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6. ESCANABA TROUGH: CENTRAL HILL (SITE 1038)*

Shipboard Scientific Party?

HOLE 1038A

Position: 41°00.0163\, 127°29.685W

Date occupied: 2 October 1996

Date departed: 3 October 1996

Timeon hole: 27 hr, 15 min

Bottom felt (drill pipe measurement from rig floor, m): 3233.5
Distance between rig floor and sea level (m): 11.8

Water depth (drill pipe measurement from sea level, m): 3221.8
Total depth (from rig floor, m): 3348.0

Number of cores (including cores having no recovery): 12
Total corerecovered (m): 2.65

Corerecovery (%): 2.3

Oldest sediment cored:
Depth (mbsf): 114.5
Nature: sandstone

HOLE 1038B

Position: 41°00.024'N, 127°29.870T

Date occupied: 3 October 1996

Date departed: 4 October 1996

Timeon hole: 20 hr, 30 min

Bottom felt (drill pipe measurement from rig floor, m): 3266.0
Distance between rig floor and sea level (m): 11.8

Water depth (drill pipe measurement from sea level, m): 3254.3
Total depth (from rig floor, m): 3386.5

Number of cores (including cores having no recovery): 13
Total corerecovered (m): 13.8

Corerecovery (%): 11.5

Oldest sediment cor ed:
Depth (mbsf): 120.5
Nature: sandstone and claystone

HOLE 1038C

Position: 41°00.1816N, 127°29.603TW
Date occupied: 4 October 1996

1Fouquet, Y., Zierenberg, RA., Miller, D.J, et d., 1998. Proc. ODP, Init. Repts.,
169: College Station, TX (Ocean Drilling Program).
2Shipboard Scientific Party is given in the list preceding the Table of Contents.

Date departed: 5 October 1996

Timeon hole: 12 hr, 15 min

Bottom felt (drill pipe measurement from rig floor, m): 3239.0
Distance between rig floor and sea level (m): 11.8

Water depth (drill pipe measurement from sea level, m): 3227.2
Total depth (from rig floor, m): 3280.8

Number of cores (including cores having no recovery): 4

Total corerecovered (m): 3.16

Corerecovery (%): 7.6

Oldest sediment cored:
Depth (mbsf): 41.8
Nature: altered clay

HOLE 1038D

Position: 41°00.1441N, 127°29.6148V

Date occupied: 5 October 1996

Date departed: 5 October 1996

Timeon hole: 10 hr, 30 min

Bottom felt (drill pipe measurement from rig floor, m): 3237.0
Distance between rig floor and sea level (m): 11.8

Water depth (drill pipe measurement from sea level, m): 3225.2
Total depth (from rig floor, m): 3280.8

Number of cores (including cores having no recovery): 4

Total corerecovered (m): 3.23

Corerecovery (%): 7.4

Oldest sediment cored:
Depth (mbsf): 43.8
Nature: sand and silty clay

HOLE 1038E

Position: 41°00.0012N, 127°29.6463V

Date occupied: 5 October 1996

Date departed: 6 October 1996

Timeon hole: 8 hr, 30 min

Bottom felt (drill pipe measurement from rig floor, m): 3221.0
Distance between rig floor and sea level (m): 11.8

Water depth (drill pipe measurement from sea level, m): 3209.2
Total depth (from rig floor, m): 3261.6

Number of cores (including cores having no recovery): 4
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ESCANABA TROUGH: CENTRAL HILL

Total corerecovered (m): 2.41
Corerecovery (%): 5.9

Oldest sediment cored:
Depth (mbsf): 40.6
Nature: siltstone

HOLE 1038F

Position: 40°59.7304N, 127°29.287TV

Date occupied: 6 October 1996

Date departed: 6 October 1996

Timeon hole: 17 hr, 30 min

Bottom felt (drill pipe measurement from rig floor, m): 3252.0
Distance between rig floor and sea level (m): 11.8

Water depth (drill pipe measurement from sea level, m): 3240.2
Total depth (from rig floor, m): 3290.4

Number of cores (including cores having no recovery): 4

Total corerecovered (m): 6.62

Corerecovery (%): 17.2

Oldest sediment cored:
Depth (mbsf): 38.4
Nature: silty claystone, clayey siltstone

HOLE 1038G

Position: 40°59.7255N, 127°29.286%W

Date occupied: 6 October 1996

Date departed: 8 October 1996

Timeon hole: 1 day, 13 hr, 30 min

Bottom felt (drill pipe measurement from rig floor, m): 3251.0
Distance between rig floor and sea level (m): 11.8

Water depth (drill pipe measurement from sea level, m): 3239.2
Total depth (from rig floor, m): 3398.0

Number of cores (including cor es having no recovery): 16
Total corerecovered (m): 44.88

Corerecovery (%): 30.5

Oldest sediment cored:
Depth (mbsf): 144.5
Nature: medium-grained sand

Hard rock:
Depth (mbsf): 147.0
Nature: basalt

HOLE 1038H

Position: 41°00.0054N, 127°29.6533V

Date occupied: 8 October 1996

Date departed: 9 October 1996

Timeon hole: 1 day, 6 hr, 45 min.

Bottom felt (drill pipe measurement from rig floor, m): 3234.0

Distance between rig floor and sea level (m): 11.8
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Water depth (drill pipe measurement from sea level, m): 3222.2
Total depth (from rig floor, m): 3426.8

Number of cores (including cores having no recovery): 20

Total corerecovered (m): 29.99

Corerecovery (%): 15.6

Oldest sediment cored:
Depth (mbsf): 187.9
Nature: claystone

Hard Rock:
Depth (mbsf): 192.8
Nature: basalt

HOLE 1038|

Position: 40°059.883N, 127°29.563W

Date occupied: 9 October 1996

Date departed: 12 October 1996

Timeon hole: 3 days, 3 hr, 15 min

Bottom felt (drill pipe measurement from rig floor, m): 3227.0
Distance between rig floor and sea level (m): 11.8

Water depth (drill pipe measurement from sea level, m): 3215.2
Total depth (from rig floor, m): 3631.0

Number of cores (including cores having no recovery): 43
Total corerecovered (m): 191.13

Corerecovery (%): 47.3

Oldest sediment cored:
Depth (mbsf): 403.4
Nature: claystone

Hard Rock:
Depth (mbsf): 404.0
Nature: basalt

Principal results: A transect of holes (Holes 1038A through 1038l) was
made in the vicinity of Central Hill; the highest priority was to drill
through the massive sulfide deposits and into the alteration zone near the
center of the hydrothermal upflow zone. A primary objective was to es-
tablish the causes of the major compositional differences between the de-
posits at Middle Valley and Escanaba Trough. A series of shallow rotary
core barrel (RCB) exploratory holes was targeted primarily on the ex-
posed mounds of massive sulfide to establish the extent, composition, and
drillability of the massive sulfide in this area before starting a deeper drill
hole.

Massive sulfide recovered from Central Hill suggests that the miner-
alization forms only a thin (8.5 m) veneer over the sediment sequence.
No major massive sulfides were recovered. In addition, the absence of a
well-developed, sulfide-veined feeder zone in the sediments under the sul-
fide mounds suggests relatively pervasive circulation and a diffuse vent-
ing of hot fluid over a short period of time rather than a long-lived, focused
high-temperature discharge. This agrees with the lack of chimneys and the
widespread occurrence of high-temperature pyrrhotite crusts on the sedi-
ment observed during submersible dives. Massive sulfides consist pre-
dominantly of massive pyrrhotite and vuggy pyrite. Sphalerite is locally
abundant and is associated with pyrrhotite.

Of the eight lithologic units identified at the Escanaba Trough Refer-
ence Site (Hole 1037B), only Units Il, lll, and VIII can be identified with

any degree of certainty at Site 1038, and these correlations require shore-
based sediment analysis before they are confirmed. Using grain-size and
magnetic susceptibility data, a correlation can be made between the upper
100 m of cores in Holes 1038A, 1038B, 1038G, 1038l, and the reference



SITE 1038

hole (1037B); below 100 meters below seafloor (mbsf), stratigraphic cor- hydrothermal field, methane in the cores recovered has a thermogenic or-
relation becomes more tenuous. Hole 1038l represents our most complete igin. The presence of benzene and toluene confirm the high-temperature
lithostratigraphic sequence at Site 1038. cracking of organic matter. Bitumen fluorescence also indicates a high
Near-surface sands lack lateral continuity, suggesting that they may maturation temperature of 150°-250°C. The estimated temperature of or-
have been derived locally from slump off the steep fault scarps that sur- ganic maturation is higher than in Middle Valley. The full range of matu-
round the basin. These sands are correlated to Unit 11 (Cores 169-1038I- rity is observed. Hydrothermal petroleum occurs in the shallow section of

1X through 9X, 0-75.9 mbsf), which is characterized as graded beds of several holes. The regional maturation of organic matter has been rapid for

fine-grained sand to silt and clay interbedded with thin hemipelagic mud- all holes. In Hole 1038l, methane has a biogenic origin at shallow levels

stone. Unit 11l (Cores 169-10381-9X through 12X, 75.9-103.7 mbsf) isthe  and a thermogenic origin deeper in the section. Hydrocarbon composi-

most correlative horizon to the reference hole. The top of Unit lll is char-  tions reflect the terrigenous source of organic matter in the sediments de-

acterized by a change from thinly interbedded sandy and silty turbidites posited in Escanaba Trough.

and hemipelagic strata to thicker, more sand-rich turbidites separated by

relatively thinner mudstone intervals. The top of this interval is identified

in all holes that penetrated to a depth in excess of 80 mbsf and may be cor- INTRODUCTION

relative to the top of the regional seismic transparent layer. Despite the Geographical Setting

fact that there is ~40 m of relief between Holes 1038B and 1038, the top

of Unit Il occurs within 4.1 m of the same depth below the seafloor inall  Escanaba Trough, the area where Central Hill and Holes 1038

the holes. This implies that the topographic expression of the Central Hilhrough 1038l are located (Fig. 1), forms the southern segment of the

is very young. Because of poor recovery, it is difficult to correlate the low-Gorda Ridge (Fig. 1A, “Introduction” chapter, this volume). The

er part of the sedimentary sequence (UnitsMW) underlying Central ~ northern end of the axial valley is only a few kilometers wide, but it

Hill with the sequence drilled at the Escanaba Trough Reference Site (Siwidens to ~18 km at the southern end (Fig. 9, “Introduction” chapter,

1037), 5 km to the south. this volume). The spreading rate is 2.4 mm/yr (Atwater and Mudie,
A basalt layer ranging from 2 to at least 5 m thick was intersected i1973), and the valley has a typical slow-spreading ridge morphology.

three holes (1038G, 1038H, and 1038l) at intervals occurring at approxifhe steep walls on the flank of the valley rise from 900 to 1500 m

mately the same depth below seafloor. This unit may be either a sill or above the valley floor. The depth of the axial valley is generally

flow erupted over sediment. The basalt intersection in the base of Holgreater than 3300 m except between 41&hd 41°28N, where the

1038l (Core 169-10381-43X, 403.2-404 mbsf) maybe a flow, based on thdepth shallows to <3250 m. Escanaba Trough is divided into two 80-

presence of fresh glass, but it does have a narrow (2 mm) baked sedim¢ot100-km long segments separated by a 5-km, right-lateral offset at

contact at the upper surface. There is, however, insufficient penetratio41°08 N.

into this interval to ascertain the nature of the unit. South of 41°17N, most of the valley is covered by interbedded
Most samples examined from Site 1038 contain very few foraminifershemipelagic and turbiditic sediments (Vallier et al., 1973; Clague and

or are barren. Their alteration is clearly associated with thermal and hyHolmes, 1987; Normark et al., 1994). At the southern end, the sedi-

drothermal effects. Hole 1038F provides confirmation that Holocene sed-

imentation is exceptionally fast, probably in excess of 290 cm/k.y.

Pore-water fluids collected from Site 1038 show a wide range i 127729
chemical compositions. A hydrothermal component is obvious in all th N 0 500
holes and dominates pore-fluid chemistry at shallow depths below hydr ? —_——
thermally active and inactive sulfide mounds. The Cl concentration rang

Contour interval 10 m

from 300 to 800 mM, indicating the presence of hydrothermal fluid affect
ed by phase separation. In most holes, the high salinity component dot

massive
nates pore fluids. Low salinity is particularly evident in sand-rich layers ii sulfide
Holes 1038A, 1038H, and 1038I. This suggests a preferential vapor Ic D U, vent O
and migration through sand layers after boiling. Pore-fluid compositior "’%

also appear to be modified by anhydrite dissolution, Mg-metasomatist
and chlorite formation. 41°00
Hole 1038l allowed the recovery of pore fluid from deeper in the sec
tion. The thermal gradient in the upper part of Hole 1038l is ~2°C/m. Hig
temperature results in concentrations of Li and B below 300 mbsf that &
far higher than those recorded in Hole 1037B. Furthermore, the conce
tration of Mg declines far more rapidly with depth than at the Escanat
Trough Reference Site, supporting hydrothermal alteration of the sec
ment. There is a marked change in the composition of pore-fluid chemi
try in the sand layer of lithologic Unit lll. Ca, CI, Mg, Sr, and Na/Cl ratios
decrease, whereas Li, B, K, and Ni#ncentrations increase. This is con-
sistent with the lateral flow of a hydrothermal component with low C
through the sand layer. This fluid acquired high concentrations of Li, E
K, and NH, by reaction with sediment. Fluid with similar composition
was sampled at Holes 1038A and 1038H, and the low CI concentration
related to phase segregation following boiling. High salinity fluids wer¢
recovered from sediment beneath a thin basalt layer penetrated at :
mbsf in Hole 1038I. These fluids could be conjugate brines to the low s
linity fluids sampled in the overlying sediment intervals, thus indicating

drill
hole.
:1038F
1038G
that phase separation has occurred at the upper part of the hydrother )j

system.

High methane concentration in gas was found in Holes 1038E, 1038 Figure 1. Location map showing the nine holes drilled at Central Hill, and the
1038F, 1038G, and 1038l. Except for Hole 1038lI, drilled away from th extent of massive sulfide on the seafloor.

10381®
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ESCANABA TROUGH: CENTRAL HILL

BasaltFlow Sulfide Deposit

o e e — e e — s e

Figure 2. Schematic diagram showing the uplift of
one of the small, circular, sediment hills above alac-
colith. The number of sillsincreases with depth such
that there is atransitional boundary between sedi-
ment and the upper part of the oceanic crust, whichis
interpreted to be a sheeted sill complex. Faults that
bound the uplifted sediment hill provide a high-per-
meability pathway for basaltic dikesthat feed lava
flows and for hydrothermal fluids that form massive
sulfide deposits. High-permeability sandy turbidite
layers may also channel hydrothermal fluids and are
likely sites of subsurface mineralization (Zierenberg
etal., 1993).

ment thickness exceeds 900 m. The sediment accumulation rate dur- hills form by inflation of basaltic sills near the sediment/basement in-
ing the late Pleistoceneis as high as 8 m/k.y. (Normark et a., 1994). terface (Denlinger and Holmes, 1994). The faults that bound the up-
During the Holocene, the sedimentation rate averaged 14 cm/k.y. lifted sediment hills provided conduits for hydrothermal fluids and,
(Karlin and Zierenberg, 1994). Most of the sediment fill probably ac- in some localities, may also have provided a pathway for basalt to

cumulated in <200,000 yr during the last two or three sea-level low- erupt at the surface (Fig. 2; Ross and Zierenberg, 1994). A mass and
stands during the Pleistocene. These sediments have sealed off the thermal balance geophysical model demonstrates that sufficient heat
hydrothermal circulation that normally cools the oceanic crust. In is available from these postulated intrusions to produce massive sul-
contrast to sediment-free spreading centers, both Escanaba Trough fide deposits in the million ton size range (Davis and Becker, 1994).
and Middle Valley lack a central magnetic anomaly, perhapsindicat-

ing intensive alteration of the basaltic basement (Karlin and Morton, Central Hill
1994).

Volcanic and intrusive emplacement of ridge axis basalt affects At the latitude of Central Hill, the Escanaba Trough is filled with
the sediment fill at several localities along the trough (Morton et a., ~600 m of sediment (Zierenberg et al., 1994). Acoustic reflections

1987; Morton et al., 1994; Figs. 9, 10, “Introduction” chapter, thisfrom volcanic basement are, however, not well developed below the
volume). The volcanic edifices are characterized by an abrupt trangientral zone of disrupted sediment, so the depth of the basement is
tion from undisturbed sediments to deformed, tilted, and commonlpoorly constrained and could be a transitional zone of alternating ba-
uplifted sediment layers (Morton et al., 1994). Coherent seismic resaltic sills and sediments.

flectors are generally absent from the areas underlain by these igne- Central Hill is one of the numerous small, uplifted sediment hills
ous complexes. These igneous centers are areas of high heat fltwat characteristically occur above the larger igneous complexes that
(Abbott et al., 1986; Davis and Becker, 1994; Fig. 11, “Introduction”punctuate the sediment-filled rift axis in the Escanaba Trough (Mor-
chapter, this volume) and are sites of hydrothermal mineralizatiorion et al., 1987). Central Hill (1 km in diameter and 60 m high) is
Away from the igneous centers, heat flow in the valley is relativelysteep-sided, formed of uplifted sediment, and interpreted as a cylin-
low (0.2 W/n?), and the temperature predicted for the sedimentdrical block of sediment bordered by curvilinear normal faults, that
basalt interface averages ~80°C (Davis and Becker, 1994). The higbrobably was uplifted by the intrusion of large basaltic sill.

est heat flow is near the intrusive/volcanic centers, suggesting that

both volcanism and hydrothermal activity are focused at these siteBectonic Activity

Associated with the larger scale igneous centers are small circular

sediment hills that are ringed by faults and uplifted 50-100 m above The sediment-covered western side of Central Hill is bounded on
the surrounding area. The volume for emplacement of the sills mathe north and west by a series of stepped scarps (Fig. 3), each a few
in part, be accommodated by dewatering and compaction of the imeters high (Ross et al., 1996), which contrasts with the large mass-
truded sediment, as suggested for the thin, shallow sills drilled in theasting scarps that bound most of the sediment hills. Central Hill ap-
Guaymas Basin (Einsele et al., 1980). However, it is likely that theears to be a morphologically younger feature than most of the
uplifted hills only form over rather large volume, rapidly emplacedsimilar-sized sediment hills and clearly has not been affected by mass
intrusions. The volume of the sills responsible for uplift of thesewasting to the same extent as the nearby, presumably older, South-
small circular sediment hills is probably approximately equal to thavest Hill. Uplift of the northern part of the hill was accommodated
volume of uplifted material. Mechanical modeling suggests that théy a series of stepped normal faults downdropped to the north. The
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Figure 3. AMS 60 kHz side-scan sonar image of Central Hill (Ross et al., 1996). The sonar was towed 250 m above seafloor, providing an ~2.5-km swath.
White areas (high reflectivity) to the east of Central Hill are pillow and lobate lava flows erupted at the surface of the sediment, probably from the volcanic high
visible at the center of the white area. The western wall of the hill is clearly fault dominated, whereas the northeastern and eastern part are subject to mass wast-

ing and channeling.
western and eastern flank are also formed by sediment-covered tion of these surface volcanic rocks is probably related to the uplift of
scarps that may represent normal faults. The eastern flank of the hill the sediment hills (Ross and Zierenberg, 1994). Lava tubes drape the
isan area of complex bottom morphology, including graben-like de- north flank of the hill indicating flow to the north. These lava tubes fed
pressions and collapsed areas that control the sulfide deposit (Zieren- sheet-flow basalts that ponded within the central depression of the
berg et a., 1994). Channels, presumably incised by masswasting, cut spreading center. Basalt flows have not been observed on any of the
the sediment along the stegper northern and eastern sides of the hill sediment scarps (Zierenberg et al., 1994). High-resolution sonar imag-

es clearly show the surface extent of the recent lava flows on the east-
ern side of the hill (Fig. 3; Ross et al., 1996).

