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11. SITE 8411

Shipboard Scientific Party2

HOLE 841A

Date occupied: 30 January 1991

Date departed: 2 February 1991

Time on hole: 2 days, 29 min

Position: 23°20.746'S, 175°17.871'W

Bottom felt (rig floor; m, drill-pipe measurement): 4821.0

Distance between rig floor and sea level (m): 11.20

Water depth (drill-pipe measurement from sea level, m): 4809.

Total depth (rig floor; m): 5007.60

Penetration (m): 186.60

Number of cores (including cores with no recovery): 21

Total length of cored section (m): 186.60

Total core recovered (m): 70.25

Core recovery (%): 37.7

Oldest sediment cored:
Depth (mbsf): 186.60
Nature: vitric siltstone and sandstone
Earliest age: late Miocene
Measured velocity (km/s): 1.877

HOLE 841B

Date occupied: 2 February 1991

Date departed: 10 February 1991

Time on hole: 10 days, 40 min

Position: 23°20.741'S, 175°17.872'W

Bottom felt (rig floor; m, drill-pipe measurement): 4821.0

Distance between rig floor and sea level (m): 11.20

Water depth (drill-pipe measurement from sea level, m): 4809.1

Total depth (rig floor; m): 5655.20

Penetration (m): 834.20

Number of cores (including cores with no recovery): 70

Total length of cored section (m): 664.4

Total core recovered (m): 185.38

Core recovery (%): 27.9

Oldest sediment cored:
Depth (mbsf): 834.20
Nature: rhyolite tuff/rhyolite breccia
Earliest age: late Eocene or older
Measured velocity (km/s): 3

1 Parson, L., Hawkins, J., Allan, J., et al., 1992. Proc. ODP, Init. Repts., 135:
College Station, TX (Ocean Drilling Program).

Shipboard Scientific Party is as given in the list of participants preceding the
contents.

Hard rock:
Depth (mbsf): 324.90
Nature: basalt/rhyolite
Measured velocity (km/s): 4.4-4.8

Basement:
Depth (mbsf): 605.00
Nature: rhyolite
Measured velocity (km/s): 4.5

HOLE 841C

Date occupied: 10 February 1991

Date departed: 14 February 1991

Time on hole: 5 days, 12 hr

Position: 23°20.720'S, 175°17.879'W

Bottom felt (rig floor; m, drill-pipe measurement): 4821.0

Distance between rig floor and sea level (m): 11.20

Water depth (drill-pipe measurement from sea level, m): 4809.8

Total depth (rig floor; m): 5596.0

Penetration (m): 775.0

Number of cores (including cores with no recovery): 0

Total length of cored section (m): 0

Total core recovered (m): 0

Principal results: Site 841 was planned to recover an estimated 500 m
of sediment and to core 50 m into basement. The intent was to
characterize both the sedimentary section and the basement. The hole
was intended as a counterpart for comparison with forearc sites drilled
in the Mariana and Bonin arc systems. In addition to petrologic studies
of the rocks and sediments, it was intended to provide information
about differential uplift and subsidence of the forearc. Other objec-
tives included the acquisition of data for paleomagnetic measure-
ments, physical properties, and fluid geochemistry. Drilling went
faster than expected and the hole was extended to 834.2 mbsf. We had
anticipated the possibility of drilling into serpentinite rocks but did
not expect to drill into the remnants of a silicic volcanic arc. However,
we did.

The core recovered at Site 841 (Fig. 1) gives an age record ranging
from middle Pleistocene to late Eocene or older. A barren interval
separates the middle Pleistocene from upper Miocene which may be
due to dissolution because of deposition below the carbonate compen-
sation depth (CCD). Sedimentation began in late Eocene to early
Oligocene with the accumulation of carbonates in a shallow-water
environment on an igneous substrate formed of low-K rhyolitic vol-
canic rocks. Carbonate sedimentation was disturbed by occasional
influxes of volcanic debris from a nearby rhyolitic source. From the
early Oligocene to early middle Miocene there was a hiatus in sedi-
mentation followed by a phase of relative subsidence. This resulted
in deposition of volcaniclastic conglomerates, sandstones, and silt-
stones mostly by gravity mass flows and turbidity currents. The
sequence fines and thins upward but during the late Miocene a fresh
influx of volcaniclastic conglomerates indicates rejuvenation of the
volcanic source. Volcanic debris in the Miocene section ranges from
basaltic to dacitic. Subsidence continued until, by the middle Pleisto-
cene or possibly Pliocene age, Site 841 had subsided below the CCD.
Epiclastic volcanic turbidites were reduced to very thin, rare intervals
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interbedded vitric sand,
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Figure 1. Site summary, Site 841. Abbreviations for abundance are as follows: A = abundant, C = common, F = few, R = rare, and B
= barren. Those for preservation are as follows: G = good, M = moderate, and P = poor.
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Figure 1 (continued).
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Figure 1 (continued).
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Figure 1 (continued).
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Figure 1 (continued).

576



SITE 841

Biozones

Nannofossils Foraminifers

Lithologic comments General comments

67R

810-

8 2 0 -

8 3 0 -

68R

69R

70R

No data No data

Welded rhyolitic lithic lapilli tuff

Pumice lenticles strongly deformed

and irregular; quartz and feldspar

grains occur as phenocrysts in lithic

fragments and pumices and as

disseminated grains; original

feldspars and matrix are intensely

altered; pyrite is common; large lithic

fragments of mafic greenstones are

also common

No data No data

Lithologic codes

V/Iv~ j Clay/claystone VJVΛVA] Sand/sandstone

I-::"::-:! Silt/siltstone

Gravel

Figure 1 (continued).

Volcanic
conglomerate

Volcanic ash/tuff Silty clay/clayey silt L iTnszi Sandy clay/
— H clayey sand

Calcium carbonate [ * * * * + ] A c i d ' 9 n e o u s l ^ r < r < V o l c a n i c laP'"'

j. < > < > < 5.1

Volcanic breccia p•j" *Jf£A Basic igneous

within the pelagic clayey background sedimentation. Minor thin py-
roclastic airfall deposits were also being deposited during the middle
Pleistocene to present. Nannofossil oozes are present in minor
amounts in the middle Pleistocene (to Pliocene?) sediments. The
sedimentary accumulation rates vary widely with time and appear to
be controlled largely by the input of volcaniclastic material. The
interval from 604 to 549 mbsf, which includes an Eocene limestone
with large foraminifers, accumulated at 14 mm/k.y. Both the biostra-
tigraphic and paleomagnetic accumulation rate estimates give similar
values. Between 549 and 458 mbsf (lower middle Miocene volcani-
clastic sediments) the rate increases from 35 mm/k.y. in the lower part
to 160 mm/k.y. in the upper part. The base of the upper Miocene to
Pleistocene section (458 to 203 mbsf), an interval comprising volcanic
sandstones and conglomerate, accumulated at 142 mm/k.y. The rate
falls to 53 mm/k.y. between 203 and 60 mbsf and to 11 mm/k.y. above
60 mbsf.

Two major igneous rock sequences were recovered. There are nine
separate small bodies (dikes, sills, or flows) of basaltic andesite and
andesite in the upper Miocene to lower middle Miocene volcaniclastic
series. These are dominantly plagioclase phyric with lesser amounts
of orthopyroxene and clinopyroxene. The other major unit comprises
a series of rhyolitic rocks including lapilli tuff, welded tuff, tuff
breccias, and massive rhyolite. Visible amounts (0.5%—1%) of fine-
grained disseminated pyrite are common in most of the samples. This
high-silica, low-potassium (presumably island arc) volcanic complex,
of pre-upper Eocene age, was totally unexpected. Similar rocks are
rare in other intraoceanic island arcs, especially in their earliest stages
of development. The closest known occurrence of similar rocks in a
submarine oceanic area is on Lord Howe Rise, where Late Cretaceous
rhyolitic flows and tuffs were found at Deep Sea Drilling Project
(DSDP) Site 207. At this time there is nothing to suggest a geologic
tie to that area other than their similar petrologic features and broadly
similar ages. Broadly similar low-K rhyolite is also found in the
Mariana Arc on Saipan.

Paleomagnetic studies of the advanced piston corer (APC) recov-
ery from Hole 841A show that there is a relatively continuous sedi-
mentary sequence from the Brunhes to the Gilbert Chron. The Brunhes
Chron, Brunhes/Matuyama boundary, and Jaramillo Subchron all are
clearly seen.

The porewater chemistry is extensively modified from standard
seawater values, consisting of Ca- and Cl-rich brines below 200 mbsf.

Large variations were noted in Ca, Mg, K, Na, and Cl concentrations
in pore waters from the uppermost 200 m of sediments. These varia-
tions are abnormal for marine sediments and are probably caused by
the combined effect of abundant volcanogenic material and high rates
of sedimentation that have lead toward very low porewater diffusivity.
Sulfate and phosphate decrease sharply and ammonia sharply in-
creases downcore to 200 mbsf; these changes are likely to be related
to decomposition of organic matter by sulfate-reducing bacteria. Si,
Sr, and Mn substantially decrease in concentration with depth,
changes which are probably controlled by diagenetic alteration of
volcanogenic sediments.

The highest methane values recorded on Leg 135 were found in
the lower part of Hole 841B but were only 15 ppm. Neither ethane nor
propane was detected. The methane is associated only with the rhyo-
litic rocks at this level and it is possible that it could be derived from
an unspecified nonbiological process.

BACKGROUND AND OBJECTIVES

Background

Location and Bathymetry

Site 841 is located on the upper trench slope, west of the axis

of the Tonga Trench, in a water depth of 4810.0 m (Fig. 2). The

site is 150 km east of the volcanic island of Ata and 235 km

southeast from the uplifted coral platform of Tongatapu. Site 840,

drilled on the crest of the Tonga platform in a water depth of 754.5

m, is 48 km to the west. The axis of the Tonga Trench lies about

40 km to the east of Site 841 and at this latitude reaches a depth

of more than 10 km. Site 841 is situated on a minor up-arch in the

topography of the upper trench slope on the south side of a small

dome-like feature that is elongated in a north-south direction

parallel to the slope. This small dome is one of several that

disturbs an otherwise gently sloping surface that continues on

down into the trench to a series of terrace-like features that

characterize the inner (western) wall of the trench (Fig. 3A). Site

selection was aided by several multichannel seismic lines (S. P.

Lee L5-82-5P, Scholl et al., 1985) and numerous single-channel

seismic reflection profile and echo sounder lines {Charles Dar-
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Figure 2. Regional setting for Leg 135 drill sites showing locations of other drill sites in the Lau Basin and the major geologic features
of the Tonga Trench and Lau Basin system. Z = Zephyr Shoal; islands shown are T = Tongatapu, E = 'Eua, V = Vavau, NF = Niua Fo'ou,
and U = Upolu. Locations of the Central Lau (CLSC) and Eastern Lau (ELSC) spreading centers, Valu Fa Ridge (VF), and Mangatolu
Triple Junction (MTJ) are from von Stackelberg (1990), Parson et al. (1990), Hawkins et al. (1989), and Nilsson et al. (1989). DSDP Site
203 location is shown as an open square.
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Figure 3. A. Track charts of the existing seismic profiles available for the area of Site 841, including USGS profiles collected by 5. P. Lee in 1982
(Scholl et al., 1985), and those data acquired by Charles Darwin (CD33; Parson et al., 1989). Bathymetry for the area around the site is taken from
Scholl and Valuer (1985). Contours in meters. B. Track chart of seismic reflection profiles collected by JOIDES Resolution during Leg 135.

win, CD33; Parson et al., 1989) shown in Figure 3A. GLORIA
imagery was available for a part of the area in the vicinity of the
site (L. Parson, unpubl. data, 1990). Seismic reflection profiles
collected during the survey and approach lines to Site 841 by the
JOIDES Resolution were useful in defining the shallower portion
of the seismic section (Fig. 3B).

Seismic Stratigraphy

Multichannel seismic reflection data collected on the S. P. Lee
across Site 841 is illustrated in Figure 4A, which is accompanied
by a line-drawn interpretation in Figure 4B. This section has been
reprocessed (including migration) and represents the best data
available for the area. Our interpretation of the USGS multichan-
nel line 12 is that a three-fold division of the seismic section can
be made. For the purposes of this discussion, we have modified
the designations for the forearc seismic units with an " F " prefix
to avoid implication of correlation to seismic units already de-
scribed for the backarc sites.

The uppermost section (Seismic Unit FA) comprises a total
section of between 0.3 and 0.45 seconds two-way traveltime (s
TWT), but includes and underlies a seafloor to near-seafloor
seismic horizon up to 0.1 s TWT thick, dominated by a strong
group of high-amplitude signals. The main portion of the se-
quence, however, is predominantly a transparent or very weakly
laminated unit. Seismic Unit FB extends from around 0.3 s to as
much as 0.6 s TWT below seafloor, and varies in its acoustic
character from a semitransparent unit locally indistinguishable
from the lower part of Seismic Unit FA, through laterally discon-
tinuous groups of closely spaced planar laminar horizons. Single-
channel seismic data recorded during Leg 135 clearly images the
upper surface of Seismic Unit FB (Figs. 4C, 4D), often as "acous-
tic basement," and windows through this horizon into the under-
lying reflector sequences are not as obvious as on the multichan-
nel data. Where Seismic Unit FB is not planar laminated or is
unresolved, it is generally possible to identify a deeper horizon,
which for the purposes of this discussion we shall refer to as
acoustic basement and designate as Unit FC. This acoustic base-

ment is observed only sporadically in the deeper parts of the
section. The shallowest point in the section at which Unit FC is
resolved is at Site 841, where it lies at approximately 0.55 s TWT
below seafloor. On other multichannel seismic data close to Site
841, a discontinuous upper surface of Seismic Unit FC is identi-
fied at a variety of depths, locally as deep as 1.1 s TWT below
seafloor. An illustration of the correlation of seismostratigraphic
horizons with lithostratigraphic units is given in Figure 4E.

Overview of the Geology

Site 841 is located on the eastern edge of the Tonga Ridge in
an area termed the southern Tonga platform by Herzer and Exon
(1985). The Tonga Ridge is a high-standing block of crust that
trends north-northeast-south-southwest and comprises two paral-
lel belts of fundamentally different rocks. The eastern belt (Tonga
platform) is formed of uplifted carbonate rocks with interbedded
volcaniclastic material and, on the island of 'Eua, by uplifted
pre-middle Eocene igneous basement that has been intruded by
early Oligocene and early Miocene age dikes. Deformation of the
Tonga platform has resulted in a complex arrangement of normal
faults that give rise to a reticulated pattern with northwest trends,
with north-trending blocks downdropped to the west. The western
belt is formed by the active and inactive volcanoes, seamounts,
and volcanic shoals of the Tofua Arc. These are largely basaltic
or basaltic andesitic, but some shoals have erupted rhyolitic pum-
ice in historic times. In planning the drill sites for the Tonga
platform and the upper trench slope (Sites 840 and 841) it was
assumed that much of the basement was crust detached from the
Lau Ridge in the opening of the Lau Basin. It was also considered
likely that remnants of the forearc to the Lau Ridge would be
present and that the rocks exposed on the island of 'Eua might be
representative of some of the older crust of the forearc region.
Dredge collections from the Tonga Trench wall (e.g., Fisher and
Engel, 1969; Bloomer and Fisher, 1987) had established that parts
of the trench wall included all of the igneous units that are
considered to constitute an ophiolite assemblage. Similar rocks
have been collected from the walls of the Mariana Trench (e.g.,
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Figure 4. A. Part of processed multichannel seismic reflection profile L2-82-12, used to locate Site 841. B. Line drawing interpretation of multichannel
profile in Figure 4A. Light and horizontal dashes correspond to Seismic Unit FA; dark stipple to Seismic Unit FB; and a dashed and vertical line
combination ornament to Seismic Unit FC. C. Single-channel seismic reflection profile acquired by the JOIDES Resolution. D. Line drawing
interpretation of Figure AC. E. Multichannel seismic reflection profile recorded by the S. P. Lee (Scholl et al., 1985), with interpreted seismostratigraphic
column. Seismic Units FA, FB, and FC are discussed in text.
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Figure 4 (continued).

Bloomer and Hawkins, 1983) and we considered that uplifted
masses of these rocks might also constitute parts of the crust near
the drill site. As mentioned above, the drill site was near a small
dome-like feature on the upper trench slope. Similar dome-like
features in the forearc of the Mariana Trench (Hawkins et al.,
1979; Hussong and Fryer, 1985) have proven to be the seafloor
expression of serpentinite diapirs. There is no indication, other
than their shape and location, that the domes at the Tonga Trench
have a similar origin, but serpentinite masses were also consid-
ered to be a likely material for the deep acoustic basement. Other
low relief, dome-like features on the Tonga platform are consid-
ered to be the expression of buried reef buildup (Maung et al.,
1981) or igneous intrusives (Alexander, 1985). This summary of
rock types that we thought might be encountered at Site 841
covered many likely possibilities, but did not go far enough as the
basement was quite different from anything anticipated.

Detailed summaries of the geology of the Tonga platform are
given by Herzer and Exon (1985), Exon et al. (1985), Cawood
(1985), Cunningham and Anscombe (1985), Packham (1985), and
Tappin et al. (1991). Briefly, the geology of the Tonga platform
may be summarized as follows. A pre-late Eocene basement,
formed largely of arc tholeiitic series igneous rocks (Hoffmeister,

1932; Ewart and Bryan, 1972; Hawkins and Falvey, 1985) has
been radiometrically dated as 46 Ma (Ewart et al., 1977) and
40-43 Ma (Duncan et al., 1985). These ages have been largely
determined on clasts rather than in-situ rocks. The igneous rocks
are overlain by upper-middle Eocene (to Oligocene?) platform
limestone, further defined as a foraminiferal/algal wackestone-
packstone with remains of echinoids, bryozoans, molluscs, and
rare corals (Cunningham and Anscombe, 1985). The Oligocene
age has been questioned and only upper-middle Eocene and upper
Eocene limestones are considered to be present (G. Chaproniere,
pers. comm., 1991). These limestones are, in turn, overlain by
upper middle Miocene to lower Pliocene volcaniclastic turbidites.
The contact is interpreted as a paraconformity or, locally, a fault
(Tappin and Ballance, 1991). The volcaniclastic rocks are re-
worked deposits and the nature of the original protolith is ob-
scured due to heavy alteration (Cunningham and Anscombe,
1985). The mineral constituents given in descriptions suggest that
the protolith was of broadly andesitic to dacitic composition and
a source from the Lau Ridge is likely but not proved. Pliocene to
Quaternary coral and foraminiferal limestones overlie the volcan-
iclastic series without an apparent break on 'Eua but they onlap
Eocene and Oligocene limestones both to the north and south.
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Reworked volcanic detritus is present at the base of the limestones
(lower Pliocene) but volcanic material is notably absent in the
younger part of the limestone sequence. The interpretation of the
geologic history of the area according to Herzer and Exon (1985)
is as follows. The Tonga Ridge and Tonga Trench are considered
to be parts of a convergent plate margin system that has been
active at least since the Eocene. The Tonga Ridge has migrated
eastward, relative to the Lau Ridge, since the Eocene as a conse-
quence of lithosphere extension and formation of the Lau
(backarc) Basin. During the Miocene, the southern Tonga plat-
form accumulated a thick sequence of clastic rocks in a forearc
basin lying to the east of a volcanic arc (presumably the Lau
Ridge). The sedimentary filling thickened westward and accumu-
lated to thicknesses on the order of 2000 m. Sedimentation was
accompanied, or followed closely, by the emplacement of hyp-
abyssal intrusives that form dikes or sills in the volcaniclastic
series of Tongatapu. These intrusive bodies were radiometrically
dated at 21.3 ± 0.4 Ma (early Miocene) and 13.9 ± 1 Ma (middle
Miocene) and have intruded upper Eocene and older volcanic
rocks. It is assumed that the intrusive rocks were feeders to the
overlying Miocene volcanic rocks but the authors (Cunningham
and Anscome, 1985) caution that the radiometric dates are mini-
mum ages and may reflect alteration. The sedimentary and vol-
canic filling thinned to the east on to an outer ridge. During the
late Miocene or early Pliocene, regional uplift formed large nor-
mal faults that strike nearly at right angles to the trend of the arc
and developed an unconformity that separated Miocene from
upper Pliocene sediments. During the late Pliocene or Quaternary,
continued normal faulting caused (1) downdrop of blocks rela-
tively to the west as the Lau Basin opened and (2) separation of
blocks of the Tonga Ridge along faults at right angles to the trend
of the arc. The latter, together with broad doming, has given rise
to the segmented Tonga platform. Herzer and Exon (1985) pro-
posed that the Miocene volcanic arc was split off from the active
arc and carried westward as the Lau Basin opened beginning
during the Pliocene. This contrasts with the models proposed by
Karig (1970) and Hawkins et al. (1984) that visualized the Lau
Ridge (remnant arc) as remaining fixed while the Tonga arc-
trench system retreated eastward. The end result remains the same
no matter what is the absolute direction of displacement of the
trench and remnant arc. Both Hawkins et al. (1984) and Herzer
and Exon (1985) proposed that the Tofua Arc was a young feature
that has developed since the crustal extension and rifting that led
to the development of the Lau Basin.

Tonga Trench

The Tonga Trench is a major tectonic feature in the southwest-
ern Pacific basin (Raitt et al., 1955; Fisher, 1974) marking the
zone of plate convergence that has been the most important
control on the evolution of the Earth's crust in this area for at least
40 m.y. Oceanic crust presently being subducted into the trench
is at least as old as Late Cretaceous (Valuer et al., 1985), but there
is only meager evidence for accretion of seafloor rocks on the
inner wall of the Tonga Trench. Nevertheless, there is good
evidence for crustal erosion. Upper Cretaceous pelagic sediment
was recovered from the bottom of the inner trench slope near the
intersection of the Louisville seamount chain (Valuer et al.,
1985). Fisher and Engel (1969) described a collection of mafic
and ultramafic rocks from five dredge collections made at depths
ranging from 7000 to 9400 m. The mafic rocks appear to be from
the incoming Pacific Plate but are actually parts of a horst on the
oceanic plate rather than material accreted to the trench wall. The
landward slope of the trench includes harzburgite on its lower
levels and andesite clasts on the upper levels. The composition of
much of the forearc basement has been postulated to be part of an

Eocene arc complex (Valuer et al., 1985; Bloomer and Fisher,
1985). The exposure of these rock types within 40 km of the trench
axis, and the morphology of the trench, have been used to argue
for subduction erosion along the Tonga Trench (Lonsdale, 1986;
Bloomer and Fisher, 1985). If this were true, there should have
been considerable crustal subsidence at Site 841 since the Eocene.

Lord Howe Rise and Norfolk Ridge

The Lord Howe Rise, located at approximately 163°E, and the
Norfolk Ridge at 168°E are far removed from the Tonga arc-
trench system but a brief review of their geologic history is useful
as background material for Tonga Ridge Site 841. It has long been
recognized that the area lying east of Australia and extending to
the Tonga Trench has been the site of successive rifting and
development of volcanic arcs and backarc basins (e.g., Karig,
1970; Burns and Andrews, 1973; and summary in Kroenke, 1984).
Beginning during the Late Cretaceous, the eastern margin of
Australia was rifted away and the rifted blocks were further
segmented into the Lord Howe Rise and Norfolk Ridge (Burns
and Andrews, 1973; Bentz, 1974). The New Caledonia Basin,
separating the Lord Howe Rise and Norfolk Ridge, was formed
by seafloor spreading before the late Paleocene and the opening
of the Tasman Basin and Coral Sea continued until the early
Eocene, displacing the Lord Howe Rise to the east from Australia.
Although locally overlain by basalt, the Lord Howe Rise is likely
to be a continental fragment. DSDP Site 207, drilled on the Lord
Howe Rise, recovered rhyolitic lapilli tuffs, produced by explo-
sive eruptions and vitrophyric low-K rhyolite flows that are
autobrecciated in part. Both rock types formed in a subaerial or
shallow-water subaqueous setting. The rhyolitic units were dated
by K/Armethod and gave an age of 93.7 Ma± 1.2 Ma. The rhyolite
is overlain by Maestrichtian sandstone and silty claystone (van
der Lingen, 1973).

Derivation of the Tonga and Lau ridges by the breaking up of
a common parental ridge, first by the formation of the South Fiji
Basin, and then by the Lau Basin, has been proposed by a number
of workers and summarized by Kroenke (1984). It is postulated
that this parental ridge in turn may have been derived from the
Norfolk Ridge. The details of the geometry and trajectories of the
successively formed splinters of the ancient Lord Howe Rise-
Norfolk Ridge land mass, originally split off from the Australian
continent, are unclear, and a detailed discussion is beyond the
scope of this summary. It is likely that an arc system marked by
the Three Kings Rise and Loyalty Islands may have been impor-
tant as yet another intermediate stage that was active during the
time of spreading in the South Fiji Basin. The South Fiji Basin
opening may have overlapped some of the earliest history of the
plate convergence and volcanism that led to the formation of the
Lau Ridge.

In view of the complex history spanning 90 m.y. of formation
of island arcs, crustal rifting, and unknown displacements of large
blocks of continental and oceanic crust, it is obviously an unsup-
ported speculation to attempt to correlate the Lord Howe Rise
silicic rocks with petrologically similar rocks at Site 841. A major
problem, apart from their separation in space, is an apparent age
discrepancy of as much as 50 m.y. Dating of the Site 841 silicic
rocks will be a first step in unraveling their place in the evolution
of this part of the Pacific Basin.

Scientific Objectives
The principal objectives for Site 841 were to sample the

500-600 m of sediment and to drill into the acoustic basement.
The original plan called for a 50-m hole into basement, but this
was subsequently modified during the drilling operations to allow
drilling as deep as 1000 mbsf if time permitted. The purpose was
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to determine the geology of the forearc and to interpret its history,
which included an effort to (1) determine the minimum age of
basement, (2) establish the petrology and biostratigraphy of the
sedimentary series, (3) establish a tephrochronology for arc vol-
canism in the Tofua Arc, (4) sample pore water and measure fluid
geochemistry of forearc rocks and sediments; and (5) look for
evidence to document the uplift and subsidence history of the
forearc. Specific objectives for the basement material were to (1)
obtain a petrologic comparison with rocks from the Mariana and
Bonin forearcs, (2) make paleomagnetic studies of the forearc
basement, in an area away from the thermal effects of later arc
volcanism, in order to constrain models predicting the rotation of
the Tonga Arc, (3) ascertain the physical properties of forearc
basement rocks, and (4) understand the volcanic history of the
Tonga-Tofua Arc.

OPERATIONS
The 62-nautical-mile (nmi) transit from Site 840 to Site 841

began at 0124 Universal Time Coordinated (UTC) 30 January,
and took 6.6 hr to complete at an average speed of 9.4 knots. Site
841 lies upslope and to the west of the trench-slope break on the
forearc of the Tonga platform. The site was chosen as a comple-
ment to Site 840, in order to determine the temporal and compo-
sitional variation of volcanic sediments transported from the
Tonga-Tofua Arc to the arc forearc, to sample the forearc deep
basement, and to investigate the tectonic history of the Tonga
forearc.

Site Approach and Site Survey
Site 841 is situated in a water depth of 4810 m at the edge of

the trench-slope break, on the west slope of the Tonga Trench. It
is located at approximately 23°20.7'S, 175°17.9'W, about 150 km
east of the Tofua Arc volcanic island chain, 155 km southeast of
Ata, and 55 km west of the axis of the Tonga Trench.

After slowing to deploy two 80-in.3 water guns, a single-chan-
nel 60-element Teledyne streamer, and a Geometries 801 proton
precession magnetometer, the ship completed a 7.5 hr, 44 nmi site
geophysical survey (Fig. 3B). On the third crossing of the site, a
beacon was dropped at 1443 UTC on 30 January 1991. The ship
then made a Williamson turn to return to the site and recover
underway geophysical gear. As the ship was positioning at the site
to begin coring operations, the beacon signal was lost. A backup
beacon was subsequently deployed at 1605 UTC on the same day,
marking the site (Figs. 3B and 4C).

Drilling and Logging Summary
Our original plan was to drill two adjacent holes at Site 841,

with the principal objectives of (1) coring the entire forearc
sequence and (2) coring at least 50 m of the underlying "base-
ment," the character of which was unknown. Hole 841A was
planned to be an APC/XCB/MDCB hole with which we hoped to
core through much of the estimated 600- to 800-m-thick sedimen-
ts at the site. It was hoped that the motor-driven core barrel
(MDCB) would allow sampling of any hard lithologies that might
be encountered in this section. Hole 84IB was planned to be an
rotary core barrel (RCB) hole that continued coring the sediments
and the underlying basement as time permitted before logging.

Hole 841A

Hole 841A was spudded in at 0100 UTC 31 January 1991 at a
position of 23°20.746'S, 175°17.871'W. A mudline core estab-
lished the seafloor depth as 4821.0 m below the driller's datum.
Eight cores were taken with the APC, to a depth of 71.7 mbsf,
with a recovery of 61.8 m (86.2%; Table 1). A nonmagnetic drill
collar was used to minimize the drill string magnetic overprint on

the cores, and the multishot tool provided orientation for Cores
135-841A-4H to 135-841A-8H. Temperature measurements were
made at 27.5, 46.5, and 65.5 mbsf using the water sampler tem-
perature probe (WSTP) tool. The last five APC cores were recov-
ered using only partial strokes of the APC core barrel, due to the
unusual hardness of the formation. The APC core barrel became
stuck during retrieval of Core 135-841A-8H, producing 130,000
lb of overpull. As a result, the core barrel was drilled over by the
bit to allow recovery, and APC coring was terminated. Thirteen
continuous cores of sediments (71.7 to 186.6 mbsf) were taken in
stable hole conditions with the extended core barrel (XCB), with
poor recovery (8.45 m recovered, or 7.4% recovered). After re-
covering Core 135-841A-14X, it was discovered that the soft
formation XCB bit had failed, requiring a switch to six-bladed,
diamond-impregnated hard formation XCB bits. After recovering
Core 135-841A-20X, it was discovered that one of our last two
hard formation XCB bits had failed as well, requiring a change to
the RCB after the cutting of one more core (Core 135-841A-21X).

Hole 841B

The ship was moved 20 m to the north, and Hole 84IB was
spudded at 1040 UTC 2 February 1991 at a position of
20°20.741'S, 175°17.872'W. A 9-7/8-in. RCB bottom-hole as-
sembly was used. The seafloor was estimated to be at 4821.0
meters below rig floor (mbrf), and the hole was washed from
0.0-170.0 mbsf, recovering one wash core. Cores 135-841B-2R
to 135-841B-7OR were taken from 170.0-834.2 mbsf with the
RCB, with 664.4 m cored and 181.4 m recovered (recovery of
27.3%). After the recovery of vitric siltstone in Core 135-841B-
14R, the core barrel became plugged, causing the drill string water
circulation pressure to increase substantially. After twice running
the bit deplugger, core recovery was generally fair to good, but
recovery in rhyolitic tuff, rhyolitic welded tuff, and rhyolitic lava
below about 610 mbsf was often poor. Mud was circulated down-
hole to 700 mbsf every third or fourth core, and below that after
every core, because of unstable hole conditions. At 834.2 mbsf,
hole conditions became too bad to continue coring, and a large
amount of mud was circulated before conditioning the hole for
logging. While recovering Core 135-841B-71M (this core repre-
senting rubble at the bottom of the hole with no advance), the drill
string stuck. After several cycles of pumping mud and jarring of
the drill string with the Hydrolex "jars," the pipe became free. The
pipe became stuck again at 224 mbsf; after unsuccessful attempts
to free the pipe using the jars, the bit was released with the
mechanical bit release (MBR) and the pipe was dragged uphole
to 50 mbsf where it finally came free. The poor, deteriorating hole
conditions and the likely presence of both the bit and a portion of
the MBR at 224 mbsf prevented use of the hole for logging.

Hole 841C

The scientific value in logging the sequence was deemed
sufficient to drill a third hole dedicated to logging. The ship was
moved 20 m to the north (23°20.720'S, 175°17.879'W), and Hole
841C was spudded in at 1525 UTC 10 January, with the seafloor
estimated at 4821 m below the drillers datum. A 9-7/8-in. hole
was then drilled from 0 to 775.0 mbsf, at which point drilling was
stopped because of poor hole conditions. An attempt was made to
drop the drill bit with the MBR, but it had apparently been
damaged earlier when attempting to ream through a bridge in the
hole at 657 mbsf. As a result of the MBR failure, a free fall funnel
(FFF) was dropped to allow reentry into the hole for logging
purposes after the bit had been removed from the drill string on
the rig floor. After reentering the FFF, the reentry /logging bit was
positioned at 78.1 mbsf; to save time, no conditioning of the hole
was done.
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Table 1. Coring summary, Site 841.

Core
no.

