cleaned crystals. Dashed box indicates analyses selected to constrain the age of tephra beds B to D1 from this data set. Right column (HF): Second analytical
series with crystals that were etched in hydrofluoric acid prior to ultrasonic treatment. Note logarithmic scales in top and bottom diagrams.
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Table 7. Apparent ages, argon isotope composition, and mass of single feldspar crystals from Paleogene tephra deposits (second series) 152-917A-23R-
2,127-131 cm (B), 152-917A-23R-3, 14-17 cm (C), 152-917A-24R-1, 1-3 cm (D1), 152-917A-24R-1, 6-8 cm (D2), and 152-917A-53R-1, 80-83 cm (E).

Apparent age Error Mass Volume 3Ar
Sample no. (yrs) (yrs) AOAr* [FArg % “OArm CalK (mg) (cm?® STP/mg)
B-i 6.05E + 7 131E+5 374E+1 0.8 0.12 0.145 2.68E-10
B-k 599 +7 3.36E+5 370E+1 8.3 11.95 0.233 2.24E-11
B-I 6.11E+7 5.65E + 5 377E+1 51 10.31 0.135 2.49E-11
B-m 6.20E+7 1.39E+6 383E+1 7.2 12.06 0.058 2.37E-11
B-n 6.25E+7 250E + 6 387E+1 11.2 9.47 0.025 297E-11
B-o 6.04E+7 721E+5 373E+1 13 9.6 0.094 2.63E-11
B-p 6.00E + 7 552E+5 371E+1 1 10.49 0.132 2.43E-11
B-q 5.85E+7 1.65E + 6 36l1E+1 104 12.58 0.045 2.30E-11
B-r 6.08E + 7 5.46E +5 376E+1 9.2 12.54 0.148 2.23E-11
C-h 6.08E+7 1.36E + 6 375E+1 7 10.87 0.043 2.67E-11
CAi 6.11E+7 9.64E+5 378E+1 68.7 11.73 0.238 2.22E-11
C-k 6.03E+7 712E+5 373E+1 46 11.74 0.197 1.71E-11
C- 5.80E+7 8.03E+5 358E+1 23.1 12.46 0.183 2.28E-11
C-m 6.01E+7 221E+5 371E+1 10.1 10.79 0.739 2.38E-11
C-n 6.07E+7 3.01E+5 375E+1 104 10.75 041 2.38E-11
C-o 6.05E +7 2.76E+5 374E+1 7.2 12.73 0.36 2.12E-11
C-p 5.88E+7 9.12E+5 3.63E+1 13 11.45 0.084 2.18E-11
D1-f 6.09E +7 1.69E+5 377E+1 14 0.61 0.117 1.22E-10
D1-g 6.08E +7 1.95E+5 3.76E+1 12 0.64 0.103 1.19E-10
D1-h 6.14E+7 181E+5 379E+1 2.2 0.62 0.263 1.19E-10
D1 6.08E +7 1.38E+5 376E+1 37 0.53 0.23 1.30E-10
D1-k 6.09E +7 231E+5 376E+1 24.1 0.52 0.151 1.33E-10
D1l 6.14E+7 497E+5 3.80E + 16 9.2 0.48 0.042 1.41E-10
D2 6.05E+7 204E+5 374E+1 2.7 0.62 0.07 1.25E-10
D2-m 6.08E +7 1.80E+5 3.76E+1 0.7 0.49 0.091 1.16E-10
D2-n 6.56E + 7 120E+5 4.06E + 1 14 0.77 0.146 1.14E-10
D2-o0 6.22E+7 1.11E+5 3.84E+1 0.9 0.73 0.344 1.14E-10
D2-p 7.02E+7 6.24E+5 435E+ 1 1.9 0.63 0.029 1.24E-10
D2-q 6.06E + 7 119E+5 374E+1 1.2 0.57 0.347 1.26E-10
D2-r 6.07TE+7 133E+5 375E+1 5.2 0.55 0.168 1.33E-10
D2-s 6.70E+7 158E+5 415E+1 15 0.87 0.311 1.05E-10
D2-t 6.09E +7 238E+5 376E+1 13 0.47 0.046 1.47E-10
D2-u 6.12E+7 177E+5 378E+1 33 0.5 0.111 1.37E-10
D2-v 6.21E+7 1.00E +5 384E+1 2.7 0.66 0.467 1.19E-10
D2-w 6.18E+7 9.93E+4 382E+1 2 0.57 0.485 1.23E-10
E-a 6.13E+7 491E+5 376E+1 0.8 0.97 0.043 1.04E-10
E-b 6.05E + 7 1.23E+5 372E+1 0.5 0.84 0.353 1.00E-10
E-c 6.06E + 7 283E+5 372E+1 11 0.98 0.065 9.62E-11
E-d 6.00E + 7 1.49E + 6 3.68E+1 48 124 0.043 2.52E-11
E-e 6.06E + 7 259E +5 372E+1 13 1.07 0.066 9.38E-11
E-f 591E+7 522E+5 3.63E+1 31 1.38 0.024 1.09E-10
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Figure 11. Isotope correlation diagrams showing the Ar isotope composition of feldspar crystals from Paleogene tephra samples B, C, D1, D2, and E (Cores
152-917A-23R, 24R, and 53R; HF-etched crystals), isochrons calculated according to York (1969), and error-weighted mean apparent ages based on initial
4OAr/38AT ratios of 295.5. Lower right: Isochron and mean apparent ages (one sigma error bars) vs. depth.
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200 pm 200 pm

Plate 1. Photomicrographs of mafic glass particles recovered at Site 918. 1. Dense blocky sideromelane shards representing the dominant vitric clast type in
most ash-bearing sediments at Site 918; Sample 152-918A-11H-2, 20-21 cm (Layer 3). 2. Examples of subordinate types of sideromelane shards occurring in
ash-bearing deposits at Site 918; Sample 152-918A-12H-2, 30-31 cm (Layer 4). (a) Dense shard containing small plagioclase laths (possibly pillow rim frag-
ment), (b) highly vesicular shard, (c) tubular pumice shard.
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2b 1imm 2c 1mm

Plate 2. 1. Photomicrographs of felsic glass particles recovered at Site 918; Sample 152-918D-42R-1, 35-36 cm (Layer 20). () Pumice shard with parallel
alignment of elongated vesicles, (b) pumice shards with circular vesicles, (c) cuspate shard. 2. Photomicrographs of Paleogene vol caniclastic deposits recovered
at Site 917. (a) Tuff B: highly fragmented feldspar and clinopyroxene in areddish clay matrix; Sample 152-917A-23R-2, 127-131 cm; (b) lapillistone C: large
euhedral, partly broken feldspar and clinopyroxene crystals in an altered clay matrix; Sample 152-917A-23R-3, 14-17 cm; (c) tuff D: large euhedral feldspar
phenocryst in a devitrified matrix; Sample 152-917A-24R-1, 1-3 cm.
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