(Fig. 3).
Volcanic Activity
Hydrothermal Deposits
A large exposure of glassy basdt pillows occursat the surface of the
The western, sediment-covered part of Central Hill contains the

flat sediment fill east of the crest of Central Hill (Figs. 10-12, “Intro-
duction” chapter, this volume; Ross and Zierenberg, 1994). The erupost extensive sulfide deposits observed in Escanaba Trough (Fig
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ESCANABA TROUGH: CENTRAL HILL
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Figure 4. Generalized model for hydrothermal discharge and deposition of sulfide mounds at the margin of an uplifted sediment hill. The evolution of asulfide
mound includes initial precipitation of sulfate crust and chimneys, main-stage deposition of the pyrrhotite-rich sulfide assemblage below the sulfate carapace,
inflationary growth during ongoing cementation, recrystallization and replacement within the mound, brecciation and degradation of the mound by mass wast-
ing, and renewed precipitation of sulfate and sulfide from fluids discharging through the mound surface. The bounding fault structure and sediment breccia
deposits provide cross-stratal permeability for hydrothermal fluids. Fluids migrate laterally along porous sandy units in the turbidite section. Subsurface mixing
of hydrothermal fluid and seawater along faults and within permeabl e beds results in disseminated and fracture-controlled sulfide mineralization, Mg metasom-
atism, and chlorite formation in the sediment (Zierenberg et a., 1993).

12, “Introduction” chapter, this volume; Fig. 4). Three areas of outdepth (Campbell et al., 1994). By 1994, the 217°C vent had cooled to
cropping massive sulfide mineralization were explored during 16-65°C (R. Lutz, pers. comm., 1994). The collected fluids therefore
submersible dives. High-resolution sonar shows increasing backscdikely reflect the waning phase of hydrothermal activity accompany-
ter in the areas of outcropping sulfides (Fig. 3). The massive sulfideg the cooling of the magmatic source.

deposits on the west and southeast flanks of Central Hill (Fig. 12, “In-

troduction” chapter, this volume) are actively venting hydrothermaHydrothermal Fluids

fluid, and the area on the northern flank shows indications of very re-

cent hydrothermal activity, suggesting that these deposits are all part Escanaba Trough hydrothermal fluid is slightly alkaline and has a
of the same hydrothermal system. An extensive area of massive sahlorinity 20% higher than seawater. The relatively low temperature
fide is exposed on the north slope of Central Hill. Massive sulfide exand high pH result in a very low concentration of metal in the end-
tends more than 270 m from north to south and more than 100 m fromember fluid (Campbell et al., 1994). Chemical and isotopic compo-
east to west, but the western edge of the deposit has not been defirs#tibn of the fluids requires extensive interaction with sediment
with certainty. Within this area, there is a nearly continuous outcrogBohlke and Shanks, 1994). Strontium-isotope composition (0.7099;
of massive sulfide with few sediment-covered areas. The best eGampbell et al., 1994) and high-Sr concentration appears to be con-
plored and most hydrothermally active area of sulfide mineralizatiortrolled by complete reequilibration with the local sediment (Sr-isoto-
on the Central Hill extends west from the northern end of the sedpic composition: 0.7093-0.7126; German et al., 1995). Any basaltic
ment-covered hill top (Fig. 10, “Introduction” chapter, this volume). component to the Sr-isotopic composition is completely obscured by
This is not an area of continuous sulfide outcrop, but rather a regicssediment/fluid interaction.

of abundant, closely spaced sulfide mounds. The mounds are typical- Reaction of high-temperature, acidic fluids with sediments could
ly 20-60 m in diameter and 5-10 m high. Two mounds were obextract significant quantities of metals and may explain high As, Bi,
served actively discharging high-temperature hydrothermal fluid irPb, and Sb concentrations in Escanaba Trough sulfides (Koski et al.,
1988; one near the eastern margin of the sulfide area was ventii§94). However, the Escanaba deposits cannot be formed by the met-
217°C fluid, and one on the western edge of the explored area wabkdepleted fluid currently venting. The active vents are depositing
venting 108°C fluid (Fig. 12, “Introduction” chapter, this volume). predominantly anhydrite, accompanied by minor amounts of barite,
End-member fluid composition is identical at the two sites, indicatindig-smectite, and sulfide minerals. Inactive barite and sulfide chim-
that this large hydrothermal field is hydrologically interconnected aheys occur at the top of some mounds, but chimneys are not common.
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Figure 5. Histogram of &*S values for sulfide from the Escanaba Trough.

The mean value for sulfide samples (4.9%) is distinctly different from that
for H,S collected from the vent fluid (7.8%). Data from Koski et al. (1988),

SITE 1038

Sulfide samples recovered from Escanaba Trough typically fall
into one of two compositional types (Koski et al., 1994). The first
consist of pyrrhotite-rich sulfide mounds, chimneys, and sulfide-
cemented sedimentary breccia. These samples contain variable
amounts of chalcopyrite and isocubanite, and minor sphalerite and
I6llingite. The second type consists of polymetallic sulfide samples
that are less common and are interpreted to form the walls of sulfide
chimneys. They are also present as a cement in sandy turbidites. This
assemblage contains dominant sphalerite, isocubanite, pyrrhotite, ga-
lena, arsenopyrite, and l6llingite, with trace amounts of boulangerite,
stannite, and franckeite. Sulfate-dominant deposits include barite-
rich crusts and chimneys, both of which are typically found on top of
sulfide mounds.

Hydrothermal Alteration

Hydrothermal alteration is characterized by the replacement of
hemipelagic sediments by Mg-rich chlorite resulting from intense
Mg-metasomatism in a mixing zone where hydrothermal fluids inter-
act with seawater and sediment at temperatures above 200°C. Lower
temperature reactions are recorded by changes in surface sediment
chemistry and pore-fluid composition (Magenheim and Gieskes,
1994). Oxygen-isotope data from altered sediments suggest that al-
teration temperatures were between 200° and 240°C (Zierenberg and
Shanks, 1994). Based on the dominant mineralogical assemblages in
altered rocks collected with sediment cores and submersible, three
types of alteration were distinguished (Zierenberg and Shanks,

Bohlke and Shanks (1994), Zierenberg and Shanks (1994), and Zierenberglg94). The first was Mg-Fe smectite, formed by the mixing of hydro-

al. (1993).

Resaction of acidic metal-rich fluid with carbonate in the sediment
would lower the acidity, causing metal sulfide precipitates and possi-
bly the formation of massive sulfide deposits at depth (Bowerset al.,
1985). The subsurface deposition of metal has been proposed for the
Guaymas Basin hydrothermal system and may explain the relatively
low levels of dissolved metal in the hydrothermal solutions venting
there (Niemitz, 1982; Peter and Scott, 1988). Escanaba Trough sedi-
ments contain much lower contents of carbonate and organic carbon,
relative to the Guaymas Basin sediments, but subsurface cooling and
the deposition of metal sulfide may explain the low concentration in
the Escanaba Trough fluid (Campbell et al., 1994). This hypothesis
can only be confirmed by drilling.

The Escanaba Trough is similar to the sediment-hosted sulfide de-
posits at Guaymas Basin and Middle Valley in displaying a range of

thermal fluid with minor amounts of seawater in a mineralized sandy
turbidite. Oxygen isotopes indicate formation at 200°C. The second
type of alteration is chloritization, as exemplified in a core with an in-
tensely altered sediment that was completely replaced by hydrother-
mal clinochlore. The third type, talc and Mg-smectites, occur as mi-
nor components in massive sulfide and active vent precipitates. This
formed by an extensive mixing of seawater with hydrothermal fluid
at temperatures above 200°C. They probably form by direct precipi-
tation near or above the sediment/water interface by incorporating
seawater Mg with Si in the hydrothermal fluid.

Scientific Objectives

A transect of holes (Site 1038) was made across the Central Hill
massive sulfide deposit, and the highest priority was to drill through
the massive sulfide deposit and into the alteration zone near the cen-
ter of the hydrothermal upflow zone. Drilling objectives at this site
were similar to those at the Bent Hill deposit. One objective was to

sulfur isotopic values in sulfide minerals (-1 to +12), with averageestablish the causes of the major compositional differences between
values ~5%o (Fig. 5). High values are consistent with large proporthe deposits at Middle Valley and Escanaba Trough. A series of ad-
tions of hydrothermal 6 formed by the reduction of seawater sul- vanced piston corer/extended core barrel (APC/XCB) shallow ex-
fate (Zierenberg and Shanks, 1994), whereas negative values may péeratory holes was targeted primarily at the sediment-covered areas
quire contributions of biogenic sulfide from the sediment. Isotopicof the seafloor between exposed mounds of massive sulfide to estab-
ratios of oxygen, hydrogen, and sulfur in hydrothermal water are corish the extent, composition, and drillability of the massive sulfide in
sistent with seawater/sediment reactions at temperatures betwetis area before attempting a deeper, RCB-drilled hole.
220° and 300°C, with a ratio of water to rock of ~2 to 6 (Bohlke and
Shanks, 1994).
OPERATIONS
Sulfide Mineralization
Nine holes were drilled in the vicinity of Central Hill as part of an

Sulfide samples collected at the surface of the deposit are rich exploration program to determine the lateral and stratigraphic vari-
pyrrhotite, similar to Middle Valley, with locally abundant isocuban- ability of the massive sulfide deposits and underlying sediments on
ite, sphalerite, marcasite, and barite. Unlike the Middle Valley sulthe north and east flanks of the uplifted hill.
fides, many samples are enriched in gold. Relative to sulfide deposits
formed on sediment-free ridges, the samples are enriched in arsenic,
bismuth, antimony, lead, and tin that are derived from alteration of
sediment in the high-temperature reaction zone at depth. (Zierenberg The ship moved in dynamic positioning mode from Site 1037 to a
et al., 1993; Koski et al., 1994). position on the north side of Central Hill where markers had been

Hole 1038A

259



ESCANABA TROUGH: CENTRAL HILL

Table 1. Site 1038 coring summary.

Date Length Length
(October Time Depth cored recovered  Recovery
Core 1996) (UTC) (mbsf) (m) (m) (%)
169-1038A-
1R 03 1140 0.0-85 85 0.23 2.7
2R 03 1300 8.5-18.2 9.7 0.13 13
3R 03 1400 18.2-27.9 9.7 0.13 13
4R 03 1520 27.9-37.6 9.7 0.06 0.6
5R 03 1630 37.6-47.3 9.7 0.03 03
6R 03 1740 47.3-56.9 9.6 0.00 0.0
7R 03 1845 56.9-66.6 9.7 0.00 0.0
8R 03 2015 66.6-76.2 9.6 0.99 10.3
9R 03 2140 76.2-85.8 9.6 0.75 7.8
10R 03 2250 85.8-95.4 9.6 0.01 0.1
11R 04 0000 95.4-104.9 9.5 0.13 14
12R 04 0105 104.9-114.5 9.6 0.19 20
Coring totals: 114.5 2.65 2.3
169-1038B-
1R 04 0845 0.0-6.8 6.8 1.58 23.2
2R 04 1020 6.8-14.4 7.6 3.78 49.7
3R 04 1125 14.4-24.2 9.8 0.19 1.9
4R 04 1250 24.2-33.9 9.7 0.38 3.9
5R 04 1335 33.9-43.6 9.7 0.66 6.8
6R 04 1510 43.6-53.2 9.6 0.75 7.8
7R 04 1620 53.2-62.8 9.6 1.72 17.9
8R 04 1730 62.8-72.4 9.6 1.48 154
9R 04 1830 72.4-82.0 9.6 0.65 6.8
10R 04 1945 82.0-91.6 9.6 0.07 0.7
11R 04 2100 91.6-101.2 9.6 0.36 38
12R 04 2200 101.2-110.9 9.7 0.36 3.7
13R 04 2325 110.9-120.5 9.6 1.82 18.9
Coring totals: 120.5 13.80 115
169-1038C-
1R 05 0940 0.0-14.6 14.6 1.26 8.6
2R 05 1025 14.6-22.6 8.0 0.13 1.6
3R 05 1110 22.6-32.2 9.6 1.09 11.3
4R 05 1155 32.2-41.8 9.6 0.68 7.1
Coring totals: 41.8 3.16 7.6
169-1038D-
1R 05 1845 0.0-14.6 14.6 1.63 11.2
2R 05 2005 14.6-24.6 10.0 0.77 7.7
3R 05 2110 24.6-34.2 9.6 0.59 6.1
4R 05 2220 34.2-43.8 9.6 0.24 25
Coring totals: 438 3.23 7.4
169-1038E-
1R 06 0330 0.0-13.3 133 0.04 0.3
2R 06 0430 13.3-21.4 8.1 0.10 12
3R 06 0540 21.4-31.0 9.6 0.04 0.4
4R 06 0645 31.0-40.6 9.6 2.23 232
Coring totals: 40.6 241 59
169-1038F-
1R 06 1550 0.0-9.6 9.6 0.12 13
2R 06 1700 9.6-19.1 9.5 1.73 18.2
3R 06 1810 19.1-28.7 9.6 4.29 4.7
4R 06 1920 28.7-38.4 9.7 0.48 5.0
Coring totals: 384 6.62 17.2
169-1038G-
1X 07 1515 0.0-12.2 12.2 0.06 0.5
2X 07 1650 12.2-22.0 9.8 0.02 0.2
3H 07 1750 22.0-31.5 9.5 10.77 113.3
4H 07 1900 31.5-41.0 9.5 10.76 113.2
5H 07 2030 41.0-50.5 95 7.68 80.8
6X 07 2340 50.5-60.5 10.0 6.02 60.2
X 08 0050 60.5-70.1 9.6 5.94 61.9
8X 08 0200 70.1-79.7 9.6 0.96 10.0
9X 08 0300 79.7-89.3 9.6 0.34 35
10X 08 0430 89.3-98.9 9.6 0.85 89
11X 08 0545 98.9-108.6 9.7 0.21 2.2
12X 08 0645 108.6-118.2 9.6 0.00 0.0
13X 08 0740 118.2-127.8 9.6 0.20 21
14X 08 0840 127.8-137.4 9.6 0.28 29
15X 08 1025 137.4-144.5 7.1 0.33 4.7
16X 08 1315 144.5-147.0 25 0.46 184
Coring totals: 147.0 44.88 30.5
169-1038H-
1X 08 2030 0.0-11.9 11.9 5.05 424
2X 08 2140 11.9-21.5 9.6 3.20 333
3X 08 2245 21.5-29.8 8.3 4.25 51.2
4X 08 2345 29.8-39.1 9.3 6.27 67.4
5X 09 0035 39.1-48.7 9.6 8.69 90.5
6X 09 0135 48.7-58.4 9.7 0.81 84
7X 09 0245 58.4-68.0 9.6 0.04 04
8X 09 0340 68.0-77.6 9.6 0.31 32
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Table 1 (continued).

SITE 1038

Date Length Length
(October Time Depth cored recovered Recovery
Core 1996) (UTC) (mbsf) (m) (m) (%)
99X 09 0445 77.6-87.1 9.5 0.00 0.0
10X 09 0600 87.1-96.7 9.6 0.01 01
11X 09 0655 96.7-106.3 9.6 0.01 0.1
12X 09 0805 106.3-115.9 9.6 0.00 0.0
13X 09 0905 115.9-125.6 9.7 0.00 0.0
14X 09 1010 125.6-135.2 9.6 0.68 71
15X 09 1150 135.2-144.8 9.6 0.11 11
16X 09 1345 144.8-154.4 9.6 0.24 25
17X 09 1500 154.4-164.0 9.6 0.00 0.0
18X 09 1615 164.0-173.6 9.6 0.05 05
19X 09 1740 173.6-183.6 10.0 0.00 0.0
20X 09 1900 183.6-192.8 9.2 0.28 3.0
Coring totals: 192.8 30.00 15.6
169-1038l-
1 10 0000 0.0-9.3 9.3 5.92 63.6
2X 10 0040 9.3-17.3 8.0 3.72 46.5
3H 10 0210 17.3-26.8 9.5 10.54 110.9
4H 10 0330 26.8-36.3 9.5 10.08 106.1
5H 10 0450 36.3-45.8 9.5 9.98 105.0
6H 10 0605 45.8-55.3 9.5 7.93 835
™H 10 0930 55.3-64.8 9.5 9.94 104.0
8X 10 1045 64.8-74.4 9.6 9.83 102.0
9X 10 1140 74.4-84.0 9.6 3.81 39.7
10X 10 1240 84.0-93.6 9.6 0.28 2.9
11X 10 1420 93.6-103.2 9.6 9.25 96.3
12X 10 1520 103.2-112.8 9.6 0.51 5.3
13X 10 1610 112.8-122.4 9.6 0.00 0.0
14X 10 1700 122.4-132.1 9.7 0.00 0.0
15X 10 1805 132.1-141.7 9.6 0.00 0.0
16X 10 1930 141.7-151.3 9.6 0.33 34
17X 10 2130 151.3-160.9 9.6 161 16.8
18X 10 2345 160.9-170.5 9.6 0.39 41
19X 11 0140 170.5-180.1 9.6 0.87 9.1
20X 11 0345 180.1-189.7 9.6 121 12.6
21X 11 0515 189.7-199.4 9.7 1.95 20.1
22X 11 0705 199.4-209.0 9.6 0.19 2.0
23X 11 0840 209.0-218.6 9.6 0.40 42
24X 11 1000 218.6-228.2 9.6 0.01 0.1
25X 11 1220 228.2-237.8 9.6 0.00 0.0
26X 11 1345 237.8-247.4 9.6 0.01 0.1
27X 1 1530 247.4-257.1 9.7 0.02 0.2
28X 1 1730 257.1-266.7 9.6 6.50 67.7
29X 1 2115 266.7-276.4 9.7 9.19 94.7
30X 1 2300 276.4-286.1 9.7 3.38 34.8
31X 12 0105 286.1-295.7 9.6 7.49 78.0
32X 12 0310 295.7-305.3 9.6 422 439
33X 12 0505 305.3-314.9 9.6 8.98 935
34X 12 0650 314.9-324.5 9.6 8.87 924
35X 12 0820 324.5-334.1 9.6 3.85 40.1
36X 12 1005 334.1-343.7 9.6 2.53 26.3
37X 12 1135 343.7-353.3 9.6 9.53 99.3
38X 12 1310 353.3-362.9 9.6 253 26.3
39X 12 1425 362.9-372.5 9.6 10.09 105.1
40X 12 1545 372.5-382.1 9.6 8.03 83.6
41X 12 1740 382.1-391.8 9.7 6.25 64.4
42X 12 1845 391.8-401.4 9.6 8.64 90.0
43X 12 2050 401.4-404.0 2.6 2.27 87.3
Coring totals: 404.0 191.13 47.3

Note: An expanded version of this coring summary table that includes lengths and depths of sections, location of whole-round samples, and comments on sampling disturbance is

included on CD-ROM in the back pocket of this volume.

placed by submersible operations near active hydrothermal vents.
This location marks the eastern margin of a broad exposure of mas-
sive sulfide on the seafloor. We conducted a short camera survey and
initiated Hole 1038A (Table 1) near marker 6X onthe flank of asmall
hydrothermally active sulfide mound using the RCB system under
the assumption that massive sulfide would hinder APC/XCB coring.
This hole was terminated after penetrating through the massive sul-
fide and >100 m into the underlying sediments.

Hole 1038B

Hole 1038B was sited near the western margin of the same area of
massive sulfide exposure through which Hole 1038A was drilled.
The position of Hole 1038B was determined by camera survey, and
RCB coring started in massive sulfide exposed at the seafloor. Oper-

ations concluded at this hole after penetrating through the massive
sulfide and sampling sediment to a depth in excess of 120 mbsf.