135-841A-

1H
2H
3H
4H
5H
6H
7H
8H
9X
10X
11X
12X
13X
14X
15X
16X
17X
18X
19X
20X
21X

Date
(1991)

21 January
21 January
21 January
21 January
21 January
21 January
21 January
21 January
21 January
21 January
31 January
1 February
1 February
1 February
1 February
1 February
1 February
1 February
1 February
1 February
1 February

Coring totals

135-841B-

1W
2R
3R
4R
5R
6R
7R
8R
9R
10R
11R
12R
13R
14R
15R
16R
17R

18R
19R
20R
21R
22R
23R
24R
25R
26R
27R
28R

29R

30R
31R
32R
33R
34R
35R
36R
37R
38R
39R
40R
41R
42 R
43R
44R
45 R
46R
47R

2 February
2 February
2 February
2 February
2 February
3 February
3 February
3 February
3 February
3 February
3 February
3 February
3 February
3 February
3 February
3 February
4 February

4 February
4 February
4 February
4 February
4 February
4 February
4 February
4 February
4 February
4 February
4 February

5 February

5 February
5 February
5 February
5 February
5 February
5 February
5 February
5 February
5 February
6 February
6 February
6 February
6 February
6 February
6 February
6 February
6 February
6 February

Time
(UTC)

0125
0225
0320
0550
0655
1050
1240
1700
1940
2200
2355
0120
0255
0515
0655
0850
1100
1300
1500
1715
1915

1615
1755
1935
2125
2325
0105
0250
0425
0610
0755
0930
1115
1340
1605
2140
2335
0115

0300
0450
0645
0825
1020
1205
1425
1645
1845
2045
2305

0100

0250
0445
0640
0910
1115
1410
1655
1940
2215
0040
0240
0435
0700
0855
1050
1415
1705
1945

Depth
(mbsf)

0.0-8.5
8.5-18.0

18.0-27.5
27.5-37.0
37.0^6.5
46.5-56.0
56.0-65.5
65.5-71.7
71.7-81.4
81.4-91.0
91.0-100.7

100.7-110.3
110.3-120.0
120.0-129.6
129.6-139.3
139.3-148.9
148.9-153.9
153.9-159.1
159.1-168.7
168.7-176.9
176.9-186.6

0.0-169.8
169.8-179.4
179.4-189.1
189.1-198.7
198.7-208.4
208.4-218.1
218.1-227.7
227.7-237.4
237.4-247.0
247.0-256.7
256.7-266.3
266.3-275.6
275.6-285.2
285.2-294.9
294.9-304.6
304.6-313.8
313.8-323.5

323.5-333.2
333.2-342.5
342.5-352.1
352.1-361.4
361.4-371.1
371.1-380.7
380.7-390.4
390.4-400.1
400.1-409.7
409.7-419.4
419.4-429.1

429.1-438.8

438.8-448.5
448.5^158.1
458.1-467.8
467.8^77.5
477.5^87.1
487.1-496.8
496.8-506.4
506.4-516.1
516.1-525.7
525.7-535.3
535.3-545.0
545.0-554.3
554.3-564.0
564.0-573.6
573.6-583.3
583.3-592.9
592.9-602.6
602.6-612.3

Cored
(m)

8.5
9.5
9.5
9.5
9.5
9.5
9.5
6.2
9.7
9.6
9.7
9.6
9.7
9.6
9.7
9.6
5.0
5.2
9.6
8.2
9.7

186.6

169.8
9.6
9.7
9.6
9.7
9.7
9.6
9.7
9.6
9.7
9.6
9.3
9.6
9.7
9.7
9.2
9.7

9.7
9.3
9.6
9.3
9.7
9.6
9.7
9.7
9.6
9.7
9.7

9.7

9.7
9.6
9.7
9.7
9.6
9.7
9.6
9.7
9.6
9.6
9.7
9.3
9.7
9.6
9.7
9.6
9.7
9.7

Recovered
(m)

8.57
9.83

10.08
9.18
8.89
8.40
0.61
6.24
1.00
0.09
1.44
0.12
0.31
1.17
0.82
0.37
1.18
0.38
0.66
0.07
0.84

70.25

2.84
4.01
1.84
2.53
3.31
2.41

. 2.40
1.49
2.57
1.36
2.17
3.31
5.80
0.08
6.08
8.33
5.64

3.06
3.99
4.08
4.69
4.42
4.83
1.81
3.45
2.39
0.55
1.93

2.93

2.03
0.16
2.31
4.46
3.10
4.82
4.47
5.73
5.31
3.37
5.42
4.80
6.27
1.99
2.29
1.80
3.60
3.20

Recovery
(%)

101.0
103.0
106.1
96.6
93.6
88.4
6.4

100.0
10.3
0.9

14.8
1.3
3.2

12.2
8.5
3.9

23.6
7.3
6.9
0.9
8.7

37.6

(wash core)
41.8
18.9
26.3
34.1
24.8
25.0
15.3
26.8
14.0
22.6
35.6
60.4

0.8
62.7
90.5
58.1

31.5
42.9
42.5
50.4
45.5
50.3
18.6
35.5
24.9

5.7
19.9

30.2

20.9
1.7

23.8
46.0
32.3
49.7
46.5
59.1
55.3
35.1
55.9
51.6
64.6
20.7
23.6
18.7
37.1
33.0

Age

?middle Pleistocene
Barren
Barren
Barren
Barren
Barren
upper Miocene
upper Miocene
upper Miocene
upper Miocene
upper Miocene
Barren
Barren
Undefined
upper Miocene
upper Miocene
upper Miocene
upper Miocene
upper Miocene-lower Pliocene
upper Miocene
Barren

upper Miocene
Barren
upper Miocene
upper Miocene
upper Miocene
upper Miocene
upper Miocene
upper Miocene
upper Miocene
upper Miocene
upper Miocene
Miocene
upper Miocene
Miocene
Miocene
middle Miocene-

upper Pliocene
Barren
upper Miocene-lower Pliocene
Barren
?late Miocene (reworked)
Miocene
middle Miocene-Quaternary
Barren

Barren
Barren
middle Miocene-

lower Pliocene
middle Miocene-

lower Pliocene
Barren
Barren
middle Miocene
middle Miocene
middle Miocene
middle Miocene
middle Miocene
middle Miocene
Miocene
middle Miocene
middle Miocene
lower Oligocene
lower Oligocene
lower Oligocene
upper Eocene
upper Eocene
Undefined
Barren)
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Table 1 (continued).

Core
no.

Date
(1991)

Time
(UTC)

Depth
(mbsf)

Cored
(m)

Recovered
(m)

Recovery
Age

135-841B-(cont.)

48R
49R
50R
51R
52R
53R
54R
55R
56R
57R
58R
59R
60R
61R
62R
63R
64R
65R
66R
67R
68R
69R
70R
71M

6 February
6 February
7 February
7 February
7 February
7 February
7 February
7 February
7 February
7 February
7 February
7 February
8 February
8 February
8 February
8 February
8 February
8 February
8 February
8 February
8 February
9 February
9 February
9 February

Coring totals
Washing totals

Combined totals

2140
2325
0130
0330
0530
0735
0945
1150
1420
1650
1905
2140
0020
0250
0505
0800
1040
1355
1650
1915
2225
0235
0540
1125

612.3-621.9
621.9-631.6
631.6-641.3
641.3-650.9
650.9-660.6
660.6-670.2
670.2-679.8
679.8-689.4
689.4-699.1
699.1-708.8
708.8-718.1
718.1-727.8
727.8-737.5
737.5-747.2
747.2-756.9
756.9-766.5
766.5-776.2
776.2-785.9
785.9-795.5
795.5-805.2
805.2-814.9
814.9-824.6
824.6-834.2

0.0-834.2

9.6
9.7
9.7
9.6
9.7
9.6
9.6
9.6
9.7
9.7
9.3
9.7
9.7
9.7
9.7
9.6
9.7
9.7
9.6
9.7
9.7
9.7
9.6
0

221.9
169.8

391.7

0.56
0.30
0.28
4.52
3.41
2.54
4.70
0.30
0.48
0.72
0.40
0.25
0.15
0.22
2.94
1.79
0.07
0.39
0.27
0.22
0.16
0.16
0.03
1.09

182.54
2.84

1 85.38

5.8
3.1
2.9

47.1
35.1
26.4
48.9

3.1
5.0
7.4
4.3
2.6
1.5
2.3

30.3
18.6
0.7
4.0
2.8
2.3
1.7
1.7
0.3

NA

82.3

Barren

Barren
Barren

Barren
Barren

Barren
Barren
Barren
Barren

Barren

Barren

Logs were then run as follows:

Run 1: formation microscanner (FMS)/gamma ray. During this
logging run, the Schlumberger logging computer crashed twice
after calibrating the FMS, but the third calibration was successful.
The tool failed during its initial deployment as a result of a short
in the logging head. After replacement of the logging head, a
successful logging run was completed. The log found bottom
166.2 m above the driller's total depth and required 6.92 hr to run.

Run 2: "Quad combo"—induction/density/sonic/caliper/gamma
ray. A Schlumberger computer malfunction required 1.75 hr to
correct at the beginning of the logging run. The log found bottom
213.5 m above the driller's total depth and required 5.53 hr to run.

After this second logging run, logging was terminated because
of time constraints. The hole was left full of seawater, and the
reentry/logging bit cleared the seafloor at 1550 UTC on 14 Feb-
ruary 1991 and reached the rig floor at 0200 UTC on 15 February
1991. The sea voyage to Pago Pago then began.

LITHOSTRATIGRAPHY
The lithostratigraphic summary (Fig. 5) is a synthesis of Holes

841A and 84IB. Sediment recovery was approximately 76% for
the interval 0-71.7 mbsf, but thereafter decreased to 7% between
71.7 and 186.6 mbsf. In Hole 841B the recovery was 27.3% from
the interval 186.6-834.2 mbsf. The sedimentary sequence at Site
841 was divided into five lithologic units based on differences in
texture, structure, and composition (Fig. 5). The generalized li-
thology for each unit is shown in Table 2.

Unit I
Interval: Cores 135-841A-1H through 135-841A-6H
Depth: 0.0-56.0 mbsf.
Age: middle Pleistocene to Pliocene (?)
Thickness: 56.0 m

Unit I is composed of a sequence of structureless clays, with
very thin- to medium-bedded vitric sand, vitric silt, and coarse
and fine ash interbeds. The age of Unit I, based on biostratigraphic
and paleomagnetic data, is middle Pleistocene to Pliocene (?). The
average sedimentation rate for the unit is 11 mm/k.y. (see "Sedi-
ment Accumulation Rates" section, this chapter).

The clay from 0.0 to 17.5 mbsf is grayish brown to greenish
gray in color and consists mainly of clay minerals and clay-sized
volcanic glass fragments (75-85 vol%), large volcanic glass
shards (20-15 vol%), and up to 5 vol% nannofossils. From 17.5
to 54.9 mbsf, the clay is light yellowish brown and greenish gray
to dark greenish gray and comprises 95 vol% clay-sized particles,
with the remainder consisting of volcanic glass, feldspar, and
accessory minerals (mainly pyroxenes). The clay appears homo-
geneous over long intervals and contains scattered, angular to
rounded, altered pumice and claystone clasts (up to 2.5 cm
across). Faintly mottled and planar laminated intervals are com-
mon.

Very thin- to medium-bedded (1-11 cm thick), normally
graded vitric sands and silts occur within the clay. The sands are
light to dark gray, while the silts are very dark grayish brown to
dark gray. These beds show sharp* sometimes scoured basal
contacts and gradational upper contacts. Internally the silts and
sands show normal grading. Some silt layers contain planar lam-
inae and burrows. The silts and sands consist of 70-95 vol%
volcanic glass, up to 10% plagioclase, with minor amounts of
clay, pyroxenes, and opaques. The sand layers typically contain
greater concentrations of accessory minerals than adjacent silt
intervals.

Fine and coarse-grained pyroclastic ash layers may have either
sharp or diffuse upper and lower boundaries and commonly show
normal grading. The ashes are olive gray to dark greenish gray,
or brown to black. The lighter colored layers contain 80-90 vol%
light brown glass, with feldspar and clay making up the remain-
der. The darker colored ash intervals comprise 75 vol% volcanic
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Figure 5. Lithologic summary diagram showing recovered lithologies from Hole 841A and 841B. Note that in cores with low recovery

the generalized lithology column has been expanded vertically to clearly show the lithology present. The true recovery is correctly

displayed in the recovery column.
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Figure 5 (continued).
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Figure 5 (continued).

glass, 10 vol% clay-sized particles, 10 vol% feldspar, and up to
5 vol% accessory minerals, mainly pyroxenes. Ash intervals are
invariably thin to very thin bedded.

Planar laminated, normally graded layers may represent thin
volcaniclastic turbidites, while thin, typically dark-colored vol-
caniclastic layers are interpreted to be the result of pyroclastic
fallout.

Unit II
Interval: Cores 135-841A-7H through 135-841A-21X and Cores

135-841B-2R through 135-841B-18R
Depth: 56.0-186.6 mbsf and 169.8-333.2 mbsf
Age: late Miocene
Thickness: 277.2 m

The uppermost part of the Unit II is composed of clay with
glass, vitric silt, and vitric sand. Clayey siltstone, vitric siltstone,
and vitric sandstone increase in their abundance downward
through the unit. The age of Unit II, based on paleomagnetic and
biostratigraphic data, is late Miocene. The average sedimentation
rate is estimated to be 53 mm/k.y. in the uppermost part of the
unit and 142 mm/k.y. in the lower part of the unit (see "Sediment
Accumulation Rates" section, this chapter).

The upper boundary of Unit II shows a downward transition
from dark greenish-gray to dark gray clay (in Core 135-841A-6H,
above the boundary) to polymict, dark greenish gray, poorly
sorted silty gravel, and structureless, vitric silt with feldspar (in
Core 135-841A-7H, below the boundary). In Cores 135-841A-8H
and 135-841A-9X (65.5-81.4 mbsf) the predominant lithology is
dark greenish gray and dark gray structureless clay with glass
shards, which grades down into very dark grayish brown vitric
clay. Individual clay beds are up to 50 cm thick. Structureless beds
of black, dark gray and dark greenish gray vitric silt, vitric sand,
and fine ash are interbedded with the clays. These vary in thick-
ness from 2 to 10 cm and are normally graded. A thick bed of gray
vitric sandy silt occurs in Section 135-841A-8H-3, 0-55 cm. This
has a sharp base, and is faintly planar laminated in its lower part.

The sedimentary sequence in Cores 135-841 A-1 OX through
135-841A-21X (81.4-186.6 mbsf) consists of interbedded black,
dark greenish gray and dark gray vitric siltstone, clay, clayey
siltstone, vitric siltstone, and vitric sandstone. Recovery from this
interval was low (<7%), with a large proportion of the recovered
material present as drilling breccia. The vitric sandstones usually
rest on sharp, planar surfaces and are normally graded. Many of
these beds grade up into vitric siltstone and are frequently mottled
because of bioturbation in their upper parts. Vitric siltstones with
clay, clayey siltstones, and vitric siltstones are all relatively struc-
tureless but some bioturbated intervals occur. Some beds have sharp
basal contacts, show planar lamination in their lower parts, and
are normally graded throughout. The basal sediment layer of some
siltstones and sandstones comprises a vitric sand with feldspar.

The sedimentary sequence recovered in Cores 135-841B-2R
through 135-841B-18R (169.8-333.2 mbsf) consists of inter-
bedded, dark grayish green, very dark gray and dark gray vitric
sandstones and vitric siltstones. The volume percentage of sand-
stone increases downward through the unit, from 40% to approxi-
mately 80% of the sequence. The sandstones also become coarser
grained down sequence. Sandstone and siltstone beds increase in
thickness downhole.

The vitric sandstone beds in Unit II range from a few centime-
ters up to 122 cm in thickness (Core 135-841-17R). The sand-
stones have planar or undulating basal contacts and show a variety
of sedimentary structures. The lower part of each interval is often
structureless or normally graded. This is overlain by a planar
laminated or planar stratified interval followed by wedge-planar
laminated, wavy laminated, lenticular laminated, trough cross-
laminated, or cross-stratified intervals (Fig. 6). Convoluted lami-
nae are relatively common in the cross-laminated and cross-strat-
ified sandstones. Load-casts with flame structures and ball and
pillow structures occur locally (Fig. 7). Bioturbation occurs in the
upper parts of some of the thinner sandstone beds. Only a few of
the sandstone beds contain the entire range of sedimentary struc-
tures described above.
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Table 2. Lithologic units defined for Site 841.

Depth
(mbsf)

0.0 to 56.0

56.0 to 333.2

333.2 to 458.5

458.5 to 549.1

549.1 to 605.0

Lithologic
unit

I

II

III

IV

V

Lithologies
present

Clay with minor vitric sand, vitric silt, and
fine ash

Vitric siltstone, vitric sandstone, fine ash,
and clay with glass

Volcanic conglomerates/breccias and
vitric sandstones

Volcanic siltstone, sandstone, and
conglomerates

Calcareous volcanic sandstone, claystone,
calcareous volcanic sandstone with
foraminifers, and large foraminifer
bioclast volcanic sandstone

Age

middle Pleistocene to
Pliocene(?)

Pliocene(?) to late
Miocene

late Miocene

early middle Miocene

early Oligocene to late
Eocene

cm
9 7 -

99^

101 —

1 0 3 -
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cm
56"

107-1

Figure 6. Vitric siltstone showing trough cross-lamination, trough cross-
stratification, and planar lamination in Unit II, Section 135-841B-16R-2,
97-107 cm.

Vitric sandstone is commonly overlain by vitric siltstone,
which is either structureless or laminated, and is usually normally
graded. Bioturbation is relatively common in siltstone beds. In
addition, vitric siltstone appears as beds with sharp, planar, or

58 —

60 —

Figure 7. Convoluted bedding in a laminated sequence of vitric sandstone
and siltstone (Unit II). Note flame and ball and pillow structures, Section
135-841B-6R-1, 57-61 cm.

undulating lower boundaries. These frequently show sedimentary
structures similar to sandstone beds, with which they are inter-
bedded. The thickness of individual volcanic siltstone beds varies
from 1 to 90 cm, with bed thicknesses increasing downsequence.

The sediments and sedimentary rocks of Unit II are interpreted
as a sequence of turbidites. The upward thinning and fining of
individual turbidites throughout the units, and the increasing clay
content of the deposits, may suggest an upward change from
proximal to more distal deposition with an increase in water
depth.

Unit III
Interval: Cores 135-841B-19R through 135-841B-31R
Depth: 333.26-458.1 mbsf
Age: late Miocene
Thickness: 124.9 m

Unit III is dated as late Miocene, based on biostratigraphic and
paleomagnetic data. Recovery of the unit was variable, ranging
from 5% to 50%, and is distinguished from Unit II by the presence
of volcanic conglomerate interbedded within vitric siltstone and
sandstones. Average sedimentation rates are calculated to be 142
mm/k.y. (see "Sediment Accumulation Rates" section, this chap-
ter). The lower part of this unit is a 16-cm-thick breccia (in Core
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135-841-31R) interpreted as a fault breccia. The top half of the
unit fines upward from Core 135-841B-24R to 135-841B-19R. It
is composed of coarse volcanic conglomerate and breccia. The
conglomerate forms up to 24-cm-thick beds within a sequence of
predominantly vitric sandstones and siltstones. Below Core 135-
841B-24R the proportion of sandstone increases.

The top of the unit in Core 135-841B-19R (333.2-342.5 mbsf)
is characterized by massive, dark grayish green, coarse-grained
sandstone with thin interbeds of vitric siltstone. Very thick-bed-
ded (up to 167 cm) vitric sandstones are normally graded and
typically have 4- to 5-cm-thick conglomeratic layers at their base.
The basal contacts of these beds are sharp and scoured. Sedimen-
tary structures are rare, although planar laminae and, more rarely,
planar cross-lamination occurs, especially toward the bases of
sandstone beds. Microfaults are common throughout the se-
quence.

The volcanic conglomerates are poorly sorted, with granules
and clasts ranging up to 1 cm in diameter. Individual clasts are
subrounded to rounded and are supported by a matrix of vitric
sandstone. A similar sedimentary sequence dominated by nor-
mally graded, massive sandstones was recovered in Cores 135-
841B-20R to 135-841B-21R (342.5-361.4 mbsf). In Section 135-
841B-20R-2 a reversely graded vitric sandstone coarsens upward
into structureless, dark grayish green conglomerate. In Section
135-841B-21R-1 a volcanic conglomerate containing intraforma-
tional clay stone fragments up to 15 cm across occurs. The matrix
consists of angular to rounded grains of green and black sand.
Thick-bedded vitric sandstones in Sections 135-841B-21R-2 to
135-841B-21R-CC show extensive wedge-planar laminae, planar
cross-laminae, and planar laminae. Individual grains of feldspar,
pyroxenes, opaques, and glass occur within the sandstone, as well
as mudclasts up to 4 cm across.

Cores 135-841B-22R to 135-841B-24R (361.4-390.4 mbsf)
comprise a sequence dominated by structureless volcanic con-
glomerate, with two interbeds, 61 and 16 cm thick, of vitric
sandstone (in Section 135-841B-22R-3). These coarsen down-
ward into conglomerates near their bases and contain planar
cross-laminae. In Section 135-841B-23R-2 the conglomerate
shows both normal and reverse grading. Individual clasts are up
to 4.5 cm across, with the largest consisting of altered mafic lava.
Altered pumice and greenish gray claystone clasts are found
throughout the bed.

InCorel35-841B-25RandSectionl35-841B-26R-l,0-llcm
(390.4-400.2 mbsf), Unit III is intruded by a basaltic dike. Below
this intrusion the unit comprises a series of poorly sorted, nor-
mally graded vitric sandstones. Planar laminae are found at the
base of the sandstones, and in Section 135-84IB-26R-2 three
clasts of altered red basalt up to 12 mm across are present.
Recovery in the lower half of Unit III varies from 5% to 30%;
however, the recovered material indicates a sequence charac-
terized by thick-bedded, normally graded volcanic conglomerates
and vitric sandstones. In Sections 135-841B-28R-1, 135-841B-
29R-1, and 135-841B-30R-1 vitric sandstones coarsen upward
into massive conglomerates. This part of the unit is cut by micro-
faults and fractures, filled by silica and zeolites. The sandstones
have few internal structures. In Sections 135-841B-29R-1 and
135-841B-29R-2 sandstones and conglomerates are found as a
series of interbeds 2-9 cm thick. The deposits of Unit III are
interpreted as proximal turbidites.

Unit IV
Interval: Core 135-841B-31R through Section 135-841B-41R-3,

113 cm
Depth: 458.1-549.1 mbsf
Age: early middle Miocene
Thickness: 91.0m

Unit IV is composed of a sequence of black to dark gray and
dark greenish gray volcanic siltstones, volcanic sandstones, and
volcanic conglomerates. The unit shows an overall fining-upward
trend with volcanic siltstone dominating the sequence in the upper
part of the unit. Volcanic conglomerate is found only in the
lowermost two cores. The age of Unit IV, based on paleomagnetic
and biostratigraphic data, is early middle Miocene. The average
sedimentation rate is estimated to be 160 mm/k.y. between 458.1
and 504 mbsf and 35 mm/k.y. between 504 and 549.1 mbsf (see
"Sediment Accumulation Rates" section, this chapter).

The boundary between Units III and IV is marked by a change
in lithology downward from vitric sandstones and volcanic con-
glomerates in Core 135-841B- 30R to volcanic siltstones in Core
135-841B-31R. At the boundary between the two units, in Core
135-841B-31R and in Section 135-841B-32R-1, 0-36 cm, there
is a zone of dark gray to black volcanic breccia. This breccia
consists of fragments of altered volcanic rocks, volcaniclastic
sandstones, and siltstones and fragments of vein quartz. The
boundary between Units III and IV is interpreted as a fault zone
with associated fault breccia. The lower boundary of Unit IV is a
major unconformity, spanning approximately 13 m.y. from the
early Oligocene to the early middle Miocene (see "Biostra-
tigraphy" section, this chapter).

Volcanic siltstone is the main lithology of the upper parts of
Unit IV, and in Cores 135-841B-32R through 135-841B-35R
(458.1-496.8 mbsf) it makes up almost 100% of the recovered
sediments. In Cores 135-841B-36R through 135-841B-39R
(496.8-535.3 mbsf) volcanic siltstone constitutes 60%-70%, with
volcanic sandstone making up the remainder. The volcanic silt-
stone is usually finely planar laminated, wedge-planar laminated,
and trough cross-laminated, with white to light gray laminae
standing out against a background of black to gray siltstone (Figs.
8 and 9). Wavy lamination and trough cross-stratification is pre-
sent within a few intervals. Tectonic deformation and soft-sedi-
ment deformation occur throughout the unit. In the upper part of
the sequence, volcanic siltstone often occurs as normally graded
beds, 2-15 cm thick, with planar basal surfaces. Mottling is rare.
Lower down in the sequence normally graded beds up to 60 cm
in thickness occur. These are planar laminated in their lower part
and are overlain by trough cross-stratified and structureless silt-
stones (e.g., Section 135-841B-35R-3).

The volcanic sandstones in the lower part of the recovered
sequence are usually dark greenish gray to dark grayish green.
They are occasionally structureless, but they usually show planar
laminated intervals overlain by trough cross-laminated and
wedge-planar laminated sediments (Fig. 9). Individual beds of
sandstone are up to 77 cm thick (in Sections 135-841B-38R-3
through 135-841B-38R-4) and may have planar or undulating,
scoured lower contacts. Convoluted laminae are very common in
the volcanic sandstones (e.g., Section 135-841B-37R-1, 30-40
cm). Volcanic sandstones are present both as normally graded
beds and as laminated intervals interbedded with laminated silt-
stone (Fig. 10). Graded beds typically show scours, flame struc-
tures, and load casts at their basal contacts (Fig. 11).

Below Section 135-841B-40R-1, Unit IV consists of a series
of very dark gray, medium-bedded, clast-supported, poorly sorted
conglomerates and breccias, with thin interbeds of sandstone and
siltstone. Bed thickness increases downsection, reaching a maxi-
mum of 102 cm in Core 135-841B-41R. Clasts within the con-
glomerates/breccias are angular to subrounded and range up to
3 cm in diameter (Fig. 12). They consist of very dark gray clay-
stones, basalts, and very altered, mottled green lavas. The con-
glomerates/breccias are typically planar stratified, but toward the
base of Core 135-841B-40R, wedge-planar stratification occurs.
Clast imbrication and poorly developed cross-stratification also
occur. The conglomerates/breccias have scoured basal contacts
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Figure 8. Volcanic siltstone of Unit IV showing a reticulate pattern,
produced by leaching along fractures and coarser grained laminae, Sec-
tion 135-841B-33R-1, 66-93 cm.

75-1

Figure 9. Volcanic siltstone in Unit IV showing wedge-planar laminae,
trough cross-laminae, lenticular laminae, and convoluted laminae, Sec-
tion 135-841B-37R-3, 55-75 cm. Note the normal fault in the central part
and reverse fault in the lower part of the photograph.
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Figure 10. Vitric siltstone containing bed of volcanic sandstone (at 30-38
cm) in Unit IV, Section 135-841B-37R-3, 27-49 cm. Note high-angle
fault, with normal sense of displacement with respect to the bedding.

and usually fine upward into sandstone. In Section 135-841B-
40R-2 thin conglomerate beds are found as discrete, structureless
intervals within sandstone. Microfaulting occurs throughout the
unit.

108-

110-

112-

Figure 11. Load casts and flame structures in volcanic siltstone and
sandstone of Unit IV, Section 135-841B-37R-3, 106-113.5 cm.

Tectonic Deformation

Unit IV forms the footwall to a major normal fault at 458 mbsf,
and microfaults, offsetting lamination and bedding on a millime-
ter- to centimeter-scale, are common throughout the unit. Both
normal and reverse faulting occur. These are discussed in detail
in the "Structural Geology" section (this chapter).

Soft Sediment Deformation and Hydrothermal Alteration

Soft sediment deformation is common within the upper parts
of Unit IV and in the coarser grained sediments in the lower part
of the sequence. Soft sediment deformation is evident as flame
structures, ball-and-pillow structures (e.g., in Section 134-841B-
35R-2, 90-92 cm), load-casts (Fig. 11), and convoluted laminae.
A characteristic reticulate pattern is present within the volcani-
clastic siltstones of Unit IV and is especially prominent in Core
135-841B-33R (Fig. 8). The reticulate pattern is developed in
siltstones with white to light gray laminae of planar and cross-
laminated, coarse-grained silt or very fine-grained sand.

Hydrothermal fluids have probably circulated through these
sediments, particularly along fractures, faults, and within coarser
grained laminae where permeability is greatest, resulting in leach-
ing and alteration of the sediment. These paler-colored, altered
zones are typically 2-3 mm thick (Fig. 8; see "Structural Geol-
ogy" section, this chapter).

Unit IV is interpreted as a series of turbidites possibly depos-
ited on a submarine fan. Conglomerates and breccias in the lower
part of the unit may be proximal gravity flow deposits, whereas
turbidites higher in the sequence may have been deposited in a
more distal position relative to the source area.
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Figure 12. Coarse matrix-supported basaltic conglomerate/breccia in vol-
canic sandstone, Section 135-841B-40R-2, 37.7-47.2 cm.

UnitV
Interval: Sections 135-841B-41R-3, 113 cm, through 135-841B-

47R-2, 90 cm Depth: 549.1-605.0 mbsf.
Age: early Oligocene to late Eocene
Thickness: 55.9 m

Unit V has an estimated sedimentation rate of 19 mm/k.y. (see
"Sediment Accumulation Rates" section, this chapter). Total re-
covery was 18.35 m, representing approximately 37% of the
stratigraphic section. The age of the unit ranges from late Eocene
to early Oligocene, based on biostratigraphic and paleomagnetic
data. In the uppermost part of Unit V there are beds of volcanic
conglomerate (Sections 135-841B-41R-3, 113 cm, through 135-
841B-42R-1, 42 cm, at 549.1-554.7 mbsf). Clayey calcareous
volcanic sandstone with foraminifers is the main lithology in the
upper part of the unit (in Sections 135-841B-42R, 42 cm, through
135-841B-42R-CC, at 554.7-564.0 mbsf). These sediments con-
tain thin interbeds of sandy claystone, clayey sandstone, and
claystone. Calcareous volcanic sandstone with foraminifers and
calcareous volcanic sandstone are the dominant rock types in
Cores 135-841B-43R through 135-841B-45R at 564.0-592.9
mbsf. In the lowermost part of Unit V (in Core 135-841B-46R
through Section 135-841B-47R-2, 90 cm, at 592.9-605.0 mbsf),
calcareous volcanic sandstone with large foraminifers and large

foraminifer bioclast volcanic sandstone overlie a rhyolitic volcan-
ic complex. This contains an interbedded series of rhyolitic lavas
and pyroclastic sediments, including ignimbrites and welded tuffs
(see "Igneous Petrology" section, this chapter).

Volcanic Conglomerate/Breccia

A reddish brown, matrix-supported volcanic conglomerate/
breccia occurs in the uppermost part of UnitV (Sections 135-841B-
41R-3, 113 cm, through 135-841B-42R-1, 42 cm, at 549.1-554.7
mbsf). This contains a polymict assemblage of brown, yellow,
black, red, green, and white mafic rocks fragments, intraforma-
tional clasts of sedimentary rocks (mainly calcareous volcanic
sandstone and claystone), and, possibly, silicic volcanic rocks.
The clasts are up to 3 cm in diameter and are generally rounded
to very angular. They are in a matrix of medium- to very coarse-
grained reddish brown sandstone. The volcanic conglomerate/
breccia is poorly sorted and contains very thin interbeds of vol-
canic sandstone. The volcanic conglomerates/breccias are exten-
sively fractured, partly as a result of drilling brecciation, and are
relatively strongly altered.

Clayey Calcareous Volcanic Sandstone with Foraminifers

This lithology is the dominant type in the upper part of Unit V
(in Sections 135-841B-42R, 42 cm, through 135-841B-42R-CC,
at 554.7-564.0 mbsf). The color of these sediments ranges from
light gray or light pinkish gray to dark brown. The clayey calcar-
eous volcanic sandstone with foraminifers contains very thin- to
medium-bedded layers of dark red and reddish brown clayey
sandstone, sandy claystone, and claystone. The clayey sandstones
are generally medium- to coarse-grained and well-sorted, with
subrounded grains of reddish or black mafic rock fragments and
dark mafic crystals, including unaltered pyroxenes. These sandy
interbeds are normally graded with sharp basal contacts and may
be planar laminated. The interbedded sandy claystones and clay-
stones are usually structureless. This sequence is heavily biotur-
bated and primary sedimentary structures and bedding are fre-
quently absent because of reworking. The large influx of volcanic
sand indicates proximity to an actively eroding volcanic center.

Calcareous Volcanic Sandstone and Calcareous Volcanic
Sandstone with Foraminifers

Calcite-cemented, very dark gray, greenish gray or dark green-
ish gray calcareous volcanic sandstone and calcareous volcanic
sandstone with foraminifers are the dominant sediments in the
middle part of Unit V (Cores 135-841B-43R through 135-841B-
45R, at 564.0-592.9 mbsf). These sediments are generally biotur-
bated, with common Zoophycos burrows, especially in Core 135-
841B-45R. The volcanic sandstone is usually fine-grained and
structureless; however, 1- to 8-cm-thick, normally graded, coarse-
to fine-grained volcanic (mafic) sandstone layers occur. These
contain abundant fresh pyroxene crystals. Some of these layers
show load casts at their base.

Large Foraminifer Bioclast Volcanic Sandstone

This lithology was recovered only in Cores 135-841B-46R and
135-841B-47R and probably corresponds to the shallowest
marine conditions present in Unit V. This lithology is charac-
terized by an abundant benthic faunal assemblage, containing
unbroken Discocyclina sp. tests (see "Biostratigraphy" section,
this chapter; Fig. 13), indicating low-energy conditions and large
(up to 4 cm), nearly complete, thin-walled bivalve shells. These
are interpreted as representing shallow-water, normal marine sa-
linity conditions at the time of deposition. Other common faunal
constituents include red algae, and Halimeda sp. algae, indicating
proximal, very shallow water depths.
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Figure 13. Calcareous volcanic sandstone with foraminifers, Section
135-841B-46R-2, 133-142 cm. Note the abundant large, unbroken Dis-
cocyclina sp. foraminifer tests present throughout the deposit.

The delicate nature of the Discocydina sp. tests and the Ha-
limeda sp. fragments preclude long transport histories. Proximity
to an eroding volcanic terrain is suggested by the presence of
angular quartz and feldspar fragments and by rounded grains of
volcanic glass and ferromagnesian minerals within the sediment.
The large foraminifer bioclast volcanic sandstone contains up to
48% CaCO3.

Volcaniclastic Sedimentology

The sedimentary sequence at Site 841 is dominated by volcan-
iclastic deposits of early middle Miocene to late Miocene age,
interpreted as turbidites. Previous volcaniclastic sedimentation
was principally pyroclastic, with subaerial tuffs and ignimbrites
intercalated with rhyolitic lava flows in the deepest levels of the
sequence (see "Igneous Petrology" section, this chapter).

Low pelagic sedimentation rates and limited bioturbation have
resulted in the preservation of abundant fallout tephras of middle
Pleistocene to Pliocene age in the upper part of the sequence at
Hole 841A (Unit I). More than 25 well-preserved coarse and fine
ash layers, normally <5 cm thick, occur mainly in Cores 135-
841A-1H to 135-841A-4H. They are interbedded within firm,
slightly bioturbated clays, which often contain interspersed vitric
shards in trace amounts. Also thin, distal turbidite sands occur
interbedded with the hemipelagic clay. The number of epiclastic,
normally graded beds is comparable to the number of pyroclastic
beds. A significant component of the clay is clay-sized volcanic
glass shards, locally constituting beds of almost 100% glass
fragments.

In Unit V (early Oligocene to late Eocene) the volcaniclastic
input is diluted by neritic carbonate material. For the remainder

of the sequence recovered at Site 841 the sediments principally
occur as normally graded beds, which form two major fining-up-
ward cycles. The lower cycle, comprising Unit IV, is of early
middle Miocene age, while the upper, comprising Units III, II and
I, is of late Miocene age. These cycles are characterized by an
upward reduction in grain sizes and thicknesses of individual
beds. Figure 14 shows the variations in bed thickness plotted
against depth for volcaniclastic beds in Hole 841A (0-186.5
mbsf). While beds 1-5 cm in thickness occur throughout the
sequence, beds greater than 10 cm thick are generally restricted
to the lower half of the sequence. It should be noted, however,
that because of the relatively poor recovery in the lower part of
Hole 841A compared to the good recovery in Cores 135-841 A-1H
through 135-841A-6H and 135-841A-8H, beds thicker than the
recovered core, from this portion of the hole, are not represented
in this chart.

Volcanic conglomerates/breccias in Units III and IV are gen-
erally structureless or planar stratified. These beds show sharp,
scoured basal contacts and are normally graded.

Volcanic sandstones from all units show a variety of sedimen-
tary structures indicative of high-energy current activity. Struc-
tureless, normally graded beds are very common, but planar
laminae, cross-laminae, and wedge-planar laminae also occur
throughout. Loaded and scoured bases, flame structures, soft
sediment folds, and convoluted bedding testify to the rapid em-
placement of volcanic sands and subsequent dewatering. We
interpret these sediments as turbidite deposits.

Volcanic siltstones are present as normally graded, planar
laminated, wedge-planar laminated, and trough cross-laminated
intervals, but structureless beds and convoluted intervals are also
common. Burrow structures are generally sparse and of the simple
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Figure 14. Variations in thickness vs. depth of volcaniclastic beds within
Hole 841A (Unit I and the upper part of Unit II). Note that thickness is
logarithmic.
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vertical and horizontal tubular form (e.g., Trichichnus sp.) typical
of deeper water environments (bathyal to abyssal >IOOO m; Ek-
dale et al., 1984). High sedimentation rates coupled with the low
organic carbon content of these sediments restrict the burrowing
fauna to a minimum.

Chemical Variation
SiO2 concentrations of vitric shards in the volcaniclastic sedi-

ments from the upper part of the sequence (Unit I and II) were
estimated from refractive index measurements (after Church and
Johnson, 1980, and Schmincke, 1981). For this analysis, the
sediment sample was prepared following the method described in
the "Lithostratigraphy" section of the "Site 834" chapter (this
volume). The refractive indices of the different volcanic glass
shard groups were then determined using standard reference op-
tical oils and the total silica contents were calculated. The results
of this analysis are shown in Table 3. Analyses are restricted to
the upper parts of the recovered section (shallower than 270
mbsf), as sediments from the lower parts are more indurated and
therefore more difficult to disaggregate efficiently in the short
period of time available. In addition, higher degrees of alteration
are found in volcaniclastic sediments from lower levels, affecting
the reliability of the refractive index measurement.

Figure 15 shows the total calculated variability in silica con-
tents for all samples from both Holes 841A and 84IB. Due to the
large number of glass types identified in some sands, it was often
only possible to identify end-member compositions. This may

Table 3. Refractive indices (n) and SiO2 concentrations (estimated
from Church and Johnson [1980] and Schmincke [1981]) of vitric
shards (63-36 µm size fraction) from volcanic sandstones in Holes
841A and 841B.

Sample (cm)

135-841A-

1H-2, 107
2H-2, 110
2H-2, 110
3H-1, 102
4H-5, 54
4H-5, 54
8H-1.6
8H-1.6
8H-1,6
11X-1, 120
11X-1, 120
12X-CC, 24
12X-CC, 24
12X-CC, 24
15X-l,60
15X-1, 60
15X-1.60
17X-CC, 18
17X-CC, 18
17X-CC, 18
21X-1.68
21X-1.68
21X-1,68
21X-1.68

135-841B-

7R-1, 145
7R-1, 145
7R-1, 145
9R-1.82
9R-1, 82
10R-1, 12
10R-1, 12
12R-CC, 14

Depth
(mbsf)

2.57
11.10
11.10
19.02
34.04
34.04
65.56
65.56
65.56
92.20
92.20

100.94
100.94
100.94
130.20
130.20
130.20
149.08
149.08
149.08
177.58
177.58
177.58
177.58

219.55
219.55
219.55
238.62
238.62
247.12
247.12
269.42

Comment

Clear, dominant
Clear, dominant
Pale green
Clear, dominant
Clear, dominant
Clear
Greenish brown, dominant
Clear
Dark brown
Clear, dominant
Brownish green
Greenish brown, dominant
Dark brown
Pale green
Clear, dominant
Clear
Greenish, altered
Clear, dominant
Pale green
Green, altered
Green
Greenish brown
Very pale green, dominant
Green, dominant

Clear
Clear
Greenish brown
Clear
Greenish brown
Clear
Greenish brown
Clear

n

1.504
1.514
1.558
1.518
1.522
1.512
1.576
1.518
1.574
1.514
1.568
1.566
1.566
1.552
1.520
1.542
1.566
1.518
1.542
1.558
1.594
1.580
1.524
1.558

1.518
1.568
1.574
1.520
1.570
1.526
1.568
1.524

SiO2

(wt%)

71.7
68.8
57.7
67.7
66.6
69.4
53.8
67.7
54.2
68.8
55.5
55.9
55.9
59.0
67.2
61.4
55.9
67.7
61.4
57.7
50.3
53.0
66.1
57.7

67.7
55.5
54.2
67.2
55.0
65.5
55.5
66.1

partially contribute to the concentration of many data points at
either end of the spectrum of observed compositions. In any case,
the plot does demonstrate the wide range of glass compositions
found, from basaltic (50 wt% SiO2) to rhyolitic (72 wt% SiO2).
Figure 16 shows the change in total silica contents with depth
below seafloor. Filled circles represent the largest single glass
population in any one sample, whereas minor glass components
are shown as open circles. It is evident that for much of the section,
glasses of a number of different compositions are present in
individual volcanic sandstone layers. Furthermore, the proportion
of silica-poor to silica-rich glass is variable. Toward the top of the
sequence, shallower than 100 mbsf (corresponding to the late
Miocene), all but one of the sampled sands is dominated by
silica-rich, dacitic to rhyolitic glass, although basaltic andesitic
glasses are still an important component.

Alteration
Vitric shards are optically clear to slightly hydrated in the

uppermost part of the sequence in Hole 841 A. Volcaniclastic
sediments in Hole 84IB are nearly all altered to varying degrees.
The intensity and inferred temperatures of alteration, however, do
not appear to increase downhole.

The most common alteration effect found throughout Hole
84IB is the replacement of volcanic glass in both vitric shards and
the groundmass of volcanic lithic clasts by fine-grained clay
minerals, presumably mainly smectite (Fig. 17). Clay minerals are
only rarely found, filling veins, vesicles, and other pore spaces.
Colors of clay minerals range from pale yellowish, brown to dark
brown, and slightly greenish brown. Rare bright green clay min-
erals, which occasionally completely fill small vesicles, are ten-
tatively interpreted as celadonite (e.g., Sample 135-841B-15R-1,
24-28 cm). Optically clear to slightly hydrated glass is abundant
above Core 135-841B-7R (above 220 mbsf), and in smaller
amounts deeper in Hole 841B (e.g., in Sample 135-841B-33R-2,
24-27 cm; 469.54 mbsf, and Sample 135-841-34R-2, 81-85 cm;
479.81 mbsf). Some volcanic glass has also been preserved in
lithic fragments which are imbedded in lower Oligocene calcare-
ous sandstone (Sample 135-841B-42R-3, 118-122 cm; 558.52
mbsf).

Iron hydroxide minerals are found in trace amounts in most of
the samples. They occur either as thin coatings of clastic grains
and minerals, or more rarely partly replacing the vitric
groundmass of volcanic lithic fragments. Authigenic calcite oc-
curs less frequently, but may constitute as much as 10 vol% in
individual samples (e.g., Sample 135-841B-2R-2, 6-8 cm; 171.36
mbsf, and Sample 135-841B-15R-1, 24-28 cm; 295.14 mbsf).
Small, granular, pore-filling aggregates of secondary quartz have
been identified only in Samples 135-841B-18R-CC, 15-17 cm,
and 135-841B-20R-3, 1-4 cm, at 324.97 mbsf and 345.51 mbsf,
respectively.

Zeolites mainly occur in two intervals of the sedimentary
sequence, at 364.48 to 421.12 mbsf, and from 519.22 to 574.90
mbsf. Several types of zeolites occur, some of which were tenta-
tively identified by optical methods. Often fibrous aggregates of
natrolite-thompsonite partly or completely fill interparticle pore
spaces (e.g., Sample 135-841B-28R-CC, 1-2 cm; 421.12 mbsf;
Fig. 18). Almost isotropic, equant, euhedral grains of analcime
frequently replace plagioclase (e.g., Sample 135-841B-22R-3,
8-10 cm; 364.48 mbsf; Fig. 19). More rarely, analcime occurs as
a pore-filling phase (e.g., Sample 135-841B-22R-1, 64-67 cm;
362.04 mbsf). A third type of zeolite, probably heulandite, is
found to completely replace pumiceous shards farther down in the
sequence (e.g., Sample 135-841B-38R-3, 12-15 cm; 519.22
mbsf).

Prehnite is a major pore-filling phase in the same two intervals
where zeolites are abundant. It forms aggregates of bladed,
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Figure 15. Variation in refractive indices and calculated silica content of volcanic glass shards extracted from volcanic
sandstones from Holes 841A and 841B (estimated after Church and Johnson [1980] and Schmincke [1981]). Plot
contains data from all sampled levels of both holes and shows the variability found at this site.

slightly elongate crystals in the center of the vesicles, which are
up to 300 µm long and randomly oriented. At the vesicle margins
these crystals are smaller grained and oriented subparallel to the
vesicle rims (Fig. 20).

Epidote, usually with distinctive yellowish green pleochroism,
is found in four samples, and in one instance, intergrown with
pumpellyite (Sample 135-841B-22R-3, 8-10 cm; 364.48 mbsf;
Fig. 21). Epidote is not common in these samples but occurs as
rare, isolated grains.

The abundance of unaltered volcanic glass in the upper part of
the Holes 841A and 84IB (0-170 mbsf) is indicative of normal,
low-temperature diagenetic conditions. Replacement of glass by
clay minerals starts at about 170 mbsf and increases gradually
downsequence. At about 270 mbsf increasingly abundant zeolites
indicate slightly enhanced alteration temperatures, probably well
below 100°C (Evarts and Schiffmann, 1983). At about 325 mbsf,
the appearance of prehnite suggests an increase in alteration
temperatures. The occurrence of rare epidote (with or without
pumpellyite) in a few samples is consistent with an even higher
alteration temperature of at least 200°C (Browne, 1978; Ellis,
1979). However, the occurrence of epidote as clastic grains may
indicate that it was not formed in situ but is of detrital origin.
Below 421 m, the degree of alteration decreases to an almost pure
clay mineral assemblage before returning to a zeolite + prehnite
± calcite ± clay minerals (+ epidote?) assemblage in the interval
from 519.22 to 574.90 mbsf.

The two intervals with evidence of enhanced alteration tem-
peratures show a close spatial relationship to basaltic andesitic

intrusions, which have a minimum total thickness of about 18 m
(see "Igneous Petrology" section, this chapter). These intrusions
indicate one or more episodes of active volcanism, younger than
10 Ma, in the proximity of Site 841. It is likely that the two
intervals of zeolite to probable lower greenschist-facies metamor-
phism in Hole 84IB are related to this volcanism.

Depositional History

The date of the earliest sedimentation at Site 841 is unknown,
but paleontological data suggests it is at least late Eocene in age.
The first sediments deposited were the products of subaerial
pyroclastic airfall events. In addition to welded rhyolitic tuffs
(ignimbrites), proximal volcanic rhyolitic tuff breccias are pre-
sent. The presence of rare dark pebbles, tentatively identified as
basalt, within these sediments indicates that the exposed landmass
had basaltic volcanic rocks of Eocene or older age in addition to
active silicic volcanic centers. The oldest dated sediments recov-
ered from Site 841 show that shallow-marine carbonate sedimen-
tation was established over eroding volcanic arc basement by the
late Eocene. Paleo-water depths were shallow (10-60 m), with
normal marine salinity and a rich fauna. Episodic emplacement of
volcanic sands suggest that the site was still close to an exposed
volcanic arc, although it is not clear if it was active at this time.
Carbonate sedimentation continued until the early Oligocene. A
sedimentary hiatus occurs between the early Oligocene and early
middle Miocene, after which a sequence of volcanic conglomer-
ates, breccias, and sands were deposited. These sediments fine
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Figure 16. Variability of total silica contents with depth (mbsf) at Site
841. Where more than one glass type was identified in a sample the most
abundant type is marked by a solid circle and the minor glass types by an
open circle.

upward into interbedded volcanic sandstones and siltstones, inter-
preted as turbidites.

Volcaniclastic sediments in the lower part of the upper Mio-
cene again comprise volcanic sandstones and conglomerates.
These sediments accumulated rapidly, possibly on a proximal
submarine fan. Upward there is a transition into thin-to medium-
bedded sandy and silty deposits, and finally into clayey siltstones
with thin sandstones. These sediments are interpreted a s distal
turbidites.

From the late Miocene to the middle Pleistocene, hemipelagic
clays with minor interbedded volcaniclastic turbidites and thin
pyroclastic ash layers were deposited.

STRUCTURAL GEOLOGY
Site 841 is located 48 km to the east of Site 840. It is situated

on the upper trench slope in 4810 m of water, 40 km to the west
of the axis of the Tonga Trench and positioned on a minor
NNE-SSW elongate topographic arch trending parallel to the
strike of the slope.

Microfaults
Site 841 is unique among Leg 135 sites in that abundant

evidence for significant tectonic disruption of the succession was
encountered. Sedimentary bedding, inclined in excess of 15°,
even within a meter of the mudline, and microfaults, with throws
of <l mm to several centimeters, are preserved throughout the
succession. The majority of microfaults have normal displace-
ments (Fig. 22, although see below) which, when their slip vectors
can be determined with precision, are very close to pure dip slip.
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Figure 17. Downhole plot showing the occurrence of secondary minerals
in Hole 841B. Open squares indicate sedimentary samples; solid squares
indicate igneous rock samples, including rhyolitic tephras, pumice brec-
cias, welded tuffs, and lapilli tuffs.

Normal microfaults have been identified as high in the succession
as Core 135-841A-2H, corresponding to a depth of 9.3 mbsf.
Paleomagnetic data suggest that sediment from this depth has
polarity consistent with magnetization during the Jaramillo Sub-
chron, of early Pleistocene age (0.93-0.98 Ma; see "Paleo-
magnetism" section, this chapter). Normal faulting must therefore
have been taking place in the region at least until the early
Pleistocene, and multichannel seismic reflection data (see Fig. 4)
suggest that this has continued in the Holocene.

Major Fault Zones

Brittle, deformed rocks are intersected at several different
intervals at Site 841, and are taken to correspond to fault zones.
These zones of deformation are discussed individually in this and
the following section. Two of the zones are considered to be
significant fault zones as they juxtapose substantially different
lithologies, although their actual displacements are not known.
The remaining fault zones are not associated with stratigraphic
hiatuses, are therefore thought to be associated with lesser dis-
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Figure 18. Photomicrograph of radial aggregate of fibrous zeolite, probably natrolite-thompsonite in Sample 135-841B-28R-CC, 1-2 cm (Unit III);
plane polarized light; long side of photomicrograph = about 0.6 mm.

placements, and are described below under the heading "minor
fault zones."

Higher Fault Zone: Sections 135-841B-31R-1 and -32R-1
(449^58 mbsf)

Earthy-textured fault gouge and fault breccia, including epi-
dote-bearing fragments of tonalite, are present at the base of Core
135-841B-31R and in the uppermost 35 cm of Core 135-841B-
32R (Fig. 23). Only 0.16 m of rock was recovered from Core
135-841B-31R and it is possible that fault rock was also present
over much of the intervening 9.5 m. The fault zone separates upper
Miocene volcaniclastic sediments above from lowest middle Mio-
cene volcaniclastic sediments. Three nannofossil and at least
seven foraminiferal zones are absent, implying that the structure
had a normal sense of displacement. This is corroborated in
adjacent cores by offsets of steeply dipping microfaults (some-
times apparently conjugate; Fig. 24) that are thought to be sym-
pathetic to the major structure.

The fault zone coincides with major changes in rock physical
properties; peak values of sonic velocity and thermal conductivity
occur at this level (see "Physical Properties" section, this chapter).
Significant hydrothermal alteration of the sediments is observed
over a depth of more than 100 m below the fault zone, but does
not appear to affect the hanging wall strata at all. Footwall sedi-
ments are traversed by large numbers of veins belonging to
several generations of fracturing, and sometimes cleavage may be
formed, although whether this is an extension or a pressure solu-

tion phenomenon is not obvious from hand specimens alone. The
earliest and most pervasive phase of alteration involves the for-
mation of pale halos around veins (Fig. 25) and normal micro-
faults (Fig. 24). The veins are typically very narrow (<0.5 mm)
and may be filled with a chalky white mineral that preliminary
shipboard X-ray diffraction (XRD) analysis suggests may include
thaumasite, a sulfate of calcium and silicon (see "Igneous Petrol-
ogy" section, this chapter). The pale halos around the veins and
fractures may be several millimeters wide and appear to be formed
by leaching of the volcaniclastic wall-rock rather than by the
addition of any other mineral. The leaching is also concentrated
along bedding planes, preferentially in the coarser grained sandy
sediments, which were presumably more permeable to fluid flow
(Fig. 25; see also Fig. 10). The alteration gives rise to a distinctive
"zebra-striped" appearance to the rocks and often accentuates
original sedimentary structures. The extent of the leaching of
more than 100 m into the footwall of the fault zone, and its absence
on the hanging wall, are significant.

The leached veins, fractures, and bedding are cut by large
numbers of irregular, often anastomosing, thaumasite-filled veins
up to 4 mm in width (Fig. 25). Several generations of veins may
be recognized. They largely postdate the normal faulting but may
occasionally display small, normal offsets themselves.

Lower Fault Zone: Section 135-841B-47R-2 (605 mbsf)

The second major fault zone in Hole 84IB separates calcareous
volcanic sandstone and shallow-water bioclast volcanic sand-
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SITE 841

Figure 19. Photomicrograph of euhedral plagioclase crystal in Sample 135-841B-22R-3, 8-10 cm (Unit III). The plagioclase is partly replaced by
analcime/chabazite. Zeolite can be recognized in the lower right half of the crystal where cleavage parallel (010) is replaced by a pattern of diagonal
fractures and crystal boundaries. Partly crossed nicols; long side of photomicrograph is about 1.5 mm.

stones of late Eocene age above from a 230-m-thick sequence of
rhyolitic tuffs and ignimbrites below. The magnitude and dis-
placement sense of the fault zone is not known but general
stratigraphic relationships and the offset of associated smaller
scale faults in Cores 135-841B-44R to 135-841B-46R, within
30 m of the fault zone, suggest that it, too, is normal. The upper-
most preserved part of the fault zone itself starts in Section
135-841B-47R-2 at a depth of 90 cm (605.0 mbsf), with a 12-cm
interval containing several nonoriented polished clasts of lime-
stone and rhyolite. One rhyolite clast has a foliated cataclastic
fabric indicative of high strain. Beneath these clasts, 64 cm of
extremely soft white clay was recovered. The clay contains abun-
dant millimeter-sized quartz grains (often euhedral), occasional
pumice fragments up to 1 cm in diameter, and mineralized lithic
fragments, including a 2-cm pebble of strained vein quartz, dark
gray fine-grained (andesitic?) lava fragments and jasper. The
lithic fragments contain disseminated pyrite, and grains of sulfide
are dispersed widely throughout the clay. The clay is undeformed
except for a narrow, gently-dipping schistose shear band in Sec-
tion 135-841B-47R-2, 106-109 cm (Fig. 26), and a series of
low-angle shear structures in Section 135-841B-47R-CC, 108-
127 cm, that appear to have brecciated and disaggregated a pre-
existing foliated clay-bearing rock of uncertain origin (Fig. 27).

Formation of the soft white mineralized clay is thought to be
largely post-kinematic, with the exception of the minor fault
strands described above. The shear strength of the clay appears to

be so low that any significant displacement along the main fault
zone would have obliterated these faults entirely.

Minor Fault Zones
Minor fault zones are defined for the purposes of this discus-

sion as those intervals within the core over which faulted rock or
significant shattering of the core (demonstrably pre-drilling) has
been recognized and whose displacement is greater than the scale
of the core, but which do not give rise to detectable hiatuses or
repetitions of the stratigraphic sequence. They are therefore as-
sumed to be of lesser magnitude than those structures described
in the previous section, although this assumption need not be valid
if the lithologies are homogeneous. We envisage them to be
comparable in magnitude to outcrop-scale mesofaults that have
displacements on the order of tens of centimeters to tens of meters.

Section 135-841B-36R-1, 87-120 cm {497.7^98.0 mbsf)

A total of 33 cm of indurated, foliated, faulted rock was
recovered from lithologic Unit IV at a depth of 498 mbsf (Fig.
28). No reliable kinematic indicators were observed in hand
specimens of the faulted rock; analysis of its slip history will be
based upon post-cruise petrofabric studies. The faulted rock lies
within the zone of leaching described above from the footwall of
the fault zone at 449-458 mbsf, and has itself been heavily
modified by hydrothermal alteration in the form of cross-cutting
anastomosing veins of a fine gray-white mineral that is similar in
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SITE 841

Figure 20. Photomicrograph of vesicle completely filled by slightly elongate, bladed crystals of prehnite in Sample 135-841B-23R-3, 18-24 cm (Unit
III). Partly crossed nicols; long side of photomicrograph is about 1.5 mm.

appearance to the thaumasite vein fill described above. It is
considered probable that the minor fault zone at 498 mbsf is
subsidiary to the major structure that lies 40 m above it (see
above).

Sections 135-841B-44R-1 to -46R-2 (-574-595 mbsf)

Minor faults are distributed throughout the 25-30 m of core
that lies above the major mineralized fault zone at 605 mbsf.
Slickensides are common and many surfaces are coated with soft
talc-like or clay minerals. Where the core is sufficiently coherent
for the orientation of fractures relative to the borehole axis to be
discernible, the striations fall on steeply dipping planes and dis-
play almost pure dip-slip normal senses of motion.

Section 135-841B-51R-3 (645 mbsf)

In Section 135-841B-51R-3 coherent but hydrothermally al-
tered green rhyolitic tuffs at the top of the section change abruptly
to a gouge, formed of comminuted fragments of the same lithol-
ogy. No discrete fracture planes were observed at or close to the
transition from competent to crushed rock, but a fault zone is the
most reasonable explanation for the sudden transition.

Section 135-841B-63R-1 (757 mbsf)

Core 135-841B-63R marked the transition to very poor recov-
ery at the base of Hole 841B. Recovery in Core 135-841B-63R
was 1.79 m, but only 1.3 m in total was recovered from the
succeeding seven cores, until unstable rock caused termination of

the hole at 834.2 mbsf. Core 135-841B-63R, which is made up of
pale green tuffaceous breccia, is cut by a large number of fault
strands and associated gouge zones throughout. Discrete fracture
planes are occasionally preserved, dipping steeply with respect to
the axis of the borehole, and a pair of conjugate normal faults with
moderately to steeply plunging slickenside surfaces was recog-
nized. The poor recovery beneath Core 135-841B-63R may be an
indication that the brittle fracturing continues below.

Reverse Faults
The history of normal faulting presented above from the entire

depth range of Holes 841A and 841B is complicated by the
presence of microfaults with reversed senses of motion (e.g., Fig.
29) at certain depth intervals. Some apparent reversed senses of
motion on steeply dipping microfaults are actually normal with
respect to the sedimentary bedding (see Fig. 10) and may therefore
represent tilted normal faults. However, reverse motion on the
majority of the microfaults, some of which dip at a shallow angle,
cannot be explained in this manner and appears to represent
genuine although perhaps localized compressional faulting. The
true reverse microfaults appear to be restricted to the approximate
intervals 170-360 mbsf and 460-530 mbsf (i.e., entirely within
the Miocene parts of the succession). None has been observed that
has a displacement of more than a few centimeters. In the higher
stratigraphic levels, at -200-220 mbsf, slump folds and other
structures clearly indicative of soft-sediment deformation are
preserved (see "Lithostratigraphy" section, this chapter). Mi-
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SITE 841

Figure 21. Photomicrograph of detrital(?) epidote/pumpelleyite intergrowth. Sample 135-841B-22R, 8-10 cm (Unit III).
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Figure 22. Microfaults with normal sense of motion in lower Pleistocene
clays; Section 135-841A-2H-4, 120-124 cm.

crothrusts are observed in the axes of some of these slump folds,
and these have displacements parallel to the senses of motion of
the slumps (Fig. 30). This may suggest that these sediments were
being affected by compression before or during lithification (i.e.,
at a very early stage). No obvious intersections between the
microthrusts and normal microfaults were observed in the core;
however, the microthrusts are cut by the white hydrothermal veins
described above. These observations, when considered together,

suggest that the reverse faulting probably predated at least some
of the normal faulting. If this is so, a possible change in the
tectonic regime in the Tonga forearc between the Miocene and the
early Pleistocene (at the oldest) may be implied. The relationship
between the normal and reverse faulting will be established with
more certainty following detailed integration of paleomagnetic
and logging data post-cruise.

BIOSTRATIGRAPHY
The sedimentary section at Site 841 yielded planktonic fora-

minifer and calcareous nannofossil assemblages of middle Pleis-
tocene, late Miocene, early middle Miocene, early Oligocene, and
late Eocene ages. The middle Pleistocene assemblages found in
Core 135-841 A-1H are separated from those of late Miocene age
by a barren interval spanning Cores 135-841A-2H through 135-
841A-6H. Dissolution effects from deposition below the CCD are
probably responsible for the lack of preserved faunas and floras
in this interval. The upper Miocene section continues through the
rest of the section recovered in Hole 841A and in Cores 135-841B-
2R through 135-841B-12R. Assemblages in this interval continue
to show varying degrees of dissolution resulting from both depo-
sition at or near the CCD together with diagenetic effects. Poor
preservation in the Miocene assemblages from Cores 135-841B-
13R through 135-841B-29R prevent more exact age determina-
tion. A barren interval followed by a fault (see "Structural Geol-

602



SITE 841

cm

5 -

1 0 -

1 5 -

2 0 -

2 5 -

3 0 -

3 5 -

40-

4 5 -

Figure 23. Faulted rock from the major fault zone at 458 mbsf; Section
135-841B-32R-1, 0-49 cm. The pale clast at 22-24 cm contains epidote.
Note veining and normal faulting in laminated volcaniclastic sediments
beneath the faulted rocks.

cm

14 -

1 6 -

1 8 -

20 - 1

Figure 24. Leaching associated with a normal microfault, suggesting that
motion on the fault predated or was coeval with leaching; Section 135-
841B-34R-2, 13-20 cm. Note the slight normal faulting on either side of
a small horst structure in the center of the piece; these tiny faults form a
conjugate pair.

ogy" section, this chapter) separates lower middle Miocene faunas
and floras in Cores 135-841B-32R through 135-841B-40R from
the overlying section. This section rests unconformably on a
section of lowermost Oligocene to upper Eocene in Cores 135-
841B-41R through 135-841B-47R. Larger benthic foraminifers
from the lower part of the Eocene section (Cores 135-841B-46R
and 135-841B-47R) indicate that it was deposited in warm, shal-
low water. These cores also contain reduced planktonic assem-
blages. A fault (see "Structural Geology" section, this chapter)
separates the Eocene section from volcanic units below.

The biostratigraphic results for Sites 841A and 841B are sum-
marized in Figures 31, 32, and 33.

Calcareous Nannofossils

Pleistocene

Pleistocene calcareous nannofossils were encountered in only
one sample from near the top of Hole 841 A. Other samples from
Core 135-841A-1H through Section 135-841A-6H-CC are barren.
This paucity is attributable most likely to dissolution effects
associated with deposition below the CCD.

Sample 135-841A-1H, 50 cm, contains a flora including Ge-
phyrocapsa oceanica and G. caribbeanica but not Emiliania
huxleyi or E. ovata. On this basis this sample is assigned to
Subzone CN14b. This sample also contains a reworked flora
including Discoaster spp. and Cyclicargolithus spp.

Upper Miocene

Nannofossil assemblages in the Miocene part of the sedimen-
tary section show variable signs of dissolution effects. Preser-
vation in most samples is moderate to poor. In some assemblages,
however, dissolution appears to have removed some taxa while
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Figure 25. Two generations of veining; Section 135-841B-33R-2, 38-57
cm. Earlier narrow veins, with white ?thaumasite infilling, are associated
with leaching of the volcaniclastic silts to a pale color. Leaching also
occurs along bedding planes, preferentially along coarser grained sedi-
ment layers. A later generation of broader veins, filled by white minerals,
including thaumasite, cuts the bedding and zones of earlier leaching.
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Figure 26. Minor schistose shear strand in mineralized white clay infilling
major fault zone at 605 mbsf; Section 135-841B-47R-2, 102.5-112 cm.
Detrital material within the clay is quartz and sulfide; the edge of a larger
lava pebble is also visible at the top left-hand corner.

leaving those remaining quite pristine. High in the section disso-
lution is associated with deposition below the CCD. In more
lithified sections lower in the hole dissolution may be due to
diagenesis.

Sample 135-841A-7H-CC contains a flora including only dis-
coasters. Coccoliths are absent. The flora includes Discoaster
brouweri, D. surculus, D. variabilis, D. challengerii, and D.
berggrenii. The first evolutionary occurrence of D. berggrenii
falls at the base of Zone CN9 (Okada and Bukry, 1980) and the
extinction falls within Subzone CN9b (Bukry, 1973). On this
basis this sample is assigned to Zone CN9. Samples 135-841A-
8H-CC through 135-841 A-llX-CC yielded more diverse floras,
also including D. berggrenii. They are assigned to Zone CN9.

Samples 135-841A-16X-CC through 135-841A-18X-CC, 135-
841A-20X-CC, and 135-841B-2R-CC contain floras including
Minylitha convallis. This taxa first occurs within Subzone CN8a
and sometimes ranges to within Subzone CN9a (Bukry, 1973). On
this basis these samples are assigned an age of Subzone CN8a to
Subzone CN9a.

Sample 135-841B-4R-CC yielded a flora including Discoaster
neorectus, D. variabilis, D. pentaradiatus, Sphenolithus abies, S.
neoabies, and Reticulofenestra pseudoumbilica. This sample is
assigned to Subzone CN8b.

Samples 135-841B-5R-CC through 135-841B-12R-CC, 135-
841B-14R-CC, and 135-841B-16R-CC contain floras with M.
convallis. They are assigned to Zone CN8. Sample 135-841B-
14R-CC contains rare reworked Oligocene/lower Miocene Cycli-
cargolithus spp.
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Figure 27. Deformation within mineralized white clay infilling major
fault zone at 605 mbsf; Section 135-841B-47R-CC, 15-27 cm. Note
foliated protolith at 22-27 cm becoming disaggregated and sheared.

Samples 135-841B-15R-CC through 135-841B-17R-4, 33 cm,
yield sparse, poorly preserved floras containing Calcidiscus mac-
intyrei. This species initially occurs at the base of Subzone CN3
(Bukry, 1973). These samples are therefore assigned an age of
Zones CN3 to CN8.

Sample 135-841B-13R-CC yielded a sparse flora including
only two taxa: Sphenolithus neoabies and Cyclicargolithus flori-
danus. Sphenolithus neoabies ranges from Miocene to Pliocene.
Cyclicargolithus floridanus ranges from upper Oligocene to
lower Miocene. This flora could be entirely reworked, but it
indicates a Miocene age.