Holes 1038C and 1038D
A second area of extensive massive sulfide exposure on the north
face of Central Hill was the target of Holes 1038C and 1038D. We
used camera surveys to locate both of these targets and terminated
RCB drilling in both once we had penetrated through the massive sul-
fides and to depths of 41.8 and 43.8 mbsf, respectively.
Hole 1038E

This hole was sited 60 m southeast of Hole 1038A, on the largest
mound of massive sulfidein the area. Weterminated thishole at 45.5
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Figure 6. Bathymetric chart showing the location of holes, active vents, and exposed massive sulfide at Site 1038, Central Hill, Escanaba Trough.
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mbsf, after determining the thickness of the massive sulfide deposit
at this location.

Hole 1038F

Another primary target of operationsin this exploratory phase of
drilling was an exposure of massive sulfide on the eastern side of
Central Hill. Using the vibration-isolated television camera, we lo-
cated an outcrop of massive sulfide in this field and initiated RCB
drilling at Hole 1038F. This hole, like those before it, was terminated
once we had penetrated through the massive sulfide and into the sed-
iment below to a depth of 38.5 mbsf.

Hole 1038G

Recognizing the potential of and the need for improved recovery
at depth, we decided to exchange the RCB system for the standard
APC/XCB bottom-hole assembly. Our plan wasto overcome the dif-
ficultiesin penetrating the hard carapace of massive sulfides exposed
at the seafl oor by initiating holeswith the XCB and switchingto APC
operations once we were into sediments that might yield to piston
coring. Hole 1038G was sited afew meters away from Hole 1038F in
an areawhere nearby clam bedsindicated probable hydrothermal flu-
id discharge. Operations at this hole ended when we encountered ba-
salt between 137 and 147 mbsf that the XCB shoe could not effective-
ly penetrate.

Hole 1038H

Giventhat al the holeslocated so far in the massive sulfide expo-
sures to the north of Central Hill were drilled with the RCB system,
we decided to employ the dternative X CB/APC strategy adopted for
Hole 1038G back in this area. Hole 1038H was located by camera
survey near Hole 1038A to see if we could further our understanding
of the sedimentation/alteration history attending the evolution of the
massive sulfide deposits. We ended operations at Hole 1038H at a
depth of 192.8 mbsf because of poor recovery.

Hole 1038l

Hole 1038| was sited at the top of Central Hill, with the intent to
use our remaining operational time to document the history of sedi-
mentation and alteration recorded here for comparison with our Ref-
erence Site 1037. We aso hoped that we could penetrate deeply
enough to investigate the mechanism of uplift of Central Hill. Oper-
ations at this hole included two discrete temperature measurements
and ended just after reaching basalt at 403 mbsf when timefor theleg
expired.

LITHOSTRATIGRAPHY AND SEDIMENTOLOGY

Nine holes were drilled and cored at Site 1038 in the vicinity of
Central Hill in the Escanaba Trough. Holes 1038A through 1038F
were rotary drilled. Holes 1038G and 1038l were X CB/APC/XCB
holes, and Hole 1038H was drilled only with the XCB. The positions
of these holes, of previously studied active hydrothermal vents, and
of exposed massive sulfideareall shown in Figure 6. The stratigraph-
ic unitsintersected in each hole are shown in Figure 7, listed in Table
2, and described briefly in the following paragraphs. For a more de-
tailed discussion of the composition of each unit, the reader is re-

SITE 1038

An attempt was made to correlate the holes at Central Hill and
Hole 1037B using magnetic susceptibility and grain-size data from
the visual core descriptions. For the purposes of stratigraphic corre-
lation, the most useful sequence at Central Hill, because of relatively
mild thermal alteration and relatively complete recovery (47.3%), is
Hole 1038, drilled on the top of Central Hill at a water depth of 3215
m. Other sequences of particular interest for stratigraphic correlations
included Holes 1038G (30.5% recovery) and 1038H (15.6% recov-

ery).
Lithologic Units

Two main data sets were collected from the sedimentary strata
penetrated at Central Hill that allow stratigraphic correlation between
Site 1038 and the Escanaba Trough Reference Site (Hole 1037B).
These data were (1) grain size, more precisely, the volume percentage
of (sand + silt)/(sand + silt + clay), and (2) the magnetic susceptibility
of sediments. Sulfide and igneous rocks that are present in the strati-
graphic section and shown in Figure 7 are not included in this
lithostratigraphic discussion; they are discussed in the “Sulfide
Petrology” and “Igneous Petrology” sections of this chapter.

Using grain size and magnetic susceptibility (Fig. 8), a reasonable
correlation can be made between the upper 100 m of core from Holes
1038A, 1038B, 1038G, 1038I, and the reference hole. Below ~100
mbsf, however, stratigraphic control is limited and correlations be-
come much more tenuous.

In general, the upper 100 m section of core in the reference hole
and in Holes 1038A, 1038B, 1038G, and 1038l is characterized by
very fine- to medium-grained sandy turbidites interbedded with silt
and clay turbidites and hemipelagites. In the Central Hill area, only
Hole 1038l penetrated beneath 100 mbsf with enough recovery to al-
low comparison with the reference site. In Hole 1038I, sands were
not recovered below 195 mbsf and are apparently rare below 100
mbsf. This is in marked contrast to cores from Hole 1037B, where
very fine- to medium-grained sands were recovered in the upper 100
m, in the 200 to 245 mbsf interval, and between 375 and 415 mbsf.
Of the eight lithologic units identified in cores from Hole 1037B,
only Units II, Ill, and VIII can be positively identified at Hole 1038l;
Units IV and V are tentatively identified. Table 3 shows the lithologic
units in each hole at the Central Hill Site.

Unit | (Hemipelagic Clay)

Unit I, a hemipelagic clay unit that was only 1.68 m thick at Hole
1037B, is not present at Site 1038, nor was it observed in many grav-
ity cores collected previously in the region (Karlin and Zierenberg,
1994). In contrast, most of the holes at this site recovered either fine-
grained turbidites or massive sulfides in the upper 1.50 m. At Hole
1038lI, for example, the base of the first silty turbidite is at a depth of
48 cm. A 3.92-m-thick fining-upward turbidite sequence at Hole
1038G is present from interval 169-1038G-1X-1, 0 cm, to 1X-3, 104
cm (0.06-3.92 mbsf). At Hole 1038H, clay-altered turbiditic sedi-
ments are present directly beneath massive sulfide debris (interval
169-1038H-1X-1, 40 cm, to 1X-4, 20 cm).

Unit Il (Interbedded Fine-Grained Turbidites and Hemipelagic
Muds: Holocene to Holocene?)

The sandy intervals are most correlative with lithologic Unit II,
which is characterized at Hole 1037B by graded beds of fine-grained
sand to silt and clay interbedded with thin hemipelagic mudstone. In

ferred to the “Lithostratigraphy and Sedimentology” section, of theaddition, the lack of lateral continuity of these near-surface sands (the
“Escanaba Trough Reference Site” chapter, Hole 1037B (this volkands are not correlative among the Central Hill holes) suggests that
ume). Hole 1037B is located 5 km to the south of Central Hill at a wathey may be derived locally from slumps or flows off the steep fault-

ter depth of 3300 m.

scarp walls that surround the basin. Beneath the shallow turbidites,
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Table 2. Alteration facies, Site 1038, Escanaba Trough.

Alteration facies by core and section

Massive sulfide
169-1038A-1R
169-1038E-1R

Unaltered sediments—Facias
169-1038B-1R
169-1038C-1R-1
169-1038D-1R through 2R-1
169-1038F-1R
169-1038I-1X through 3H

Carbonate cement and nodules—Fabies
169-1038A-8R through 12R
169-1038E-4R
169-1038F-2R through 4R
169-1038G-1X through 7X-1 and 11X through 14X
169-1038H-4X through 6X
169-1038I-4H through 43X-2

Noncalcareous, clay altered—Facies
169-1038A-2R through 3R
169-1038B-2R
169-1038C-1R-CC and 3R through 4R
169-1038D-2R-CC through 4R
169-1038E-2R
169-1038H-1X through 3X, 14X, and 16X through 20X

Noncalcareous— Facies
169-1038B-3R through 13R
169-1038G-7X-2 through 10X

Basalt
169-1038G-15X through 16X
169-1038H-15X
169-1038I-18X and 43X-3

No recovery or out-of-place
169-1038A-4R through 7R
169-1038C-2R
169-1038E-3R
169-1038G-12X
169-1038H-7X through 13X and 17X through 19X

Unit Il at Central Hill is characterized by graded beds of fine sand to
silt and silty clay interbedded with hemipel agic mudstone.

Unit Il (Sand-Rich Turbidites with Minor Hemipelagic Muds)

Thetop of Unit Il isadistinctive horizon. It is characterized by a
change from thinly interbedded sandy and silty turbidites and hemi-
pelagic strata to thicker, more sand-rich turbidites separated by rela-
tively thinner mudstone intervals. The top of Unit Il isidentified in
al holesthat penetrate to a depth of at least 80 mbsf (Fig. 7) and may
be correlative to the top of an acoustically transparent layer previous-
ly identified on many seismic reflection profiles throughout this re-
gion (e.g., Davisand Becker, 1994). In Hole 1037B, Unit |11 consists
of massive, dark gray, poorly sorted fine- to medium-grained sands
between 73.10 and 120.60 mbsf. The recovery in this interval was
high in Hole 1037B, but the APC cores were highly disturbed and
soupy, suggesting that much of the sediment recovered in thisinter-
val wasflow-in. The caliper log of Hole 1037B shows extreme wash-

SITE 1038

near the crest of Central Hill and Hole 1037B on the valley floor to
the south (water depth = 3300 m). This implies that, as suggested by
Davis and Becker (1994), the topographic expression of Central Hill
is younger than the Escanaba sedimentary fill.

The base of Unit Il is difficult to pick because the depth of the
base of this unit in Hole 1037B was reached at Central Hill only by
Holes 1038G, 1038H, and 1038I. At Holes 1038H and 1038l, there
was no recovery in the interval corresponding to the predicted base of
Unit lll. At Hole 1038G, recovery was poor below 100 mbsf, but a
fining-upward turbidite sequence with a fine- to medium-grained
sand base was recovered above the basalt in interval 1038G-13X-CC,
0 cm, to 14X-CC, 30 cm (118.2028.20 cm). This sequence is inter-
preted to be the base of Unit lll in Hole 1038G.

Units1V and V (Fine-to Medium-Grained Sand Turbidites
I nterbedded with Siltstone and Claystone: Age Unknown)

Unit IV, composed dominantly of fine-grained sediments under-
lying Unit Il at Hole 1037B, may not be lithologically similar at
Central Hill. Only at Hole 1038G, was this interval successfully re-
covered in the Central Hill region. In cores from that hole, strata at
the depth of Unit IV in Hole 1037B include medium-grained sand
(e.g., Sections 169-1038G-13X-CC through 15X-CC). In contrast,
the two sands in Unit IV at Hole 1037B are very fine-grained, and the
rest of the strata consists of silty clay and clay.

Medium-grained sand also is present in cores from Hole 1038l at
~145 to 180 mbsf (e.g., Core 169-1038I-16X). These sands constitute
the lower portion of turbidites. Poor recovery did not allow identifi-
cation of other lithologies associated with the sands, but they may be
correlated with Unit V at Hole 1037B (characterized by beds of fine-
to medium-grained sand between 142.85 and 177.60 mbsf in cores
from Hole 1037B), and the medium-grained sand in Core 169-1038lI-
16X may be correlative with the first turbidite in Unit V from Hole
1037B. Other sediments in this interval at Hole 1038G include thin
fining-upward sequences with very fine-grained sand bases. The cor-
responding depth interval for this unit in Hole 1038H was character-
ized by an interval of very poor recovery. From Hole 1038H, Cores
14X-1 and 16X were the only two cores that recovered possibly in
situ strata. Both cores consist of silty claystone and claystone. These
cores, and the medium-grained sands recovered from Hole 1038,
suggest that Unit V consists of interbedded sandstone, siltstone, and
claystone.

A thin basaltic layer was recovered in the Unit IV/Unit V interval
in Holes 1038G, 1038H, and 1038l. See “Igneous Petrology” section
(this chapter) for a discussion of this unit.

Unit VI (Carbonate Altered Silt to Clay Turbidites and
Hemipelagites: Late Pleistocene?)

Hole 1038l is the only hole in the Central Hill area that reached the
depth of lithologic Unit VI in Hole 1037B. In the latter hole, Unit VI is

outs in Unit Il (see “Downhole Measurements” section, “Escanabgresent from 177.60 to 297.70 mbsf and is characterized by silty clay-
Trough Reference Site” chapter, this volume). Cores from Holestone with very rare, thin silt laminations and rare silty and clayey tur-
1038A, 1038B, and 1038G indicate that in the Central Hill regionpidites. At Hole 1038I, the corresponding depth interval includes a
Unit Ill consists of clay and silty clay interbedded with fine and verylarge interval in which recovery was either nonexistent or consisted
fine sand. Clayey intervals are present in Cores 169-1038B-10R amdostly of pieces of drilling rubble that were washed in from uphole (in-
13R and 169-1038G-8X and 10X. This could be a true reflection oferval 169-1038I-22X-CC, 0 cm, to the base of the drilled interval for
the lithology of Unit Ill at both Central Hill and the reference site, orCore 169-1038I-27X, 199.4257.10 mbsf). The few in situ strata in
it could be a reflection of a lateral facies change (a fining and thinninthis interval, however, are dominated by massive, silty claystone. One
of turbidite beds between the reference site and the Central Hill aretjrbidite with a siltstone base is present at the top, and two turbidites
within the unit. with siltstone to fine-grained sandstone bases are present near the bot-
Itis interesting to note that the top of Unit Il occurs at 76.24 mbsfom of the interval in Hole 1038l (interval 169-1038I-30X-1, 0 cm, to
in Hole 1038A, at 72.80 mbsf in Hole 1038B, 72.10 mbsf at Hole30X-3, 55 cm, and 31XL, 0-95 cm). Based on the lithologic similarity
1038G, 75.90 mbsf at Hole 1038l, and 73.10 mbsf at Hole 1037B. Alind on the similarity of depth intervals, the top of Unit VI in Hole
of these depths are within 4.14 m of one another, despite the fact tHa338I is placed at the top of the first siltstone-based turbidite (interval
there is ~40 m of relief between Hole 1038| (water depth = 3215 m}69-1038I-21X-1, 0 cm; 180.10 mbsf), and the base of the unit is
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Figure 8. Magnetic susceptibility logs for Holes 1037B and 1038l showing lithologic units discussed in the text.

placed at the base of thislast fine-grained sand turbidite (interval 169- in the pore waters (interpreted as diffusion of lithium from a lithium-
1038I-31X-1, 95 cm; 287.00 mbsf). Unfortunately, the poor recovery enriched, perhaps stratigraphically controlled, mineral phase). Lithi-
in this depth interval makes it difficult to use the magnetic susceptibil- um content in the pore waters is much higher throughout all of the

ity logs to define the precise top and bottom of this unit. There are no section at Hole 1038l than at Hole 1037B, so lithium is not useful as
magnetic susceptibility data from the top of the interval to a depth of a stratigraphic marker for this unit at Central Hill. Strata in the depth

~258 mbsf (near the base of Unit VI, asinterpreted here). interval of Unit VII at Hole 1038l are dominated by moderately indu-
rated, calcareous silty claystones. These claystones are interbedded

Unit VI (Calcareous Silty Claystone with Minor Silty Turbidite: with rare muddy turbidites with thin siltstone bases. Only one sand

late Pleistocene) lamina was observed in this part of the sequence (Sample 169-1038lI-

36X-1, 3540 cm). Itis a silty clayey sand at the base of an extremely

The location and thickness of Unit VI in the Central Hill areais disturbed, soupy zone at the top of a core and is probably not in situ.
debatable. The unit may be present at approximately the same depth Comparison of the magnetic susceptibility logs from both holes in
interval in Hole 1038l as in Hole 1037B or, as hypothesized in the  this depth interval (Fig. 8) show that an interval of reduced suscepti-
“Physical Properties” section (this chapter), it may be represented kiyjlity occurs in both Holes 1037B and 1038| and that the character
the 15 m of strata above the basalt in Hole 1038I. The absence ohad amplitude of the magnetic susceptibility signature are compara-
thick Unit VIl in the stratigraphic sequence at Central Hill would im- ble in both holes. At both locations, the magnetic susceptibility
ply an 88-m offset between the two holes and a corresponding thickecord, as well as the visual core descriptions, confirm the presence
ening (more rapid sediment accumulation) of the strata above Unit \df muddy turbidites with silt bases throughout the unit.
in the Central Hill area. Stage 5, however, has been tentatively iden-
tified deeper in Hole 1037B (316 mbsf) than in Hole 1038l (280Unit VIII (Calcareous Fine-Grained Sand to Silt Turbidites:
mbsf; see “Biostratigraphy” section, this chapter). Pleistocene)

Furthermore, seismic reflection profiles crossing both sites (Davis
and Becker, 1994) give little indication of significant unconformities  Unit VIl was defined in Hole 1037B as graded beds of siltstone
in shallower sediments in the region, but are of limited use in resohand fine-grained sandstone to claystone interbedded with thin hemi-
ing the character of deeper sediments. In fact, Davis and Beckepelagic mudstone. In Hole 1038l (the only hole at Central Hill to pen-
(1994) show that the acoustically transparent layer at ~80 mbsf (pagtrate to the depth of Unit VIII), the top of Unit VIII is defined as the
or all of Unit Ill) actually thickens with increasing water depth to thefirst occurrence of stacked siltstone turbidites with no obvious inter-
south toward Hole 1037B and away from Central Hill. vening hemipelagic intervals. The base of the first such turbidite se-

In cores from Hole 1037B, Unit VIl is characterized by hemi- quence in this unit is present in Section 169-1038I-41X, 125 cm
pelagic to turbiditic silty claystone between 297.70 and 366.58 mbg¢B83.35 mbsf). The turbidite is directly overlain by another silty tur-
with very rare thin silty laminae and rare silty to clayey turbidites. Irbidite with a base at Section 169-10381-39X-8, 50 cm (377.05 mbsf).
this hole, the unit is also characterized by very high lithium conterithis stacked turbidite sequence is clearly visible in the cores as well
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Table 3. Central Hill lithologic units.

Top Bottom Thickness

Unit Description Interval (mbsf)  (mbsf) (m)
I} Interbedded fine-grained turbidites and hemipelagic muds 1038A-1R-1,0cm, to 9R-1, 0 cm 0.00 76.20 76.20
1038B-1R-1, 0 cm, to 11R-1, 0 cm 0.00 72.70 72.70
1038C-1R-1, 0 cm, to 4R-CC, 58 cm 0.00 41.80 41.80
1038D-1R-1, 0 cm, to 8X-1, 0 cm 0.00 43.80 43.80
1038E-1R, 0 cm, to 4R-CC, 24 cm 0.00 40.60 40.60
1038F-1R-1, 0 cm, to 4R-CC, 16 cm 0.00 38.40 38.40
1038G-1X-1, 0 cm, to 8X-1, 0 cm 0.00 72.70 72.70
1038H-1X-1, 0 cm, to 8X-CC, 31 cm 0.00 68.31 68.31
1038l-1X-1, 0 cm, to 9X-2, 0 cm 0.00 75.90 75.90
1l Sand-rich turbidites with minor hemipelagic muds 1038A-9R-1, 0 cm, to 12R-1, 19 cm 76.20 11450 38.30
1038B-11R-1, 0 cm, to 13R-CC, 19 cm 72,70  120.50 47.80
1038G-8X-1, 0 cm, to 14X-CC, 30 cm 7010 12820 58.10
10381-9X-2, 0 cm, to 12X-CC, 8 cm 7590 103.71 27.81

1V, V Fine- to medium-grained sand turbidites interbedded with siltstone and claystone 1038G-14X-CC, 30 cm, to 15X-CC, 0cm 12820  137.40 9.20

VI Carbonate atered silt to clay turbidites and hemipelagic muds
Vil Calcareous silty clay with minor silty turbidites
VIl Calcareous fine-grained sand to silt turbidites

1038H-14X-1, 0 cm, to 15X-CC, 0 cm 12560 13520 9.60
1038H-16X-CC, 0 cm, to 17X-CC, 0 cm 14490 154.90 10.00

1038l-16X-CC, 0 cm, to 20X-1, 0 cm 14170  180.10 38.40
1038I-21X, 0 cm, to 31X-1, 95 cm 180.10 287.00 106.90
10381-31X-1, 95 cm, to 39X-7, 10 cm 287.00 37113 84.13
10381-39X-7, 10 cm, to 43X-2, 80 cm 37113  403.20 32.07

as on the magnetic susceptibility log and appears to be correlative
with the sandier turbidites that form the top of Unit VIII at Hole
1037B. Smear-slide analysis shows that the silt and sand-size grains
in theseturbidites are quartz- and feldspar-rich and also contain mica,
chlorite, rock fragments, amphibole, and tourmaline. The presence of
amphibole was noted as an important characteristic of the sand-sized
fractionin Unit VIII in Hole 1037B.