Sample 135-841B-22R-2,125 cm, taken from the sandy matrix
of a conglomerate, yielded a single specimen of the early to
middle Miocene taxon Sphenolithus heteromorphus. Although
this specimen is almost certainly reworked, it indicates that the
conglomerate still represents Miocene deposition.

Samples 135-841A-14X-CC, 135-841A-15X-CC, 135-841B-
17R-CC, 135-841B-19R-3,21 cm, 135-841B-19R-CC, 135-841B-
21R-CC, 135-841B-22R-CC, and 135-841B-28R-CC contain flo-
ras too sparse and poorly preserved for age determinations.

Samples 135-841B-3R-CC, 135-841B-18R-2, 64 cm, 135-841B-
18R-CC, 135-841B-20R-CC, 135-841B-24R-CC, and 135-841B-
29R-CC through 135-841B-31R-CC are barren of calcareous nan-
nofossils.
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Figure 28. Foliated hydrothermally altered faulted rock from within the
zone of leaching of the foot wall of the major fault at 458 mbsf; Section
135-841B-36R-1, 87-120 cm.
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Figure 29. Reverse microfaults in upper Miocene sediments; Section
135-841B-2R-1, 64-71 cm.

Middle Miocene

Samples in this part of the section show diagenetic dissolution
similar to those in the upper Miocene.

Samples 135-841B-32R-CC through 135-841B-36R-CC, 135-
841B-39R-CC, and 135-841B-40R-CC contain floras including
Sphenolithus heteromorphus and Cyclicargolithus floridanus but
not Helicosphaera ampliaperta. On this basis these samples are
assigned to Zone CN4. Samples 135-841B-33R-CC and 135-841-
34R-CC also yielded the reworked Oligocene/early Miocene taxa
Cyclicargolithus abisectus.

Samples 135-841B-37R-CC, 135-841B-38R-CC,and 135-841B-
41R-CC are barren of calcareous nannofossils.

Lower OligocenelEocene

Floras in this part of the section are generally abundant and
fairly well preserved.

Samples 135-841B-42R-CC and 135-841B-43R-CC yielded flo-
ras including Reticulofenestra umbilica, R. hillae, Dictyococcites
bisectus, Dictyococcites scrippsae, Ericsonia formosa, Ericsonia
subdisticha, Zygrhablithus bijugatus, Discoaster deflandrei, and
Discoaster tanii nodifer. This flora is characteristic of Subzones
CP16b or CP16a. A single specimen of Discoaster saipanensis
identified from Sample 135-841B-42R-CC, if in place, could
indicate placement of these samples in Zone CP15.

Sample 135-841B-44R-CC contains a flora including Disco-
aster saipanensis and Discoaster barbadiensis and lacks Chias-
molithus grandis. On that basis this sample is assigned to Zone
CP15.

Sample 135-841B-45R-CC yielded a flora with limited diver-
sity including Discoaster barbadiensis and Ericsonia formosa but
dominated by Pemma spp. The genus Pemma ranges from middle
to upper Eocene. The flora in this sample is assigned that age.
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Figure 30. Microthrusts in the hinge of a soft-sediment fold in upper
Miocene sediment, possibly indicating early syn-lithification reverse
faulting; Section 135-841B-6R-1, 49-57 cm.

Sample 135-841B-46R-CC yielded only tiny placoliths and
small, overgrown sphenoliths. No age determinate taxa were
identified from this sample.

Sample 135-841B-47R-CC and deeper samples are barren of
calcareous nannofossils.

Planktonic Foraminifers
A total of 68 core-catcher samples were examined for plank-

tonic foraminifers at Site 841. Of these 29 were barren and seven
contained faunas too poor to permit any detailed age determina-
tion. Most barren samples and those with poor faunas probably
coincide with stratigraphic intervals deposited below the CCD or
within conglomeratic beds. The remainder contain faunas from
the middle Pleistocene to upper Miocene, lower middle Miocene
and upper Eocene.

Pleistocene

Sample 135-841A-1H-CC contains a very poorly preserved
foraminiferal fauna of a few minute forms and radiolarians which
may be Pleistocene in age. Downcore, Samples 135-841A-2H-CC
to 135-841A-7H-CC lack foraminiferal faunas, probably the re-
sult of deposition below the CCD.

Pliocene to Upper Miocene

Several samples above and below 135-841A-8H-CC and 135-
841A-10X-CC are barren. Although diversity is low in both
samples, the presence of Globorotalia (Gr.) merotumida in both
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SITE 841
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1 -

2 -
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Pu. finalis

N23 Bo. calida calida

Bo. praeadamsi

Gr. (Tr.)
crassaformis hessi

r Gr. (Gr.) cultrata limbriata
1 Bo. adamsi

Gr. (Gr.) tumida fle×uosa

r Bo. calida calida
~1- Sp. dehiscens excavata
s Bo. praeadamsi

Pu. finalis

- Gr. (Tr.) tosaensis 0.6

• Gr. (Tr.) crassaformis hessi
f-L1 Pulleniatina

CN15

CN14

N22 Gr. (Tr.)
crassaformis viola

Gds. q. fistulosus

-L2 Pulleniatina

- L3 Pulleniatina

-L4 Pulleniatina
• Gds. obliquus extremus 1.8
Gr. (Tr.) truncatulinoides 1.9

Gd. q. fistulosus
-L6 Pulleniatina
L7 Pulleniatina

'ulleniatina

L5 Pulleniatina
CN13

i- Gr. (Tr.) truncatulinoides

J

N21

Gds. q. fistulosus

Gr. (Gr.) multicamerata

- 2.9-Lθe. altispira altispira πr IQC) inflata
1 v '

Gr• (Gc•) nomiozea
Sphaeroidinellopsis sp.

CN12

3 0
Gr. (Tr.) tosaenis3.1

N19/20

- Gr. (Ob.) margaritae 3.4

- Pu. primalis 3.5

- Pulliniatina sp. SD 3.8 (1_9 Pullinatina)

~ L Pu. spectabilis 3.9
Ga. (Go.) nepenthes nepenthes 3.9

- Gr. (Tr.) crassaformis s.l. 4.3
- Gr. (Gc.) puncticulata 4.4

CN11

CN10

N18

N17

r-Sp. dehiscens dehiscens 5.1
^,Gr. (Gr.) tumida tumida 5.2
J Gd lbt

da 5.2
Gds. conglobatus

Gq. dehiscens dehiscens

Gr. (Gr.) leguaensis

Gr. (Ob.) margaritae5.6

- Pu. primalis 5.8

-Gr. (Gc.) conomiozea 6.1

Gr. (Gr.) tumida plesiotumida

N16
— Nq. humerosa 7.5

£ huxleyi

-E.huxleyi 0.27

- £ ovata

1H

• G. oceanica 1.68

G. Caribbeanica 1.74

D. brouweri 1.9

• D. pentaradiatus

• D. surculus 2.4

r Sphenolithus spp. 3.5

—L R. pseudoumbilica 3.5
D. asymmetricus Acme

' A. primus
A. tricorniculatus

C. rugosus 4.5

C. acutus 4.57

• C. acutus 5.0

. C. rugosus 5.0

D. quinqueramus 5.6

A. primus 6.5

Figure 31. Biostratigraphic results, Site 841.
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D. neorectus
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D. hamatus 8.85
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N14
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Nq. acostaensis 10.2

Pa. εiakensis 10.4

Ga. (Go.) nepenthes nepenthes 11.3

• Gr. {Fo.) lobata and Gr. (Fo.) robusta 11.5

CN6

N12

— Gr.(Fo.) robusta 12.6
CN5

— Gr. (Fo.) lobata 13.1

N11

N10

N9

Gr. (Fo.) praefohsi 13.9

Gr. (Fo.) peripheroronda 14.6

r Gr. (Fo.) peripheroacuta
-14.9 -

\_ Praeorbulina sicana
Praeorbulina glomerosa glomerosa

• Orbulina suturalis 15.2

D. hamatus 10.0

. C. coalitus 10.8
D. kugleri

D. kugleri 13.1

• S. heteromorphus 14.4

CN4

N8

-16.3 — ,

Praeorbulina glomerosa circularis 16.2

Praeorbulina glomerosa glomerosa
Gds. diminutus

• Praeorbulina glomerosa curva 16.5

- Praeorbulina sicana 16.6
Gr. (Gc.) miozea

• 16.8 — Gr. (Gc.) zealandica,
Gr. (Gc.) pseudomiozea

H. ampliaperta 16.2

CN3

Figure 31 (continued).
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Pseudohastigeriπa 34.0

Tc

• — Pellatispira

Tb

Ta3

Tu. cerroazuleπsis cocoaensis
• 32.0 — Tu. cerroazulensis cerroazulensis

Hantkenina

- Globigerinatheka sp. 37.0

- Cribrohantkenina inflata

— Globigerinatheka semiinvoluta 37.6

— Cribrohantkenina inflata

— Pellatispira

— Acarinina and Truncx>rotaloides 40.6

— Morozovella spinulosa 41.1

— Globigeriπatheka semiinvoluta 41.3

CP16
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Figure 31 (continued).
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Figure 32. Paleontology summary chart, Site 841. See Figure 1 caption for an explanation of the abbreviations used.
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Figure 32 (continued).
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Figure 33. Time-stratigraphic summary, Site 841.

samples and Gr. (Gr.) tumida plesiotumida with Gr. (Gr.) len-
guaensis in Sample 135-841A-10X-CC indicates Zone N17A.
Samples 135-841A-11X-CC to 135-841A-16X-CC are barren.
Samples 135-841A-17X-CC to 135-841A-19X-CC contain low-
diversity faunas, including Neogloboquadrina acostaensis, indi-
cating an age no older than Zone N16 (Kennett and Srinivasan,
1983). The presence of Gr. (Gr.) lenguaensis in Sample 135-
841A-10X-CC indicates that these levels are no younger than
Zone N17A. Sample 135-841A-20X-CC contains Globigerina
(Globoturborotalita) nepenthes with a few small, nondiagnostic
forms, giving a maximum age of Zone N14. Because Ga. (Go.)
nepenthes is present in most higher assemblages, it is considered
unlikely that the age is any older than Zone N16, and, in addition,
nannofossil data indicates a maximum age of Zone CN8 for this

sample, a level which correlates to the middle part of Zone N16.
Sample 135-841A-21X-CC is barren of foraminifers.

Sample 135-841B-2R-CC contains an impoverished fauna with
both Ga. (Go.) nepenthes and Globogerinoides obliquus extre-
mus, indicating a level within Zones N16 to N19/20. Nannofossils
in this sample indicate Zones CN8a to CN9a, which correlate with
a part of the planktonic foraminiferal zonal interval N16 to N17A.
Many samples from 135-841B-3R-CC to 135-841B-19R-CC are
barren of foraminifers but the lowest contains a low-diversity
fauna, including Gds. kennetti, a species ranging from Zone N16
to Zone N17 (Kennett and Srinivasan, 1983), giving a maximum
age for this part of the sequence as within Zone N16; nannofossils
give indeterminate results for this sample. Several samples from
135-841B-20R-CC to 135-841B-29R-CC are barren and most
others contain impoverished faunas, probably the result of depo-
sition close to the CCD. The lowest of these samples contains Ga.
(Go.) nepenthes, indicating a level no older than Zone N14.
Though this suggests that Zone N14 (middle Miocene) may be
represented in these samples, the faunas and floras are too poor
to permit an accurate assessment. A similar impoverished fauna
within the zonal interval N16 to 17A, and the lack of lithologic
evidence for a stratigraphic break between Cores 135-841B-19R
and 135-841B-31R implies that these lower samples may also be
referred to Zones N16 to N17A. Reworking of both upper Eocene
and upper Oligocene to lower Miocene faunas is evident within
samples assigned to the zonal interval N16 to N17A. Sample
135-841B-21R-CC contains an upper Oligocene to lower Mio-
cene fauna (zonal interval ?P22 to N5) and Sample 135-841B-
22R-CC contains Discocyclina sp. Reworking also is found in
Sample 135-841B-22R-2, 125 cm, which contains a nannofosssil
flora from Zones CN3 to CN5, correlating to within the forami-
niferal Zones N7 to N14.

Middle Miocene

Samples 135-841B-32R-CC to 135-841B-36R-CC contain
both Orbulina spp. and Praeorbulina spp., indicating Zone N9.
Samples 135-841B-37R-CC to 135-841B-40R-CC contain Prae-
orbulina spp. without Orbulina spp. and are referred to Zone N8.
These foraminiferal assemblages, though of low species diversity,
show no sign of dissolution effects and were probably deposited
at depths above the CCD.

Lower Oligocene to Upper Eocene

Samples 135-841B-41R-CC and 135-841B-42R-CC contain
Pseudohastigerina barbadoensis and Turborotalia ampliaper-
tura without Tu. cerroazulensis, indicating Zone PI8 (Berggren
and Miller, 1988). Samples 135-841B-41R-CC and 135-841B-
45R-CC contain Tu. cerroazulensis with Ps. barbadoensis, indi-
cating the P16 to P17 zonal interval. Though the extinction level
of Cribrohantkenina inflata defines the top of Zone P16 (Blow,
1969), this species is globally very rare, and its absence from these
samples, which were probably deposited in neritic conditions, is
possibly of little biostratigraphic consequence. Furthermore, Tu.
ampliapertura, which first appears at the base of Zone P17 (Blow,
1969), is absent from these samples though present in Samples
135-841B-41R-CC and 135-841B-42R-CC, again suggesting a
level below Zone PI7. In addition, the presence of Subbotina
linaperta in both Samples 135-844B-44R-CC and 135-841B-
45R-CC, which becomes extinct within Zone P16 (Blow, 1969),
gives further support to referring these samples to Zone PI6.
Sample 135-841B-46R-1, 35-39 cm, contains a more restricted
planktonic foraminiferal assemblage including Tu. cerroazulen-
sis, as well as larger benthic foraminifers (see below), and must
also be referred to Zone P16. Sample 135-841B-43R-CC was
barren of foraminifers.
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Larger Benthic Foraminifers

Eocene larger benthic foraminifers Asterocyclina, Discocy-
clina, Operculina, and Pellatispira are scattered throughout the
matrix of Cores 135-841B-22R to 135-841B-30R (lower part of
the upper Miocene section). These have been reworked from
upper Eocene sediments in the vicinity. The specimens are
slightly rounded and appear to have been transported only a short
distance. Of interest is the absence of Pellatispira from the upper
Eocene sediments intersected at this site. This form is present in
some limestones from 'Eua Island, and is used to define the Tb
letter stage boundary of Adams (1970). Reworked specimens are
present in the upper Miocene sequence but none are present in the
upper Eocene samples.

Samples 135-841B-46R-1, 35-39 cm, to 135-841B-47R-2,
79-83 cm, contain Amphistegina waireka, Asterigerina tectoria,
Asterocyclina matanzensis, Discocyclina omphala, and Opercu-
lina pacifica; nodular and articulated coralline algae and bryozoa
are also present. The number of specimens gradually increases
downcore from the top of Core 135-841B-36R to Sample 135-
841B-46R-CC and become rare in the underlying Core 135-841B-
47R, disappearing at the fault contact with the underlying volcan-
ic sequence. Larger foraminifers are most concentrated in Sample
135-841B-46R-CC. In this sample additional forms Heteroste-
gina saipanensis, Spiroclypeus vermicularis, Sherbornina carte-
ri, and Gypsina ?discus, together with Halimeda, also occur.
Throughout the section in Core 135-841B-46R the sediments are
fine-grained and poorly sorted, and the larger foraminifers are
delicate with only parts of the outer flange broken. These features
suggest that there was little or no postmortem reworking and that
it is a live assemblage. Throughout most of Core 135-841B-47R
the sediments are well-sorted fine sands with very low numbers
of foraminifers, but at the base of these sands there is a very thin,
hard calcarenite (Sample 135-841B-47R-2,90-92 cm) containing
fragments of the larger foraminifers together with planktonic
forms. The occurrence of these benthic species with planktonic
forms and the absence of miliolids suggests normal marine salini-
ties; the presence of planktonic forms in the samples from Core
135-841B-46R and Sample 135-841B-47R-2, 90-92 cm, suggest
contact with the open ocean. In contrast, however, the fine sands
from within Core 135-841B-47R lack planktonic forms, suggest-
ing that contact with the open sea ceased for a period until the
sediments within Core 135-841B-46R were deposited. The as-
semblage of larger foraminifers from both cores is distinctly
tropical. The absence of Pellatispira would normally place this
assemblage in the Ta3 letter stage, which is equivalent to plank-
tonic foraminifer Zones P10 to P14 (Adams, 1970; Chaproniere,
1983), but the presence of a Zone P16 planktonic assemblage
within the upper part of Core 135-841B-46R suggests a corre-
lation with the Tb letter stage.

SEDIMENT ACCUMULATION RATES
The three marine sedimentary sequences present at Site 841

are either separated by disconformities (between the lower middle
Miocene and lower Oligocene) or faulting (between the upper
Miocene and lower middle Miocene). Barren intervals or very
impoverished faunas and floras throughout the upper Miocene to
Pleistocene interval of Site 841 have limited the use of datum
levels for sedimentation accumulation rate calculations. Faulting
within the lower middle Miocene and lower Oligocene to upper
Eocene parts of the section has also made accurate positioning of
datums difficult because it has not been possible to estimate how
much of the section is missing. Furthermore, in the shallow-water
Eocene sequence only a few datums are available. For these
reasons the figures used to calculate the sediment accumulation
rates (Table 4) are, at best, approximations.

Table 4. Depths and ages of bioevents used to plot sedi-
ment accumulation rates for Site 841.

Depth Age
(mbsf) (Ma) Events

60.0 5.6 LAD Discoaster quinqueramus; top CN9
203.0 8.3 FAD Discoaster neorectus; base CN8b
458.0 10.1 FAD Gr. merotumida; base N16
458.1 14.9 LAD Praeorbulina glomerosa; top N9
504.0 15.2 FAD Orbulina suturalis; base N9
549.0 16.5 FAD Praeorbulina glomerosa curva; within N8
549.1 36.0 FAD De. tapuriensis; base P18
604.0 37.5 Within Zone P16

Note: LAD
datum.

= last appearance datum and FAD = first appearance

Figure 34 illustrates the sedimentation accumulation rates
based on the estimated bioevents in Table 4. The curve has been
divided into six sections. The interval (A) from 604 to 549 mbsf,
which covers the upper Eocene larger foraminiferal limestone
sequence, has a low sediment accumulation rate of 14 mm/k.y.
This figure is similar to that obtained from the paleomagnetic
data. Between 549 and 458 mbsf (B), the sedimentation rate
increases from 35 mm/k.y. in the lower part to 160 mm/k.y. for
the upper part (C), covering an interval of lower middle Miocene
volcanic siltstone, sandstone, and conglomeratic sequence. No
paleomagnetic data are available for this interval. The lower
boundary of this unit is an unconformity and the top is fault
bounded. The base of the upper Miocene to Pleistocene section,
between 458 to 203 mbsf (D), is an interval of volcanic conglom-
erates and sandstones, with high sedimentation rates of 142
mm/k.y. similar to the rate inferred from the paleomagnetic data.
Between 203 and 60 mbsf (E), sediment accumulation rates fall
to 53 mm/k.y. as the sequence becomes more fine grained. Above
60 mbsf (F), sedimentation rates fall to 11 mm/k.y. within a
sequence of clays barren of calcareous microfossils which was
deposited below the CCD.

53 mm/k.y.

700

Age (Ma)
20 30 40

142 mm/k.y.

160 mm/k.y.

35 mm/k.y.

V
14mm/.k.y. 4k

Figure 34. Graphic representation of age vs. depth data illustrating the
sedimentation rates at Site 841 using bioevents and depths given in
Table 4. Filled triangles = biostratigraphic datum points. A plot of the
paleomagnetic data is also included for comparison, indicated by plus
signs.
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PALEOMAGNETISM

Remanent Magnetism
Nearly all remanent magnetization measurements were made

with the pass-through cryogenic magnetometer on 7-cm3 (soft
sediment) or 8-cm3 (consolidated sediment) cubes sampled from
the working-half core sections. After measuring the natural rema-
nent magnetization (NRM), the cubes were remeasured at the
pass-through cryogenic magnetometer after alternating field (AF)
demagnetization at 1, 2,4,7,10, 15, 20, 25, 30,40, 50, and 60 mT
(and in some cases 80 and 100 mT) using the Schonstedt AF
demagnetizer above 25 mT. A few discrete samples were also
analyzed using the Molspin Minispin spinner magnetometer and
the Molspin pulse magnetizer to investigate the type of magnetic
grains contained within the samples.

Archive-half sections from APC-drilled Cores 135-841A-1H
through 135-841A-8H were measured with the pass-through cryo-
genic magnetometer to determine magnetic stratigraphy, and also
in oriented Cores 135-841A-4H through 135-841A-8H to deter-
mine paleomagnetic declination. XCB-drilled cores were not
measured with the pass-through magnetometer because they suf-
fered moderate to heavy drilling disturbance and were unlikely to
produce reliable results.

Magnetic Properties
The sediments at Site 841 are strongly magnetic. Their NRM

intensities range between 4 and 1000 mA/m with a mean of 360
mA/ra in Hole 841 A, between 1.5 and 1220 mA/m with a mean
of 230 mA/m in Hole 841B, and between 10 and 930 mA/m with
a mean of 300 mA/m in Hole 841C. The strong magnetizations
probably result from volcanic material ubiquitously present in the
sediments. In contrast to other Leg 135 sites, the sediment color
at this site is dominantly light gray to light brownish gray because
of a high content of vitric volcanic silt and sand (see "Litho-
stratigraphy" section, this chapter).

Isothermal remanent magnetization (IRM) acquisition curves
(Fig. 35) show a rapid saturation with increasing magnetizing
field strength, indicating that the magnetic grains within both the
sediments and the igneous rocks behave like magnetite.

Another factor in producing the strong magnetizations is a
pervasive upward-oriented overprint that gives the sediments
NRM inclinations near -90° and completely masks their polari-
ties. The vertical direction of the overprint implies that it results
from exposure of the sediments to strong magnetic fields (an IRM)
in the core barrel and/or drill string. The sediments acquire this
strong drill-string-induced IRM because some of their magnetic
grains have low coercivities, although median destructive field
(MDF) values are sometimes as high as 20 to 40 mT (Fig. 36). At
times when the drill-string-induced IRM was not excessively high
the original polarity of the sediment was not obscured by the
overprint, although the inclination is usually biased to a shallower
value (Fig. 36). In other samples with a stronger drill-string IRM,
reversed polarity samples have been overprinted to appear nor-
mally polarized (Fig. 36). However, because it mainly resides in
low coercivity grains, this overprint is often removed with mod-
erate AF demagnetization (often 5-15 mT but sometimes higher;
Fig. 36) leaving a stable characteristic remanence that holds
geologic information.

In the basaltic andesite samples (325 to 326 mbsf and 390.5 to
393.7 mbsf) the NRM magnetization intensities ranged from
about 0.5 to 30 A/m. The magnetic remanence carriers appear to
be magnetite, as evidenced by the low field saturation of IRM
(Fig. 35).

Because AF demagnetization of the core archive halves during
Leg 135 was limited to 15 mT, characteristic magnetizations were
not always isolated. As a result, measurements made with the
pass-through magnetometer of the archive halves of the APC
cores must be regarded as reconnaissance results only.

Magnetic Polarity Stratigraphy
Determination of magneto stratigraphy at Site 841 proved a

difficult task. Apart from the inevitable problem with the IRM
overprint in sediments, the determination of magnetic polarity
stratigraphy was complicated by volcaniclastic silt and gravel
layers, which were quite abundant (see "Lithostratigraphy" sec-
tion, this chapter). These sediments were probably deposited
rapidly, some perhaps as turbidites. Thus, they are likely to record

0.4
Magnetizing field (T)

0.4
Magnetizing field (T)

0.6 0.8

Figure 35. A. Isothermal remanent magnetization (IRM) acquisition curves for five sediment samples from Site 841. Samples 135-841A-19X-1, 2-4
cm; 135-841B-7R-1, 101-103 cm; and 135-841B-15R-1, 34-36 cm, are vitric siltstones. Sample 135-841B-38R-2, 145-147 cm, is a volcanic siltstone
and Sample 135-841B-42R-3, 34-36 cm, is a clayey calcareous sandstone. The curves all display saturation in low applied fields between 0.08 and 0.14
T, indicating that the remanence carrier is magnetite in these sediments. B. Isothermal remanent magnetization (IRM) acquisition curves for two samples
of basaltic andesite at about 392 mbsf in Hole 841B. The samples display saturation in applied fields between 0.08 and 0.12 T, indicating the remanence
carrier to be magnetite.
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Sample 135-841A-5H-3, 40-42 cm
(0-60 mT) D NRM

N, up

W•

36.0 mA/m -

Horizontal
Vertical

S, down

Sample 135-841A-2H-1, 70-72 cm

20 40
AF field (mT)

20 40
AF field (mT)

Sample 135-841B-24R-1, 96-98 cm
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S, down . Horizontal

o Vertical
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Figure 36. Behavior of Site 841 sediment samples during alternating field (AF) demagnetization. A. Sample of brown nannofossil ooze from Hole
841A does not change polarity and reveals a characteristic magnetic component above 7 mT AF, although the median destructive field (MDF) is about
40 mT. B. Sample of gray, vitric mud from Hole 841A changes polarity at 4 mT AF. It shows two magnetization components with distinctly different
MDF; one value is due to the strongly remagnetized but low coercivity components (the drill-string IRM, MDF = 4 mT), and one is due to the intrinsic
NRM of the sediment (MDF = 25 mT). C. Volcaniclastic silt sample from Hole 841B does not change polarity, although the inclination is steepened
and reveals a characteristic magnetic component above 7 mT AF demagnetization, even though the MDF is about 30 mT. D. Another sample from
Hole 84IB changes polarity by 4 mT but does not show a characteristic stable remanence until after 25 mT AF demagnetization. The MDF is 22 mT
and the drill-string IRM severely biases the remanence. In each set of plots an equal areaplot of vector endpoints is shown at upper right, a normalized
intensity decay plot is at lower right, and an orthogonal vector endpoint plot is shown at left.

the magnetic field only for an "instant" of geologic time. Further-
more, because of their large grain sizes, these sediments are often
poor recorders of magnetic field direction.

Because the drill-string overprint is directed upward, it gives
the sediments an artificial "normal" polarity (for the Southern
Hemisphere) with magnetic inclinations approaching -90°. Fur-
thermore, in the NRM, this overprint almost always masks the
inherent polarities of the sediments. Even after AF cleaning to
15 mT, the magnetic inclinations are not distributed symmet-
rically around zero, as expected if the overprint had been com-
pletely removed. As the APC archive sections could only be AF
demagnetized to 15 mT, this was insufficient to remove drill-
string-induced IRM in many sections. Hence, many reversed
polarity sediments are overprinted with negative (i.e., apparently
normal) inclinations, so they are not reliable indicators of polarity.
Furthermore, declination was disturbed in some core sections, so
it also was not always a reliable polarity indicator. Hence, polarity
zones were defined by examining both declination and inclina-

tion. Where both were consistent, a reliable polarity determination
was possible. Inconsistent zones have been classified as either
"probably normal," "probably reversed," or "indeterminate."

Polarity determination in XCB and RCB cores of Holes 841A
and 841B were hampered by low recovery. Hence, it is difficult
to locate polarity boundaries and determine the sequence of rever-
sals. Because of these limitations, magnetostratigraphy interpre-
tations at Site 841 given here are somewhat tentative.

The magnetostratigraphy of the APC cores of Hole 841A (Fig.
37; Table 5) can be interpreted as a relatively continuous sedimen-
tary sequence extending from the Brunhes to the Gilbert chrons.
The Brunhes Normal Chron, the Brunhes/Matuyama boundary,
and the Jaramillo Subchron are all clearly seen in Cores 135-
841 A-1H and -2H. The majority of the sections beneath Jaramillo
are reversely polarized, with relatively short-duration normal
subchrons. The biostratigraphic data in this section are poor (see
"Biostratigraphy" section, this chapter), but they indicate a late
Miocene age for Core 135-841A-7H.
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Figure 37. Magnetic polarity stratigraphy from Hole 841 A, based upon pass-through cryogenic magnetometer measurements
on core archive halves (squares) supplemented by discrete specimens (circles). Wide columns at middle and left show the
magnetic inclination and declination, respectively. The narrow column in the middle shows core boundaries; disturbed
zones are indicated by dots. Columns at right show observed and interpreted magnetic polarities (black = normal, dark
stipple = probably normal, hachure = indeterminate, light stipple = probably reversed, and white = reversed). At far right,
chron and subchron names are shown in large and small type, respectively. Below the Jaramillo Subchron, models A and
B are shown, indicating two possible polarity interpretations. For further discussion, see text.
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Table 5. Magnetic polarity of Site 841.

Depth
(mbsf) Polarity

0.0

6.5

6.8

7.0

8.5

9.0

10.4

11.3

11.7

12.4

12.7

14.5

15.0

15.5

16.5

17.5

18.9

19.8

20.8

22.3

23.8

24.3

24.8

25.9

27.7

28.5

29.0

30.9

31.3

33.5

34.2

34.4

35.6

37.0

41.3

41.6

41.8

42.0

42.8

N

R

N

R

N

R?

N?

R?

R

R?

N

R?

N

R?

I

N

R?

R

N

R

N

R?

R

R?

I

R?

N?

N

R?

N?

R

I

R

R?

R

R?

R

R?

Age
(Ma) Chron/subchron

0.73

0.91

0.98

1.66

2.47

3.40

3.97

4.40

4.47

4.57

4.77

5.35

5.89

BRUNHES

BRUNHES

MATUYAMA

Jaramillo

Model A: Model B:

Olduvai

GAUSS

GILBERT

Cochiti

Sidufjall

Thvera

3r

3A

3Ar

1.66

Olduvai

2.47

2.92

2.99

3.08

3.18

3.40

GAUSS

Kaena

Mammoth

GILBERT

3.88

3.97
Cochiti

Table 5 (continued).

Depth
(mbsf) Polarity

Age
(Ma) Chron/subchron

43.0

43.2

43.6

45.3

45.5

46.5

54.5

65.5

71.4
71.9

72.3

91.2

91.5

100.8

100.9

120.3

120.5

129.6

130.4

139.3

139.5

148.9

159.5

170.0

171.3

171.8

191.1

191.2

198.8

239.3

247.0

247.2

268.9

277.1

277.2

280.1

280.7

295.9

296.4

297.7

R

R?

N

R?

I

R

I

R?

R

I

N

I

R

I

R

I

N

I

R

I

N

I

N

R

N

R

I

N

I

R

N

I

R

1

N

I

R

N

6.37

6.50
3B

4.10

4.24
Nunivak

3Br

(8.46) 4Ar-l

(8.76) 4Ar-2

(8.92)
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Table 5 (continued).

Depth
(mbsf)

298.1

305.5

307.3

307.5

309.5

311.2

311.4

313.0

336.3

336.5

343.3

392.8

401.0

402.0

419.0

421.1

430.8

431.6

439.2

439.1

458.3

458.7

540.2

545.4

564.9

565.4

575.2

596.0

602.6

602.7

604.0

604.6

643.4

645.0

TD

Polarity

R

N

R

N

R

N

R

N

R

N

1

R

N

R

I

R

I

N

I

R

I

R

N

I

N

R

I

N

I

R

I

N

I

N

I

Age
(Ma)

(10.42)

(10.54)

(14.59)

(11.03)

(11.09)

(11.64)

(35.87)

(37.24)

(37.68)

Chron/subchron

5

5r

5r-l

5r

5r-2

5A-1

Hiatus
5C?

Hiatus

13

13r

15

15r

16

Notes: Ages from magnetic polarity reversal time scales of Berggren et al. (1985)
and Harland et al. (1982). Models A and B are two different interpretations of
the polarity intervals from the lower part of Hole 841A (10.4-71.4 mbsf). Chron
names in capital letters, subchrons in lowercase letters. TD = total depth of hole.

Normal polarity subchrons between 15 and 45 mbsf, however,
do not closely match the magnetic polarity reversal time scale. As
a result, two possible models are shown in Figure 37. Model "A"
uses a probably normal polarity zone at 11.3 to 11.7 mbsf to
represent the Olduvai Subchron, the two normal polarity zones
from 14.5 to 16.5 mbsf to represent the Gauss Chron, the three
normal zones at 18.9 to 19.8 mbsf, 22.3 to 23.8 mbsf, and 24.3 to
24.4 mbsf to represent the Gilbert Chron, and the two normal
zones at 30.9 to 34.4 mbsf and 43.6 to 45.3 mbsf to represent
anomaly 3A and 3B chrons. In Model "B" the normal zone at 14.5
to 16.5 mbsf is interpreted as Olduvai. The next three normal
zones are modeled as the Gauss Chron with intervening Kaena
and Mammoth reversed subchrons, although the Kaena appears
much longer than expected. Finally, the normal polarity zones at
30.9 to 34.4 mbsf and 43.6 to 45.3 mbsf are interpreted as the
Cochiti and Nunivak subchrons of the Gilbert Chron.

Model B is more satisfying because it does not leave out major
subchrons as does Model A; it also accounts for large intervals of
reversed polarity in Cores 135-841A-4H to -8H as part of the
Gilbert reversed chron. The sedimentation rate of the Brunhes
through Jaramillo section implies a slow sedimentation rate of
8.8 mm/k.y., while the rate appears to increase to 62.5 mm/k.y. in
Gilbert (Model B).

In contrast to the top part of the core, the polarity record of
Site 841 below the APC section is remarkably simple (Fig. 38;
Table 5). The polarity is mostly normal from 148.9 to 307.5 mbsf
and mostly reversed from 313.0 to 392.8 mbsf. Biostratigraphic
data (see "Biostratigraphy" section, this chapter) imply that the
normal interval is Miocene Chron 5; hence, the reversed interval
below is probably reversed Chron 5r. The normal intervals be-
tween 72 and 149 mbsf are hypothesized to be normal subchrons
in Chron 4Ar, whereas those from 392.8 to 458.7 mbsf are as-
signed to subchrons in Chron 5r. The sedimentation rate during
anomaly 5 was 113.3 mm/k.y. (Fig. 39).

The biostratigraphy shows hiatuses at 459 and 545 mbsf, both
occurring within normal polarity zones. It also gives an age of
about 15.2 to 16.5 Ma for the interval of the upper hiatus. The
nearest long normal polarity zone is anomaly 5C which ended at
16.2 Ma. Below the older hiatus, biostratigraphy gives an age of
36 Ma at 549 mbsf, implying an age near anomaly 13. Hence the
three normal polarity zones between 545 and 604 mbsf are as-
signed to anomalies 13, 15, and 16, respectively. The sedimen-
tation rate during this period was about 31.5 mm/k.y. (Fig. 39).

Magnetic Susceptibility

Sediments

Volume magnetic susceptibility was measured on a routine
basis on whole (i.e., unsplit) core sections of sediments (and
basalts) from both holes at Site 841, whenever the core sections
appeared to be relatively full in cross section. Magnetic suscepti-
bility values in Hole 841A sediments range from 25 × lO~6 to 2620
× 10"6 cgs, with a mean value of 250 × 10"6 cgs, and display both
long and short wavelength variations (Fig. 40).

The broad-scale variation in susceptibility of Hole 841A of
APC sediment cores (Fig. 40) consists of half an order of magni-
tude oscillation over 10-20 m of depth. Most likely, these broad
peaks reflect variations in the general input of more strongly
magnetic volcanic material into the nannofossil ooze, which in
itself is only weakly magnetic.

Magnetic susceptibility values in Hole 84IB sediments range
from 3 × lO~6 to 3100 × 10"6 cgs, with an average of 630 × 10~6

cgs, and a plot of the data displays rather long wavelength varia-
tions (Fig. 41) for the interval 170 to 800 mbsf. Minima in the
susceptibility are seen at 250, 470, 670, and 790 mbsf, whereas
the maxima are found at 205, 395,550 and 760 mbsf, respectively.
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Figure 38. Magnetic polarity stratigraphy below 70 mbsf for Site 841, based upon cryogenic measurements
of discrete samples. Open squares are from Hole 841A, solid squares are from Hole 841B. The wide column
shows the magnetic inclination. Narrow columns show observed magnetic polarities (black = normal,
hachure = indeterminate, and white = reversed). At right, numbers of interpreted polarity chrons are
indicated.
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The latter cyclicity is likely to indicate broad lithological
variations in the vitric sediments, and hence perhaps in the re-
gional volcanic activity in the area, showing variations either in
the ash concentrations or in the concentration of iron-bearing
minerals in the ash.

Core Orientation

APC-drilled Cores 135-841A-4H through 135-841A-8H were
oriented using the multishot camera (see "Explanatory Notes"
chapter, this volume). Usable orientation photographs were ob-
tained for all five cores (Table 6); however, Core 135-841A-7H
encountered a resistant sediment layer and returned nearly empty.

Magnetic measurements were made with the pass-through
cryogenic magnetometer on archive-half core sections and dis-
crete samples. It was not possible to calculate mean paleo-
magnetic poles using the archive-half core measurements because
the inclinations were inconsistent and apparently biased by the
drill-string IRM, even after AF demagnetization at 15 mT. It was
also impossible to calculate mean poles with the shipboard dis-
crete samples because not enough reliable results were available
from undisturbed core sections.

Declination measurements from the archive halves, however,
appeared to be more reliable. Even though most of the cores have
apparently disturbed sections that yielded scattered declination
values, each has sections with good serial correlation. Interest-
ingly, each of the four oriented APC cores displayed a clockwise
shift in declination downcore. Least-square line regressions on the
declination measurements gave shifts of 2.7°-5.5°/m (Table 7).
Apparently, the APC rotates as it is injected into the sediments.

To calculate mean declinations for each oriented core, the
least-squares line regressions were used to extrapolate the decli-
nation value at the top of each core. Because the multishot tool
orients the APC just before it is fired, the top-of-core declination
value is assumed to be the most nearly correct. Corrected decli-
nations ranged from 164.8° to 212.3°, with an average of 189.4°
± 9.7° (Table 7).

INORGANIC GEOCHEMISTRY

A total of 20 interstitial water samples were collected at Site
841, six in Hole 841A and 14 in Hole 841B. In Hole 841 A,
interstitial water was collected from every core in the uppermost
31m. Below this depth, samples were taken every second core.
However, below 70.5 mbsf (Core 135-841A-8H), low recovery
prevented water sampling. In Hole 84IB, the sediments were
relatively hard and well lithified, and the least indurated samples
were chosen. Standard ODP squeezing techniques were used for
the removal of water samples (see "Explanatory Notes" chapter,
this volume). The volumes retrieved from the sediment samples
range from 3 to 34 mL. One sample collected in Section 135-
841B-37R-3 was so well indurated that no pore water could be
squeezed from it at a pressure of 35,000 psi. Results of the
interstitial water chemical analysis are listed in Table 8. Hole
84IB was drilled 20 m north of Hole 841 A. Because we assume
that a comparison of data can be made between the two holes, the
depth-concentration distributions are combined in Figure 42.

In Holes 841A and 841B, dissolved major constituents (chlo-
ride, sodium, calcium, magnesium, potassium, and sulfate) were
determined. Subsequent charge balance calculations yielded so-
dium concentrations. Ammonia, phosphate, silica, strontium, and
manganese were also carried out using colorimetric methods and
flame A A spectrophotometry.

Chemical Components

To assist with drilling operations at Hole 841B, drilling mud
was pumped between alternate cores. Therefore, special attention
was paid to possible contamination of the pore water by drilling-

mud filtrate. The composition of the drilling-mud filtrate is given
in Table 8. On the basis of chloride analyses, we estimated that
no sample was contaminated with more than 2% drilling-mud
filtrate. The chemical distributions presented in Figure 42 show
that the data obtained in Hole 841A can be favorably compared
to those obtained in Hole 84IB. In Hole 841 A, the distribution of
the major cations follows the pattern commonly described for
marine sediments (Gieskes, 1983): chloride and sodium concen-
trations are fairly uniform and similar to the average seawater
concentrations; and the concentration-depth profiles of calcium,
magnesium, and potassium indicate an increase in Ca and a
decrease in Mg and K.

The calcium and magnesium distributions, however, show an
almost linear relationship with a ΔCa/ΔMg ratio of about -0.78.
This feature reflects the alteration of volcanogenic material in
sediment characterized by high sedimentation rates. In the upper-
most 70 mbsf, the decrease in alkalinity must be related to a
downward diffusive exchange with the low alkalinity value deter-
mined in Hole 841B.

In the upper Miocene sediments of Hole 84IB (from 171.3 to
257.4 mbsf), the increase in calcium and chloride associated with
the decrease in magnesium, potassium, and sodium is unusual. At
251A mbsf, the chloride and calcium concentrations reach values
of 142.6 mM and 612 mM, respectively, the concentrations of
potassium and magnesium drop toward zero, and the sodium
concentration reaches a minimum value of 347 mM. These drastic
changes in concentrations of the dissolved major ions define a
reaction zone situated within the interval 250 to 640 mbsf. The
lower boundary of this zone is well defined by a calcium decrease
and chloride, sodium, magnesium, and potassium increases below
640 mbsf. These trends in concentration are opposite to those
observed during seawater/basalt interactions. The chloride and
sodium concentrations are higher than those of "average" seawa-
ter (Broecher and Peng, 1982) and rule out the possibility of
dilution by an advection of seawater to the basement below the
sediment cover. The very low porosity determined below 650
mbsf (e.g., about 15%; see "Physical Properties" section, this
chapter) also argues against a fluid circulation in this section of
rhyolitic breccias, tuffs, and welded tuff (see "Igneous Petrology"
section, this chapter).

In the interval between 250 and 640 mbsf, the chemistry of the
pore water indicates that the collected interstitial water is some of
the most intensively modified pore water of seawater origin yet
sampled by the ODP/DSDP programs, and can be defined as
CaCl2-rich brine. The porewater chemistry of the Site 841 is
similar to that obtained in only three other drilling sites in the
world: Sites 792 and 793 occupied during Leg 126 in the Izu-
Bonin arc sedimentary basin (Taylor, Fujioka, et al., 1990) and
Site 802 occupied during Leg 129 in the Central Mariana Basin
(Lancelot, Larson, et al., 1990). On Leg 126, a CaCl2-rich brine
was observed at depth in Oligocene sediments. At Site 792, a
maximum Ca concentration of 163.3 mM was observed at 599
mbsf and no chloride deviation was observed. At Site 793 the
concentrations of Ca and Cl reach stable levels of about 300 and
710 mM below 997 mbsf. At Site 802, maximum Ca and Cl
concentrations of 130 and 627 mM were determined at 109 mbsf
in Miocene sediment.

The changes in Ca, Mg, K, and Na at Site 841 are much more
pronounced than are usually observed in porewater-depth pro-
files, and are probably caused by the combined effect of chemical
exchange with abundant volcanogenic material and high rates of
sedimentation. Increased sedimentation rates cause diminished
diffusive exchange with the overlying ocean water (Gieskes and
Johnston, 1984), thus allowing steeper concentration gradients to
be maintained. Nevertheless, quantitative estimates of the diage-
netic processes at Site 841 await isotope measurements of pore
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Figure 39. Age vs. depth plot from magnetic polarity stratigraphy, Holes 841A and 841B combined. Age/depth points
are connected with solid lines. Index figure shows relative positions of parts A, B, and C (insets). A. Age vs. depth
plot from magnetic polarity stratigraphy of APC cores, Hole 841 A. Two possible models (A and B) below the
Jaramillo Subchron are shown. B. Age vs. depth plot from magnetic polarity stratigraphy between 90 and 430 mbsf,
Holes 841A and 841B. C. Age vs. depth plot from magnetic polarity stratigraphy between 540 and 620 mbsf, Hole
841B.

waters and quantitative determinations of the secondary mineral-
ogical phases (including clays, zeolites, sulfates, and other secon-
dary minerals).

Processes leading to enhanced Cl concentrations in pore wa-
ters include dissolution of evaporites, gas hydrate formation,
shale membrane filtration, and uptake of water by secondary

hydrous minerals. As evaporites are absent and concentrations of
organic carbon and methane are low (see "Organic Geochemistry"
section, this chapter), the first two processes may be discounted
here. If the elevated Cl concentrations were caused by shale
membrane filtration, a corresponding Cl minimum should also be
observed (Gieskes et al., 1990; Blanc et al., 1991). We suggest,
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Figure 39 (continued).

Table 6. APC core orientation data, Hole 841A.

Core
no.

135-841A-

4H
5H
6H
7H
8H

Camera
no.

3250
3250
3209
3209
3250

Compass

A
A
B
B
A

Inclination

Direction

N50°E
65°
75°
75°
75°

Drift

1.5°
1.5°
1.5°
1.8°
2.0°

Declination

321°
157°
348°
154°
303°

Notes: Magnetic declination at site is 14.5°E. Compass B was misaligned;
to correct declination values, add 13°. Inclination is the off-vertical
angle of the core; drift and direction are the dip angle and dip direction
(clockwise from north) of a plane perpendicular to the core axis.
Declination is the angle between the double line on the core liner and
magnetic north (measured clockwise).

Table 7. Oriented APC paleomagnetic de-
clination data, Hole 841 A.

Core

135-841A-4H
135-841A-5H
135-841A-6H
135-841A-8H

Mean:

Declination
(corrected)

164.8°
212.3°
192.2°
188.4°

189.4°+ 9.7°

Rotation

2.77m
5.2°/m
3.3°/m
5.57m

therefore, that the high chloride concentrations are probably

caused by uptake of water by secondary minerals, as also recorded

at the ODP Leg 126 and 129 sites.

The sulfate concentration decreases from 28.7 mM at 6 mbsf

to 11.9 mM at 257.4 mbsf (Fig. 42). From this depth to 651.5 mbsf,

the sulfate concentrations show values fairly uniform of about 1.3

± 0.3 mM. Below 651.5 mbsf, the sulfate concentration increases
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and reaches a value of 21.8 mM at 748.7 mbsf. The distribution
of sulfate observed in the uppermost 257.4 mbsf probably results
from bacterially mediated sulfate reduction. The ammonia maxi-
mum of 210 µM at 200.2 mbsf and the phosphate maximum at
24 mbsf also argue for biogenic oxidation of the organic matter.
Because phosphate is preferentially released during degradation
of organic matter, the phosphate maximum occurs at a shallower
depth than the ammonia maximum (Gieskes, 1983). Below 257.4
mbsf, sulfate concentrations are probably not controlled by bac-
teria activity. The absence of an increase in the alkalinity in the

uppermost 250 mbsf indicates that alkalinity is not controlled by
the sulfate reduction processes. The relatively low alkalinity
below 228.5 mbsf probably results from the precipitation of
carbonate in response to the release of calcium from altered
volcanogenic material. The amount of calcium carbonate precipi-
tated is expected to be very low; thus, this hypothesis does not
conflict with the very low amount of sedimentary carbonate
present (see "Organic Geochemistry" section, this chapter).

The distributions of dissolved silica, strontium, and manga-
nese show great complexity and are causally related to the local
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diagenetic processes (Table 8 and Fig. 42). Further lab-based
investigations on shore are necessary to define the possible reac-
tions affecting their concentration. The steep gradients observed
in silica between 257.4 and 296.4 mbsf, however, indicate a high
reaction rate leading to an uptake of silica in solid phases.

Conclusions
At Site 841, the pore waters have been extensively modified

from standard seawater values and include a CaCl2-rich brine. The
variations in concentrations of Ca, Mg, K, Na, and Cl are abnor-
mal for average marine sediments and are probably caused by the
combined effect of abundant volcanogenic material and high rates
of sedimentation leading to very low diffusivity. The observed
changes of dissolved sulfate, ammonia, and phosphate in the

uppermost 200 mbsf are likely to be related to the decomposition
of organic matter by sulfate-reducing bacteria. The observed
changes in silica, strontium, and manganese concentrations are
probably controlled by diagenetic reactions involving the altera-
tion of the volcanogenic material.

ORGANIC GEOCHEMISTRY
Shipboard organic geochemical analysis of samples from

Holes 841A and 841B consisted of 47 determinations of volatile
hydrocarbons in sediments using the Carle gas chromatograph, 30
determinations of total nitrogen, carbon, and sulfur using the
Carlo Erba NCS analyzer, 99 determinations of total inorganic
carbon using the Coulometrics 5011 coulometer equipped with a
System 140 carbonate/carbon analyzer, and 11 analyses with the
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Volume magnetic susceptibility (cgs)

,-3

Volume magnetic susceptibility (cgs)

30

Figure 40. Volume magnetic susceptibility of Hole 841 A, 0-60 mbsf. Both columns show susceptibility values plotted
on a logarithmic scale.

Rock-Eval instrument. Details of the analytical procedures used
are outlined in the "Organic Geochemistry" section, "Explanatory
Notes" chapter (this volume) and are described in detail by Emeis
and Kvenvolden (1986).

The volatile hydrocarbon gases were obtained from the bulk
sediment using the headspace sampling technique and were rou-
tinely monitored for methane, ethane, and propane. The cores

from which headspace samples were taken are given in Table 9.
Methane concentrations in most samples were between 2 and 3
ppm, which is very low and at the laboratory background level.
Ethane and propane were not detected in any sample. Sulfate
levels remain at relatively high levels throughout this hole (see
"Inorganic Geochemistry" section, this volume) and consequently
conditions were not favorable for methanogenesis. As at the other
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Figure 41. Volume magnetic susceptibility, 50 to 800 mbsf, Holes 841A
and 841B combined. Susceptibility scale is logarithmic. Column at right
shows sedimentary unit boundaries.

Leg 135 sites, this is probably because the very low levels of
organic carbon (see below) in these sediments were not enough
to sustain microbial activity. Slightly higher levels of methane
were recorded from some samples taken in the lower part of Hole
841, notably the sample from Section 135-841B-62R-1, which
contained 15 ppm methane. While this is a very low value when
compared to the methane concentrations commonly observed in
marine sediments, it is the highest methane concentration re-
corded during Leg 135. More surprising is that this core contained
igneous rocks (welded rhyolite tuffs). Since methane is only
associated with cores containing igneous rocks at this site, it could
be derived from a nonbiological process. The amounts of the other
gaseous hydrocarbons relative to methane can often be used to
help elucidate the origin of a gas (Claypool and Kvenvolden,
1983). In this case, methane is in such low concentrations that
ethane and propane would not be expected to be present in
detectable quantities, whatever the origin of the gas.

Determinations of inorganic carbon (IC) contents were per-
formed on the samples used for physical properties and on addi-
tional samples selected by the sedimentologists. Percentage of
CaCO3 is calculated according to the equation:

CaCO, = IC • 8.334.

This equation assumes that all the carbonate is present as calcite.
The data from these analyses are presented in Table 10. Carbonate
values range from 0.1% to 48.4%. Most sediments at this site have
a very low carbonate content. This is partly because, as at the other
Leg 135 sites, most of the sediments at Site 841 contain a large
component of volcaniclastic material. An additional factor at Site
841 is that most sediments were deposited in deep water, below
the CCD. The CCD is between the depth at which the rate of
carbonate dissolution exceeds that of the supply of pelagic carbon,
and the deep sea (e.g., Hay, 1988). The only samples to show high
carbonate values were from Core 135-841B-46R, which con-
tained abundant large foraminifers. Based on the presence of these
organisms and on other sedimentological features (see "Biostra-
tigraphy" and "Lithostratigraphy" sections, this chapter), this
interval has been interpreted as being deposited in a shallow
platform lagoon. Soon after deposition, the platform was drowned
and then progressively submerged. The carbonate values obtained
from samples obtained below these sediments are low because
they contain rhyolitic and other igneous rocks.

Also shown in Table 10 are the percentages of total carbon and
organic carbon. Total organic carbon (TOC) is defined here as the
difference between the total carbon and the inorganic carbon
values. Nitrogen and sulfur contents were also measured but not
detected in any of the samples analyzed. The sediments from Site
841 have organic carbon contents between 0.0% and 0.67%.
However, the four samples with the highest TOC values were all
from Core 135-841B-46R. This unit was probably deposited in an
environment with higher primary productivity (as indicated by the
presence of foraminifers) and a lower volcaniclastic input than
other sediments analyzed from this site.

Eleven samples with higher TOC values were analyzed using
the Rock-Eval instrument, and the results are shown in Table 11.
SI represents the amount of "free hydrocarbons" in the sample,
and S2 and S3 values represent the amount of hydrocarbons and
carbon dioxide, respectively, that can be released from the kero-
gen during pyrolysis or thermal maturation of the sediment. When
normalized to the amount of organic carbon, the derived parame-
ters hydrogen index (HI) and oxygen index (OI) are obtained,
which can provide an indication of the type of organic matter
(Espitalié et al., 1977). Tmax is the temperature where the maxi-
mum release of hydrocarbons from the pyrolysis of the kerogen
occurs and the production index (PI) is calculated by Sl/Sl + S2.
A more detailed explanation of these parameters is provided in
the "Explanatory Notes" chapter (this volume). TOC measure-
ments were not provided by the Rock-Eval instrument because the
TOC module was not working. The TOC values given in Table
11 represent the difference between the total carbon and inorganic
carbon values and hence are the same as those given for these
samples in Table 10.

Gatliff (1990) suggested that Eocene limestones, equivalent to
those outcropping on 'Eua, may be the source rocks for the seeps
on Tongatapu. Such rocks have not been penetrated by the explo-
ration wells drilled in the Tongatapu area. The TOC contents of
the Eocene carbonates from Core 135-841-46R are higher than
those reported by Buchbinder and Halley (1985) for Pleistocene
to Eocene sediments from the Tonga-'Eua area, and those reported
by Sandstrom (1985) for Miocene and younger sediments dredged
from the southern Tonga Platform. However, the results of Rock-
Eval analyses on these samples (Table 11) indicates that this
organic matter has no hydrocarbon potential, as it has been com-
pletely oxidized to inertinite. These results do not rule out Eocene
limestones as the source of the seeps on Tongatapu. Although Site
841 is over 250 km from Tongatapu (Fig. 2), in the vicinity of the
seeps there could have been better preservation of the organic
matter in this unit.
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Table 8. Interstitial water chemistry data, Holes 841A and 841B.

Core, section,
interval (cm)

135-841A-

1H-4, 140-150
2H-4, 140-150
3H-4, 140-150
4H-4, 140-150
6H-4, 140-150
8H-3, 140-150

135-841B-

2R-1, 142-150
5R-1, 142-150
8R-1, 75-85
11R-1,61-74
15R-1, 135-150
18R-2, 77-95
21R-1, 13-32
29R-1, 130-150
37R-3, 0-13
40R-2, 8-21
42R-3, 0-9

51R-2, 0-19
53R-1, 132-150
62R-1, 130-150

Drilling mud filtrate

Collected
water (mL)

50
50

50
50
30

50

34
20

22
20
18
7

18
4

0
7
8

35
3
6

Depth
(mbsf)

6.0
14.5
24.0
33.5
52.5

70.0

171.3
200.2
228.5
257.4
296.4

325.9
352.4
430.6

**

536.5
557.4

641.5
662.1
748.7

pH

7.58
7.89

7.67
7.53
8.07

8.23

8.47
8.45
8.84
9.12

8.93
ND
8.72
ND
**

ND
ND
8.10
ND
ND

10.00

Alkalinity
(mM)

3.406
3.430
2.986
3.081
2.640
2.121

1.149
1.135
0.749
0.929
0.967

ND
0.896

ND
**

ND
ND

0.885
ND
ND

ND

Salinity

(%o)

35.6
35.8

35.5
35.4
35.0
35.8

36.2
38.4

40.8
41.7
40.1
40.4
41.0
ND
**

40.3
40.1
42.5
42.2
42.0

14.8

C a 2 +

(mM)

11.2
13.0
13.9

15.5
17.3
20.0

49.6
84.9

134.6
142.6
138.3
136.5
126.2
120.5

**

126.6
124.4
125.1
107.3

66.5

4.25

M g 2 +

(mM)

50.0
49.3
48.4
46.6
43.3
41.2

30.5
18.5

3.1
1.5
0.5

0.0
0.0
0.0

**

0.0
0.0
7.6

13.9
19.3

12.0

K+

(mM)

11.7
11.6
11.4
11.1
10.5
10.3

7.5
5.5

2.6

1.9
1.2
1.9
1.1
1.4

**

0.9
1.5
2.6
4.0
4.2

2.5

cr
(mM)

548
546

547
548
549

547

570
584

613
612
605

600
607
609
**

609
607

618
621
649

212

S θ | "
(mM)

28.7
28.4

27.6
28.2
26.5
27.5

22.9
18.4

12.3
11.9
11.4
11.1
10.5
11.9
**

10.6
10.6

15.0
19.1
21.8

18.3

NHj
(µM)

4
15

21
21
59
84

188
210

185
141

120
74
72
45
**

31
10

25
36
26

9

PO^"
(µM)

3.6
4.8

7.9
5.7
2.2

1.9

0.8
1.4
0.9
ND
0.3
0.5
0.3
ND
**

0.6
0.5

1.4
ND
ND

3.4

S i 4 +

(µM)

487
514

527
607
543

431

493
462

442
456
139
149
122
ND

157
239
832
142
107

124

Sr2*
(µM)

105
111

107
107
98

105

95
75
50
55
60

95
121
ND
**

103
127
265
274
217

77

M n 2 +

(µM)

<IO
60.6

137.2
145.7
75.8

57.1

42.9
27.9

10.6
<IO.O
<IO.O
<IO.O
<IO.O
ND

**

<IO.O
18.7
42.8
14.1

<IO.O

<IO.O

Na +

(mM)

471
466

466
469
470

468

448
409

360
347

349
347
375
390
**

376
378

380
413
517

214

Note: ND = not determined.

The results of the other samples shown in Table 11 also suggest
that their organic matter is oxidized and is inertinite. This is
supported by the high OI, PI, andT m a x values. Some samples show
very high HI values (e.g., the sample from a depth of 0.88 mbsf),
suggesting that their organic matter has considerable hydrocarbon
potential. However, the other parameters indicate that these are
spurious results. Examination of the shape of the S2 peaks using
the Laboratory Automation System confirmed that this was true.
The S2 peaks, with the exception of the sample from 673.85 mbsf,
were almost flat, barely rising above the baseline and had been
integrated incorrectly by the Rock-Eval instrument. This would
also explain why the T m a x values fall outside the range of those
normally observed in sedimentary organic matter.

The results obtained from the NCS and Rock-Eval analyses of
the sample from 673.85 mbsf are also suspicious because this
sample is taken from a welded tuff interval. Hence it is unlikely
to contain organic matter other that which has been exposed to
high temperatures and no longer gives a significant S2 peak. As
the organic matter of this sample does show a significant S2 peak,
we concluded that our sample has been contaminated, either
during drilling or subsequently aboard ship. As the organic carbon
content of this sample is only 0.14%, it would take very little input
of extraneous material for the contamination to be apparent during
analysis.

IGNEOUS PETROLOGY

The two principal objectives of the site were to recover a
section of volcaniclastic sediments in order to examine the early
evolution of arc volcanism in the Tonga region and to identify the
age and composition of the forearc basement. The latter objective,
in particular, would test hypotheses for the origin of the forearc
as a trapped fragment of old oceanic crust (Hawkins et al., 1984)
or as an Eocene arc volcanic complex equivalent to the basement
on 'Eua (Bloomer and Fisher, 1985).

Two major igneous sequences were recovered from Hole
841B. The first (Unit 1, 324.76 to 497.68 mbsf) is a series of thin
basaltic andesite units within upper Miocene volcanic siltstones
and sandstones (Fig. 43). The contacts between the basaltic an-

desite and sediments include chilled margins, hyaloclastite brec-
ciation, and induration of the adjacent sediment, all suggesting
intrusive emplacement of the igneous material into the sedimen-
tary pile. Nine basaltic andesite units have been identified, rang-
ing from 7 cm to almost 18 m in recovered thickness. The orien-
tations of the chilled margins suggest that some are steeply
inclined and may represent dike margins, while others are flatter
lying and probably represent sills. Some may have been flows or
pillows but the contact features commonly found in the adjacent
sediment make this unlikely.

The second major igneous sequence (Units 2 through 6) com-
prises a series of low-K rhyolites, low-K rhyolitic tuffs, breccias,
welded tuffs, and lapilli tuffs (Fig. 43). This silicic complex
constitutes the lower 210 m of Hole 84IB. Evidence for welding
in some of the rhyolitic clasts and tuffs, the complete absence of
interbedded sediments and fossil flora or fauna, and the coexis-
tence of dense clasts and highly vesicular pumice suggest subaer-
ial emplacement. The silicic rocks are structurally overlain by
upper Eocene shallow-water calcareous volcanic sandstones (ap-
proximately 38 Ma).

Igneous rocks also occur as diverse clasts and cobbles in
sedimentary breccias and sandstones from Holes 841A and 841B.
The lithologies represented in clasts include highly altered vario-
litic basalt, rhyolite, and altered granodiorite or tonalite. These
are particularly prominent in breccias within early Oligocene
(Cores 135-841B-41R and -42R) and upper Miocene (Cores 135-
841B-21R through -30R) sediments.

Unit 1 was defined on the basis of the petrographic and li-
thologic similarities of the basaltic andesite intrusions. Subunits
were defined as continuous intervals of volcanic rocks bounded
by sedimentary layers. Subunit 10 includes two short (10-20 cm)
sedimentary rubble intervals mixed along a steeply dipping chill
margin. Unit divisions in the thick sequence of rhyolitic volcanics
and volcaniclastic rocks in the lower part of Hole 84IB are based
on significant changes in lithology. Subunits are defined on the
basis of more subtle lithologic breaks within each unit, some of
which may represent cooling unit discontinuities within single
complex eruptive events. A summary of the lithologic divisions
is given in Table 12.
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SITE 841

Table 9. Locations in Site 841 cores where head-
space samples were taken and their concentra-
tions of methane were obtained using the Carle
gas chromatograph.

Core, section,
interval (cm)

135-841A-

1H-5, 0-3
2H-5, 0-3
3H-5, 0-3
4H-CC, 0-3
5H-4, 0-3
6H-5, 0-3
8H-CC, 0-3
9X-CC, 0-3
14X-CC, 0-3
15X-CC0-3
17X-l,0-3
18X-1,0-3
19X-CC, 0-3

135-841B-

2R-1, 142-150

135-841A-

21X-1.0-3

135-841B-

4R-2, 97-100
6R-1,0-3
7R-2, 0-3
8R-1,0-3
10R-1, 0-3
HR-1,0-3
12R-CC, 0-3
13R-CC, 0-3
15R-1, 132-135
17R-1,0-3
18R-2, 0-3
20R-1,0-3
21R-l,0-3
22R-1,0-3
24R-CC, 0-3
27R-1,0-3
29R-CC, 0-3
30R-CC, 0-3
35R-CC, 0-3
45R-2, 0-3
47R-CC, 0-3
53R-1, 147-150
54R-1,0-3
56R-CC, 0-3
57R-CC, 0-3
58R-1,0-3
59R-1,0-3
62R-1, 130-133
63R-1,0-3
65R-CC, 0-3
66R-CC, 0-3
68R-CC, 0-3

Depth
(mbsf)

6.00
14.50
24.00
36.63
41.05
52.50
71.36
72.67

120.91
130.39
148.90
153.90
159.66

171.22

176.90

191.57
208.40
219.60
227.70
247.00
256.70
269.30
281.14
296.22
313.80
325.00
342.50
352.10
361.40
382.32
409.70
431.71
440.61
491.64
584.80
605.50
662.07
670.20
689.73
699.69
708.80
718.10
748.50
756.90
776.20
785.90
805.20

Methane
(ppm)

2
2
2
2
2
2
4
2
3
2
3
2
3

3

2

3
2
3
3
2
3
2
2
2
3
2
3
2
3
3
3
3
2
2
3
3
4
5
3
4
3
3

15
6
4
3
3

Lithology and Petrography

Unit 1: Basaltic Andesite Dikes and Sills

Unit 1 comprises nine dark gray to black, moderately to highly
phyric orthopyroxene-clinopyroxene-plagioclase basaltic andes-
ites which occur as 0.07 to 18 m (recovered interval) sills or dikes
separated by sedimentary interbeds (Fig. 43). These nine basaltic
andesites have been defined as Subunits A through I. Several of
the rocks show devitrified glassy chilled margins, some of which
appear to be subvertical to steeply dipping in orientation. Many
contacts, however, occur on pieces too small to be oriented. As a

result, it is not clear whether these glassy margins represent the
near vertical edges of dikes or subhorizontal contacts from sills
or pillows. The volcanic sediment contacts include baked sedi-
ments (Fig. 44) and brecciated or glassy zones.

Vesicle contents are low in most samples of Unit 1 and become
significant (3%-5%) only toward fine-grained margins, being
concentrated in a zone within approximately 1 cm of the contact
(Fig. 44). The vesicles are generally irregular in shape and are
occasionally lined with quenched, frothy magma. The cavities are
clear of infillings or have only thin linings of colorless zeolites.

Plagioclase is the dominant phenocryst phase (up to 12%) and
tends to occur in glomerocrysts, which may be up to 4 mm in
maximum dimension. Plagioclase phenocrysts are euhedral to
subhedral, ranging in size from 0.3 to 2 mm across, giving the
rocks a seriate porphyritic texture. The size of both the pheno-
crysts and the glomerocrysts increases away from the glassy
margins. Melt inclusions, narrow sodic rims, and well-developed
normal oscillatory zoning are common features of the plagioclase
phenocrysts.

Clinopyroxene is present as a phenocryst phase; it is typically
less than 0.7 mm across but ranges up to 1 mm in length. The
proportion of clinopyroxene phenocrysts present in the rocks of
Unit 1 varies from only trace amounts up to a maximum of
3%-5%; it is always subordinate in abundance to plagioclase
phenocrysts (Table 13). The crystals are generally subhedral to
anhedral and occur both as isolated equant to elongate crystals
and associated with plagioclase glomerocrysts, some in radiating
clusters. Many of the clinopyroxene crystals have ragged, cor-
roded outlines associated with alteration to brownish clays. Some
exhibit lamellar twinning.

Orthopyroxene is a rare phenocryst phase and is not found in
all samples, but when present it forms euhedral to subhedral
crystals generally less than 0.5 mm, ranging up to a maximum of
1 mm across. The crystals are typically partially to completely
altered to brownish clays. Orthopyroxene grains occasionally
include irregular clinopyroxene cores or have thin clinopyroxene
rims. In other cases, the orthopyroxene and clinopyroxene pheno-
crysts are intergrown.