Hydrothermal Alteration

Of special interest at Central Hill isthe alteration of sediments as
it pertains to diagenesis, hydrothermal circulation, basalt intrusion,
and sulfide mineralization. For these purposes, each sedimentary in-
terval has been placed into an alteration facies (Table 3; Fig. 7), de-
fined solely on the basis of visual core description and smear-slide
analyses (these identifications should thus be viewed with caution
until substantiated with further chemical and mineralogical studies).

Facies a is defined as relatively unatered primary sediment. De-
tails on these sediments are provided in the above section. Facies b
contains authigenic carbonate in the form of cement or carbonate
nodules. Thisfaciesisidentified on the basis of the visual identifica-
tion of carbonate nodules, microscopic identification of carbonate ce-
ments, and reaction of bulk sediments with 10% hydrochloric acid.
Although the unaltered sediment contains minor amounts of carbon-
ate, the often copious addition of authigenic carbonate to the sedi-
ments makes thistest auseful, though not infallible, indicator of ther-
mally accelerated rates of diagenesis.

Facies c is defined as clay- and chlorite-altered, noncal careous
sediments. Similar sediments have been studied by Zierenberg and
Shanks (1994). In Core 169-1038A-3R, thereisahighly altered, blu-
ish gray (5B6/1), very soft but compact brecciated claystone that is
atered to chlorite or Mg-smectite. In Section 169-1038B-2R-2, there
areclasts of chlorite, barite, and anhydrite intermingled with clasts of
massive sulfide. At Hole 1038D, gray (N5) cal careous, but somewhat
altered, silty clay, with almost no magnetic susceptibility (Cores 169-
1038D-1R and 2R), overlies gray (N5) noncalcareous, more highly
altered, carbon black-impregnated, silty claystone (Cores 169-
1038D-3R and 4R). In Core 169-1038E-2R, there is a clast of gray
(N6), highly chlorite(?)-altered claystone veined by an intergrowth of
barite and pyrite and covered by abituminous residue. In Cores 169-
1038C-1R through 4R, there are severd clasts of altered, noncalcar-
eous, silver to gray (N4 to N5) claystone. A well-developed example

of the clay-altered faciesis present ininterval 169-1038H-1X-1,0cm
through 1X-4, 20 cm, where afining-upward turbidite sequence con-
tains abasal, pale green (5G7/1), bleached chloritized (Fe-chlorite?)
very fine sandstone. The sandstone fines upward to alight gray (N7)
siltstone that is, in turn, overlain by atered gray (N5) silty claystone.
Massive pyrrhotite clasts (possibly fall-in from the top of the hole)
are interbedded at a few levels. The sediments are broken in a few
places by fractures that contain a greenish ateration halo of chlorite.
A deeper zone in Hole 1038H (Cores 169-1038H-15X, 16X, and
20X) containing bleached or chloritized gray (N5) claystone also is
placed in Facies c. This alteration may have been caused by hydro-
thermal circulation associated with basalt recovered from this inter-
val, which could be asill (Cores 169-1038H-15X and 16X).

Alteration Facies c is generally limited to shallow sediments un-
derlying massive sulfide depositsin afew holes that are very near to
active hydrothermal vents. In Holes 1038A, 1038E, and 1038H, the
hydrothermal ateration Facies c isunderlain by the carbonate Facies
b, a succession that is believed to represent more altered sediments
overlying less altered ones. This sequence could result from the lat-
era flow of hydrothermal fluids above a shallow seawater recharge
zone.

Facies d is used to describe sediments from which al carbonate
minerals have been dissolved, presumably as aresult of replacement
or of dissolution by advecting hydrothermal fluids. These sediments
are not placed in Facies ¢, because they do not appear to have hydro-
thermal clay or chlorite alteration: they are not silvery or bluish gray
in color; they do not have soapy (talc-like) texture; they are not
“punky.” Cores 169-1038B-3R to 13R contain dark grayish brown
(10YR4/2), dark gray (5Y4/1), “khaki,” or (5Y5/1), olive-gray (5Y5/
2), greenish gray (5GY5/1), or dark greenish gray (5GY4/1) sand-
stones to claystones that are noncalcareous, contain some oil or tar,
and comprise fining-upward sequences. They may contain some
smectite. Other alteration features found in this interval include a
quartz vein at Section 169-1038B-6R-1, 52 cm; possible anhydrite in
a few centimeter-scale patches in Section 169-1038B-13R-1; and a
fracture filled with quartz and anhydrite or barite in Section 169-
1038B-13R-CC. The greenish color of a sandstone present in Section
169-1038B-13R-1 seems to be imparted by a green clino-amphibole
(actinolite?) seen in smear slides.

Alteration Facieg is surprisingly poorly developed in sediments
recovered from Site 1038. Likewise, the almost complete absence of
anhydrite in sediments from Site 1038 is surprising when contrasted
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with its abundance at Bent Hill, Site 1035 (see “Sulfide Mineraliza-crystallization of calcite rhombs in the test walls, flattening of tests,
tion: Hydrothermal Alteration” section, “Bent Hill” chapter, this vol- and formation of pyrite casts, including two exceptional cases where
ume) and Site 1036. This observation implies that shallow hydrotheperfect casts of the benthic foraminiféipbobulimina pacifica were

mal recharge into sediments in the vicinity of vent sites at Site 103®rmed (Samples 169-1038G-7X-CC,-38 cm, and 169-1038G-
was probably limited. Bischoff and Dickson (1975) have discussed0X-CC, 3537 cm). The alteration is clearly associated with thermal
the large amount of acid generated during magnesium metasomatisamd hydrothermal effects.

and it is likely that this process accounts for the lack of carbonate in

Faciesc.
SULFIDE PETROLOGY

BIOSTRATIGRAPHY Nine holes were drilled in the vicinity of the uplifted Central Hill
in the Northern Escanaba Trough Study Area (Holes 1038A through

Most samples from Site 1038 contain few foraminifers or are barl038l). Most drilling sites were chosen in areas with known sulfide
ren because of dilution by terrigenous mineral debris and thermal amdineralization on the seafloor. Originally, these were discovered by
hydrothermal alteratign (Table 4 on the back-pocket foldout, this voldeep-tow photography and sampled usinga€liff andAlvin sub-
ume). Cores from Hole 1038B on the northwest flank of Central Hillmersibles (Zierenberg et al., 1994). The Leg 169 drill holes are clus-
and Holes 1038C and 1038D on the north flank are totally barren d¢éred in three areas (Figs. 1, 6). Holes 1038A, 1038B, 1038E, and
both planktonic and benthic foraminifers, and exhibit evidence of th@038H are located on the northwest flank of Central Hill, where 108°
effects of high temperatures. The cores from holes to the east aadd 217°C vent fluids were sampled (Campbell et al., 1994). Holes
south of Central Hill contain only sporadic occurrences of planktonid038C and 1038D are on the north flank of the hill. Holes 1038F and
foraminifers, and these are typically rare or few in abundance antD38G are on the southeast flank of the hill, where diffuse venting
poor in preservation. Despite these limitations, the cores offer severslipports biological communities. Core recovery indicates that the
interesting pieces of information. sulfides are only present as thin, <20-m-thick mounds and veneers

First, Hole 1038F provides confirmation that Holocene sedimeneverlying the sedimentary cover, and unfortunately, present drilling
tation is exceptionally fast, as it is at the Escanaba Trough Referenthnology is not able to efficiently recover this type of shallow and
Site (1037). Samples assignable to the Holocene, found at 10 and &% ficial mineralization.
mbsf (169-1038F-1R-CC, 22 cm, and 4R-CC, 554 cm), sug- Sulfides were recovered in Hole 1038A, 1038B, 1038C, 1038E,
gest a sedimentation rate in excess of 290 cm/k.y. Hole 10381 ha®38G, and 1038H and comprise mainly fragments from drilling; no
samples tentatively assigned to the Holocene at depths of 46.27 aodented pieces were obtained (Table 5). Recovery of in situ massive
78.20 mbsf (169-1038I-5H-CC, 224 cm, and 9X-CC, 8.0 cm). sulfide was limited to intervals 169-1038A-1R-14@ cm (0-0.42
Further biostratigraphic interpretations are very tentative (Fig. 9). Anbsf), and 169-1038E-1R-1, 0 cm, to 3R-1, 5 cm (0-21.45 mbsf). In
turbidite sand at 279.77 mbsf (Sample 169-1038I-30X-CE€3482 these intervals, no intercalated sediments or sedimentary rocks were
cm) may belong to planktonic foraminifer zone CD3, which is prob-recovered, possibly because of a biased sample recovery. In the other
ably equivalent to oxygen isotope Stage 5e. Shore-based work mayples the massive sulfide is simply rubble that fell in from the top of
improve the biostratigraphic resolution. the holes and is found at the top of cores from different depths down-

A second point of interest lies in the preservation states of the fohole. Despite this lack of stratigraphic continuity, the fragments are
aminifers at Holes 1038A, 1038F, 1038G, 1038H, and 1038l (Tablsamples of massive sulfide that is present at or near the seafloor, and
4 on the back-pocket foldout, this volume). The planktonic anchence are generally representative of the mineralogy and textures of
benthic foraminifers are altered in various ways, including discolorthe Central Hill sulfide mineralization. No thin sections were made,
ation from white to golden brown hues in intervals where pine pollemnd the following presentation of sulfides is only based on visual de-
grains are also discolored, increasing shell distortion because of reeriptions and a few X-ray diffraction (XRD) identifications.
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Table 5. Sulfide occurrences at Central Hill, Escanaba Trough.

Core, section, Depth
interval (cm) (mbsf) Type Mineralogy Description
In situ massive sulfides:
169-1038A-
1R-1,0-41.5 0.060.42 Massive sulfide Py/anh-gqz Pyrite in vuggy breccia and chimney fragments
1R-1, 0-15 0.000.15 Massive sulfide Po-py-sl-(anh) Pyrrhotite, mainly compact, partly replaced by pyrite
2R-1, 0-18 13.3613.48 Massive sulfide Po-py-sl-(ba) Pyrrhotite, mainly compact, 1 piece rich in barite
3R-1, 0-5 21.4621.45 Massive sulfide Py-po-s| Pyrite, replacing pyrrhotite
Massive sulfide fragments fallen in from top of holes:
169-1038A-
2R-CC, 11-125 8.58.63 Massive sulfide ?
3R, 1532 18.3518.52  Massive sulfide Py-po/gz-anh Pyrrhotite-pyrite massive breccia and chimney rubble, fallen in?
4R-1, G5 27.96-27.95 Massive sulfide Po-py/anh Pyrrhotite, hexagonal, vuggy, later fractures with pyrite
5R-1, G-5 37.60-37.65 Massive sulfide Py Pyrite, massive
169-1038B-
1R-1, 6-140 0.06-1.40 Disseminated sulfide? ? Sulfide, sand-sized grains in soupy section
2R-2, 56-55 8.80-8.85 Massive sulfide Po/anh-tc? Pyrrhotite, partly vuggy, hexagonal
2R-2, 116120 9.46-9.50 Massive sulfide Po-ba, anh/qz-tc? Pyrrhotite, massive, partly vuggy, later veins of quartz, barite, and anhydrite
2R-3, 5253 10.3210.33  Massive sulfide Po-sl?/tc?-ba Pyrrhotite, vuggy, hexagonal, open network of clear barite crystals
2R-CC, 56 10.4510.46  Massive sulfide Po-sl?/tc?-ba-anh Pyrrhotite, vuggy, interstitial talc and vugs with barite crystals and late veinlets of
anhydrite
169-1038C-
1R-1,6-78 0.06-0.78 Sand with sulfides Py-sl-(po)-(cp) Sulfides that are sand sized;20%%06
1R-1, 78-112 0.781.12 Sand with sulfides Py-sl-po-(cp) Sulfides that are mainly sand sizeet50086
1R-CC, 6-15 1.12-1.27 Clayey silt w/sulfide clasts ~ Po-sl-(ba) Pyrrhotite and sphalerite, compact clasts, and crust with barite
2R-CC, 6-10 14.66-14.70  Massive sulfide Po-py-sl-ba-(ich) Pyrrhotite and sphalerite with abundant barite, compact, partly later veinlets of
pyrrhotite
3R-1, G-10 22.66-22.70  Massive sulfide Po-(sl) Pyrrhotite, fine grained and massive
169-1038H-
1X-1, 0-137 0.06-1.37 Clay and silt w/sulfide clasts Po Pyrrhotite, fibrous, chimney clasts
1X-3, 79-81 3.79-3.81 Massive sulfide clasts Po Pyrrhotite clasts, rounded, in sand
2X-1, 0-140 11.9613.40 Massive sulfide fragment Po Pyrrhotite, 1 clast
2X-2, 0-140 13.4614.80  Massive sulfide fragment ? Sulfides, scattered, <2%
6X-1, 0-13 48.76-48.83  Massive sulfide fragment Po-(py) Pyrrhotite, compact fine to coarse network of hexagonal plates
7X-CC, 0-5 66.0466.09 Massive sulfide fragment Py Pyrite, fine-grained crystals
8X-CC, 0-22 68.0668.22  Massive sulfide fragment Po-s| Pyrrhotite-sphalerite in fine-grained intergrowth
10X-CC, 0-4 87.16-87.32  Massive sulfide fragments Po-(ba) Pyrrhotite, fine, partly vuggy, gangue of rare barite
11X-CC, G-3 96.76-96.73  Massive sulfide fragments Po-py-(ba)-(icb) Pyrrhotite, partly vuggy, with veins of pyrite and rare barite and Cu-F2 sulfides
14X-1, 0-30 125.56125.80 Massive sulfide fragments Po Pyrrhotite, 2% of material
14X-CC, G-28 125.86126.08 Massive sulfide fragments Po Pyrrhotite, 1% of material
16X-CC, G-18 144.86144.98 Massive sulfide fragments Po Pyrrhotite, massive, fine grained
18X-1, 0-6 164.06-164.06 Massive sulfide fragments Po Pyrrhotite, massive, fine grained
Disseminated sulfides:
169-1038B-
2R-2, 55-61* 8.85-8.91 Disseminated sulfide Py-(po)/chl-anh-(ba) Pyrite, disseminated in chlorite with veins of anhydrite and barite?
4R-CC, 3540* 24.55-24.60 Disseminated sulfides ?
169-1038C-
4R-1, 6-52 32.26-:32.72  Disseminated sulfides Po-(py)-(icb) Sulfides, 3% disseminated in altered mud
4R-CC, 05 32.8132.86  Disseminated sulfides Po-(py)-(icb) Sulfides, 8% disseminated in altered mud
169-1038E-
4R-1, -8 31.06-31.08  Sandstone with sulfides Py-mc-(po) Pyrite and possibly marcasite or pyrrhotite impregnated, highly silicified sandstone,
50% sulfides
169-1038G-
6X-2,58-151 53.0854.51 Disseminated sulfides Po Pyrrhotite, hexagonal in weak disseminatiork0@)o
7X-2,0-140 62.0663.40 Disseminated sulfides Po Pyrrhotite, disseminated, ~5%
169-1038H-
15X-CC, 6-9 135.26-135.29 Sulfide-veined basalt Py-(po) Pyrite (replacing pyrrhotite) in veinlets with chlorite and calcite

Notes: * = fall-in occurrences of sulfides from top of holes. Py = pyrite, anh = anhydrite, gz = quartz, po = pyrrhotite, sl = sphalerite, ba= barite, tc = talc, icb = isocubanite, chl = chlo-
rite, and mc = marcasite.

Massive Sulfides Mineralogy and Textures

Occurrences
The massive sulfides are mainly composed of pyrrhotite and py-

Probable in situ massive sulfide was recovered at the 217°C verite (Table 5). Pyrrhotite is more abundant than pyrite. The more in-
site in Hole 1038A (interval 169-1038A-1R-1-42 c¢cm; G-0.42  durated massive sulfide is composed of fine-grained to medium-
mbsf) and in Hole 1038E (interval 169-1038E-1R-1, 0 cm, to 3R-1grained hexagonal pyrrhotite, typically forming an interlocking open
10 cm; 0-21.5 mbsf). Fragments of massive sulfide (fallen in fronhetwork. Variations in the pyrrhotite grain size in a single 1- to 2-cm
the top of the holes) were recovered in Hole 1038A (Sections 163ragment are common. Pyrrhotite is, in part, locally replaced by py-
1038A-2R-CC, 3R-1, 4R-1, and 5R-1), Hole 1038B (Sections 169rite, which also occurs as crosscutting veins and veinlets. Deep red to
1038B-2R-2, 2R-3, and 2R-CC), Hole 1038C (Sections 169-1038slack sphalerite is abundant in several of the fall-in fragments and oc-
1R-CC, 2R-CC, and 3R-1), and Hole 1038H (Sections 169-1038ldurs mainly intergrown with pyrrhotite, or as interstitial botryoidal
1X-1, 1X-3, 2X-1, 2X-2, 6X-1, 7X-CC, 8X-CC, 10X-CC, 11X-CC, masses within an open pyrrhotite network. Marcasite is present in
16X-CC, and 18X-1). Massive sulfides were recovered from thgome fragments, associated with pyrite. Minor Cu-Fe sulfide, proba-
northwestern and northern flank of Central Hill, but not from theply isocubanite, which can be recognized by its color and rapid oxi-
southeast flank (Fig. 6). dation, occurs in some clasts. Yellow and red crusts are present in
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Table 6. X-ray diffraction identifications, Hole 1038B. cm
19—
Core, section,
interval (cm) Description XRD mineralogy -
169-1038B- 20—
2R-2, 56-56 Anhydrite/barite from sulfide  Anhydrite >> gypsum
fragment
2R-2, 59-59 Greenish clay from fragmentin  Chlorite > muscovite > —
sty clay chalcopyrite
2R-2,120-120  Orange-red minerals with Barite >> anhydrite 21—
sulfate
fragments at both the 217°C vent site (interval 169-1038B-2R- 22
110-120 cm) and in Hole 1038C (interval 169-1038C-1R-C€,50

cm). XRD detected only barite and lesser anhydrite and no arse
minerals (Table 6). Several samples have very similar orange &
dark red iron oxide coatings (lepidocrocite), often developed prefer-
entially on one side, confirming these samples were weathered at tbemmonly with fossil channelways or conduits preserved. Some
surface of the mounds before recovery. Native sulfur was identifiedhimney-type clasts consist of coarse-grained vuggy pyrite with 2- to
visually as a weathering product of pyrrhaotite. 5-mm conduits lined with finer grained euhedral pyrite (Fig. 10). The

Major gangue minerals are anhydrite and a greenish gray, softuggy pyrite is not typical for samples from the sulfide deposits at
very fine-grained mineral, probably talc or Mg-smectite. AnhydriteCentral Hill that were recovered during previous sampling by sub-
was only observed in the areas of active venting. Barite is locallynersibles or dredging (Koski et al., 1994). In other pieces, the fluid
abundant and is typically associated with pyrrhotite and sphaleritehannelways are defined by variations in grain size of pyrrhotite. In
Quartz/amorphous silica occurs as a major gangue mineral in a feiole 1038H (Section 169-1038H-1X-1, 10 and 115 cm), two clasts,
fragments. 2 to 3 cm wide, consist of fibrous columnar aggregates of pyrrhotite

The in situ massive sulfides from Holes 1038A and 1038E, anthat presumably have grown perpendicular to a hydrothermal conduit
some of the fall-in clasts in the upper cores of other holes, appear (Big. 11).
comprise disaggregated mound material and chimney fragments,

Disseminated Sulfidesin Sediments

Figure 11. Vuggy pyrite (interval 169-1038A-1R-1, 19-22.5 cm).