The groundmass varies in its degree of crystallinity, ranging
from cryptocrystalline mesostasis to a fine-grained interlocking
network of plagioclase, pyroxene, and opaques. The ratio of
plagioclase to clinopyroxene is approximately 2:1, with minor
orthopyroxene and a few percent of opaque minerals (Table 13).
Plagioclase is generally less than 0.5 mm in length and occurs as
euhedral elongate laths. Close to the glassy margins, quenched
plagioclases show swallowtail terminations and skeletal equant
and tabular habits (Fig. 45).

Clinopyroxene abundance in the groundmass averages ap-
proximately 15%. It is euhedral to anhedral, and present in a
variety of habits that include equant crystals, acicular and plu-
mose aggregates, and rounded grains. It also occurs as interstitial
grains intergrown with plagioclase and orthopyroxene. Orthopy-
roxene forms euhedral to subhedral crystals which are randomly
distributed throughout the groundmass. The crystals are typically
less than 0.5 mm in length and are present in small amounts that
range up to a few percent. Magnetite is the dominant opaque
mineral, up to approximately 5% in abundance, and ranges up to
0.05 mm in maximum dimension. It occurs as skeletal laths or
equant crystals (sometimes in aggregates) and may display cruci-
form morphologies in the more quenched zones. Opaques also
occur as dust-like grains in the cryptocrystalline mesostasis. In-
terstitial cryptocrystalline mesostasis constitutes up to 50% of the
volume of the Unit 1 rocks and may show significant replacement
by fine-grained greenish brown clays.

The chilled contact zones exhibit varied quench textures, some
with strong gradations. These include devitrified, ribbed glassy
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Table 10. Concentrations of inorganic and organic carbon at Site 841. Table 10 (continued).

Core, section,
interval (cm)

Depth
(mbsf)

Total
carbon

Inorganic
carbon

Organic
carbon CaCO3 Core, section,

interval (cm)
Depth
(mbsf)

Total
carbon

Inorganic
carbon

Organic
carbon

135-841A-

1H-1, 88-89
1H-3, 80-81
1H-5, 80-81
1H-6, 38-39
2H-1, 101-102
2H-3, 70-71
2H-4, 15-16
2H-5, 88-89
2H-7, 35-36
3H-1, 78-79
3H-3, 82-83
3H-5, 71-72
3H-7, 36-37
4H-1, 68-69
4H-2, 121-122
4H-3, 76-77
5H-2, 33-34
5H-3, 97-98
5H-5, 65-66
6H-2, 9-10
6H-4, 4-5
8H-1, 88-89
8H-2, 36-37
8H-3, 117-118
11X-1, 10-11
15X-1, 62-63

135-841B-

2R-1,47-48
2R-2, 69-70
2R-3, 37-38

135-841A-

21X-1, 80-81

135-841B-

3R-1, 0-1
4R-1, 99-100
4R-2, 15-16
5R-1, 16-17
5R-2, 7-8
6R-1, 45-46
7R-1, 16-17
7R-2, 22-23
8R-1, 3-5
8R-2, 21-23
9R-1, 85-86
9R-2, 37-38
10R-1,3-4
10R-1, 117-118
11R-2, 18-19
12R-1, 102-103
13R-1,48-49
13R-2, 12-13
13R-3, 97-98
16R-1, 111-112
16R-2, 73-74
16R-3, 30-31
16R4, 128-129
16R-5, 103-104
18R-1, 109-110
18R-2, 61-62
19R-1, 16-17
19R-2, 24-25
19R-3, 7-8
20R-1,76-77
20R-2, 7-8
23R-3, 90-91
26R-1, 32-34
26R-2, 49-50
27R-1,41-42
28R-1, 35-36

0.88
3.80
6.80
7.88
9.51

12.20
13.15
15.38
17.85
18.78
21.82
24.71
27.36
28.18
30.21
31.26
38.38
40.52
43.22
48.09
51.04
66.38
67.36
69.67
91.10

130.22

170.27
171.99
173.17

177.70

179.40
190.09
190.75
198.86
200.27
208.85
218.26
219.82
227.73
228.76
238.25
239.27
247.03
248.17
257.62
267.32
276.08
277.22
279.57
305.71
306.83
307.90
310.38
311.63
324.59
325.61
333.36
334.94
336.27
343.26
344.05
374.89
400.42
402.06
410.11
419.75

0.16

0.12

0.12

0.09

0.21

0.13

0.26

0.26

0.21

1.00

0.38

0.35

0.73

0.39

0.69

0.52

0.25

0.16

0.06

0.03
0.96
0.02
0.02
0.21
0.02
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.16
0.45
0.02
0.03
0.22

0.15
0.78
0.04

0.09

0.36
0.98
0.18
0.99
0.78
0.38
0.44
0.27
0.21
0.30
0.11
0.17
0.73
0.04
0.20
0.39
0.44
0.42
0.69
0.50
0.36
0.50
0.41
0.44
0.04
0.05
0.25
0.55
0.90
0.16
0.13
0.03
0.03
0.03
0.03
0.21

0.13

0.10

0.09

0.07

0.19

0.11

0.04

0.11

0.12

0.02

0.05

0

0

0

0.02

0.03

0.03

0.2
8.0
0.2
0.2
1.7
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
1.3
3.7
0.2
0.2
1.8

1.2
6.5
0.3

0.7

3.0
8.2
1.5
8.2
6.5
3.2
3.7
2.2
1.7
2.5
0.9
1.4
6.1
0.3
1.7
3.2
3.7
3.5
5.7
4.2
3.0
4.2
3.4
3.7
0.3
0.4
2.1
4.6
7.5
1.3
1.1
0.2
0.2
0.2
0.2
1.7

135-841B-(cont.)

29R-2,
30R-1,
32R-1,
33R-1,
33R-3,
34R-1,
34R-2,
35R-1,
35R-3,
36R-1,
36R-2,
36R-3,
37R-1,
37R-3,
37R4,
38R-1,
38R-2,
38R-3,
40R-1,
40R-2,
45R-1,
45R-2,
46R-1,
46R-2,
46R-2,
46R-3,
47R-1,
47R-1,
47R-2,
51R-2,
51R-3,
52R-1,
54R-3,

94-95
64-65
104-105
8-9
66-67
120-121
110-111
108-109
125-126
56-57
102-103
68-69
77-78
119-120
89-90
55-56
144-145
112-113
85-86
35-36
6-8
12-13
71-73
12-13
72-73
8-10
6-7
143-144
48-49
61-62
79-80
76-77
65-66

431.54
439.44
459.14
467.88
471.44
478.70
480.08
488.18
491.39
497.36
499.32
500.48
507.17
510.46
511.65
516.65
518.90
520.08
536.15
537.08
583.36
584.92
593.61
594.52
595.12
595.94
602.66
604.03
604.58
643.41
645.00
651.66
673.85

0.31

0.13

0.40

0.17
1.61

4.09
6.48
5.15
5.72

042

0.15

0.27
0.13
0.11
0.26
0.26
0.15
0.04
0.09
0.09
0.15
0.20
0.33
0.34
0.07
0.30
0.89
0.13
0.15
0.10
0.08
1.57
0.74
3.68
5.81
4.58
5.50
0.30
0.35
0.29
0.03
0.03
0.02
0.01

0.05

0.04

0.06

0.09
0.04

0.41
0.67
0.57
0.22

0.07

0.14

2.2
1.1
0.9
2.2
2.2
1.2
0.3
0.7
0.7
1.2
1.7
2.7
2.8
0.6
2.5
7.4
1.1
1.2
0.8
0.7

13.1
6.2

30.7
48.4
38.2
45.8

2.5
2.9
2.4
0.2
0.2
0.2
0.1

Note: Parameters are explained in the text.

zones (Fig. 46) and cryptocrystalline, nearly opaque, contorted
zones (Fig. 47) at the sediment-igneous interfaces. These com-
monly grade into cryptocrystalline variolitic zones (Fig. 47),
which then grade (over an interval of <0.5 cm) into a microcrys-
talline zone exhibiting veinlet structures (-0.05 mm wide), form-
ing networks parallel to the glassy margin (Fig. 44). The distance
between veinlets increases from 0.4 mm apart close to the contact,
to 3 mm apart at a distance of 2 cm into the rock interior.

Cross-cutting veins and fractures are common in the Unit 1
basaltic andesites (up to several percent of the rock by volume).
These veins are filled with quartz, feldspar, thaumasite, and minor
carbonate (see "Alteration and Metamorphism," this section).
Some of the silicic veins are associated with the development of
sulfides, including pyrite, chalcopyrite, pyrrhotite, and marcasite.

Rhyolitic Pyroclastic Units 2 through 6 (605.05-815.06 mbsf)

The thick sequence of silicic volcaniclastic rocks recovered
from the lower part of Hole 84IB was first intersected in Section
135-841B-47R-2, 95 cm, in which sandy limestone fragments are
faulted against volcaniclastic fragments (Fig. 43). The volcanic
sequence can be identified at least through 815 mbsf and has a
minimum thickness of 210 m. Unit designations exist only
through the recovered interval in Section 135-841B-69R-CC;
only a small clast of greenstone of unknown origin was recovered
in Section 135-841B-70R-CC. These rocks are referred to here as
low-K rhyolites (K2O <1.5%, SiO2 >68%; Taylor et al., 1981).

Five units have been distinguished within the silicic volcanic
complex. Unit 2 consists of 41.9 m of highly phyric vitreous
quartz-plagioclase rhyolites and poorly welded pumice breccias
(Subunits 2B and 2C) separated from the overlying upper Eocene
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Table 11. Results of Rock-Eval analysis for Site 841.

Core, section,
interval (cm)

135-841A-

1H-1, 88-89
4H-3, 76-77

135-841B-

2R-1,47-48

135-841A-

21X-1, 80-81

135-841B-

40R-2, 35-36
46R-1, 71-73
46R-2, 12-13
46R-2, 72-73
46R-3, 8-10
46R-CC, 14-15
54R-3, 65-66

Depth
(mbsf)

0.88
31.26

170.27

177.70

537.08
593.61
594.52
595.12
595.94
596.37
673.85

Si
(mg/g)

0.25
0.35

0.14

0.21

0.12
0.13
0.24
0.06
0.03
0.06
0.06

S2

(mg/g)

1.33
1.37

0.48

0.86

0.10
0.05
0.03
0.06
0.03
0.10
0.63

s3
(mg/g)

0.54
0.29

0.70

0.65

0.60
1.01
1.00
0.78
0.66
1.07
0.23

TOC

0.13
0.19

0.11

0.12

0.09
0.41
0.67
0.57
0.22
0.59
0.14

HI

1023
721

436

717

111
12
4

11
14
17

450

OI

415
153

636

542

667
246
149
137
300
181
164

T
'max(°C)

496
532

545

545

443
323
320
326
313
365
453

PI

0.16
0.20

0.23

0.20

0.55
0.72
0.92
0.50
0.50
0.37
0.09

S2/S3

2.46
4.72

0.68

1.32

0.16
0.04
0.03
0.07
0.04
0.09
2.73

Notes: The total organic carbon (TOC) values are not from the Rock-Eval analysis but are the difference between the total
carbon and inorganic carbon values. Parameters are explained in the text. HI = hydrogen index, OI = oxygen index, and
PI = production index.

calcareous sandstones by a rhyolitic fault gouge (Subunit 2A).
The overall recovery of the rhyolitic units was 19%, whereas
recovery in Subunit 2B was only 4%.

Unit 3, about 93 m thick, is divided into four subunits and
consists of a generally upward-fining sequence of rhyolitic brec-
cias (Subunit 3D), laminated crystal tuffs and lapilli tuffs (Subunit
3C), welded tuffs (Subunit 3B), and rhyolitic tuffs and lapilli tuffs
(Subunit 3 A). The overall recovery was 15%. The lower boundary
of Subunit 3D is somewhat arbitrary, as recovery was low and the
Unit 3/Unit 4 boundary was not recovered.

Unit 4,10.2 m thick, comprises a well-defined welded rhyolitic
lapilli tuff which is sheared at the base and quickly grades into
the underlying Unit 5. It contains lenticular pumice fragments and
abundant rhyolitic lithic clasts. The recovery in Unit 4 was 34%.

Unit 5 is an intensely sheared breccia. It is estimated to be 18.8
m thick, but its lower boundary was not recovered. The base of
the unit was defined as the top of Section 135-841B-65R-CC,
where a distinct change in lithology occurred. Core 135-841B-
64R recovered only 7 cm of material; it has been included in Unit
5 although its origin is uncertain. The recovered thickness of Unit
5 is only 1.3 m.

Unit 6 is at least 39 m thick (recovery was only 2.1%) and
consists largely of clasts and fragments mixed with drilling rub-
ble. The fragments recovered are welded rhyolitic lithic lapilli
tuffs, containing strongly deformed altered pumice lenticles, la-
pilli tuffs, and fragments of mafic greenstone.

The rhyolitic rocks from Site 841 are quartz- and plagioclase-
bearing, and in fresh samples contain clinopyroxene, orthopy-
roxene, and magnetite. The thickness drilled suggests that the hole
has intersected a pre-upper Eocene voluminous rhyolitic pro-
vince, previously unknown and unsuspected, occurring within
part of the outer Tonga forearc. The Site 841 volcanic units are
inferred to be subaerial based on the occurrence of welded lapilli
tuffs and the absence of unambiguously subaqueous sediments.
Their thickness (>210 m), the intensity of alteration (except in the
uppermost portion of Unit 2B), and the diversity of eruptive
lithologies all point toward an "intra-caldera" environment rather
than an "outflow" facies environment. Moreover, the vitric rhyo-
litic lavas and associated pumice breccias of Subunits 2B and 2C
are consistent with late-stage resurgent phase eruptives in which

lava domes and flows with associated localized poorly welded
ash-flow deposits are commonly present (e.g., the Taupo Volcanic
Zone, New Zealand; Healy et al., 1964; Ewart, 1965; the Valles
Caldera or Long Valley; Bailey et al., 1976).

Unit 2: Moderately to Highly Phyric Quartz-Plagioclase Rhyolites
and Rhyolitic Pumice Breccias

The top of this unit, designated Subunit 2A, is predominantly
a soft, rhyolitic fault gouge with smaller amounts of a rhyolitic
breccia. The unit is immediately overlain by upper Eocene-lower
Oligocene, shallow-water calcareous sandstones (see "Biostra-
tigraphy" and "Lithostratigraphy" sections, this chapter).

The light greenish gray rhyolitic fault gouge contains promi-
nent euhedral, often bipyramidal, quartz grains (up to 3 mm
diameter), euhedral to subhedral plagioclase, chlorite, dissemi-
nated pyrite, and sparse silicified rhyolitic fragments. The crystal
fragments are from rhyolitic rocks, and the whole subunit is
interpreted as the sheared equivalents of the underlying Subunits
2B and 2C.

Subunit 2B (recovered from Cores 135-841B-47R through
-50R, 612.30-631.81 mbsf) consists of a mixture of loose clasts
of black, highly phyric quartz-plagioclase vitric rhyolite (pitch-
stone) and grayish green, moderately phyric quartz-plagioclase
pumice breccia fragments (Fig. 48). Some fragments are sheared
locally, and black pitchstone clasts are included within some of
the pumiceous fragments.

The black pitchstone lithologies contain euhedral to subhedral
phenocrysts of quartz (7%-12%; 0.4-2.5 mm in diameter), occur-
ring as single crystals, some of them slightly resorbed, and less
commonly as glomerocrysts. Euhedral to subhedral plagioclase
(8%-15%; 0.1-2.5 mm diameter) occurs as single crystals and
less commonly as glomerocrysts. Plagioclase exhibits normal
oscillatory zoning, often with sharp internal compositional dis-
continuities (Fig. 49), while very rare crystals are strongly re-
sorbed (Fig. 50). Plagioclase:quartz ratios are approximately 2.
Euhedral to subhedral prismatic clinopyroxene (<l %; 0.2-1.5 mm
in length) occur as single phenocrysts and less commonly as
glomerocrysts with plagioclase or orthopyroxene. Some have
magnetite inclusions. Euhedral to subhedral prismatic orthopy-
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Figure 43. Schematic summary of igneous rock units recovered in Hole 841B. Black infilled areas indicate length of core recovery. Faults and
biostratigraphic data are taken from the relevant sections in this chapter. Stippled areas from Cores 135-841-18R through -40R indicate basaltic andesite
dikes or sills. When unit boundaries were not recovered, units were arbitrarily extended downward to the next distinct change in lithology that was
recovered. Such extrapolated unit boundaries are shown as dashed lines.

roxene phenocrysts (<1%; 0.1-1.5 mm in length) typically con-
tain magnetite microphenocryst inclusions. Rarely, they form
glomerocrysts with plagioclase. Euhedral to subhedral equant
magnetite (<1%; up to 0.4 mm) occurs as single crystals but is
more commonly included in plagioclase and the pyroxenes. The
matrix is optically fresh glass; abundant perlitic fractures that
have typically developed around phenocrysts are evidence of
enhanced hydration of the glass. Crystallites occur in some sam-
ples.

The pitchstone exhibits a low degree of vesiculation ( 5 % -
11%) with irregular and elongated vesicles up to 4 mm in length.
Their alignment suggests that they are a primary flow feature.

These rhyolites are interpreted as the rapidly quenched part of a
lava flow and/or dome.

The pumiceous fragments are mineralogically similar to the
pitchstone clasts, although with lower phenocryst abundances.
They comprise interlocking, strongly elongated to tubular pumice
fragments (>IO mm; Fig. 51). No compaction of the fragments is
evident and welding is slight. Traces of clay and iron-oxyhy-
droxides occur, lining some vesicles and between clasts. In most
fragments alteration is minimal. Pitchstone clasts (and their de-
vitrified equivalents) occur within the pumice breccia lithology,
and in some specimens shearing of the pitchstone has occurred
adjacent to the pumice lithologies. In these sheared zones, pheno-
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crysts are only locally fragmented, suggesting that shearing oc-
curred during cooling within the original lava. The green colora-
tion seen in hand specimen is thought to be the result of degrees
of hydration higher than was observed in the pitchstones.

Subunit 2C (Sections 135-841B-50R-1, 21 cm, to -52R-CC,
30 cm) consists of green to gray-green, poorly welded rhyolitic
pumice breccias that contain interlocking, randomly oriented
clasts of highly vesicular, moderately to highly phyric pumice.
Individual fragments range from 1 to 25 cm in length, and they
exhibit little if any compaction or postdepositional deformation.
Sparse clasts of rhyolite, altered, moderately phyric clinopy-
roxene-plagioclase basalt or basaltic andesite occur, especially
toward the lower part of the section (Fig. 52). Alteration appears
to increase downward, with the rocks becoming soft and soapy,

apparently the result of infilling by clays and chlorite. Fractures,
some with slickensides and 1-2 mm wide, are observed within
and bounding many fragments.

The pumice breccias are moderately to highly phyric and have
phenocrysts of subhedral equant quartz (some fractured and par-
tially resorbed; 0.1 to 1.5 mm in diameter and varying from
2%—12%) and subhedral plagioclase (l%-10%, up to 2 mm
across; some present as crystal fragments). Also present are eu-
hedral, prismatic clinopyroxene (<1%; up to 0.15 mm in size),
traces of orthopyroxene (up to 0.9 mm), and magnetite (euhedral
to subhedral equant crystals, up to 0.1 mm size, which form
isolated crystals but are more often included in plagioclase). The
groundmass is highly vesicular pumice with tubular vesicles
(0.004 to 0.4 mm wide). The glass is fresh; the alteration seen in
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hand specimen is due predominantly to infilling by chlorite, clays,
and minor iron-oxyhydroxides, although localized replacement
does occur in the pumice fragments.

Petrographic examination of a rhyolite clast (Section 135-
841B-51R-3, 89-91 cm) shows phenocrysts of quartz (3%-5%),
plagioclase (5%-7%), hornblende (2%-3%, pseudomorphed by
actinolite), clinopyroxene (trace), and magnetite (1%). The
groundmass is relatively coarse grained (0.2-0.3 mm) and well
crystallized, suggesting that the fragment may be derived from an
intrusive plug or dike. Two mineralogical features in this clast are
of interest. First is the presence of what is considered to be
phenocrystal (and groundmass) hornblende, partially to com-
pletely pseudomorphed by actinolite. Second is the occurrence of
irregular symplectic overgrowths on some quartz phenocrysts,
which are interpreted as having developing during groundmass
recrystallization.

The pumice breccias are interpreted as poorly welded ash-flow
deposits, and analogies can be made with similar deposits in New
Zealand (Ewart, 1965). They seem to predate the rhyolitic lava
(Subunit 2B), but interrelationships between the two subunits
suggest that they are successive phases of the same volcanic
event.

Unit 3: Tuffs, Lapilli Tuffs, Welded Tuffs, and Rhyolite Breccias

Unit 3 comprises a series of rhyolitic tuffs and lapilli tuffs,
welded rhyolitic lapilli tuffs, and rhyolitic breccias. We have
divided it into Subunits 3A to 3D. Subunit 3A includes rhyolitic
tuffs and lapilli tuffs (654.20-662.97 mbsf) and was first recov-
ered from Section 135-841B-52R-CC, 30 cm, as 5 cm of rhyolitic
sandy material underlying the pumice breccias (Subunit 2C) along
a sharp contact dipping at approximately 30°. It is estimated to be
8.77 m thick (21.5% recovery) and overlies Subunit 3B on an
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Table 12. Igneous and volcaniclastic units defined at Site 841.

Unit Subunit

Sample
Top depth

(mbsf)

Sample
Bottom depth

(mbsf) Features

1 Moderately to highly phyric orthopyroxene-
clinopyroxene-plagioclase basaltic andesite
sills and dikes or pillows

A

B

c
D

E

F

G

H

I

18R-1, 126 cm
324.76
23R-4, 0 cm (Piece 1)
375.1
23R-4, 85 cm (Piece 9)
375.95
24R-CC, 0 cm
383.31
26R-2, 75 cm (Piece 1)
402.20
28R-l ,0cm
419.40
31R-1, 0 cm (Piece 1)
448.50
32R-1, 26 cm
458.36
36R-1, 80 cm (Piece 1)
497.60

18R-2, 37 cm
325.37
23R-4, 66 cm (Piece 8)
375.76
23R-4, 97 cm (Piece 10B)
376.07
26R-1, 10 cm (Piece 3)
400.20
26R-2, 93 cm (Piece 3)
402.63
28R-l ,7cm
419.47
31R-l ,9cm(Piece2)
448.59
32R-l,33cm
458.43
36R-1, 88 cm (Piece 2)
497.68

Intruding upper Miocene sediments; baked sediment occurs
adhering to some margins; glassy margins, brecciation
common in some pieces; 5%—7% plagioclase, trace amounts
of clinopyroxene and orthopyroxene; altered glassy margins
common; steep dips on some margins suggest intrusion
as dike-like bodies; variously altered with vein materials,
including thaumasite and disseminated pyrite.

Quartz-plagioclase rhyolites, rhyolitic
pumice breccias

Sheared and altered rhyolite breccias and
fault gouge

Moderately to highly phyric quartz-
plagioclase vitric rhyolites and rhyolitic
pumice

Poorly welded rhyolitic pumice breccias

3 Tuffs, lapilli tuffs, welded tuffs, rhyolite
breccias

Rhyolitic tuffs to lapilli tuffs

Welded rhyolitic lapilli tuffs

Laminated crystal tuffs to lapilli tuffs

47R-2, 95 cm
605.05

48R-l ,0cm
612.30

C 50R-1, 21 cm
631.81

52R-CC, 30 cm
654.20

53R-CC, 13 cm
662.97

54R-l,55cm
670.75

48R-l ,0cm
612.30

50R-l,21 cm
631.81

52R-CC, 30 cm
654.20

53R-CC, 13 cm
662.97

54R-l,55cm
670.75

55R-l ,0cm
679.80

Pyrite, quartz, clay throughout; quartz grains floating in white
matrix; minor rhyolitic clasts with shear fabrics; virtually
completely altered.

5%-10% euhedral quartz phenocrysts, 10%—15% euhedral
plagioclase phenocrysts; rare pyroxene phenocrysts;
vitric groundmass with perlitic cracks; hydration of glass
gives it a dark resinous luster like pitchstone; internal shear
zones and transitions from massive rhyolite to poorly welded
rhyolite pumice with plagioclase-quartz phyric pumice clasts.

Highly vesicular pumice clasts in matrix of pumice fragments,
quartz, and plagioclase grains, and occasional rhyolite lithic
clasts; alteration appears very high in hand sample because
of green-white color but shards are actually quite fresh in
thin section; fractures and faults with clay/chlorite coatings
are common.

Fragments of rhyolite, pumice and altered pumice, disaggregated
plagioclase, and quartz phenocrysts.

Erosive contact over Unit 3C; lenticular altered pumice fragments
with steep and irregular orientations in matrix of disaggregated
pumice grains.

Steeply dipping wavy lamination; convoluted locally and
truncated by 60° faults and fractures filled by clastic dikes;
lamination truncated by Unit 3B; shows fining upwards overall,
with some shorter coarse to fine intervals in the unit as a
whole; well-sorted mixture of altered glass, microcrystalline
quartz and fe



Unit Subunit

Sample
Top depth

(mbsf)

Sample
Bottom depth

(mbsf) Features

Rhyolite breccias

4 Welded rhyolitic lapilli tuff

5 Sheared volcaniclastic breccias

6 Welded rhyolitic lapilli tuffs

55R-l ,0cm
679.80

62R-l ,0cm
747.20

63R-l ,49cm
757.39

65R-CC, 0 cm
776.20

62R-l ,0cm
747.20

63R-l ,49cm
757.39

65R-CC, 0 cm
776.20

69R-CC, 15 cm
815.60

Angular to subrounded sparsely to moderately phyric rhyolite
cobbles with lithyic inclusions; 3-5% quartz phenocrysts;
1-3% plagioclase phenocrysts; range from massive to welded.

Lenticular flattened grey pumice fragments, abundant rhyolitic
lithic fragments; sheared at base, grading into Unit 5; pumice
clasts are somewhat more abundant near top, lithic clasts more
abundant near base; pyrite common.

Highly sheared, extensive replacement by mixed clays and
chlorite(?); abundant dark fine-grained clasts of shale/siltstone
or highly altered mafic volcanics.

Pumice lenticles strongly deformed and irregular; quartz and
feldspar grains occur as phenocrysts in lithic fragments and
as disseminated grains; original feldspars and matrix are
intensely altered; pyrite is common; large lithic fragments of
mafic greenstones are also common.

Notes: Subunits in Unit 1 are lithologically homogeneous. The subunits in Units 2 through 6 are described separately. Units have been defined as lithologies with textural or mineralogic similarities
in hand sample and thin section. Subunits are defined as lithologies separated by sedimentary interbeds in the case of the sills and dikes of Unit 1, or as changes of facies within apparently
compositionally similar volcaniclastic deposits in the case of Units 2 through 6. If the contact between two units was not recovered, the upper unit was arbitrarily extended downward to the
first recovered interval of the lower unit.
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Figure 44. Contact between basalt with glassy, chilled margin and baked
sediment, with a concentration of vesicles within a 1-cm zone near the
contact; Subunit IB, interval 135-841B-18R-1, 135-143 cm.

irregular, steeply dipping sharp contact that appears erosive in
origin. Sharp erosive or sheared contacts occur within Unit 3 in
Section 135-841B-53R-1 between lapilli tuffs and tuffs. Most of
the tuffs show no clearly defined bedding or lamination. Lithic
fragments of phyric quartz-plagioclase rhyolite ranging from 1 to
6 mm in size (occasionally up to 25 mm) occur in a fine-grained
altered matrix that contains small, scattered grains of quartz and
plagioclase. Alteration is pervasive and includes disseminated
pyrite, clay, and chlorite.

Subunit 3B is a welded lithic tuff; it was recovered in only a
narrow interval (approximately 7.84 m) and has steep, irregular,
sharp, erosive contacts with both the overlying and underlying
units (Fig. 53). The bottom 10-20 cm of Subunit 3B shows
evidence of admixture with the underlying Subunit 3C. Subunit
3B contains phenocrysts of quartz (5%-7%) and plagioclase (3%-
5%) set in a fine-grained altered matrix that contains highly
deformed and flattened, greenish gray lenticular altered pumice
clasts. The orientation of the clasts is random, possibly the result
of deposition on a steep and irregular surface. The rock is in-
tensely altered, with development of clays, calcite, quartz, albite,
and disseminated irregular aggregates of pyrite. This alteration
has destroyed original matrix textures.

Subunit 3C comprises 9.05 m (45.3% recovery) of laminated
crystal tuffs to lapilli tuffs. The top is a sharp, very irregular
contact with Subunit 3B (Fig. 53). The tuffs have an irregular,
steeply dipping wavy lamination with dips in excess of 70° (Fig.
53). This lamination is developed on a millimeter scale and is
defined by subtle light and dark banding accompanied by slight
grain-size variations. Thin clastic dikes crosscut the tuffs at high
angles (Fig. 54). The overall texture, as seen in hand specimen, is
of a relatively well-sorted, fine-grained sandy deposit. The grain
size increases in the lowermost 50 cm of the unit, with increasing
abundance of lithic fragments up to 2.5 cm in diameter at the base.
Alteration is pervasive, with development of pyrite, clays, and
chlorite. One thin section (Section 135-841B-54R-1, 97-99 cm)

Table 13. Modal analyses of representative basaltic andesites from Unit 1 and rhyolitic lavas from
Units 2 and 3 in Hole 841B.

Core, section
Interval (cm)
Piece
Unit

Rock type
N

Phenocrysts:

Plagioclase
Quartz
Clinopyroxene
Orthopyroxene
Opaques
Amphibole

Pyrite
Quartz-feldspar

aggregates
Open vesicles
Filled vesicles
Mesostasis

18R-1
137-140

—
1A

25R-3
117-118

ID

Basaltic andesites
782

8.8
—
2.1
0.6
0.6
—
—
—

—
—

87.7

808

12.2
—
2.5
0.9
0.7
—
—
—

—
—

83.4

48R-1
53-56

2B

Rhyolite
1003

14.1
6.7
0.4
0.7
0.5
—
—
—

10.9
<O.l
66.8

49R-1
20-21

2B

Pumice
1016

8.0
3.9
0.1

<O.l
0.2
—
—
—

44.0
0.3

43.5

50R-1
14-17

2B

Rhyolite
1043

15.1
8.1
0.8
0.6
0.4
—
—
—

6.8
0.4

67.9

51R-3
89-91

—
2C

Rhyolite
clast
1141

7.4
4.1
Tr
—
1.2
1.8
—
—

—
—

85.5

55R-1
1-3

1
3D

Rhyolite
clast
1003

3.5
6.5
—
—
—
—
2.2
1.9

0.4
—

85.8

59R-1
8-12

—
3D

Rhyolite
clast
1235

4.1
4.6
—
—
—
—
2.4
2.4

0.1
—

85.9

Notes: Plagioclase phenocryst count includes plagioclase partially or totally pseudo morphed by clays, carbonate, and
albite. Quartz-feldspar aggregates rim large quartz phenocrysts and occur throughout the groundmass; they are similar
to the "snowflake" structures that have been described in similar rhyolitic lavas (Anderson, 1969; van der Lingen,
1973). The largest of these may be replacements of plagioclase feldspar. All samples appear to be fragments of
massive lavas, except for Sample 135-841B-49R-1, 20-21 cm, which is a rhyolitic pumice. Opaque percentages refer
to primary opaque phases; the pyrite in the rhyolites is a secondary phase. The mesostasis includes crystallites,
recrystallized quartz and feldspar, and alteration products. The amphibole in Sample 135-841B-51R-3, 89-91 cm,
is partially replaced by actinolite and traces of sphene; it occasionally has cores of apparently unaltered amphibole.
Tr = trace.
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Figure 45. Photomicrograph of skeletal and equant quenched plagioclase and magnetite in cryptocrystalline mesostasis; Subunit II, Sample 135-841B-
36R-1, 84-86 cm; crossed polarized light; field of view = 0.3 mm.

shows scattered subhedral to angular fragments of quartz (0.05-
0.2 mm) and less common plagioclase (0.05-0.15 mm) in a finer
grained matrix of devitrified and recrystallized glass shards
(0.01-0.025 mm).

The origin of this subunit is problematic. One possible inter-
pretation is that it represents a ground surge deposit underlying
Subunit 3B. Surge deposits range from sandwave bedforms, to
massive bedforms, to planar bedforms (see review in Fisher and
Schmincke, 1984). The lithology of Subunit 3C would seem most
similar to the massive bedform facies, which tends to be thicker,
although more poorly sorted, than the other types, and which
possesses pebble trains or faint internal stratification that can be
either planar or wavelike.

An alternative interpretation is that the sands in Subunit 3C
result from local reworking of primary tephras, which may be
consistent with the wavy laminations and the overall, small-scale
normal grading of the deposit. Erosion and redeposition of uncon-
solidated tephra on a local scale (e.g., due to rainwash and chang-
ing surface drainage patterns) is a common process associated
with the sedimentation of voluminous pyroclastic deposits. The
steep dip indicates either deposition on unusually irregular and
steep topography, or more plausibly, post- (or syn-) depositional
slumping or bulk disturbance during emplacement of the overly-
ing units. The general form of the laminations and the absence of

distinctly graded bedded intervals within the unit are considered
to be inconsistent with an airfall origin.

Subunit 3D consists of a sequence of rhyolite breccias (recov-
ered interval is 67.4 m thick). These consist of broken fragments
(up to about 5 cm diameter) of rhyolite, siltstone, and light gray
pumiceous fragments set in a poorly sorted, finer matrix of smaller
rhyolite fragments grading down to clay-like, soft interstitial
material (Fig. 55). Most of this matrix seems to have been lost
during drilling. The rhyolitic clasts themselves often contain
small rhyolitic lithic fragments (up to 5.5 cm), and some exhibit
irregular banding, suggesting that some of the clasts are welded
lithic tuffs; thin-section examination shows that the clasts include
rhyolite lavas and poorly welded rhyolitic pumice breccias.

The rhyolite lava clasts are mineralogically and texturally very
uniform, indicating a common source. Phenocryst phases are
quartz (3%-5%; equant euhedral to anhedral crystals, occasion-
ally showing partial resorption, 0.2 to 1.5 mm in diameter),
plagioclase ( l%-5%; up to 1 mm, euhedral to subhedral crystals,
showing prominent oscillatory zoning), and magnetite (<1%; up
to 0.15 mm diameter, commonly included in plagioclase pheno-
crysts). The groundmass is a microcrystalline (mostly <0.02 mm)
mosaic of quartz, plagioclase, and interstitial alkali feldspar. A
common textural feature is the development of quartz-feldspar
symplectite that encloses some (but not all) of the quartz and
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Figure 46. Photomicrograph of devitrified, ribbed glassy contact against sediment (left side of photo); Subunit ID, Sample
135-841B-25R-3, 117-118 cm (Piece 12A); ordinary light; field of view = 1.5 mm.
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Figure 47. Photomicrograph of a chilled contact zone (contact in left bottom corner) showing transition from nearly opaque
contorted zone into variolitic zone; Subunit 1A, Sample 135-841B-18R-1, 137-140 cm; plane light; field of view = 1.5 mm.
Phenocrysts of plagioclase are visible.
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Figure 48. Black pumice pitchstone and paler fragments of pumice and
pumice breccia fragments; Subunit 2B, interval 135-841B-49R-1, 3-26
cm.

plagioclase phenocrysts (Fig. 56). This texture is interpreted as
the result of post-emplacement recrystallization of the original
lavas. All samples have undergone alteration, with replacement
by pyrite as skeletal aggregates scattered through the groundmass
of samples. In rare instances, these replace original ferromagne-
sian phenocrysts. Other secondary minerals are clay, chlorite,
albite, and quartz.

The rhyolite pumice breccia (Sample 135-841B-56R-1, 0-3
cm) contains phenocrysts of quartz (5%) and plagioclase (2%-
3%) set in a matrix of recrystallized and altered fragments of
original volcanic glass and pumice clasts. The fine matrix textures
have been destroyed by recrystallization, but the outlines of the
shapes and structures of the original abundant pumice clasts are
visible. Recrystallization has also resulted in the local develop-
ment of quartz-feldspar symplectite adjacent to the rims of some
quartz phenocrysts.

The poor recovery of Subunit 3D makes interpretation of its
origin difficult. The coarse clasts and the poorly sorted (and
poorly recovered) matrix may be consistent with a coarse lag in a
poorly welded ash-flow tuff unit.

Unit 4: Welded Rhyolitic Lapilli Tuff

Unit 4 is a greenish gray welded rhyolitic lapilli tuff unit, with
an estimated thickness of 10.19 m (33.6% recovery). The tuffs are
moderately to highly phyric, with quartz and plagioclase pheno-
crysts, and contain abundant, highly altered, elongated and flat-
tened pumice clasts set in a fine-grained matrix (Fig. 57). The
lenticular pumice imparts a planar foliation to the rock. The dip
of the foliation is often steep, but is highly variable between
fragments (Fig. 57). Lithic fragments (rhyolitic and basaltic/ba-
saltic andesitic) are also common. There is an increase in the size
(2-7 cm) and abundance of lithic clasts at the base of the unit,
while the concentration of flattened pumice lenticules increases
upward. This upward increase in pumice is not a typical charac-
teristic of many welded tuff deposits, raising the possibility of
deposition as locally reworked rhyolitic material. The base of the
unit is strongly sheared and is gradational into Unit 5.

Petrographic examination of three tuff samples shows pheno-
crysts of quartz (3%-7%; 0.1-1.6 mm), which range from euhe-
dral equant crystals to fragmented crystals. Some are partially
resorbed. Plagioclase phenocrysts ( l%-5%; 0.2-1.3 mm) also
occur as euhedral to subhedral tabular crystals and glomerocrysts.
Prominent oscillatory zoning is well developed in the plagioclase
crystals. Pumice shapes and structure, although altered and re-
crystallized, are still readily discernible in most samples. Only in
the topmost sample examined in thin section (135-841B-62R-1,
23-27 cm) have devitrification and alteration completely de-
stroyed the original shard textures. In the two lower thin-section
samples (135-841B-62R-2, 16-20 cm, and-62R-2, 113-116 cm),
there are patches in the finer grained groundmass in which the
original interlocking shard outlines (i.e., vitroclastic texture) can
still be recognized in spite of the recrystallization. These original
shard outlines are not intensely deformed and compacted, which
suggests only a moderate degree of original welding. Alteration
of all samples is intense, with development of secondary pyrite,
calcite, chlorite, albite, and quartz.

Rhyolitic clasts within the tuff have phenocrystal quartz (3%;
up to 2 mm), plagioclase (5%-7%; up to 2 mm, with oscillatory
normal zoning), and magnetite (< 1 %; up to 2 mm, most commonly
associated with plagioclase phenocrysts). These are set in a mi-
crocrystalline and microspherulitic groundmass. Secondary cal-
cite is conspicuous.

Unit 5: Sheared Volcanic Breccias

This unit has an estimated thickness of 18.8 m (from Section
135-841B-63R-1, 49 cm, to 135-841B-65R-CC, 0 cm; Table 12)
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Figure 49. Photomicrograph of phenocrysts of quartz (showing partial resorption) and zoned plagioclase in a vitreous matrix; Subunit 2B, Sample
135-841B-50R-1, 14-17 cm; crossed polarized light; field of view = 6 mm.

and includes highly sheared volcanic breccias which grade down-
ward from Section 135-841B-63R-1,49 cm, in Unit 4. The contact
zone between Units 4 and 5 is taken where there is a relatively
abrupt increase in the proportions of dark-colored fragments (up
to 3 cm diameter). Recovery in core was 7.1%. The breccia is a
grayish green to dark bluish gray with individual clasts of rhyo-
lite, vesicular rhyolite, and dark siltstone or shale, set in a fine,
friable rhyolite-dominated matrix. Secondary clays and chlorite
are abundant.

Unit 6: Welded Rhyolitic Lithic Lapilli Tuffs

This unit comprises loose fragments of welded lithic lapilli
tuffs, together with clasts of rhyolite and less common dark,
altered aphyric basalt. It is defined from Section 135-841B-65R-
CC, 0 cm, to Section 135-841B-69R-CC, 15 cm (38.9 m; with 3%
recovery). The base of the unit was set arbitrarily in Core 135-
841B-69R, as Core 135-841B-70R recovered only a single,
rounded clast whose origin was uncertain; no drilling advance-
ment was made below that core. The gray to grayish green frag-
ments in Unit 6 exhibit strongly deformed, irregular pumice
lenticules and are moderately phyric with a microcrystalline ma-
trix (Fig. 58). Some welded tuff fragments clearly contain lithic
inclusions of rhyolite and dark basalt.

Petrographic examination of the welded tuff shows pheno-
crystal quartz (5%; up to 0.4 mm) which ranges from equant
euhedral to subhedral crystals to broken fragments; resorption is
evident in some crystals. Recrystallization and alteration is in-
tense and has affected both the matrix and lithic fragments alike.
The outlines and structures of original deformed pumice frag-
ments are still clearly visible (as these are usually more coarsely
recrystallized than the enclosing matrix). Remnants of highly
deformed original shard outlines (i.e., vitroclastic texture) are still
barely discernible where recrystallization has been less intense.
Alteration minerals include clays, chlorite, quartz, calcite, albite,
and zeolites.

The dark, aphyric basalt fragments contain traces of pheno-
crystal plagioclase set in a groundmass of plagioclase (radiating
laths, largely recrystallized and replaced), pyroxene (completely
replaced by chlorite and clays), magnetite grains, and completely
replaced mesostasis. Metamorphic and alteration phases include
calcite, clays, chlorite, albite, pyrite, zeolite, epidote, and quartz.

Miscellaneous Volcanic Rocks
A variety of volcanic and plutonic rocks occur as clasts in

sedimentary breccias or as drilling rubble in intervals of little
recovery. Most of these clasts are moderately to highly altered
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Figure 50. Photomicrograph of strongly resorbed plagioclase in rhyolitic clast in pumice matrix; Subunit 2B, Sample 135-841B-49R-1, 4-7 cm; crossed
polarized light; field of view = 1.5 mm.

mafic to intermediate volcanic rocks. Three distinctive clast types
were examined in thin section.

A tonalite cobble occurs in Core 135-841B-34R. It is charac-
terized by a coarse-grained texture, alkali feldspar, and aggregates
of epidote and chlorite replacing Fe-Mg minerals, and plagio-
clase. The proportion of potassic to sodic feldspar cannot be
reliably determined without a stained thin section. The occurrence
of coarse-grained epidote is noteworthy, as clastic fragments of
epidote and pumpellyite occur in some of the sedimentary brec-
cias. A fine-grained, aphyric rhyolite clast occurs in the same
interval as the granodiorite.

A highly altered variolitic basalt fragment occurs in Core
135-841B-40R. It is completely recrystallized to an assemblage
of albite-chlorite-actinolite-quartz, but has extensive retrograde
development of clays. This greenschist metamorphic assemblage
does not occur in the basaltic andesites higher in the hole. This
fragment is also one of the few mafic volcanic fragments posi-
tively identified.

Alteration and Metamorphism
A variety of alteration and metamorphic minerals occur in the

core above the rhyolitic basement. The basaltic andesite sills

generally show only slight development of clay in the mesostasis
(e.g., Section 135-841B-25R-1, Piece 14). The variolitic basalt in
Section 135-841B-40R-1 is completely recrystallized to a green-
schist facies assemblage consisting of actinolite, albite, magne-
tite, and chlorite. Calcite and zeolites are present variously in the
core (Fig. 17). X-ray diffraction determination of a hand-picked,
white, soft mineral that occurred in veins in Section 135-841B-
18R-2 revealed thaumasite (Ca3Si(OH)6(CO3)(SO4) 12H2O) as
the main constituent (Fig. 59). Quartz-feldspar veins are common
in the basaltic andesite sills, sometimes carrying relatively large
amounts of sulfides. Thaumasite is also thought to be present in
these veins. Vein-filling sulfide minerals are mainly pyrite with
lesser marcasite and chalcopyrite. Pyrite in these veins contains
abundant silicate inclusions and is rimmed by at least two genera-
tions of marcasite (Figs. 60 and 61). In addition, pyrite and
chalcopyrite occur as secondary sulfide minerals in the ground-
mass. Sample 135-841B-40R-1 (Piece 1), a volcanic clast occur-
ring in sediments, is completely replaced by actinolite (-70%),
albite (15%-20%), and chlorite (Fig. 62). Abundant titano-
magnetite is also observed but no sulfides are present. The tona-
litic clast occurring at Section 135-841B-34R-1, 2-4 cm, contains
abundant epidote, clinozoisite, and chlorite as secondary phases
(Fig. 63). Anomalous brownish interference colors suggest a
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Figure 51. Photomicrograph of pumice fragments in pumice breccia; Subunit 2B, Sample 135-841B-48R-1, 52-56 cm; plane light; field of view =
1.5 mm. The pumice shows prominent attenuated tubular vesicle structure.

magnesium-rich composition of the chlorite; coexisting titano-
magnetite is also abundant.

The first of the pyroclastic rhyolitic breccias and lavas occurs
below Section 135-841B-47R-2. These become more altered
deeper in the sequence. The rhyolitic breccias exhibit kaolinite
and illite development, together with pervasive low-grade dis-
seminated sulfide mineralization. In fresher rock fragments, sul-
fide-filled veins also occur. Pyrite is the dominant sulfide, but
occasionally pyrrhotite inclusions occur in the pyrite (Fig. 64). In
the lowermost part of the section, magnetite(?) rims pyrite and
fills cracks. Some pyrite grains in the groundmass are surrounded
by Fe-rich chlorite.

Different pyrite morphologies in the rocks may be related to
different stages of pyrite formation. One pyrite morphology is
highly porous and exhibits a large amounts of rounded inclusions
(Fig. 64), whereas a second form has a more idiomorphic charac-
ter. No time relationships can be drawn between these two pyrite
morphologies.

The intense alteration of the rhyolitic breccias suggests a
high-temperature (>300°C) hydrothermal fluid circulation. Hy-
drothermal processes may also have produced extensive low-
grade mineralization within the upper drilled rock sequence (see
"Lithostratigraphy" section, this chapter).

Geochemistry

Eight samples from Hole 841B, including five from Unit 1 and
one each from Units 2, 3 and 4, were selected for shipboard X-ray
fluorescence (XRF) geochemical analysis (Table 14). The rocks
of Unit 1 are classified as low-K basaltic andesites and the limited
variation between the five representative samples supports the
designation of a single unit for this group. These rocks are clearly
derived from more primitive magma compositions. They have an
average MgO content of 4.7 wt%, and average Ni and Cr contents
of only 20 and 14 ppm, respectively. The lack of geochemical
variation precludes any rigorous discussion of the likely fraction-
ation history of these rocks, but it is apparent from the petrography
that plagioclase would have been important in controlling the
liquid line of descent. It is also likely that orthopyroxene and
clinopyroxene were included in the fractionated mineral assem-
blage.

The trace element abundances of the five samples normalized
to N-MORB are illustrated in Figure 65. The variation in Sr, P,
Zr, Ti, and Y is very limited and the five patterns are remarkably
coherent. In contrast, Rb, Ba, K, and Ce show considerable scat-
ter, with ranges approaching an order of magnitude difference
between some samples. The variation in concentrations of some

645



SITE 841

cm
12-1

1 4 -

1 6 -

1 8 -

2 0 -

-

cm
53-

2 2 -

Figure 52. Pumice breccia from near the top of Subunit 2C consisting of
pumice fragments and darker, vesicular rhyolitic fragments; Subunit 2C,
interval 135-841B-51R-1, 12-23 cm.

of the more incompatible elements could be caused by their
mobility during alteration.

Despite the element mobility, it is clear that these basaltic
andesites are enriched in large-ion-lithophile elements relative to
Nb in a manner similar to rocks from island arcs, and that the Site
841 samples carry an arc-like signature. The uniformity in con-
centration of the elements from Sr to Y on this diagram indicates
that these are likely to represent true magmatic values. The con-
centrations of these elements are either similar to, or higher than,
those observed in basaltic andesites from the Tonga-Kermadec
arc. Zr, in particular, is relatively high when compared to Tofua
Arc data (Fig. 66), and, together with the relatively elevated Ti
and Y, suggests that these rocks were derived from melting a more
fertile mantle source compared to the source of the modern Tofua
Arc lavas.

Although the Unit 1 rocks show significant differences com-
pared to the Tonga Arc, they share some of the characteristics of
the volcanic rocks from the Lau Ridge (Table 15). This is illus-
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Figure 53. Steep, irregular erosive contact between Subunit 3B (coarse
pumice breccia) and Subunit 3C; Subunit 3C, interval 135-841B-54R-1,
53-69 cm. The darker altered pumice clasts are visible in Subunit 3B as
are the fine, wavy laminae with thin coarser bands which are character-
istic of Subunit 3C.

trated in Figure 66, which compares the variation in Ba and Zr
between samples from the active Tofua Arc, tholeiites from the
Lau Ridge, samples from 'Eua and the Tonga forearc, and the
samples from Site 841. Although two of the Unit 1 samples plot
at high Ba contents, this is interpreted as reflecting mobility
during alteration. The lower Ba concentrations are more likely to
approximate original magmatic values, and these plot within the
field for the Lau Ridge tholeiites, close to the field for the forearc
and 'Eua. In this regard, the Unit 1 basaltic andesites more closely
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Figure 54. Steeply cross-cutting clastic dikes; Subunit 3C, interval 135-
841B-54R-2, 83-96 cm.

resemble older lavas erupted from the Lau Ridge arc system than
they do those of the modern arc lavas.

Most high-silica rocks in Units 2 through 6 are altered, recrys-
tallized, tuffaceous, or some combination of the three, so most are
poor choices for bulk-rock geochemical analysis. The only sam-
ples analyzed, therefore, were massive rhyolitic clasts in tuff
breccia from Subunits 2B and 3D and Unit 4, all of which are
low-K rhyolite (Table 14; Taylor et al., 1981). Inspection of thin
sections, and the very high value for SiO2 in the Subunit 3D
sample, suggest that the Subunit 3D sample was too altered to
represent a primary composition. With this exception, these sam-
ples can be compared with the geochemical trends and fields
defined by other forearc samples, by the high silica-pumice and
lavas recovered from previous Leg 135 sites, and by pumices from
the two localities in the Tofua Arc for which data on siliceous
volcanic rocks are available. For this discussion "high silica" is
defined as SiO2 >68 wt%. The only modern analyses from the
Tofua Arc that meet this criterion are the glass from the Metis
Shoal dacite pumice, and the matrix from several of the dacites of
Fonualei (Ewart et al., 1972).

Selected incompatible trace element pairs indicate that both
similarities and certain differences are likely to be related to
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Figure 55. Rhyolite breccia showing clasts up to 5 cm in a soft interstitial
matrix; Subunit 3C, interval 135-841B-56R-1, 3-22 cm.
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Figure 56. Photomicrograph of quartz-feldspar graphic intergrowths enclosing a highly resorbed quartz phenocryst in a rhyolite lava clast in Subunit
3D; Sample 135-841B-56R-CC, 0-2 cm; crossed polarized light; field of view = 1.5 mm.

mantle source depletions in the different magmatic settings in this
area. There is a generally coherent trend for Ce vs. Y for all of the
Site 841 igneous samples, similar to other forearc analyses (Fig.
67). Note the small excursion in Ce at almost constant Y in the
basaltic andesites, similar to the effect noted for Ba in the same
rocks. Overall, the data define a trend through the origin with a
Ce/Y ratio of about 0.3.

Although the data are limited, several important conclusions
can be drawn. The Site 841 rocks as a group are comparable in
their geochemical signature with other fresh to moderately altered
volcanic rocks from 'Eua and farther to the north on the trench
slope and the Tonga Ridge. This suggests they are sufficiently
well preserved to yield some information on eruptive setting and
source characteristics. It is also apparent that the pumices from
each region retain a geochemical coherence (e.g., the low and high
Ba contents in Site 841 and Site 840 pumices, respectively; Table
15), which suggests that they represent materials that are locally
derived, not rafted in to the site.

Table 15 shows averaged analyses for Unit 1 from Site 841 for
pumices analyzed from Site 840 (clasts in Miocene sediments)
and for the three rhyolites from Site 841, and compares them to
data from relevant volcanic provinces within the western and
southwestern Pacific, including the Lau Ridge. It can be seen that
the Unit 1 compositions correspond more closely to volcanics

from the Lau Ridge than to those from the Tofua Arc in the major
and trace elements. The most notable discrepancies are in total Fe
and V (the differences in Sr, Ba, and Rb are most likely attribut-
able to alteration as previously discussed).

The rhyolites of Subunits 2B and 3D show both gross similari-
ties in major element chemistry as well as some striking differ-
ences in trace element abundances when compared to silicic
volcanic rocks from the Mariana and Bonin forearcs and Site 840
pumice. The rocks from Site 841, the Mariana and Bonin forearcs,
all have relatively low Ba when their high SiO2 content is consid-
ered. This suggests that all were derived from Ba-poor parental
melts. The Site 841 samples have higher Ba than the Bonin
samples and markedly higher Ba (up to 4 times greater) than the
Mariana forearc boninite and tholeiite series. Zr and Y are also
higher in the Site 841 rhyolites, but Sr is relatively depleted when
compared to the Mariana and Bonin rocks. Site 841 rhyolites
differ from the nearby Site 840 pumice, which represents a much
younger phase of volcanism, in that the rhyolites contain lower
Ba (about half as much) and lower Sr (about a third as much).
Pumice from Site 840 exhibits similarities closer to the Mariana
forearc island- and tholeiite-series dacite, although the pumice has
higher Ba (e.g., MARA-D36; Table 15).

Rhyolitic rocks from Site 841 may be genetically related to the
younger Lau Ridge, 'Eua, and Tonga Ridge arc series, and thus
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Figure 57. Unit 4, interval 135-841B-62R-1, 10-20 cm. Lithic and pum-
iceous fragments in welded tuff. The pumiceous clasts are compacted and,
in this part of the core, variously oriented.

representative of an early stage in the development of the Mela-
nesian proto-arc. An alternative and highly speculative interpre-
tation is that they may be related to the rhyolites found at Lord
Howe Rise and therefore represent a far-traveled exotic terrane.
In either case, they constitute part of the igneous basement on
which the Lau Ridge and Tofua Arc were constructed.

Summary

Two major igneous sequences were recovered from Hole
841B. The first (Unit 1, 324.76-497.68 mbsf) is a sequence of
nine basaltic andesite intervals within upper Miocene and lower
middle Miocene volcanic silts tones and sandstones. The contacts
between the basaltic andesites and sediments include chilled mar-
gins in the volcanics, hyaloclastite breccias, and indurated sedi-
mentary material, all of which suggest intrusion of the volcanics
into the sedimentary pile. Chilled margins suggest intrusion as
relatively steep dikes or possibly as sills. Their occurrence in
upper Miocene forearc sediments indicates that volcanic activity
existed a significant distance outboard of the Lau Ridge when it
was active. The basaltic andesites are extensively veined with
thaumasite and a suite of sulfide minerals, including mainly pyrite
with lesser marcasite and chalcopyrite.

The second major igneous sequence recovered at Site 841
(Units 2 through 6, 605.05-815.1 mbsf) comprises a series of
low-K rhyolites, rhyolitic tuffs, breccias, welded tuffs, and lapilli
tuffs and appears to constitute volcanic basement in this part of
the forearc. Evidence for welding in some of the rhyolitic clasts
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Figure 58. Unit 6, Sample 135-841B-66R-CC, 24-28 cm. Strongly de-

formed pumice lenticles and rhyolitic clasts in fragment from Unit 6.

and tuffs, and the complete absence of interbedded sediments and
fossil flora or fauna, requires the occurrence of subaerial emplace-
ment. The silicic rocks are structurally overlain by upper Eocene,
very shallow-water calcareous volcanic sandstones. The eruptives
are predominantly low-K2O rhyolites; they generally have lower
contents of Ba than do similar high-SiO2 pumices from the mod-
ern Tonga Arc (Hawkins, 1987) and pumices in Miocene to
Pleistocene sediments recovered at Site 840. The rhyolitic brec-
cias are locally kaolinitized and illitized, accompanied by exten-
sive, disseminated sulfide mineralization.

The identification of these rhyolitic eruptives is important in
several respects. First, their subaerial origin indicates that this
portion of the forearc was at or above sea level when erupted and
has subsequently subsided more than 5000 m. The age of eruption
is not known but the oldest sediments overlying the rhyolitic
volcanics are upper Eocene. These upper Eocene calcareous sand-
stones are probably normally faulted (see "Structural Studies"
section, this chapter) against the volcanics but they do contain
abundant rhyolitic debris that must have been eroded from a
nearby source. The absence of any older reworked fauna, the lack
of any flora or fauna within the volcanic sequence, and the lack
of any radiometric or biostratigraphic ages older than middle
Eocene from any part of the Tonga ridge, forearc, or trench all
suggest that latest Eocene is a reasonable minimum age for rhyo-
litic volcanic complex.

This thick, high-SiO2 eruptive complex is unusual for an
intraoceanic island arc. High-silica rocks do occur in the Pacific
(e.g., on Saipan and in the Mariana forearc; Meijer, 1983;
Bloomer, 1983) but most are dacitic and few form true ignimbritic
complexes. While intraoceanic arcs may indeed produce high-
SiO2 eruptives, perhaps in part by remelting of older arc material,
the position and composition of the forearc basement rocks raises
the intriguing possibility that they are related to similar rocks from
rhyolitic complexes in northeastern Australia and from the Lord
Howe Rise in the Tasman Sea. In DSDP Hole 207 on the Lord
Howe Rise, 140 m of Upper Cretaceous (93.7 ±1.2 Ma) rhyolitic
lavas were cored (Burns, Andrews, et al., 1973). The rhyolites,
tuffs, and fragmental rocks are interpreted as having formed
subaerially or in shallow water (van der Lingen, 1973). The
bottom of the rhyolitic series was not reached; they are overlain
by Upper Cretaceous (Maestrichtian) silty claystone deposited in
a shallow-marine environment (van der Lingen, 1973; Burns and
Andrews, 1973). Cretaceous rhyolites are also recorded from New
Caledonia (Paris and Lille, 1977). The Lord Howe Rise and New
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Figure 59. X-ray diffraction pattern of white, soft vein mineral, identified as thaumasite [Ca3Si(OH)6(CO3)(SO4) 12H2O] in Sample 135-841B-18R-2,
13-14 cm. Note that peak at 44.58° belongs to an Fe peak from the sample chamber.

Caledonian sequences are both overlain by dolomite and shallow-
water detrital sediments of Coniacian-Campanian age (89-72 Ma;
Paris and Lille, 1977). Both of these occurrences are interpreted
to be associated with the formation of a small rift basin along the
extension of the present eastern Australian coast which preceded
the breakup of eastern Australia and the opening of the Tasman
Sea (Wilcox et al., 1980).

The occurrence of such a crustal fragment in the Tonga forearc
would require a major reevaluation of tectonic models for the
Southwest Pacific. It should be noted, however, that both the
Australian and Tasman Sea occurrences are Cretaceous in age. As
no fossiliferous horizons were encountered within the Site 841
rhyolitic units, their age is unknown, except as pre-late Eocene.
It should be noted, however, that no fauna or flora older than late
Eocene have been identified anywhere in the Tonga region (e.g.,
Valuer et al., 1985; Cawood, 1985).

The simplest explanation may be that the silicic rocks are
genetically related to younger volcanic rocks on the Lau and
Tonga ridges and formed during the early stages of evolution of
the ancestral Melanesian proto-arc. In either case, the Site 841
rhyolites are important as an indication of rocks that constitute

part of the igneous basement on which the Lau Ridge and Tofua
Arc were constructed.

PHYSICAL PROPERTIES

A full suite of standard ODP physical properties measurements
was made at Site 841. Index properties on sediments and sedimen-
tary rocks from Holes 841A and 84IB were determined by using
a pycnometer and balance, and include bulk density, grain den-
sity, porosity, water content, and void ratio. Bulk density was also
measured using the continuous gamma-ray attenuation and poros-
ity evaluator (GRAPE) on full APC cores from Hole 841 A.

Compressional wave velocities were measured both on whole
cores using the continuous F-wave logger and on discrete samples
using the Hamilton Frame apparatus. Velocities of unconsolidáted
sediments that could not be removed from the core liner were
measured in only one direction. Velocities were measured in both
horizontal and vertical directions when possible in unconsoli-
dáted sediments and on most of the consolidated sedimentary
rocks and basalts.

Vane shear strength was measured on selected undisturbed
intervals of the core samples from Hole 841A until degrees of
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Figure 60. Reflected light photomicrograph of sulfide aggregates in a thaumasite vein in Sample 135-84 IB- 18R-2, 7-10 cm; field of view = 1.5 mm.

rotation exceeded 90° or the sediment cracked, indicating that the
assumption of uniform shear by the vane was no longer valid.
Thermal conductivity was measured on whole undisturbed sedi-
ment cores from Hole 841A and on half rounds from lithified
sediments from Hole 841B.

The lithologic units referenced in this section are those de-
scribed in the "Lithostratigraphy" section (this chapter). Results
from laboratory measurements are listed in Table 16 and plotted
in Figures 68 through 77.

Index Properties

Hole 841A

Wet-bulk density, grain density, water content, porosity, and
void ratio for sediments and sedimentary rocks from Hole 841A
are plotted vs. depth in Figure 68, and values for the gravimetri-
cally determined index properties are listed in Table 16.

The index properties measured on samples from Hole 841A
show several distinct trends. Between 0 and 7 mbsf, bulk density
and grain density increase while water content, porosity and void
ratio decrease. Between 7 and about 30 mbsf, the trend is reversed,
bulk density decreases, and grain density remains constant, while
water content, porosity, and void ratio increase to values greater
than those measured within the upper 7 m. Between 30 and about
55 mbsf, bulk density increases, grain density remains constant,

while water content, porosity, and void ratio decrease. Below 55
mbsf to the bottom of the hole, the bulk density increases and
other index properties decrease slightly with depth. Bulk density
increases from 1.75 to 1.95 g/cm3. Water content decreases from
about 70% to about 60%, porosity decreases from about 65% to
47%, and void ratio decreases from about 2 to 1.5.

The index property trends outlined above show a limited
correlation with the lithostratigraphy. The clay within the upper
7 mbsf is undergoing rapid dewatering, as shown by the rapidly
increasing bulk density. Between 7 and about 30 mbsf, the in-
creased water content of the sediment suggests that the upper 7 m
of clay are acting as a barrier preventing normal consolidation and
dewatering of the sediments within this zone. Since the grain
density remains constant, the increased water content, porosity,
and void ratio are probably not related to the lithology of the
sediments. A possibility exists that the upper 30 m of sediment
may not be in place; rather it may be part of a slump overlying the
normally consolidating section below 30 mbsf. The sediments
below 30 mbsf display an initial high water loss to 55 mbsf and
then a smaller water loss gradient throughout lithologic Unit II
(see "Lithostratigraphy" section, this chapter). Most of Unit II
below 54 mbsf consists of siltstones and sandstones with varying
grain sizes and percentages of foraminifers. These variations,
sampled as representatively as possible from discrete measure-
ments, are reflected in the scatter in the data below 55 mbsf.
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Figure 61. Close-up of sulfides in Figure 61 showing "dirty" pyrite rimmed by two generations of marcasite; field of view = 0.3 mm.

The GRAPE bulk density data have been processed by initially
averaging at 5-cm intervals to remove spurious data points caused
by core section ends and void spaces within the core (Fig. 69A)
and then by applying a 5-point running average (Fig. 69B).
GRAPE bulk density was measured continuously only in the
upper 55 mbsf (e.g., within Unit I) and between 65 and 75 mbsf
because the core liners were not completely filled throughout the
remainder of the hole.

Within Unit I, the GRAPE bulk density shows trends similar
to those illustrated by the discrete bulk density measurements.
There is an increase within the upper 7 mbsf, a decrease between
7 and 24 mbsf, and an increase between 24 and 55 mbsf.

Hole 841B

Gravimetrically measured index property results for Hole
84IB (Fig. 70 and Table 16) show several distinct trends down
hole. Bulk density increases from 1.87 to 2.04 g/cm3 between 170
and 248 mbsf. Between 248 and 260 mbsf, the density of the
sediment is low (1.75 to 1.85 g/cm3), and the low values may
reflect an increase in clay content. Between 260 and about 390
mbsf, bulk density increases to a high-density basaltic andesite
unit (2.98 g/cm3) that is present from 390.4 to 400.2 mbsf in the
core (see "Igneous Petrology" section, this chapter). The basalt
may function as a cap preventing the loss of water and normal

consolidation processes, as immediately below the igneous unit,
bulk density decreases down to 459 mbsf. Below 495 mbsf, the
bulk density again increases gradually. A fault is present at about
460 mbsf, and correlates with a change from decreasing or low
bulk density values above 460 mbsf to more normal consolidation
below 460 mbsf. Below this fault, the scatter in the data reflects
the varied grain size and water content in the variable lithology
of the sampled sandstones and siltstones. A second fault is present
around 600 mbsf. Below this fault, measured values show consid-
erably more scatter, and a marked increase in bulk density and
decrease in water content, porosity, and void ratio occurs. Below
690 mbsf, bulk densities reach a maximum value of 2.91 g/cm3

measured on rhyolitic breccias.
Grain density is relatively constant with depth, averaging

about 2.6 g/cm3. However, the grain density also partly mirrors
the bulk density trends, suggesting that the trends illustrated by
the index properties are affected by changes in lithology. Water
content, porosity, and void ratio vary inversely with density.
However, below the fault at 600 mbsf, values for all three prop-
erties are much lower than above 600 mbsf. Also, more scatter is
present in the water content, porosity, and void ratio measure-
ments than in those of the bulk and grain densities, reflecting the
more varied composition of the altered rhyolitic lavas, breccias,
and tuffs sampled from 600 to 786 mbsf.
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Figure 62. Transmitted light photomicrograph, Sample 135-841B-40R-1,0-3 cm; field of view = 1.5 mm. Total replacement of plagioclase (?) phenocryst
in a volcanic clast by actinolite, albite, chlorite, and magnetite.

Compressional Wave Velocity

Compressional wave velocity data measured with a Hamilton
Frame device and the F-wave logger are shown in Figures 71 and
72, respectively, and are listed in Table 16. Fewer compressional
wave velocity measurements than index property measurements
were made on samples from Hole 841A because it was difficult
to propagate a signal through the coarse-grained sediments; there-
fore, the resolution in the upper part of the section using compres-
sional wave velocity is poorer than with the index properties.

The compressional wave velocity data shows variations that
correspond roughly with the trends suggested by the index prop-
erties. Compressional wave velocity increases in the upper 15
mbsf and decreases between 15 and 40 mbsf. Too few measure-
ments are available to define absolute trends between 40 and 65
mbsf. Below 65 mbsf, the data are scattered but show little
increase with depth to 200 mbsf.