Disseminated sulfides were recovered in Hole 1038B (intervals
169-1038B-2R-2, 5561 cm, and 4R-CC, 35-40 cm), in Hole 1038C
(intervals 169-1038C-4R-1-82 cm, and 4R-CC, 0-5 cm), in Hole
1038E (interval 169-1038E-4R-1;8cm) and in Hole 1038G (inter-
vals 169-1038G-6X-2, 5851 cm, and 7X-2,€140 cm). The dis-
seminated sulfides in Hole 1038B are drill cuttings that have fallen
down the hole, whereas the other occurrences seem to be in situ. The
in situ occurrences are mainly weak impregnations (2%-10%) of pyr-
rhotite with minor pyrite in sand, silt, and clay. Minor amounts of Cu-
Fe sulfide are present in the core from Hole 1038C. The disseminated
sulfides in Hole 1038C are associated with chlorite-altered silty clay,
whereas no alteration was observed in the Hole 1038G occurrences.

A fragment that may have been recovered in situ in Hole 1038E
(interval 169-1038E-4R-1,-8 cm) consists of a highly silicified
sandstone impregnated by pyrite, marcasite, and possibly pyrrhotite.
Pyrite fills vugs and forms a thin crust on the outer edge of the frag-
ment, as well as impregnating the sandstone. This piece immediately
underlies the massive sulfide and is probably part of a thin, poorly de-
veloped feeder zone below the deposit.

The fragments in Hole 1038B consist of very fine-grained chlorite
with euhedral pyrite. This assemblage was crosscut by veinlets of an-
hydrite and minor barite. The presence of chlorite, anhydrite, and bar-
ite was confirmed by XRD analysis (Table 6). This assemblage
seems to have completely replaced the protolith and probably repre-
sents the most intense alteration recovered from the presumed feeder
zone.

Summary and Discussion

The massive sulfides recovered from Site 1038 consist predomi-
nantly of massive pyrrhotite or vuggy pyrite. Sphalerite is locally
abundant and is associated with pyrrhotite. The poor recovery of sul-

Figure 10. Massive, columnar aggregates of fibrous pyrrhotite, growing per- fides during this leg did not confirm the presence of high Pb and As
pendicular to the condit or fluid channelway. Fragment in silty clay, ~3 cm content in the deposits at Central Hill, which have been recovered
* 2cminsize (interval 169-1038H-1X-1, 10 cm; 0.10 mbsf). previously (Koski et al., 1988, 1994; Zierenberg et al., 1993), and
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which suggested that the fluids precipitating the Central Hill sulfides  talline to glassy (formerly) mesostasis (70%), very fine-grained acic-
have reacted extensively with sediments and have leached metals ular plagioclase (20%), and 5% very fine-grained magnetite (Fig.
during this interaction. The paucity of massive sulfide recovered 13). Smectite fills rare, thin (0.1 mm) crosscutting veins.
from this site suggests that the mineralization forms only a thin ve- Section 169-1038G-16X-1 (144.5-147.0 mbsf) recovered (4% es-
neer (5-15 m) over the sedimentary sequence of Central Hill. No ma- timated recovery) dark gray blue, fine- to medium-grained,
jor intersections of massive sulfide were recovered. The recovery of nonvesicular plagioclase-clinopyroxene-olivine basalt. This basalt is
sediments at shallow depth beneath the surficial sulfides (see aphyric with a diabasic/subophitic to intersertal texture (Fig. 14).
“Lithostratigraphy and Sedimentology” section, this chapter) and th8ased on thin-section observation, the groundmass is composed of
absence of a well- developed feeder system rules out the possibilitytergrown plagioclase (50%), clinopyroxene (20%), magnetite
of a thick (>25 m) sulfide lens in the areas that were drilled. In addiftrace), and mesostasis (completely altered to smectite/chlorite, Fig.
tion, the absence of a well-developed feeder zone in the sediment ui¥). A single X-ray fluorescence analysis of this material will be dis-
der the sulfide mounds indicates relatively pervasive circulation andussed in the context of the basalts cored in the Escanaba Trough Ref-
diffuse venting of hot fluid over a short period of time rather thanerence Site (see “Igneous Petrology and Geochemistry” section, “Es-
long-lived, focused high-temperature discharge. This agrees with thmanaba Trough Reference Site” chapter, this volume). The basalt
lack of chimneys and the general occurrence of high-temperatufeagments recovered in Section 169-1038G-15X-CC (Fig. 15) likely
pyrrhotite crusts on the sediment as observed during submersibiepresent the chilled margin of the fine to medium-grained basalts re-
dives (Zierenberg et al., 1994). covered in Core 169-1038G-16X (Fig. 14).
Hole 1038H penetrated microcrystalline basalt at 135.2 mbsf
(Fig. 12). Based on drilling conditions, the hard basalt layer is not
IGNEOUSPETROLOGY >1-2 m thick. Section 169-1038H-15X-CC (135.2—144.5 mbsf, 1%

Basaltic rocks were recovered in three holes at Site 1038, Cent
Hill (Fig. 6): (1) Hole 1038H on the northwest margin of Central Hill
(drilled near Holes 1038A and 1038E); (2) Hole 1038l near the top
Central Hill; and (3) Hole 1038G at the southeast margin of Centr
Hill. The relationships between bathymetry and drill intersections ¢
basalt at ~150 mbsf suggest this unit is continuous between all thi
holes. A deep basalt sill/flow was encountered at 403.3 mbsf in Ho
1038l (Fig. 12). Multichannel seismic profiles across Central Hill in
dicate possible reflectors at the approximate depths of both of the
basalts (Davis and Becker, 1994; Zierenberg, et al., 1994).

Hole 1038G recovered microcrystalline to fine- to medium-
grained basalt at 137.4 mbsf (Fig. 12). The top 14 cm of Section 1€
1038G-15X-CC (137.4 to 144.5 mbsf) recovered (4% estimated r §
covery) several small (0.2 to 3 cm diameter) angular fragments
dark blue-gray, unaltered, microcrystalline moderately plagioclast : S
phyric and sparsely olivine-phyric basalt. The basalt fragments a 422 ; / ; 38
sparsely vesicular (1-3 mm diameter), and vesicles are partly fille
with creamy white calcite and possible zeolite(s). Based on thin se
tion observation, the overall texture is variolitic to intersertal and po!
phyritic. Acicular plagioclase phenocrysts up to 1.5 mm, compos
5% of the rock (Fig. 13), and 1-mm olivine crystals altered to tal
form <1% of the rock. The groundmass is composed of cryptocry

Figure 13. Compositionally zoned plagioclase phenocryst in plagioclase-
phyric and sparsely olivine-phyric microcrystalline basalt. The groundmass

is composed of cryptocrystalline to glassy mesostasis (70%), very fine
grained acicular plagioclase (20%), and 5% very fine-grained magnetite
(Sample 1038G-15X-CC, 0-3 cm; transmitted and cross-polarized light).
Field of view = 1.2 mm (wide).
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Distance (meters) Figure 14. Subophitic to intersertal texture of intergrown clinopyroxene and

) ) ) o plagioclase with trace magnetite in a smectite/chlorite altered mesostasis in
Figure 12. Northwest to southeast section through Central Hill summarizing fine to medium-grained, aphyric, nonvesicular plagioclase-clinopyroxene-

the true scale refationships between bathymetry and drill intersections of olivine basalt (Sample 169-1038G-16X-150cm; transmitted and cross-
basalt. polarized light). Field of view = 1.2 mm (wide).
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cm ing rubble of silicified claystone and siltstone, massive sulfide, and
] basalt; the basalt is likely fall-in from Section 169-1038I-18X-CC.
Section 169-10381-43X-3 (401.4-404.0 mbsf, 87% estimated re-
covery) recovered 67 cm of very fine-grained, nonvesicular to
sparsely vesicular, sparsely to moderately plagioclase-olivine-phyric
and plagioclase-phyric basalt, with phenocrysts 0.5-1 mm in diame-
ter. The upper contact contains a 2-mm-thick baked and bleached
sediment margin, and the basalt hasbanm-thick margin of fresh
glass. Several pieces of basalt contain millimeter-sized white to or-
ange calcite amygdules and subvertical veins of calcite {Grin),
some of which contain fine-grained pyrite selvages; pyrite is also
finely disseminated in one piece.
i The pillow and lobate basalt flows that occur to the east of Central

Figure 15. Microcrystaline, aphyric to sparsely plagioclase-phyric, moder-  Hill (see Fig. 6) are at a higher level than these cored basalts. Further-

ately vesicular (1-3 mm diameter) basalt. Sample contains a bleached dn@re geochemical evidence indicates that the pore waters in the im-

chloritized chilled margin and secondary chlorite, calcite, and pyrite filinghediate vicinity of the cored basalts have reacted at high tempera-

voids (interval 169-1038H-15X-CC-@.5 cm). tures (see “Inorganic Geochemistry” section, this chapter). The upper
basalt intersections in these three holes could therefore be interpreted
as part of a single thin (<10 m) sill.

estimated recovery) contains several small (0.2—3 cm diameter), an- The basalt intersection in the base of Hole 1038l could be inter-

gular fragments of gray, microcrystalline aphyric to sparsely plagiopreted to be a flow, based on the presence of fresh glass. However,

clase-phyric basalt in the recovered 9 cm of this core. The basalt fratiiere was a very narrow (2 mm) rim of baked sediment at the upper

ments are sparsely to moderately vesicular (1-3 mm diameter), acdntact. The lack of a definitive high temperature geochemical signa-

vesicles are lined (0.1-0.5 mm) with medium green chlorite and parture in pore waters in the adjacent sediments can be interpreted to in-

ly to completely filled with intergrown white calcite and hexagonaldicate that the basalt was a flow (see “Inorganic Geochemistry” sec-

plates of pyrite pseudomorphing earlier pyrrhotite. Numerous narrowon, this chapter). There is insufficient core penetration from this in-

(0.2-2 mm) veinlets of chlorite, calcite, and pyrite cut the basalt fragerval to ascertain if this is igneous basement.

ments. Several basalt pieces also contain a contact with adjacent ba-

salt that is bleached and chloritized, imparting a milky green color

(Fig. 15). These fragments are from a chilled contact with quench- STRUCTURAL GEOLOGY

related brecciation and spalling textures. Section 169-1038H-16X-

CC (144.5-154.4 mbsf) recovered 27 cm of drilling rubble (2% esti- The structural objectives of drilling the Central Hill hydrothermal

mated recovery), of which ~3% consists of small angular fragmentsite were to determine the permeability and structural controls on hy-

of gray microcrystalline basalt and ~1% comprises greenish graylrothermal fluids creating sulfide mounds and to determine the rela-

bleached chloritized basalt with pieces of altered chilled margintionship between faulting and fluid flow. Surprisingly, few hydro-

These are similar to basalt fragments in Section 169-1038H-15X-C@hermal veins and structures were recovered from the nine holes

Core 169-1038H-17X (154.9-164.0 mbsf) failed to recover any coradrilled at Site 1038. Despite the paucity of structural data from Holes

however, 18X (164.0-173.6 mbsf) recovered 6 cm of drilling rubblel038G, 1038H, and 1038l (Table 7), some conclusions can be made

(<<1% estimated recovery) that included several fragments of basaih focused and porous hydrothermal fluid flows, based on the region-

similar to those in 16X. Core 169-1038H-19X (173.6-183.6 mbsfal geology and the analysis of unaltered and undeformed sediments.

also failed to recover any core, but the top 16 cm of 20X (183.6—

192.8 mbsf, 3% estimated recovery) recovered drilling rubble that in- Holes 1038A-1035F

cluded basalt fragments similar to those in 19X. The basalt rubble in

Cores 169-1038H-18X and 20X is probably fall-in from the upper- No tectonic structures were recovered in Holes 1038A through

most intersection of basalt. 1038F. Sedimentary bedding dips within 2° to 3° of horizontal. The

Hole 1038l penetrated a 1.5-m-thick interval (based on drillingapparent lack of hydrothermal veining and alteration indicates that
conditions) of basalt at ~161 mbsf (Fig. 12). Below this, is interbedfluid flow through the sediments is weak and that no extensive struc-
ded noncalcareous to calcareous silty clay and claystone, silt, clayéyrally controlled fluid flow network has developed.
silt, sand, and very fine to fine sandstone (calcareous and/or mica-
ceous in places). In the very bottom of the hole, 67 cm of basalt was Hole 1038G
recovered (Section 169-10381-43X-3, 403.3—-404.0 mbsf).

Section 169-1038I-18X-CC (160.9-170.5 mbsf, 4% estimated re- One vertical calcite vein, 2 mm wide, was recovered in the core
covery) recovered numerous small (0.2-3 cm diameter), angulaatcher of Core 169-1038G-4H and extended through 10 cm of the
fragments of gray cryptocrystalline to very fine-grained, aphyric tocore.
sparsely plagioclase-phyric basalt in the bottom 14 cm of the total re-
covered 40 cm. The basalt fragments can be classified into two types. Hole 1038H
The first type consists of gray, very fine-grained, nonvesicular,
sparsely plagioclase phyric basalts (phenocrysts to 2 mm); most frag- Discrete pieces of clayey siltstone within the first three cores of
ments are of this type. The second type consists of gray, cryptocryldele 1038H exhibit fine fracture networks <1 mm wide with no hy-
talline aphyric, moderately vesicular basalts. Vesicles are 1-5 mm urothermal mineralization. Also, within Section 169-1038H-1X-2,
diameter, lined with green clay (0.1-0.5 mm), and filled with fine-chlorite alteration occurs along surfaces of drilling pieces indicating
grained, subhedral to euhedral calcite, pyrite, and pyrrhotite. Oniinat chlorite alteration was initially fracture controlled. Chlorite alter-
piece is cryptocrystalline, slightly lighter gray than the others, andtion becomes pervasive throughout silty sandstone downcore in
displays quenched textures (possible chilled margin). A narrow (0.3ection 169-1038H-1X-3, with more extensive alteration occurring
mm) fracture fill veinlet of pyrite with a bleached envelope cuts onealong fractured surfaces. The pieces with fine fracture networks and
of the basalt fragments. Section 169-1038I-20X-CC recovered drillno alteration may represent the initial stage of localized fluid flow.
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Table 7. Summary of structural features, Holes 1038G and 1038H.

Feature Position Veins Apparentdips  Calculated
Core, Depth Top Bottom Width
section  (mbsf) Oriented Identifier (cm) (cm)  Mineralogy (mm) Wall rock App Dip/ Dirl Strike Dip Comments
169-1038G-
4H-CC 42.22 Y \% 40 51 Cc 2 SED 120 90
169-1038H-
1X-2 2 N F 50 60 SED 15-mm offset on reverse fault.
1X-2 25 N F 100 107 SED Chlorite alteration occurs along the rim of piece; likely
fracture.
2X-2 14 N D 60 68 SED Sandstone clastic dike 5-6 mm near vertical
orientation, but disrupted by drilling.
2X-2 144 N D 100 118 SED Sandstone clastic dike 1 cm wide; orientation disrupted
by drilling.
3X-1 21.84 N F 34 39 SED Fine network of sedimentary, nonmineralized fractures.
3X-1 22.75 Y \% 125 136 Py 1 SED 074 90 Extension fracture.
3X-2 23.25 N F 25 30 SED Fine network of fractures with sedimentary infilling.
3X-2 24.12 Y \% 112 120 Py 2 SED 64/270

Note: Y = oriented, V = vein, Cc = calcite, SED = sediments, N = not oriented, F = fault with offset, D = clastic dike, and Py = pyrite.

Only part of thistableis produced here. The entiretable appears on CD-ROM.

Pore-fluid pressures may have exceeded lithostatic pressure and in-
duced fracturing. Fluids could then flow along the fracture networks
preferentially altering the fracture surfaces.

In Section 169-1038H-2X-2, three 6- to 10-mm-wide clastic sand-
stone dikes occur within silty clay. These dikes are disaggregated and
broken by drilling so that no consistent orientation could be deter-
mined.

Two 1- to 2-mm-wide extension fractures filled with pyrite occur
in Sections 169-1038H-3X-1 and 2. These subvertical fractures rep-
resent the first structurally controlled sulfide hydrothermal features
recovered within the Escanaba sites.

Hole 1038l

One subvertical fracture with no hydrothermal mineralization was
recovered immediately above basalt within the silty claystone of Sec-
tion 169-10381-43X-2. No offset could be determined on this frac-
ture, but dickenlines on the fracture surface indicate dip slip move-
ment. Six subvertical calcite and zeolite veins <2 mm wide occur
within the basalt recovered in Section 169-10381-43X-3. These car-
bonate veins crosscut fractures with no hydrothermal mineralization.
The fractures may be the result of thermal contraction of the basalt as
it intruded sediments.

Conclusions

The lack of abundant, structuraly controlled hydrothermal fea
tures and hydrothermally altered sediments recovered from holes
drilled at Site 1038 indicates that no pervasive hydrothermal circula
tion around the Central Hill hydrothermal site has developed. The
small sulfide mounds localized around Central Hill areinterpreted to
be structurally controlled by extensional faulting associated with ba-
sdt intrusions (Fig. 6; Zierenberg et al., 1994). Structura control of
sulfide mineralization is not evident from core observations, which

northwest flank of the hill (Holes 1038A, 1038B, 1038C, 1038D,
1038E, and 1038H) and an area of diffusive low temperature venting
on the southeast flank (Holes 1038F and 1038G). Hole 1038l was
drilled at the top of Central Hill between these two areas of venting.
Chemical dataindicate that the hydrothermal vent areas around Cen-
tral Hill are part of a single hydrothermal system hydrologically in-
terconnected at depth. In addition, geological observations suggest
that al hydrothermal deposits on Central Hill are of similar age (Zier-
enberg et a., 1994; Campbell, et a., 1994).

Holes 1038A through 1038F were drilled using the RCB system,
and were targeted to recover massive sulfides exposed at the sea
floor. Recovery of these holeswas generally low, and sediment suit-
able for squeezing was not recovered at shallow depths. Holes
1038G through 1038I were drilled using the APC/XCB system to
explore the hydrothermal alteration and pore-fluid geochemistry. In
these holes, pore-water samples were collected at close intervals.

Chemical anadlysis of the fluid samples was conducted following
Gieskes et al. (1991), except for the determination of Na concentra-
tion. The Na concentration was determined by ion chromatography
instead of charge-balance calculation. For several samples, the
amount of pore fluid available was insufficient to determine alkalin-
ity, and it was impossible to cal culate charge balance. Results of the
ion chromatographic analysis were corrected for baseline drift during
the measurement based on comparison with values determined by
charge-balance cal culation.

The data on the pore-water compositions from Site 1038 are re-
ported in Table 8. The chemical compositions of pore fluids in each
areaare discussed asto their possible sources, aswell asthe ateration
reactions that may have affected the pore-fluid chemistry.