/>-wave logger compressional wave velocity data, measured
within the upper 70 m, show an increase in the uppermost 2 m of
sediment followed by a decrease in compressional wave velocity
between 2 and 12 mbsf (Fig. 72). Compressional wave velocity
increases between 12 mbsf and the last P-wave data near 80 mbsf.
These trends are similar to those outlined by the discrete meas-

urements of compressional wave velocity and index properties,
although the depths are somewhat different.

Compressional wave velocity generally increases from around
200 to 390 mbsf, with a high-velocity region present between
about 250 and 300 mbsf. Igneous Subunit ID marks a major shift
in velocity values. The three very high velocities measured be-
tween 390 and 395 mbsf are from this subunit, a basaltic andesite.
From 395 mbsf to the fault at 600 mbsf, the data show a decrease
in average compressional wave velocities. These sediments lie
below the fault zone and the decreasing velocities may be the
result of the higher pore pressures caused by the capping effect of
the igneous unit. The values are scattered, reflecting the compo-
sition of the individual samples measured. This same scatter is
also present in the index property data described above. Between
610 and 670 mbsf, compressional wave velocity decreases; this
zone is immediately below a second fault that juxtaposes lime-
stone against underlying rhyolitic lavas, breccias and tuffs. The
measurements made on samples deeper than 690 mbsf from the
rhyolitic material are all 4000 m/s or greater.

Undrained Vane Shear Strength
Values of undrained shear strength were obtained using the

standard onboard miniature vane shear apparatus on unconsoli-
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Figure 63. Transmitted light photomicrograph of epidote after plagioclase (?) in Sample 135-841B-34R-1, 2-4 cm, a tonalitic clast; field of view =
1.5 mm.

dated sediments in Hole 841 A. The results are plotted in Figure
73 and reported in Table 16.

In general, measurements are made on representative sections
of core, which means that the dominant lithology, generally the
finer grained sediment, is sampled preferentially. Undrained shear
strength increases downhole from less than 1 kPa at 1 mbsf to 176
kPa at 42 mbsf. Within these 42 m, the shear strength gradient is
less in the upper 30 mbsf (the zone of increasing water content)
than between 30 and 42 mbsf (the zone where water content
decreases), although there is much scatter.

Thermal Conductivity
All thermal conductivity values in soft sediment cores were

obtained using needle probes inserted through core liners into full
core sections. For lithified sedimentary rocks and basalts, the
thermal conductivity was measured on a split core face. Thermal
conductivity measured at the top of the Hole 841A is 0.8847 W/(m
• °K) and increases slightly downhole to 0.9317 W/(m °K) (Fig.
74). In Hole 841B, thermal conductivity values increase between
173 and 440 mbsf and the fault, roughly down to the bottom of
lithologic Unit III and the fault zone. The two high thermal
conductivity values were measured on pieces of igneous Subunit
ID at 395 and 400 mbsf. Below 440 mbsf and the fault, thermal
conductivity values drop to just over 1 W/(m CK) and gradually

increase through the remainder of the measured section. The
thermal conductivity of the rhyolitic rocks was not measured
because of the small size of the recovered pieces.

Temperature Measurements
The water sampler temperature probe (WSTP) was used to

make temperature measurements at three depths in Hole 841A
(Fig. 75). The temperature history in the sedimentary section
should be such that after 5 min insertion in the sediment, the decay
curve is approximated by:

T(t) = A/t+Teq,

where A is a constant determined experimentally, t is time, and
Teq is the equilibrium formation temperature (Hyndman et al.,
1987). The temperature gradient defined by these measurements
is about 2.84°C/100 m (Fig. 76), similar to the 2.93°C/100 m
measured at Site 840 and the 3.2°C/100 m measured at a commer-
cial well on Tongatapu (Maung et al., 1981). Thermal conductiv-
ity measurements were used to calculate thermal resistivity and
integrated over depth. When the resulting thermal resistance is
plotted against the temperature measurements from the WSTP
(Fig. 77), the slope of the regression line indicates that the heat
flow in the region is 29.5 mW/m2.
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Figure 64. Pyrrhotite inclusion in rounded, highly porous pyrite; Sample 135-841B-55R-1, 1-3 cm; reflected light photomicrograph, 1 nicol; field of
view = 0.3 mm.

Discussion

Physical properties reflect structural changes as well as litho-
logic changes within the sedimentary section. The igneous Sub-
unit ID at 390 to 400 mbsf apparently has a capping effect that
prevents the sediment immediately beneath from consolidating
normally. This is reflected in the increased water content and
associated index properties below the unit. Faults also have an
effect on physical properties. In Hole 841B, the values for density,
compressional wave velocity, and thermal conductivity decreased
and water content, porosity, and void ratio increased significantly
at about 460 mbsf, the depth of an inferred fault. A similar drop
in measured values occurred below 610 mbsf, the depth of an
inferred second fault although "normal" consolidation occurred
below this fault.

Thermal conductivity shows more variability at Site 841 than
previous sites measured on Leg 135. Instead of a gradual increase
in conductivity with depth, variations in conductivity reflect the
various lithologies found downhole with the highest values being
measured on samples from the basaltic andesites of Subunit ID
and the lowermost rhyolitic rocks. In addition, a sudden drop in
thermal conductivity occurred below the inferred fault at 460
mbsf.

The temperature gradient and heat flow values are very con-
sistent across the forearc. The temperature gradient from Site 841
is very similar to that measured at Site 840 and at well sites on
Tongatapu. These gradients are higher than others measured in
the Lau Basin, suggesting that there is less fluid circulation at Site
841 than at those backarc sites in the Lau Basin. This is supported
by the pore-fluid geochemistry (see "Inorganic Geochemistry"
section, this chapter), where significant variations in calcium,
magnesium, and other elements indicate that the forearc sites have
less exchange with surface water than the backarc sites.

DOWNHOLE MEASUREMENTS

Operations
Logging operations at Hole 841C began at 1815 UTC on 13

February 1991 and ended at 1600 UTC on 14 February. The
driller's mudline was at 4821 mbrf, and the driller's total depth
was 775 mbsf. During logging the end of the drill pipe was set at
78.14 mbsf, although some open-hole logs were obtained at shal-
lower depths when it was safe for the driller to raise the pipe.
Well-logging operations consisted of two logging runs using the
formation microscanner (FMS) logging string and the quad tool
combination.
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Table 14. XRF analyses of representative samples from igneous units recovered in Hole 841B.

Core, section
Interval (cm)
Depth (mbsf)
Unit

18R-2
28-32
325.28

1A

Major elements (wt%):

SiO2

TiO2

A12O3

Fe2O3

MnO
MgO
CaO
Na2O
K2O
P2O5

Total
LO1
Mg#

54.13
1.01

16.04
12.53
0.22
4.55
9.52
2.78
0.16
0.15

101.09
1.29

41.8

Trace elements (ppm):

Nb
Zr
Y
Sr
Rb
Zn
Cu
Ni
Cr
V
Ce
Ba

Ti/Zr
Ba/Zr
Y/Zr
Sr/Zr
Ti/V

1
71
23

216
2

123
122
20
14

345
10
90

118
1.3
0.32
2.8

18

22R-1
138-142
362.78

III

57.18
0.95

15.99
12.62
0.19
4.92
3.31
5.64
1.16
0.10

102.06
5.77

43.6

1
56
22
87
19

103
45
14
7

235
9

251

141
4.5
0.39
1.6

24

23R-4
8-12

375.05
IB

52.59
1.06

16.83
13.06
0.27
4.76

10.26
2.84
0.20
0.17

102.04
1.01

41.9

1
73
24

229
5

173
114
22
17

376
13

256

141
3.5
0.33
3.1

17

25R-1
105-109
391.45

ID

52.58
1.05

16.62
13.13
0.24
4.80

10.18
2.90
0.09
0.15

101.74
0.72

42.0

1
74
24

230
1

132
128
21
12

387
7

125

118
1.7
0.32
3.1

16

26R-2
88-91
402.45

IE

51.85
1.08

16.46
13.08
0.25
4.93
9.61
3.28
0.45
0.17

101.16
1.55

42.7

1
76
25

227
4

166
117
20
17

382
13

310

118
4.1
0.33
3.0

17

36R-1
84-86
497.64

IF

54.64
1.03

15.64
12.42
0.20
4.36
9.33
2.94
0.26
0.16

100.98
0.87

41.0

2
74
25

213
4

90
132

18
12

351
16

140

116
1.9
0.34
2.9

18

41R-1
136-140
546.36

V

58.12
0.76

12.89
15.67
0.28
5.72
4.51
2.15
1.62
0.14

101.86
8.06

42.0

1
40
39

109
30

163
52
30

3
187
13
70

158
1.8
0.98
2.7

24

49R-1
10-13
622.00

2B

78.46
0.25

12.35
2.37
0.07
0.25
1.83
4.52
1.46
0.05

101.61
5.42

2
175
62
49
14
35
10
2
0
3

20
198

12
1.1
0.35
0.3

500

56R-CC
2-8

689.75
3D

80.50
0.28

11.56
2.48
0.02
0.95
1.80
3.00
0.38
0.04

101.01
2.59

2
184
64
76

8
44

9
4
0

15
19

116

13
0.6
0.35
0.4

112

62R-CC
11-15
749.97

4

75.94
0.23

10.83
4.35
0.06
0.74
4.97
3.18
1.39
0.06

101.75
5.17

2
137
50
50

4
0

21
1
0
9

20
89

14
0.6
0.36
0.4

153

Notes: Samples 135-841B-22R-1, 138-142 cm, and -41R-lm 136-140 cm, are volcanic clasts from sedimentary breccias. The
analysis for Sample 135-841B-49R-1, 10-13 cm, is of a pitchstone glass separate from a crushed bulk-rock sample; the glass
may contain up to about 4% plagioclase microlites. Mg# is 100 Mg/(Mg + Fe ) where Fe /Fe is assumed to be 0.2. Mg#
is not calculated for samples with SiO2 > 65%. LOI = loss on ignition.

100

Rb Ba K Nb Ce Sr P Zr Ti Y
Figure 65. Trace elements normalized to N-MORB of samples from
Subunits 1A to IF from Hole 841B and compared to the range of abun-
dances in the modern Tofua Arc (stippled field, data from Ewart et al.,
1973; Ewart et al., 1977; Ewart and Hawkesworth, 1987). Normalizing
values from Sun and McDonough (1989).

100 150
Zr (ppm)

200 250

Figure 66. Comparison of Ba and Zr abundances in rocks from Units 1,
2B, 3D, and 4 from Hole 84IB to fields for modern Tofua Arc (sources
as in Fig. 66), Lau Ridge subalkaline volcanics (Cole et al., 1985), and
the 'Eua forearc region (Ewart and Bryan, 1972; Hawkins and Falvey,
1985). Note the progressive increase in Ba from the older ('Eua) to the
younger (Tofua) units.
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Table 15. Comparison of analyses of basaltic andesites from Site 841 and average basaltic andesites from the Lau and Korobasaga volcanic
groups on the Lau Ridge (Cole et al., 1985) and a comparison of high-silica volcanic rocks from Site 841, Site 840 tholeiitic and boninitic series
dacites from the Mariana forearc (Bloomer, 1983), and dacitic rocks from the Bonin forearc (Fryer, Pearce, et al., 1990)

Depth (mbsf)

Unit

SiO 2

TiO2

A12O3

Fe 2 O 3 *
MnO
MgO
CaO
Na2O
K2O
p 2 θ 5

Mg#

Nb
Zr
Y
Sr
Rb
Zn
Cu
Ni

Cr
V
Ce
Ba

Ti/Zr
Ba/Zr
Y/Zr
Sr/Zr

Average
basaltic
andesite
Site 84 l a

325.28

1A

53.16
1.05

16.32
12.84
0.24
4.68
9.78

2.95
0.23
0.16

41.9

1.2
74
24

223
3

137
123

20
14

368
12

184

118
1.3
0.32
2.8

Tonga
average

excluding
Ata

53.21
0.74

17.09
10.94
0.18
5.37

11.15
1.57
0.39
0.07

49.3

0.6
18
12

196
4

84
—

23
54

305
3.7

88

246
4.9
0.67

10.9

Lau Kiüge

Lau
Group

55.16
1.14

18.08
9.42
0.17
3.62
8.54
3.30
0.84
0.25

43.2

2
97
35

331
11.2
90
45
14
28

243
19

138

70
1.4
0.36
3.4

Korobasaga
Group

55.76
0.73

18.58
7.48
0.15
4.41
8.81
2.99
1.24
0.29

53.9

2
66
20

533
37
80
47
16
27

179
20

309

66
4.7
0.30
8.1

Sample
135-841B

49R-1,
10-13

622.00

2B

78.46
0.25

12.35
2.37
0.07
0.24
1.83
4.52
1.46
0.05

2
175
62
49
14
35
10
2
0
3

20
198

12
1.1
0.35
0.3

Sample
135-841B
56R-CC,

2-8

689.75

3D

80.50
0.28

11.56
2.48
0.02
0.95
1.80
3.00
0.38
0.04

2
184
64
76

8
44

9
4
0

15
19

116

13
0.6
0.35
0.4

Sample
135-841B
62R-CC,

11-15

749.97

4

75.94
0.23

10.83
4.35
0.06
0.74
4.97
3.18
1.39
0.06

2
137
50
50

4
0

21
1
0
9

20
89

14
0.6
0.36
0.4

Site 840b

average
pumices

71.28
0.71

14.17
4.60
0.15
1.01
3.58
4.41
1.41
0.17

2
147
43

184
14
73
12

2
0

25
27

246

29
1.7
0.29
1.3

Mariana forearc samples

Tholeiite
series

MARA-D36

68.09
0.58

14.10
5.72
0.13
1.45
5.56
3.98
0.76
0.18

86
44

121
14

2
7

119

26

40
0.3
0.51
1.4

Boninite
series

MARA-D28

67.85
0.19

14.17
4.90
0.07
2.81
4.05
3.95
1.32
0.06

72
7

291
7

22
78
87

46

16
0.6
0.10
4.0

Bonin forearc samples

125-786B-
61R-5,
56-58

72.30
0.24

13.12
3.26
0.05
ND
2.49
3.35
1.11
ND

1.4
72
14

121
18

3
0

35

91

20
0.5
0.19
1.7

125-786B-
32R-2,
86-88

71.04
0.23

12.85
3.85
0.02
ND
2.88
3.35
1.35
ND

1.4
74
12

173
43

2
—
46

77

19
1.0
0.16
2.3

Note the generally low Ba abundances of the forearc volcanics, particularly in comparison to pumice clasts in Miocene sediments and the Lau Ridge volcanics. Mg# calculated as in Table 14.
a Average of five analyses.

Average of three analyses of pumice clasts in Miocene sediments.

The first logging run was made with the FMS tool string. Pass
1 was recorded open hole from 611.1 to 70.7 mbsf and pass 2 was
recorded from 603.8 to 70.7 mbsf open hole.

The second logging run was made with the quad-tool combi-
nation, which consists of the long-spaced sonic tool, the phasor
dual induction tool, the high-temperature lithodensity tool, the
compensated neutron porosity tool, and a natural gamma-ray tool.
The logging sequence with the quad tool string consisted of a main
uplog from 578.5 to 103.0 mbsf open hole, and another uplog from
177.0 to 103.0 mbsf open hole.

Onboard Processing
Data were processed as described in the "Explanatory Notes"

chapter (this volume). Depths should be considered as uncor-
rected and preliminary, and may change by as much as 5 m during
post-cruise processing.

The processed FMS images are on microfiche at the back of
this volume. When the diameter of the hole is greater than 39.4
cm (15.5 in.), the FMS pads do not make sufficient contact with
the borehole walls to produce images of satisfactory quality.

Results and Interpretation
The results of the logging in Hole 841C are shown in Figures

78 through 81. The Site 841 lithologic units that were logged are
described in detail in the "Lithostratigraphy" section (this chap-
ter).

Caliper Logs

The caliper logs record the diameter of the hole and are useful
in evaluating whether information from the logs is valid. The
lithodensity caliper logs indicate that most of the hole was within
the 19-in. maximum for most of the logged interval. The only
exception was the brief interval between 440 and 445 mbsf. In
general, the hole was smaller than 15 in. in diameter except at 333
mbsf (the boundary between Units I and II), between 390 and 395
mbsf (the depth of a basaltic andesitic dike or sill), and between
445 and 460 mbsf, which includes a faulted region (see "Physical
Properties" and "Structural Geology" sections, this chapter).

Density Log

The bulk density (RHOB on Fig. 78) in Hole 841C is relatively
constant at 1.7 g/cm3in the upper measured portion of the hole
between 105 and 199 mbsf (Unit II). Bulk density increases to
about 1.8 g/cm3 by 199 mbsf and continues to increase to about 2
g/cm3 by 332 mbsf. At 332 mbsf, a sharp, 2- to 3-m-wide density
peak reaches 2.5 g/cm3 and marks the top of Unit III. Density
values immediately below this peak drop back to about 1.55 to
1.6 g/cm3. At 394 mbsf and between 411 and 414 mbsf, density
increases to 1.85 and 1.95 g/cm3, respectively, and correlates with
basaltic andesite igneous units (see "Igneous Petrology" section,
this chapter). Several discrete bulk density measurements made
within these intervals have similar values (see "Physical Proper-
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ties" section, this chapter). Between 452 and 465 mbsf, the bulk
density increases sharply to 2.2 g/cm3 before dropping back to
between 1.9 and 2.09 g/cm3 for the remainder of the measured
hole (to 544 mbsf). This increase to 2.2 g/cm3 occurs at the same
stratigraphic level as a fault, and the drop in density measured
immediately below correlates well with the discrete density meas-
urements made gravimetrically at this same depth (see "Physical
Properties" section, this chapter).

Neutron Porosity Log

In Hole 841C, the porosity at 105 mbsf (NPHI, Fig. 78)
averages about 55% to 60% and remains constant throughout Unit
II to 332 mbsf. At 333 mbsf, a sudden decrease in porosity to 35%
for several meters marks the top of Unit III. At 394 mbsf and
411—415 mbsf, decreases in porosity to 38% mark basaltic andes-
ite sills or dikes (see "Igneous Petrology" section, this chapter).
Between these porosity excursions, porosity averages about 50%.
Between 452 and 465 mbsf, the porosity drops to 20%, a value
that may characterize the fault zone at this depth (see "Structural
Geology" section, this chapter). The average porosity below this
zone is about 50%.

Resistivity and Sonic Velocity Logs

The resistivity logs (ILM, ILD, and SFLU, Fig. 78) and the
sonic velocity log (Fig. 78) are very similar in character. Both logs
show relatively constant values to 245 mbsf, except between 117
and 128 mbsf, where both logs show increased values. At 245
mbsf, a gradual increase in values occurs at the same depth where
discrete bulk density data suggest that sediment begins to consoli-
date normally (see "Physical Properties" section, this chapter).
Resistivity and velocity peak at 332 mbsf at the top of Unit III.
The depths where the igneous dikes intrude are marked by a
significant resistivity and velocity increase. Velocity data below
422 mbsf needs further processing to eliminate cycle skipping,
especially in the shear zone between 452 and 465 mbsf.

Gamma-ray Log

The gamma-ray log (SGR, Fig. 78) shows constant gamma
radiation intensity throughout Unit II. Below 330 mbsf, and be-
tween 392 and 412 mbsf, gamma radiation decreases, and corre-
lates with two basalt dikes located between these depths (see
"Igneous Petrology" section, this chapter). The gamma radiation

remains constant from 412 mbsf through the bottom of the meas-
ured section at 544 mbsf.

Formation Microscanner

Data were acquired by the FMS tool between 70 and 610 mbsf
and plotted at a scale of 1:240 for preliminary shipboard interpre-
tation. The FMS calipers (Fig. 79) indicate that the hole is ellip-
tical to 200 mbsf, circular between 200 and 350 mbsf, and ellip-
tical to 405 mbsf. At 405 mbsf, the caliper skidded, rotating 90°.
From 445 to 480 mbsf, the hole became very narrow and jagged.
Below 480 mbsf, the hole remained narrow, circular, and fairly
smooth except for a couple of washouts at 515 and 545 mbsf.

Initial interpretation of the FMS resistivity image indicates the
following: first, the FMS images of the upper portions of the hole
can be described as regular bands of relatively low-resistive
material, with few zones of more highly resistive beds as, for
example, at 130 mbsf. Processed MSD dip data from this zone are
generally toward the northeast. Second, the FMS image in the
region between 445 and 485 mbsf is highly irregular, consisting
of bands of high and low resistivity (Fig. 80). The dips are highly
erratic. The actual fault trace within this zone cannot be picked
definitively on the 1:240 plot (see "Igneous Petrology" section,
this chapter) but is suggested by a white (highly resistive) band
between 454 and 458 mbsf. This highly resistive band is at the
same depth as the high-velocity, high-density, and low-porosity
region identified above. The caliper logs indicate that the hole
diameter is very irregular throughout this interval. Third, at a level
of about 552 to 555 mbsf, the attitude of the bedding as deduced
from the dipmeter data suddenly changes from a southeasterly
direction above to an easterly direction below the middle Miocene
(Fig. 81). This change in dip direction correlates with an uncon-
formity between middle Miocene and lower Oligocene strata
identified within the core at 549.1 mbsf (see "Lithostratigraphy"
section, this chapter).

DISCUSSION

The objectives for Site 841 were addressed by drilling three
holes that penetrated to 834.2 mbsf. The drilling program met the
objectives for the site, which were to identify the basement mate-
rial and its age, to determine the stratigraphy and lithologies of
the sedimentary sequence, to investigate the structures of the
forearc slope, and to sample and analyze fluids in the crust.

The major discovery was that the basement rocks under this
part of the forearc comprise a low-K rhyolitic volcanic complex
of uncertain age which is overlain, on a fault contact, by upper
Eocene shallow-water carbonates. The rhyolitic assemblage is
characterized by very high silica content (76%-80%) but very low
potassium (0.4%-1.6% K2O) for that level of silica. This is a
common feature of silicic rocks of intraoceanic arc systems. The
volcanic rock series includes rhyolite, rhyolitic tuffs, lapilli tuffs,
flow breccias, and welded tuffs. The best estimate is that these
formed subaerially or in a very shallow-water environment. The
silicic rocks may represent an early stage in the evolution of the
ancestral Melanesian proto-arc. A consideration of plate tectonic
evolution of the southwestern Pacific since the late Mesozoic
offers the interesting but highly speculative alternative possibility
that these may have some petrologic relationship to rhyolitic rocks
drilled on Lord Howe Rise at DSDP Site 207. Apart from the great
distance of present separation, which is minimal once post-Eo-
cene crust is accounted for, there is an apparent age gap. The Lord
Howe Rise rocks have been radiometrically dated as 93.7 ± 1 . 2
Ma and are overlain by Maestrichtian sediments. There is no
reliable age for the Site 841 rhyolites other than that a major
low-angle fault zone separates them from upper Eocene rocks.

The rhyolitic complex was drilled at a depth of about 5400
mbsl, and all indications are that it formed very near or above sea
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Table 16. Physical properties data, Holes 841A and 841B.

Core, section,
interval (cm)

135-841A-

1H-1, 88-90
1H-2, 60-60
1H-2, 82-83
1H-3, 60-60
1H-3, 79-81
1H-4, 60-60
1H-5, 77-79
1H-6, 38-40
1H-6, 60-60
2H-1, 101-103
2H-2, 60-60
2H-3, 60-60
2H-3, 63-65
2H-3, 69-71
2H-4, 60-60
2H-5, 90-91
2H-5, 95-97
2H-6, 60-60
2H-6, 72-73
2H-6, 79-81
2H-6, 124-126
3H-1, 81-83
3H-1, 83-85
3H-2, 60-60
3H-3, 60-60
3H-3, 84-86
3H-3, 87-89
3H-3, 91-93
3H-4, 60-60
3H-5, 73-74
3H-5, 75-77
3H-6, 38^10
3H-6, 60-60
4H-1, 68-70
4H-1,74-75
4H-2, 60-60
4H-2, 118-120
4H-3, 60-60
4H-3, 74-75
4H-3, 76-78
4H-4, 60-60
4H-4, 75-77
4H-5, 92-94
4H-5, 96-97
4H-6, 60-60
5H-2, 36-38
5H-2, 60-60
5H-2, 88-89
5H-3, 64-66
5H-3, 98-100
5H-3, 60-60
5H-3, 102-103
5H-4, 98-100
5H-4, 60-60
5H-4, 100-101
5H-5, 64-66
5H-6, 82-84
5H-6, 60-60
6H-1, 25-27
6H-1, 28-29
6H-2, 60-60
6H-3, 60-60
6H-3, 78-80
6H-4, 60-60
6H-5, 3 8 ^ 0
6H-5, 60-60
7H-CC, 11-13
8H-1, 45-*5
8H-1, 87-89
8H-2, 35-36
8H-2, 60-60
8H-3, 60-60

Depth
(mbsf)

0.88
2.10
2.32
3.60
3.79
5.10
6.77
7.88
8.10
9.51

10.60
12.10
12.13
12.19
13.60
15.40
15.45
16.60
16.72
16.79
17.24
18.81
18.83
20.10
21.60
21.84
21.87
21.91
23.10
24.73
24.75
25.88
26.10
28.18
28.24
29.60
30.18
31.10
31.24
31.26
32.60
32.75
34.42
34.46
35.20
38.41
39.10
39.93
40.19
40.53
40.60
40.57
42.03
42.10
42.05
43.21
44.85
45.10
46.75
46.78
48.60
50.10
50.28
51.60
52.88
53.10
56.40
65.95
66.37
67.35
67.60
69.10

TC
(W/[m °K])

0.885

1.007

0.937

0.938

0.855
0.984

0.931

0.855

0.800
0.955

0.920

0.891

0.830

0.990

0.983

0.944

0.727

0.940

0.901

0.936

0.868
1.092

0.957

0.915

0.756

0.961
0.911

Su
(kPa)

10.0

15.4

19.9
24.2

34.9

39.7

48.7

122.5

50.8

71.7

35.3

156.7

41.9

82.8
82.8

115.9

130.0

137.0

176.0

Bulk
density
(g/cm*)

1.51

1.48

1.57

1.64
1.63

1.52

1.49

1.55

1.48

1.46

1.36

1.44

1.39

1.50

1.43

1.46

1.47

1.52
1.53

1.49

1.70
1.53

1.52
1.66

1.6

1.58

1.91

1.67
1.75

Grain
density
(g/cm )

2.69

2.88

5.74

2.70
2.63

2.64

2.61

2.68

2.66

2.75

2.38

2.66

2.65

2.76

2.65

2.69

2.72

2.64
2.69

2.57

2.63
2.76

2.75
2.39

2.77

2.75

2.68

2.71
2.80

Porosity
(%)

80

77

75

71
79

75

78

78

80

82

81

83

84

78

83

82

79

76
77

79

62
78

76
70

73

75

57

69
66

Water
content

(%)

117

115

96

79
97

102

116

106

124

136

155

145

159

114

147

135

123

105
105

117

60
109

105
77

88

94

44

73
63

Void
ratio

3.9

3.3

3.0

2.4
3.6

3.0

3.6

3.5

3.9

4.5

4.2

5.0

5.0

3.6

5.0

4.5

3.8

3.2
3.3

3.6

1.6
3.5

3.2
2.4

2.7

3.0

1.3

2.2
1.9

VP
(m/s)

1462

1510

1513

1536

1574

1620
1589

1585

1584
1559

1612

1495

1526

1570
1560

1495

1709

1521

2086

1778
1835

VP
dir.

A

A

A

C

C

c
c

c

c
c

c

c

c

c
c

A

c

A

A

A
A

Notes: TC = thermal conductivity, Su = undrained vane shear strength, Vp = compressional (F-wave logger) velocity, and Vp dir. = velocity
direction, where A is the vertical velocity along the core, B is the horizontal velocity parallel to the cut core face, and C is the
horizontal velocity perpendicular to the core face. Table 16 appears in its entirety on the back-pocket microfiche.
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Figure 68. Plots of index properties data vs. depth for the sedimentary section from Hole 841 A: bulk density, grain density, water content, porosity,
and void ratio.

level. Therefore, there has been a remarkable foundering of the
crust at this site since the latest Eocene. If this rhyolitic material
initially formed as part of the present Tonga Ridge system, then
there has been considerable tectonic erosion of the deep levels of
the forearc crust during Cenozoic plate subduction into the Tonga
Trench. If it is a far-traveled exotic terrane, then some of this
subsidence may have been due to repeated rifting, rotation, and/or
collapse.

The presence of intrusive material in forearc sedimentary
accumulations is very unusual, although not without precedent,
having been found in the Mariana forearc on Leg 125, Site 781,
where a Pliocene or younger basalt flow or sill was encountered.
Site 841 cored nine separate basaltic andesite to andesite units in
the Miocene forearc sediments. An intrusive relationship was
indicated by chilled margins, hyaloclastite breccias on the igneous
rocks, and indurated sediments at the contact. These intrusive
layers may have given rise to steepened thermal gradients that are
expressed as a downward increase in low grade metamorphic
mineral assemblages from clays, to zeolites, to prehnite followed
downward by a sharp inversion to unmetamorphosed sediments.

Interstitial waters from the forearc sediments proved unusual
in that beginning with the upper Miocene sediments at 171.3 mbsf
there is an increase in calcium and chloride that is associated with
a decrease in magnesium, potassium, and sodium. These varia-
tions are attributed to a zone of reaction between 250 and 640
mbsf below which these relative concentrations are reversed.
These trends are opposite to what is usually observed in seawa-
ter/basalt interaction. In this reaction zone, the porewater chemi-
stry is some of the most intensively modified pore water of
seawater origin yet sampled by the DSDP/ODP drilling. Only
three other sites with similar fluid chemistry have been found:
Sites 792 and 793 in the Izu-Bonin forearc and Site 802 in the
deep-sea Central Mariana Basin. At Site 841, the CaCl2 brine
probably is the result of the combined effects of high rates of
sedimentation that causes diminished diffusive exchange with the

overlying ocean water, and the chemical exchange with the abun-
dant supply of volcanogenic material.

There was only minor evidence for sulfide mineralization at
the other drill sites but Site 841 was distinctive in having several
zones of sulfide minerals, mainly fine-grained pyrite but also
minor pyrrhotite, chalcopyrite, and marcasite. These were com-
monly dispersed in zones of kaolinitic clay typically associated
with brecciated rhyolitic rocks.
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Figure 69. GRAPE bulk density vs. depth for Hole 841A at 5-cm intervals (A) and after 5-point running average has been applied (B). Corresponding
lithologic column shown to the right of plots.
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Figure 70. Index properties data vs. depth for sediments and rocks recovered from Hole 841B: bulk density, grain density, water content, porosity, and
void ratio.
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Figure 71. Compressional wave velocity vs. depth for samples
from Site 841.
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Figure 72. P-wave logger data vs. depth from Hole 841A after initial 5-cm averaging (A) and after applying a 5-point running average (B). Lithologic
units shown to the right of plots.
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Figure 73. Undrained vane shear strength vs. depth for samples from
Holes 841A and 841B. Gradients are inserted visually.
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Figure 74. Thermal conductivity vs. depth for sediments from Hole 841A
(triangles) and consolidated sediments and basalt samples from Hole
841B (diamonds).
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Figure 75. WSTP measurements from Holes 841 A. Measurement depths
were 27.5 mbsf (solid line), 56 mbsf (short dashes), and 65.5 mbsf (long
dashes).
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Figure 76. Temperature vs. depth for Site 841, with line showing geother-
mal gradient of 2.8°C/100 m.
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Figure 77. Thermal resistance vs. temperature at Site 841. The slope of
the line indicates the magnitude of the heat flow for this site of 29.5
mW/m2.
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Figure 78 (continued).
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Figure 79. Calipers (diameter vs. depth in mbsf) obtained from both passes of the formation microscanner tool. Cl (caliper 1-3) and C2 (caliper 2-4)

are plotted on a scale of 6 to 16 in.
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Figure 80. Formation microscanner logging data. Caliper log at left,
dipmeter plot at center, and FMS images at right. The horizontal to
vertical ratio of the FMS images is 1:1. FMS images are across a zone of
faulting at about 454^4-58 mbsf. Jagged data are caused by skidding or
turning of the FMS tool in the hole, and is commonly caused by hole
rugosity.
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Figure 81. Formation microscanner logging images, 508-575 mbsf. Cali-
per log at left, dipmeter plot at center, and FMS images at right. Note the
change in dip direction at approximately 552-555 mbsf that corresponds
to the unconformity identified in the core, between middle Miocene and
lower Oligocene strata, at 549.1 mbsf.
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Hole 841C: Resistivity-Sonic-Natural Gamma Ray Log Summary
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SITE 841

Hole 841C: Resistivity-Sonic-Natural Gamma Ray Log Summary (continued)
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Hole 841C: Resistivity-Sonic-Natural Gamma Ray Log Summary (continued)
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SITE 841

Hole 841C: Density-Natural Gamma Ray Log Summary
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SITE 841

Hole 841C: Density-Natural Gamma Ray Log Summary (continued)
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SITE 841

Hole 841C: Density-Natural Gamma Ray Log Summary (continued)

SPECTRAL GAMMA RAY

TOTAL
0 API units 50

5?
^ o;r
oc mo
111 CQo

PHOTOELECTRIC
EFFECTCOMPUTED I EFFECT I POTASSIUM I THORIUM

0 API units 50 | 0 barns/e 10 | 0 wt. % 2.5 | -1 ppm 4

URANIUMCALIPER
19

BULK DENSITY DENSITY CORRECTION
in 9 | 1.5 g/cm3 2.5 | 0.4 g/cm3 -0.1 | 4 ppm T

or
_ J C C

-450

- 500

- 550