Results and Discussion

High-Temperature Venting Area (Holes 1038A, 1038E, and
1038H)

Hole 1038A was drilled on the sulfide mound from which 217°C
hydrothermal fluids were sampled in 1988 (Figs. 1, 6). The hole was
sited only +2 m away from marker 6X left durifglvin dive 2036
beside one of the hot vents. This site was located near the top of
northwestern flank of Central Hill. Hole 1038A was drilled to 114.5
mbsf. Three samples were recovered from a sand layer between 70
and 115 mbsf. Hole 1038E was located 28 m south of Hole 1038A.
Hole 1038E hole was drilled to 40.6 mbsf and was terminated after
the massive sulfide mound was penetrated. Recovery in the upper
part of the hole was very low, and only one sample from a sand layer
was provided for pore-water study. Hole 1038H was drilled 21 m

may indicate that the primary fluid conduits or bounding faults may
be sealed to lateral fluid migration. Faults sealed to the sediment lay-
erswould effectively limit the extent of hydrothermal alterationinthe
sediments, but would still allow for the production of surface sulfide
mounds.

INORGANIC GEOCHEMISTRY

Pore-water samples were collected from the two active hydrother-
mal fields present on Central Hill: a higher temperature area on the
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Table 8. Chemical composition of porefluids, Site 1038.

Core, section, Depth Cl Alkalinity SO, NH,4 Ca Mg Sr Li K Na
interval (cm) (mbsf) (mM)  Salinity pH (mM) (mM) (mM) (mM) (mM) (uM) (uM) (mM) (mM)
Seawater 0.0 556 35 — 245 28.0 0.00 10.6 54.0 87 27 10.4 480
169-1038A-
9R-1, 16-14 76.3 345 24 — — 5.1 4.39 17.1 4.6 132 1440 12.8 330
11R-CC, 58 104.8 420 26 — — 4.7 8.51 22.2 5.0 154 1850 19.4 387
12R-CC, 6-3** 114.4 537 — — — 18.8 6.54 26.9 38.0 169 960 15.3 469
169-1038B-
1R-1, 146-150 15 558 38 7.47 2.73 26.8 0.03 10.4 52.5 90 34.0 10.2 490
5R-1, 1929 34.0 628 40 6.72 9.59 17.2 1.85 37.7 15.2 187 818.0 31.7 535
6R-1, 2231 43.8 591 38 — — 29.4 1.32 36.5 32.0 195 494.0 22.1 499
7R-2, 5156 55.2 558 41 7.63 3.50 52.2 0.22 38.8 50.9 203 77.0 16.5 459
8R-CC, 315 72.0 574 40 7.39 7.29 52.0 0.63 46.0 435 215 230.0 18.5 482
11R-1, 3-8 91.7 548 37 — — 38.4 0.55 29.9 45.4 156 185.0 155 465
12R-1, G5 101.2 554 36 — — 32.0 0.46 26.5 49.2 146 180.0 17.4 454
13R-1, 66-70 111.2 563 34 7.27 7.53 10.8 0.50 40.2 24.1 111 184 18.6 454
169-1038C-
3R-1, 8595 23.4 648 41 7.24 3.78 2.3 5.34 36.0 3.2 227 1640 9.3 555
4R-1, 5E61** 32.7 573 36 6.95 6.10 8.3 4.54 25.4 16.5 187 1140 13.3 501
169-1038D-
1R-1, 136146 1.4 671 38 — — 0.8 5.82 37.3 3.5 216 1920 22.3 564
2R-1, 5861 15.2 629 37 — — 2.7 4.83 34.0 2.7 217 1440 12.7 519
3R-1, 3540 32.0 618 36 — — 2.1 5.38 31.3 4.0 226 1440 13.3 515
4R-CC, 510 42.0 614 38 — — 1.4 3.73 315 25 231 1420 22.0 506
169-1038E-
4R-2, 4555 31.4 559 32 7.36 — 1.2 3.53 29.1 59 384 279 34 471
169-1038F-
2R-1, 106110 10.60 706 — 6.62 26.37 2.6 5.83 25.1 23.4 728 2400 10.8 644
3R-2, 146-150 22.10 729 — — — 3.8 . 34.6 13.2 560 2530 18.3 649
4R-CC, 68 39.00 786 — 6.74 14.99 1.7 6.58 48.6 6.3 530 2700 19.5 684
169-1038G-
3H-2, 14G-150 23.0 679 40 6.83 27.68 0.9 7.56 15.0 15.0 837 2180 8.3 617
3H-5, 14G-150 27.5 739 45 6.75 21.82 1.1 7.85 23.6 12.9 743 3000 11.8 651
4H-5, 38-46 37.5 776 46 6.33 17.27 1.2 7.76 34.0 8.6 652 3500 16.9 689
5H-2, 146-150 43.0 813 47 6.64 10.19 0.7 6.42 53.2 39 538 2800 18.1 689
6H-1, 146-150 53.0 813 48 6.61 9.87 1.7 5.17 58.4 3.0 468 2520 24.0 618
7X-2, 140-150** 63.5 748 45 7.34 6.06 5.3 6.80 51.7 7.8 260 1570 24.2 621
8X-CC, 39 79.5 769 48 — — 1.2 7.08 55.0 0.8 287 1600 40.3 625
10X-CC, 26-34 98.8 732 42 7.26 7.94 1.8 7.96 43.0 0.7 265 1420 42.5 602
169-1038H-
1X-1, 146-150 1.5 556 37 7.51 3.26 28.3 0.16 13.0 55.6 117 44 10.5 499
1X-2, 146-150 3.0 564 38 7.53 6.08 30.9 0.46 19.3 55.1 148 124 14.1 493
2X-1, 1406-150 12.4 565 34 7.50 5.58 31.0 0.39 18.4 48.4 140 110 12.7 509
3X-2, 146-150 24.5 551 35 7.66 2.64 29.3 0.05 111 457 111 24 9.7 490
4X-3, 146-150 34.3 640 38 — — 5.2 4.09 40.2 5.3 409 1550 10.8 569
5X-4, 146-150 45.1 744 43 6.53 8.77 1.5 5.45 41.9 3.2 500 2330 17.0 638
8X-CC, 19-28 77.0 464 30 — — 1.4 5.98 25.9 5.0 178 1890 16.7 425
14X-CC, 29-35 135.1 708 — — — 0.4 8.47 38.7 3.2 251 3190 40.7 587
16X-CC, 1721 173.5 722 — — — 0.8 — 30.7 3.2 441 6220 46.3 615
20X-CC, 15-19** 192.7 547 — — — 25.7 1.01 16.7 47.1 116 322 30.2 —
169-1038lI-
1X-1, 146-150 1.5 556 37 7.63 4.78 27.3 0.14 10.6 51.4 103 26 11.8 471
1X-3, 146-150 4.5 555 38 7.52 6.52 26.0 0.41 10.7 49.0 98 20 11.2 490
2X-2, 146-150 12.3 555 36 7.63 47.39 0.7 3.40 10.9 40.5 148 29 8.2 489
3H-2, 14G-150 20.3 564 35 7.25 45.82 0.6 4.19 10.5 40.8 156 39 9.2 488
3H-4, 14G-150 23.3 560 37 7.65 38.90 2.3 4.61 9.5 38.0 159 44 9.3 489
4H-3, 146-150 31.3 572 37 7.58 46.02 0.8 5.01 17.6 29.3 196 180 9.3 506
5H-3, 1406-150 40.8 560 35 6.65 28.24 0.1 4.48 15.2 19.6 188 183 13.2 506
6H-3, 146-150 50.3 573 36 7.24 22.10 0.7 3.74 35.7 12.3 175 403 5.0 495
7H-3, 14G-150 59.8 571 36 7.12 23.78 0.7 3.60 39.2 13.2 215 587 4.5 495
8X-3, 146-150 69.2 553 35 6.79 29.13 3.0 3.52 29.3 10.5 294 504 4.1 506
9X-2, 146-150 77.4 509 34 6.79 30.00 0.9 4.27 32.7 7.2 319 716 4.4 439
11X-3, 146-150** 98.1 523 35 7.11 15.50 24.0 0.81 12.2 45.0 136 53 10.8 444
17X-1, 119129 152.0 476 31 — — 04 6.54 17.9 2.7 244 3690 15.4 460
18X-CC, 1724 170.3 700 — — — 0.2 6.87 40.6 54 298 2790 37.5 591
19X-CC, 23-28 180.0 688 42 — — 5.2 8.50 39.7 8.7 382 2960 25.6 598
20X-CC, 29-34 189.6 546 — — — 0.0 8.73 10.0 4.2 413 3560 19.5 541
21X-1, 146-150 191.2 462 32 6.72 48.85 5.3 5.92 13.7 57 435 1800 13.3 456
23X-CC, 2429 2185 491 — — — 2.3 4.07 15.7 3.6 516 — 11.7 478
28X-2, 146-150 260.0 510 — — — 0.8 3.64 23.4 4.1 402 689 5.4 510
29X-3, 146-150 271.2 527 — — 49.10 0.7 3.43 20.4 5.6 432 681 6.0 526
30X-1, 146-150 278.0 531 — — — 1.4 4.74 26.3 6.4 243 1390 7.9 488
31X-2, 146-150 287.6 508 — — 40.24 2.7 3.70 21.4 6.7 319 674 4.7 484
32X-1, 146-150 297.2 530 — — — 25 4.01 22.5 6.9 307 628 4.7 489
33X-3, 146-150 309.8 545 — — 33.88 0.5 4.11 24.8 9.5 285 566 4.1 493
34X-3, 146-150 319.4 544 — — 30.90 2.0 3.95 25.6 12.2 277 484 4.6 491
35X-2, 146-150 327.5 564 — — 26.30 2.0 4.40 27.8 10.7 272 584 5.0 498
36X-1, 146-150 335.6 550 — — 29.70 3.5 4.19 26.7 10.8 273 539 4.3 498
37X-4, 146-150 349.7 552 — — 28.20 2.6 4.61 26.9 10.1 272 540 4.5 493
38X-1, 146-150 354.8 552 — — 36.30 1.7 4.17 27.2 9.0 304 601 4.0 502
39X-4, 146-150 368.9 547 — — — 2.4 — 26.3 9.4 314 569 4.1 497
40X-3, 146-150 377.0 544 — — — 25 4.79 235 9.1 333 578 5.3 505
41X-2, 146-150 385.1 536 — — — 0.8 4.01 22.3 5.8 352 819 4.4 519
42X-3, 146-150 396.3 518 — — — 0.5 3.76 18.8 5.5 377 854 4.8 511
43X-1, 96-100 402.4 509 — — — 0.9 — 19.7 4.4 352 826 5.4 502
Notes: — = no data. ** = contaminated samples.
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Table 8 (continued).

Core, section, Depth B H,SIO,
interval (cm) (mbsf) Na/Cl (uM) (UM)
Seawater 0.0 0.855 420 170
169-1038A-
9R-1, 10-14 76.3 0.956 4820 2600
11R-CC, 5-8 104.8 0.921 5730 3160
12R-CC, 0-3** 114.4 0.872 1210 —
169-1038B-
1R-1, 146-150 15 0.879 457 165
5R-1, 19-29 34.0 0.851 1380 846
6R-1, 22-31 43.8 0.844 894 801
7R-2, 5156 55.2 0.823 451 309
8R-CC, 315 72.0 0.839 661 341
11R-1, 38 91.7 0.849 593 333
12R-1, 65 101.2 0.819 650 571
13R-1, 66-70 111.2 0.807 502 1174
169-1038C-
3R-1, 8595 234 0.857 2610 397
4R-1, 5161** 32.7 0.873 2030 463
169-1038D-
1R-1, 136146 1.4 0.841 1950 306
2R-1, 5861 15.2 0.824 2940 370
3R-1, 3540 32.0 0.834 2520 672
4R-CC, 510 42.0 0.825 3590 884
169-1038E-
4R-2, 4555 31.4 0.842 3840 468
169-1038F-
2R-1, 106-110 10.60 0.912 2840 467
3R-2, 146-150 22.10 0.890 2740 449
4R-CC, -8 39.00 0.870 2980 700
169-1038G-
3H-2, 146-150 23.0 0.908 3780 509
3H-5, 146-150 275 0.880 3940 591
4H-5, 38-46 375 0.888 3450 704
5H-2, 146-150 43.0 0.847 3780 935
6H-1, 1406-150 53.0 0.760 3870 1034
7X-2, 140-150** 63.5 0.831 3160 1277
8X-CC, 39 79.5 0.812 3080 677
10X-CC, 26-34 98.8 0.822 3610 1570
169-1038H-
1X-1, 146-150 1.5 0.898 408 461
1X-2, 146-150 3.0 0.874 554 996
2X-1, 1406-150 124 0.900 528 977
3X-2, 146-150 245 0.890 264 416
4X-3, 146-150 34.3 0.889 2380 879
5X-4, 146-150 45.1 0.857 3200 1450
8X-CC, 19-28 77.0 0.915 6440 2780
14X-CC, 29-35 135.1 0.830 3580 1550
16X-CC, 1721 1735 0.852 6080 2520
20X-CC, 15-19** 192.7 — 580 205
169-1038I-
1X-1, 146-150 1.5 0.847 568 662
1X-3, 146-150 45 0.883 712 592
2X-2, 146-150 12.3 0.880 1050 1190
3H-2, 146-150 20.3 0.866 1090 1350
3H-4, 146-150 23.3 0.873 1040 1220
4H-3, 146-150 31.3 0.885 1150 1390
5H-3, 146-150 40.8 0.903 2250 2410
6H-3, 146-150 50.3 0.864 2460 1000
7H-3, 14G-150 59.8 0.867 2670 756
8X-3, 146-150 69.2 0.915 2790 740
9X-2, 146-150 77.4 0.862 4480 1210
11X-3,1406-150** 98.1 0.849 731 732
17X-1,119-129 152.0 0.966 9670 1490
18X-CC, 1724 170.3 0.844 5840 1640
19X-CC, 23-28 180.0 0.869 3870 1100
20X-CC, 29-34 189.6 0.991 6340 1060
21X-1, 146-150 191.2 0.988 7670 1800
23X-CC, 2429 218.5 0.974 5720 1360
28X-2, 146-150 260.0 1.000 5400 1060
29X-3, 146-150 271.2 0.999 4680 1010
30X-1, 146-150 278.0 0.918 5590 2490
31X-2, 146-150 287.6 0.953 5530 936
32X-1, 146-150 297.2 0.923 4300 1070
33X-3, 146-150 309.8 0.904 4040 1050
34X-3, 146-150 3194 0.903 4200 944
35X-2, 146-150 3275 0.883 3780 1000
36X-1, 146-150 335.6 0.905 4170 922
37X-4, 146-150 349.7 0.894 3760 956
38X-1, 146-150 354.8 0.909 4050 1000
39X-4, 146-150 368.9 0.909 4490 936
40X-3, 146-150 377.0 0.928 4780 —
41X-2, 146-150 385.1 0.967 5580 —
42X-3, 146-150 396.3 0.985 5730 —
43X-1, 96-100 402.4 0.987 6390 —

SITE 1038

south of Hole 1038A and 10 m northwest of Hole 1038E. Hole
1038H was drilled to 193 mbsf and sampled basalt at a depth of ~135
mbsf.

The chemica composition of the pore fluids from holes drilled
near the high-temperature vents on northeast flank of the hill are plot-
ted vs. depth in Figure 16 (Holes 1038A, 1038E, and 1038H). The
sample from 114.4 mbsf of Hole 1038A (Section 169-1038A-12R-

CC) showed elevated Mg and SO, concentrations that seem to indi-
cate contamination by seawater. Datafrom this sample are not plotted
in the profiles and are excluded from the following discussion.

The pore-fluid compositional profiles show drastic changesin all
the dissolved species. Discontinuities in the profiles are evident at
depths of 25, 40-80, and 100-120 mbsf.

Above 24.5 mbsf, pore fluids have compositions similar to that of
seawater, suggesting seawater recharge. Slight increases in Ca and K
concentrations and a slight decrease in Mg concentration are attribut-
ed to smectite-forming alteration.

Below 24.5 mbsf, the concentrations of Mg and &®@ close to ze-
ro. Moreover, the high Na (~600 mM) and Cl (~750 mM) concentra-
tions 40 mbsf and below 130 mbsf, and the low Na and Cl (<400 mM)
concentrations at ~80 mbsf are remarkable. Because any alteration re-
actions are unlikely to explain such a large discrepancy in Na and Cl
concentrations from that from seawater, these pore-fluid signatures are
interpreted to indicate contributions from a hydrothermal component
that has experienced subcritical phase separation. The existence of
low-chlorinity fluids between 80 and 100 mbsf corresponds to the lo-
cation of a coarse-grained, highly permeable sand layer (Unit lll, see
“Lithostratigraphy and Sedimentology” section, this chapter), imply-
ing that the vapor-rich component of the phase separated fluid escapes
through this porous layer.

In the deeper layers, K, Li, and Sr concentrations increase with
depth. This appears to be related to the basaltic rock cored at a depth
of 161 mbsf. This unit may be a basaltic sill, and the change in pore
fluid is interpreted to be related to reactions driven by the heat of in-
trusion. Alternatively, this unit may be an older basalt flow that influ-
ences the movement of subsurface fluids.

Northern Area (Holes 1038C, and 1038D)

Holes 1038C and 1038D are separated by ~72 m and were drilled
on the northern slope of Central Hill, where a nearly continuous out-
crop of massive sulfide is exposed. No active fluid emanation was ob-
served in this area during either dive or camera surveys before drill-
ing. However, recent hydrothermal activity is suggested by the pres-
ence of fresh sulfide at the surface and by the observation of small
patches of bacterial mat and clams. Hole 1038C was drilled to 41.8
mbsf, and two pore-water samples were recovered. Hole 1038D was
drilled to 43.8 mbsf and four pore-water samples were recovered.

The chemical composition of pore fluids is plotted vs. depth in
Figure 17. The data from Hole 1038C and 1038D are plotted togeth-
er, along with the composition of seawater for comparison. The sam-
ple from 32.7 mbsf of Hole 1038C (Section 169-1038C-4R-1)
showed elevated Mg and $@oncentrations and seems to indicate
contamination from seawater. Data from this sample are not plotted
in the profiles and are excluded from the discussion.

Pore fluids in these holes are dominated by a hydrothermal com-
ponent over all sampling depths. Significant depletions in Mg and
SO, and enrichments in cations (K, Li, Ca, and Sr) and organic mat-
ter-derived species (NfdndB) are consistent with the chemical sig-
nature of a hydrothermal component. Na and Cl concentrations high-
er than those of seawater (Na~560 mM and CI~670 mM) suggest that
a brine-rich hydrothermal component dominates the pore fluids. It is
remarkable that the hydrothermal component is present at such a
shallow depth beneath sulfide outcrops without present hydrothermal
venting at the seafloor.
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ESCANABA TROUGH: CENTRAL HILL
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Western Area (Hole 1038B) anhydrite is not observed in the sediments at these depths (see

“Lithostratigraphy and Sedimentology” section, this chapter), similar

Hole 1038B was drilled into a small mound where 108°C fluidseffects caused by anhydrite dissolution commonly occur in pore flu-
were sampled in 1988 (Fig. 6). This mound is located on the northids in other hydrothermal areas (see “Inorganic Chemistry” section,
western slope of Central Hill, ~260 m west of Hole 1038A. Hole“Middle Valley: Bent Hill Area” and “Middle Valley: Dead Dog”
1038B was drilled to 120.5 mbsf. Eight pore-fluid samples were reehapters, this volume), and only an imperceptible amount of finely
covered. However, no sediment suitable for squeezing was recoverdisseminated anhydrite dissolution is needed to produce the observed
at shallow depths (2 to 34 mbsf). The chemical composition of thehemical affects.
pore fluids is plotted as a profile vs. depth in Figure 18. Between 30 and 50 mbsf, there is an increase in Mg from ~12 mM

A marked increase in the $@oncentration (up to 50 mM) of the toward seawater values (54 mM) that is accompanied by a drop in Cl,
pore fluids occurs below 50 mbsf. This is accompanied by an increadéa, K, Li, B, and NH concentrations from values greater than sea-
in Sr and Ca, consistent with the dissolution of anhydrite. Althoughvater, to values close to seawater. This relationship strongly suggests
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SITE 1038

A Na(mMm) B c D
Cl (mM) Mg (mM) Ca (mM) SO, (mM)
400 600 800 0 20 40 60 0 20 40 60 0 30 60
Or—yrsr 1 OF——7— T Op<T 7T O s
[ [ 7 [ P - 7 [ N 7 [ / 7
[ \ \ I [~ P 1 [ AN - [ / 1
240 - 40+ - 40+ - 40+ =
\E/ . - . - . - . -
< L _ L _ L _ L _
= | J L J L J L J
880 - 80 - 80 - 80 .
Na] [cr | | I 1 i
120 L 120 120 120
E F G H
K (mM) Sr (uM) B (mM) NH, (mM)
0 10 20 30 40 .0 100 200 300 005 115 2 0 1 2 3
Or—wr T 71 0 — OFre 7 (I e I
[ N ] [ \ ] [ N ] ro ]
r N\ N I r \ - r N - - N 3
§40— - 40 - 40 - 40 .
< L _ L _ L _ L _
= il [ ) [ ) [ ) Figure 18. Profiles of pore-water composition in the
] 80 - 80 - 80 - 80 a °C flui
o =7 ] | ] | ] | ] vicinity of the vent where 108°C fluid was sampled
L B L B L B L B in 1988.A. Open circles = Cl, and solid circles = Na.
| _ L _ L | L | B. Mg. C. Ca.D. SO,. E. K. F. Sr.G. B.H. NH,.
120 L1~ 120 120 120 Dashed lines = interval with no samples.

mixing between a hydrothermal component in the upper silty clay uted to a contribution from a hydrothermal component that has
layers (6—-34 mbsf) and the ambient pore fluids that dominate theoiled, resulting in increased salinity because of vapor loss.
deeper layer. Profiles of major elements (Na, Cl, Ca, Mg, and K) above 40 mbsf

Between 60 and 100 mbsf, pore fluids generally show a unifornare generally explained by mixing between this hydrothermal com-
composition, although anhydrite dissolution appears to cause a mgoenent and seawater. Slight differences between the profiles of Hole
irregular variation in Sr, Ca, and $€bncentrations. Concentrations 1038F and 1038G may be attributed to a difference in depths of sea-
of Cl and Mg are close to those of seawater in these layers. The smafhter entrainment. The depletion of 85 mM)and a significant
reduction in Na concentration, and the increase in K, Li, B, and NHhigh alkalinity (up to 25 mM) strongly suggest that sulfate reduction
concentrations compared to seawater values may be attributed todncurs within the shallow horizons.
situ sediment alteration and the decomposition of organic material. The K concentration increases and the Li and Sr concentrations

Anhydrite concretions were observed in the sediments below 11decrease with depth below ~60 mbsf (1038H). The Ca concentration
mbsf, and the sediments are altered (see “Lithostratigraphy and Sealso shows depletion in the deepest sample. These changes in pore-
imentology” section, this chapter). The one pore-fluid sample at thifluid chemistry may be related to chloritization caused by the reaction
depth shows a significant decrease in Mg and an increase in @ath basalt, which was encountered at 137 mbsf in Hole 1038G. In
(which is not accompanied by an increase in)SThis suggests that addition, chloritization is evident in the sediments recovered from be-
this depth horizon represents the base of the recharge zone and tloat 62 mbsf in Hole 1038G (see “Lithostratigraphy and Sedimentol-
hydrothermal alteration reactions in this layer or below modify the Cagy” section, this chapter).
and Mg profiles.

Summit of Central Hill (Hole 1038I)
East Side of Central Hill (Holes 1038F and 1038G)
Hole 1038l was drilled at the top of Central Hill in 3215 m water

On the southeastern side of the Central Hill, sulfide mineralizadepth to document the history of sedimentation and of sediment alter-
tion and vent specific fauna were observed during the submersib&ion for comparison with the “Escanaba Reference Trough Site”
dive studies (Zierenberg et al., 1994). Hole 1038F was drilled to 38.dhapter (Hole 1037B, Fig 1). The hole is away from the upflow zones
mbsf, and three pore-fluid samples were recovered. Hole 1038G is laisible at the surface, although the steep temperature gradients indi-
cated ~9 north and was drilled to 147.0 mbsf, and eight pore fluidate subsurface circulation of hot fluid. The hole was drilled to a
samples were recovered. depth of 403.2 mbsf, and a total of 33 pore-fluid samples were ob-

The chemical composition of the pore fluids is plotted as a profiléained. The lithologic units encountered include Unit Il, interbeded
vs. depth in Figure 19. The profiles from Hole 1038F and 1038G arfine-grained turbidites and hemipelagic muds/®9 mbsf; Unit llI,
shown together. The chemical composition of the sample from 63.8and-rich turbidites with minor hemipelagic muds, 72®3.7 mbsf;
mbsf (Section 169-1038G-7X-2) showed elevated Mg andc6® Unit IV and V, fine- to medium-grained sand turbidites with siltstone
centrations that seem to indicate contamination from seawater. Dada claystone, 141-180.1 mbsf; Unit VI, carbonate altered turbidites
from this sample are not plotted in the profiles and are excluded fromnd hemipelagites, 1806:287.0 mbsf; Unit VII, calcareous silty clay
following discussion. with minor silty turbidites, 287.0-371.1; and Unit VIII, calcareous

The most remarkable features of the pore fluids are high Na arfthe-grained sand to silt turbidites, 371.1-403.2 mbsf. In addition, ba-
Cl concentrations (Na > 600 mM and Cl > 800 mM). They are attribsalt occurs at 161-162.6 mbsf, and the hole terminated in basalt
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from 403.2to 404.0 mbsf. The pore-fluid sampling density wasrather The concentration depth profile of K is dominated by a sharp peak

sparse in the interval 75.9-103.1 mbsf (lithologic Unit 111) as many immediately below the upper basalt. Concentrations of K also appear
sand layers were encountered, and no core was recovered in the to increase in the sandy interval (lithologic Unit IIl). In the upper 40

103.1-141.7 mbsf interval. m of the sediment column, K is similar to seawater (~10 mM), but de-
The chemical composition of the fluids is given in Table 8 and creases to ~5 mM before increasing on approach to lithologic Unit
plotted as profiles vs. depth in Fig. 20. Because of the large changes Ill. Below the basalt, K decreases and is approximately constant (~5

in pore-fluid concentrations of several elementsin the vicinity of the mM) below 280 mbsf.

upper basalt (~161 mbsf; see “Lithostratigraphy and Sedimentology” =

section, this chapter), some of the smaller features in the concentrdkali Earth Elements

tion depth profiles in the lower part of the sediment column are not Concentrations of Mg fall steadily from seawater values (54 mM)
apparent. Expanded scale concentration depth profiles below 3@@the sediment/seawater interface to ~3 mM in lithologic Unit Ill (75
mbsf have been plotted in Fig. 21. One sample is contaminated witt.04 mbsf). There is a small increase in Mg in the sample adjacent to
seawater (Section 169-1038I-11X-3) and is included in the table fahe upper basalt; this may be related to contamination of this sample
completeness, although it is not included in the figures. with seawater, based on the S®ncentration. There is little varia-

. tion in the Mg content of the pore fluids between the basalt and ~250
Alkali Elements mbsf. Below 250 mbsf there is a small, broad increase in concentra-
Concentrations of Na are similar to seawater in the upper 75 m ¢ibons of Mg (with concentrations increasing from ~8 to 12 mM). On
the sediment column, but decrease sharply in the sandy intervapproach to the basalt at the base of the hole, Mg decreases to ~4 mM.
(lithologic Unit Ill). There is a sharp increase in the Na content of the In the upper 20 m of sediment, concentrations of Ca are similar to
pore fluids immediately below the upper basalt, with concentrationseawater (~10 mM), but then increase sharply between 20 and 65
of Na exceeding 600 mM. Below the basalt, Na increases with depthbsf. Ca decreases in lithologic Unit Ill, and then increases sharply
between 200 and 280 mbsf. Below 280 mbsf, the Na content of tHenmediately below the upper basalt. Below 200 mbsf, concentrations
pore fluids is approximately constant (~490 mM), but shows somef Ca increase slowly with depth until ~380 mbsf. Below 380 mbsf,
decrease on approach to the lower basalt (Fig. 21). toward the lower basalt, there is a small reduction in the Ca content

The Na/Cl ratio of the pore fluids appears to increase in lithologiof the pore fluids.
Unit Ill, but shows a marked minimum in the vicinity of the upper ba-  Similarly to Ca, concentrations of Sr increase from ~87 uM at the
salt. On approach to the basalt sampled from the bottom of the holegawater/sediment interface to ~300 uM at 65 mbsf, then fall in litho-
the Na/Cl ratio increases. logic Unit Ill. Below this unit, the Sr concentrations increase to a
Concentrations of Li are similar to seawater (27 pM) in the nearpeak at ~210 mbsf and are apparently unaffected by the upper basalt.
surface sediments{@5 mbsf), then increase sharply to >3500 uM in Below ~280 mbsf, concentrations of Sr are fairly constant250
the sandy interval between 103.7 and 141.7 mbsf (lithologic Unit 111)pM).
There is a small reduction in the Li content of the pore fluids imme- )
diately below the upper basalt at ~161 mbsf, although Li returns to ghloride
concentration similar to that recorded in lithologic Unit Ill at 190  The CI concentration depth profile is dominated by two features.
mbsf. Below 190 mbsf, concentrations of Li fall sharply to <600 pM.First, there is a sharp decline from seawater values (556 mM) toward
There is an increase in Li toward the lower basalt (which is located #thologic Unit 11l to <480 mM in this unit. Second, concentrations of
~402 mbsf; Fig. 21). Cl increase to ~700 mM in the samples immediately adjacent to the
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Figure 20. Composition of a hydrothermal component in Site 1038. Data of
pore fluids with depleted Mg and SO, concentrations (Mg < 5.4 mM and SO,
< 2.8 mM) and the end-member composition of vent fluid (from Campbell et
a., 1994) are plotted. A. Navs. Cl concentration. B. Cavs. Cl. C. K vs. Cl.

upper basalt (~160 mbsf). Below the basalt, Cl increases slightly with
depth to ~380 mbsf (recording amaximum concentration of 564 mM)
before falling slightly to values|ess than seawater on approach to the
basalt at the base of the hole.

Nutrient Elements

In this section, we consider SO,, NH,, and alkalinity (HCO,).
Concentrations of SO, are reduced to zero within the upper 10 m of
the sediment column. Those samples showing a non-zero SO, con-
centration below this depth are considered to show a small contami-
nation with seawater.

Concentrations of NH, increase subsurface, showing asmall peak
at ~60 mbsf. Thereisamarked increasein NH, in lithologic Unit 111,
and afurther increasein NH, near the upper basalt. Below 200 mbsf,
concentrations of NH, fall and are approximately constant (~3 mM)
below ~220 mbsf.

Alkalinity increases sharply below the seawater/sediment inter-
face, attaining apeak at ~30 mbsf. The volume of porefluid obtained

SITE 1038

from samples from the sandy interval or near the upper basalt were
insufficient to allow akalinity measurements. Below the basalt, there
islittle of note in the concentration depth profile, although alkalinity
values remain remarkably high.

Slica and Boron

Because of problems inherent with Si analysis of squeezed pore
fluids, that are mostly caused by differences in temperature at which
the squaring occurs and actual in situ temperatures (see “Inorganic
Geochemistry” section, “Middle Valley: Bent Hill Area” chapter),
the concentration depth profile is not discussed in detail; it is suffi-
cient to point out a fall in Si concentrations in samples collected im-
mediately below the upper basalt section.

Concentrations of B increase with depth below the seawater/sed-
iment interface; there is a marked increase in the gradient of this in-
crease in lithologic Unit I, where a maximum B concentration of ~9
mM is recorded. Adjacent to the upper basalt section, the B content
of the pore fluids decreases. Below 200 mbsf, concentrations of B are
fairly constant (45 mM). There is a small increase (4—6 mM) in the
pore fluid B content below 350 mbsf toward the basalt at the base of
the hole.

Discussion

In this section, we first discuss the prominent features of the pore-
fluid chemistry of Hole 1038l, then contrast the concentration depth
profiles from this site with those from the Escanaba Reference Site
(Hole 1037B).

Hydrothermal Alteration

The thermal gradient of Hole 1038I, based on measurements in
the upper 60 m, is ~2°C/m. Pore-fluid compositions are consistent
with elevated temperature; concentrations of Li and B below 300
mbsf are far higher (~500 uM and ~6 mM, respectively) than those
recorded in Hole 1037B (~100 pM and 0.8 mM, respectively). Both
of these elements are readily mobilized from sediments at tempera-
tures greater than ~50°C (e.g., Chan et al., 1994; Spivack and Ed-
mond, 1987). Furthermore, the concentration of Mg in the pore fluids
in this hole declines far more rapidly with increasing depth than ob-
served at Hole 1037B, supporting hydrothermal alteration of the sed-
iments at Hole 1038l.

Pore-Fluid Chemistry in the Sandy Interval (Unit I11)

There is a marked change in the composition of the pore fluids in
the sandy interval between 75 and 103 mbsf. Concentrations of Ca,
Cl, Mg, and Sr, and the Na/Cl ratio, all decrease, whereas concentra-
tions of Li, B, K, and NHall increase. This is consistent with lateral
flow of a hydrothermal component with low CI through the sandy in-
terval. During transport, this hydrothermal component appears to
have acquired Li, B, K, and NHrom the sediments. Fluids with a
similar composition have also been sampled at Holes 1038A and
1038H. Phase separation is the most lilpblysical process that can
explain the low CI content of the pore fluids in this sandy interval.
Further analysis of the Li and Sr isotopes, as wellasand 580
compositions of these pore fluids will help confirm the source of the
fluids within the sandy interval.

Pore-Fluid Chemistry in the Vicinity of the Upper Basalt

Approximately 15 cm of basalt was recovered in Section 169-
1038I-18X-CC (~161 mbsf); a large proportion of the basalt recov-
ered was chilled margin, suggesting that this unit is fairly thin. There
is a drastic change in the pore-water concentrations immediately ad-
jacent to the basalt; concentrations of Cl, Ca, K, Na, Mg, andaNH
increase, whereas concentrations of HSI@ and B show a small
reduction. Two scenarios may be envisaged to account for this
change in the pore-fluid chemistry. First, the changes could result
from the direct interaction between the pore fluids and the basalt, pos-
sibly at elevated temperature if the basalt is a sill. Hydration of the
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basalt asaresult of alteration may not, however, be sufficient to sup-
port the observed increase in the Cl content of the pore fluids. Fur-
thermore, in contrast to the pore-fluid chemistry, leaching of K from
basalt is usually accompanied by the leaching of Li and B. The sec-
ond possihility is that the basalt acts as a high permeability conduit
(aguifer) for lateral advection of ahigh Cl fluid, or trapsahigh Cl flu-
id below it (aquiclude). It is possible that this fluid is the high Cl hy-
drothermal conjugate of the low Cl fluid observed in the sand layer.
The lack of a sedimentary signature to the Li and B content of the
porefluidsis consistent with the focusing of thisfluid through azone
of high permeability (and not passing through the sediments).

Pore-Fluid Geochemistry Below 300 mbsf

Although changes in the concentration depth profiles of the pore
fluids are less dramatic below 300 mbsf than in the vicinity of the
sandy interval and upper basalt, there are several interesting features
(Fig. 22). On approach to the basalt at the base of the hole, concen-
trations of Ca, Mg, Cl, and Nafal, and Li and B concentrations in-
crease along with the Na/Cl ratio of the pore fluids. These changes
are not consistent with the direct interaction of pore fluids with the
basalt; rather they suggest that the recovered basalt is from athin sill
or flow, and that low Cl fluids may be trapped below it.

Comparison with Hole 1037B

One of the most outstanding features in the concentration depth
profiles of porefluids from the Reference Site (Hole 1037B) isacor-
relation with achangein the major provenance of sediments supplied

SITE 1038

the other hand, pore fluids collected during the drilling show a wide
range in chemical composition. To investigate the source of a hydro-
thermal component, the data from pore fluids with depleted Mg and
SO, concentrations are plotted in Figure 20.

Concentrations of Na and Ca show a good relationship with the CI
concentration of the fluids. Moreover, the hydrothermal vent fluid
composition plots on the same trend. This suggests that the pore flu-
ids and the hydrothermal vent fluid originate from a single source and
that high-salinity and low-salinity end-members were produced by
phase separation in the hydrothermal system.

On the other hand, the K concentration does not show a consistent
linear relationship with the Cl concentration. Although most of the
pore fluids from 1038H show a linear trend that passes through the
composition of the vent fluid, other pore-fluid samples fall below this
line, suggesting K uptake in the sediment.

Conclusions

Pore-water fluids collected from the sulfide area of Site 1038
show a wide range in chemical compositions. The Cl concentrations
range from 300 mM to 800 mM, indicating contributions of a hydro-
thermal fluid that experienced phase separation at depth. The linear
relationship between Na and Ca concentrations with Cl concentration
among the pore fluids suggests they originate from a single source,
and the phase separation induces a wide range in chemical composi-
tions. In most of the holes in the hydrothermal areas, a high-salinity
hydrothermal component dominates pore fluids. A low salinity hy-

to the Escanaba Trough (see “Inorganic Geochemistry” sectiomrothermal component is evident in the sand-rich layer in Holes

“Middle Valley: Bent Hill” chapter). This correlation is not apparent 1038A, 1038H, and 1038I, suggesting a segregation of the vapor
at Hole 1038I; thermally enhanced alteration of the sediments hgshase into the sand layer. The presence of hydrothermal fluids that
clearly overprinted any primary sedimentary signature to the porehave undergone phase separation at shallow depths below the sulfide
fluid chemistry. Furthermore, other features in the pore-water promineralization would require that hydrothermal fluid circulation has
files at Site 1037B (such as the distinct maxima in the Li profile abccurred very recently, or that those extreme chemical concentration
320 and 470 mbsf) are not apparent at Hole 1038l; pervasive hydrgradients are maintained by active fluid flow in the shallow subsur-
thermal alteration of the sediments means that stratigraphic correléace.

tion of the pore-fluid chemistry between this hole and the reference

hole is impossible.

Summary Discussion

Distribution of a Hydrothermal Component in Holes Near Sulfide
Outcrops

ORGANIC GEOCHEMISTRY

Shipboard gas analyses were carried out on headspace and expan-
sion void samples from sediments of Site 1038. Solvent extracts of

bitumen from sediments were analyzed for fluorescence and by gas

A hydrothermal component was obvious in the pore fluids in alichromatography (GC) to assess the occurrence of hydrothermal pe-
of the holes in the hydrothermal area. It dominates pore-fluid compdroleum and its maturity, and to characterize the sources of the organ-
sitions just below the surface in Holes 1038C and 1038D, below 4i¢ matter. Routine elemental analyses were performed on sediments
mbsf in Hole 1038A, and below 40 mbsf in Holes 1038F and 1038Cor total C, N, and S, and carbonate carbon. Instrumentation, operat-
Also in Hole 1038B, a hydrothermal component above 20 mbsf igng conditions, and procedures are summarized in the “Explanatory
suggested by the nature of the concentration depth gradients beldNotes” chapter (this volume).
this depth. Entrained seawater is observed only at very shallow
depths except for the deeper layer (>40 mbsf) in Hole 1038B, which
indicates a seawater mixing signature. In Hole 1038l, located in the
center part of Central Hill, a low salinity hydrothermal componentis The headspace gas compositions monitored for downcore sedi-
evident in the sandy interval (Unit lll) at 75803.1 mbsf and a high ment samples from Site 1038 are given in Table 9. The methane con-
salinity component beneath the basalt at ~160 mbsf. This distributiorentrations vary from 24 to 107,000 ppm, with significant amounts of
pattern of hydrothermal signatures implies that a hydrothermal fluidhigher molecular weight hydrocarbons,{C;, including benzene
ascends along structural boundaries of the uplifted hill and the flowand toluene; Fig. 23) and carbon dioxide. The highest hydrocarbon
laterally through permeable horizons. gas concentrations are found in Holes 1038E and 1038H on the north-
western flank of Central Hill, in Holes 1038F and 1038G on the
southeastern flank, and in Hole 1038l in the central area of the hill
(Figs. 24-26). A biogenic methane zone is evident only in Hole

Hydrothermal fluids venting from the seafloor were collected1038l at a depth interval of 10-40 mbsf. Hole 10381 was the only hole
from this area during th&lvin dive studies in 1988, and their chem- not drilled on or adjacent to a hydrothermal deposit (Fig. 1). The in-
ical compositions were studied (Campbell et al., 1994; Bohlke et alterpretation of a biogenic origin for methane is based on the high CH
1994). These results showed a single high-salinity hydrothermal fluidoncentration and the high/C, ratio (Fig. 26A, D). @C, ratios for
end-member for both the 217°C vent fluid (near Holes 1038Abiogenic CH are generally taken as >1000 (Bernard et al., 1976). The
1038E, and 1038H) and the 108°C vent fluid (near Hole 1038B). Onther high methane peaks in the shallow sections of Holes 1038F,

Volatile Gases

Chemical Composition of the Hydrothermal Component
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1038G, and 1038H are thermogenic, asthe C,/C, ratios are all <100. gas odor (Simoneit et al., 1988; Hunt, 1996). It also should be pointed
The low C,/C, ratios (Table 9; Fig. 24C) are consistent with ther- out that these sediments have relatively low contents of gas and vol-
mogenic CH, generation caused by high heat flow (Bernard et a., atiles (mainly CH) because of the dominant terrigenous composition
1976). The C,/C, values <30 are interpreted as an indication of the of the sedimentary organic matter composed of wakanes with
extremely high-temperature cracking of organic matter, as was aso Crax &t G or C;;, wood fragments and pollen from terrestrial plants
observed in Middle Valley in Hole 858C (Shipboard Scientific Party, (Simoneit et al., 1988; Kvenvolden and Simoneit, 1990; Kvenvolden
1992) and estimated here to be in the range of 200°-300°C over brief al., 1994). The terrigenous organic matter provenance for Esca-
geological time. Thermogenic methane generation in conventionalaba Trough has been described for Reference Site 1037.

basins typically occurs over millions of years in a temperature range Carbon dioxide occurs at high concentrations in Holes 1038D—
of 120°-160°C (Tissot and Welte, 1984). The methane profile in 038l (Table 9). For example, GBecreases with depth from 84,000
Hole 1038l from 250 to 400 mbsf also shows highCgvalues  ppm to background in Holes 1038F and 1038G (Fig. 24D). i€O
(>100) that are normally indicative of a biogenic origin. However,also high throughout Hole 1038I, with a maximum at ~200 mbsf. A
the presence of monoaromatic hydrocarbons (e.g., benzene) in teeep increase occurs at depth (Fig. 26E), and a maximum occurs at
same interval supports a thermogenic and not biogenic origin. Thaid depth in Hole 1038H (Fig. 25E),8 was not detectable by GC,
hydrocarbon composition of gas voids sampled by vacutainers is afthough its odor was often noted.

most pure methane (Table 9) because of its faster effusion from the

indurated sediments than ethane and higher hydrocarbons. The vacu- Bitumen Fluorescence

tainer data are not plotted in the depth profiles.

Benzene and toluene are also present at high concentrations asExtracts from sediments of Site 1038 were colorless except in the
given in Table 9 and shown in some examples for benzene in Figuresctions with hydrothermal petroleum. The extract yields were high
24-26. The concentrations of benzene and toluene are calculated uisthe hydrothermal petroleum zones, and the bitumens had a strong
ing the same GC response factor as forrtladkanes. The benzene yellow-white fluorescence. The high extract yields and intense fluo-
concentration in some samples exceeds that of ethane, thus the ratiscence in the upper sections of Holes 1038B, 1038C, 1038F, and
of C,/benzene has been added to Table 9 and some of the depth pt838G indicate full maturity and migration from depth or lateral ho-
files. Benzene and toluene represent products from the high-tempeizons to the shallower zones where the hydrothermal petroleum ac-
ature cracking of organic matter (e.g., Simoneit et al., 1988; Huntumulated. This strong yellow-white fluorescence is a diagnostic in-
1996; McCollom et al., 1997), and, thus, confirm the high temperadicator of thermal maturity, which is interpreted in these holes as a
tures of these sedimentary environments. These compounds were hah temperature alteration of organic matter occurring over a range
found in the sediments of the Middle Valley hydrothermal systemof 150°-250°C during an unknown but brief period of time. These ex-
Benzene and toluene are relatively concentrated in the zones of théracts were analyzed by high-resolution GC for further interpretation.
mogenic gas (Figs. 227; Table 9) and occur with the other gasoline Fluorescence or petroleum horizons were not detectable in Holes
range hydrocarbons, giving the gas the characteristic petroleum off038H and 1038lI.
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Table 9. Composition of gasin headspace or void samples derived from sediments, Site 1038.

SITE 1038

Core, section, Depth CH, C, Cs i-C4 n-C, Cs Ce C; Benzene Toluene CO, C,/
interval (cm) Type (mbsf)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  C/C,  benzene
169-1038B-
7R-2, 46-51 HS 55.19 446 9 7 — — — — — 5 — — 50 1.8
8R-CC, 34 HS 72.13 5,050 275 200 9 7 — — — 11 — — 18 25
169-1038C-
3R-1, 80-85 HS 2343 11,510 1,125 451 30 26 — — — 46 — — 10 24
4R-1, 46-51 HS 32.69 19,986 2,235 1,251 164 200 — — — 314 27 — 9 7.1
169-1038D-
1R-1, 131-136 HS 1.34 20,900 1,100 445 24 53 — — — 303 33 18,360 19 3.6
2R-1, 53-58 HS 16.66 6,913 559 288 31 28 — — — 188 30 3,784 12 3
3R-1, 35-40 HS 2498 26,217 1,800 1,041 185 162 29 3 — 222 19 3,334 15 8.1
4R-CC, 14-18 HS 43.6 22,925 917 314 37 38 5 — — 176 24 1,710 25 5.2
169-1038E-
4R-2, 40-45 HS 32.93 6,170 320 216 90 41 33 5 — 54 21 1,622 19 5.9
169-1038F-
2R-1, 100-110 HS 10.65 2,428 315 269 72 157 146 42 10 810 133 36,370 8 0.4
2R-2,50-52 \% 11.61 772,230 17,130 2,481 142 189 38 6 — 79 — 81,000 45 217
2R-2, 80-85 \Y 11.93 783,270 16,660 2,180 118 151 23 5 — 64 — 105,230 47 260
3R-2,0-5 HS 20.63 31,420 1,320 518 70 132 51 11 3 505 55 84,000 24 2.6
4R-CC, 0-8 HS 34.14 10,800 1,230 382 17 41 — — — 487 32 50,700 9 25
169-1038G-
3H-3, 0-5 HS 25.03 99,050 2,764 565 111 183 217 90 21 7 2 88,732 36 35.9
3H-4, 100-105 \% 27.53 616,920 16,846 3,240 357 406 227 51 13 195 13 357,120 37 86.4
3H-CC, 0-5 HS 314 30,870 714 148 5 12 9 7 7 2,053 341 52,770 43 0.3
4H-3, 50-55 \Y 35.03 641,000 14,188 1,833 105 124 12 — — 79 — 311,610 45 180
4H-3, 100-105 \ 35.53 379,460 9,901 1,482 101 126 12 — — 48 — 22,000 38 206
4H-CC, 0-5 HS 41 106,870 2,737 671 35 94 9 2 — 648 33 41,654 39 4.2
5H-2, 140-150 HS 43.95 12,463 326 84 — 7 — — — 34 — 16,050 38 9.6
5H-3, 100-105 \Y% 45.03 770,390 13,730 1,672 92 101 4 2 — — — 157,800 56 —
6X-2, 0-5 HS 52.03 62,450 1,622 263 5 8 — — — 355 14 22,950 39 4.6
6X-3, 100-105 \ 5453 907,700 14,294 1,270 79 25 — — — 105 — 31,320 64 136
6X-3, 140-145 \Y 54.98 877,000 19,178 1,410 89 31 — — 84 — 66,200 46 228
7X-3,0-5 HS 63.53 96,240 2,437 365 15 21 — — — 113 8 10,880 39 21.6
7X-3, 100-105 \Y 64.53 688,330 12,287 1,274 64 35 — — — 27 — 29,770 56 455
7X-3, 145-150 \% 64.98 820,000 13,090 908 34 15 — — 14 — 34,480 63 935
8X-1, 56-57 HS 70.67 40,965 1,734 386 23 35 — — — 67 — 2,666 24 259
10X-CC, 26-34 HS 98.6 21,687 1,747 540 60 68 6 2 — 33 — 4,416 12 52.9
169-1038H-
1X-1, 135-140 HS 1.38 1,892 64 10 — — — — — — — 3,806 29 —
1X-2, 135-140 HS 2.88 1,513 135 4 — — — — — — — 8,302 11 —
2X-2, 135-140 HS 14.88 1,085 122 5 — — — — — — — 7,965 9 —
3X-3, 0-5 HS 24.53 24 1 — — — — — — — 2,515 24 —
4X-3, 135-140 HS 34.18 40,990 1,936 396 47 33 3 — — 137 — 19,105 21 14
5X-5, 0-5 HS 4513 19,362 966 216 9 8 — — — 115 — 42,515 20 8.4
8X-CC, 19-28 HS 77.4 15,200 1,281 768 86 151 32 — — 392 19 179,065 12 3.3
14X-1, 0-3 HS 125.62 4,686 308 38 — — — — — 103 — 7,980 15 3
16X-CC, 17-21 HS 154.2 2,899 414 349 48 42 5 — — 4 — 49,469 7 104
169-1038I-
1X-2,0-5 HS 1.53 35 3 1 — — — — — — — 2,489 12 —
1X-3, 135-140 HS 4.38 41 4 3 — — — — — — — 6,501 10 —
2X-2,0-5 HS 10.83 45,736 4 — 41,420 11,434 —
3H-3, 0-5 HS 20.33 34,321 54 28 — — — — — — — 26,380 634 —
3H-3, 100-105 \ 21.33 724,670 63 — — — — — — — — 68,740 11,503 —
4H-3, 100-105 \ 30.83 680,116 81 186 6 3 — — — — — 32,500 8,396 —
4H-4, 0-5 HS 31.33 23,857 11 6 — 4 — — — — — 35,166 2,169 —
5H-3, 135-140 HS 40.68 11,467 63 — — — 3 — — — — 26,981 182 —
5H-4, 100-105 \% 41.83 805,670 1,859 655 — 4 — — — — — 165,850 433 —
6H-3, 135-140 HS 50.18 15,927 66 11 — — 121 29 — — — 6,559 241 —
7H-3, 100-105 \ 59.33 785,655 6,126 1,606 178 196 44 2 — 7 — 62,835 128 875
7H-4,0-5 HS 59.83 15,322 188 101 11 18 47 19 — 32 21 9,407 82 6
8X-3, 50-55 \% 68.33 692,919 14,235 5,392 558 568 137 5 — 23 6 97,086 49 619
8X-4, 0-5 HS 69.33 10,872 709 746 166 264 138 10 — 63 34 12,212 15 11
9X-2, 135-140 HS 77.28 22,188 1,550 1,335 264 415 218 20 — 629 737 8,490 14 2.5
11X-3, 135-140 HS 97.98 15,529 863 403 96 86 17 — — 73 35 22,035 18 11.8
11X-3, 100-105 \ 97.03 373,730 27,508 11,936 1,940 1,494 335 11 — 52 4 669,361 14 529
17X-1, 119-129 HS 152.54 19,452 1,380 199 — — — — — 239 — 52,080 14 5.8
19X-CC, 23-28 HS 180 7,371 1,476 500 21 29 — — — 236 6 16,722 5 6.2
20X-CC, 29-34 HS 189.5 5,489 913 373 15 15 — — — 399 62 62,884 6 2.3
21X-1, 140-150 HS 198 11,602 1,824 889 202 115 20 — — 415 118 145,774 6 4.3
28X-2,0-5 HS 258.63 5,209 182 117 38 17 18 2 — 37 22 52,010 29 4.9
29X-2, 100-105 \ 269.23 484,160 2,976 557 96 34 11 — — — — 262,490 163 —
29X-3, 100-105 \ 270.73 633,940 3,266 606 95 43 11 — — — — 222,480 194 —
29X-3, 135-140 HS 271.03 59,700 385 132 37 20 32 6 — 75 92 57,546 155 5.1
29X-3, 140-150 HS 271.13 10,420 134 156 54 29 28 4 — 40 32 94,780 78 3.4
29X-4, 50-55 \ 271.73 516,430 3,026 546 92 31 10 — — — — 280,010 171 1
30X-2, 0-5 HS 277.93 6,721 213 134 10 26 16 3 — 207 92 31,060 32 197
30X-3, 100-105 \ 280.43 472,800 5,332 1,565 217 275 117 10 — 27 — 283,230 89 3.7
31X-2, 135-140 HS 288.98 4,748 247 252 36 70 22 4 — 66 27 58,740 19 538
31X-3, 150-155 Y 290.6 516,000 4,838 1,093 121 119 21 2 — 9 — 275,600 107 2.6
32X-1, 135-140 HS 297.08 4,085 102 88 13 11 10 — — 39 25 44,630 40 102
32X-3, 50-55 \Y 299.23 507,890 2,250 458 66 34 12 2 — 22 6 197,403 226 —
32X-3, 100-105 \ 299.73 655,600 2,504 484 70 26 10 — — — — 92,340 262 —
33X-4, 0-5 HS 309.83 7,728 61 66 10 8 15 3 — 17 18 36,732 127 3.6
33X-5, 50-55 \ 311.83 667,230 958 342 39 14 5 — — — — 178,800 696 —
34X-4, 0-5 HS 319.43 6,231 30 37 28 7 50 18 — 29 42 66,349 208 1
34X-4, 50-55 \Y 319.93 4,577 600 436 7 42 15 — — — — 280,350 8 —
35X-2, 0-5 HS 326.03 3,672 11 18 4 3 20 5 — 11 — 32,260 334 1
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Table 9 (continued).

Core, section, Depth CH, C, Cs i-Cy n-C, Cs Cq (o Benzene Toluene CO, Cy
interval (cm) Type (mbsf) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  G/C, benzene
35X-2, 100-105 v 327.03 804,700 461 402 80 28 22 2 — — — 248660 1,746 = —
36X-1, 135-140 HS 33548 4,928 25 30 9 7 58 27 — 26 45 53,000 197 1
37X-3,0-5 HS 34673 3,730 13 47 9 7 40 1 — 34 63 33,400 287 0.4
37X-4, 100-105 % 349.23 427,500 273 211 17 8 5 — — — — 83,000 1566  —
38X-1, 135-140 HS 35468 6,775 42 43 15 1 63 2 2 24 55 82,045 161 1.8
38X-1, 150155 \% 354.83 477,240 432 263 35 12 6 — — — — 140,030 1,105 < —
39X-3, 0-5 HS 36593 8,233 63 92 29 22 65 8 — 63 94 75,950 131 1
39X-4, 100-105 \ 368.43 814,550 911 277 40 16 6 — — — — 231,630 894  —
40X-2, 0-5 HS  374.03 67,224 97 293 13 8 46 4 — 205 569 46,270 693 0.5
40X-5, 100-105 \ 379.53 341,020 — 72 24 9 4 — — — — 239,750 @ — —
41X-2, 0-5 HS 38363 8,668 69 68 34 14 69 4 — 22 55 68,000 126 3.1

42X-3, 135-140 HS  396.18 5,200 137 191 121 62 105 11 3 40 68 78,250 38 3.4
43X-1, 90-100 HS 40235 5,354 336 432 233 171 228 34 8 54 66 120,740 16 6.2
Notes: HS = headspace and V= vacutainer. — = no data.
A, Black Soot
C2 benzene 1035F-2R-1 . i .
. ;/ cs | (11 mbsf) Black soot (carbonaceous/mineral particulate matter) occurs in
H the deeper intervals of these holes, as was reported earlier for the hy-
] lca drothermally altered sitesin Middle Valley and the deeper sections of
| 11 ‘" the reference hole. Black soot was present in the altered and lithified
1, ‘ s sediments at the following depths to the deepest sections recovered
H 0 from these holes: Holes 1038A, 8.5 mbsf; 1038B, 34 mbsf; 1038C,
8.0 ‘ - ? Mcs s cy | hpre 0.5 mbsf; 1038D, 1.4 mbsf; 1038E, 33 mbsf; 1038F, 11 mbsf; 1038G,
- ———————————— — 22 mbsf; 1038H, 0 mbsf; and 1038l, 105 mbsf. The black soot isin-
&B ) ) * N " * " " terpreted to represent the kerogen carbon residue after in situ gener-
g @ 1038G-3H-CC ation of the bitumen.
s benzene (31 mbsf)
[
o .
Bitumen Analyses
i The supernatant (hexane) layers from the hexane/methanol ex-
| e tracts of the sediment samples prepared for fluorescence evaluation
; ai”% toluene were concentrated and analyzed by high-resolution GC as described
1 Rl e N ‘ before. Typical GC traces are shown in Figure 28. The bitumen pa-
3 T ; e ® — R 0 rameters for maturation and organic matter sourcesarelistedin Table
ime

Figure 23. Gas chromatograms of the headspace gas hydrocarbons. A. Sec-
tion 169-1038F-2R-1. B. Section 169-1038G-3H-CC. C; = carbon chain
length of alkanes, i = iso, a= anteiso, n = normal, and MC5 = methyl cyclo-
pentane.

Holes 1038F and 1038G
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Figure 24. Depth profiles of the major gas components in samples from
Holes 1038F and 1038G. A. methane. B. ethane. C. C,/C, ratio. D. carbon
dioxide.
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10. Pristane (Pr) to n-C,; and phytane (Ph) to n-C,g ratios are not giv-
en because of the low concentrations of these compounds in many
samples, although Pr/Phis reported. Also, the U%;; index (Shipboard
Scientific Party, 1992; Simoneit et al., 1994) could not be determined
for these samples because the C;; alkenones were not detectable.

Most of the organic matter in the sediments of Site 1038 is se-
verely dtered, having been converted to hydrothermal petroleum
(Simoneit, 1985, 1990) in some of the holes, followed by migration
into discrete horizons at shalow depths. Hydrothermal petroleum
with an aromatic composition (i.e., enriched in polynuclear aromatic
hydrocarbons [PAH]) occurs in Holes 1038B, 1038C, and 1038E
(traces), and aliphatic hydrothermal petroleum is found in Holes
1038G and 1038H (traces). Examples of GC traces of aromatic hy-
drothermal petroleum are shown in Figures 28A and 28B, where the
major resolved peaksare PAH. These oilsare solid in situ, and based
on their composition, areinterpreted to represent the seared bitumen
residue after extensive flushing with high-temperature fluids 250°
350°C; Simoneit, 1984; Kawka and Simoneit, 1990; Simoneit and
Fetzer, 1996). They do not have the same overall compositions as
the hydrothermal petroleums analyzed previously from seabed
dredge and core samples in Escanaba Trough, but have similar PAH
contents to the previous samples (Kvenvolden et al., 1986; Kven-
volden and Simoneit, 1990). These previously analyzed petroleums
were injected as veins into sulfide minerals of this hydrothermal sys-
tem, which in turn, collapsed into talus and subsequently weathered
leaving behind the petroleum tar. This was reported for a barite
chimney from the Middle Valley hydrothermal system (Simoneit et
al., 1992).

A mixture of PAH and aliphatic hydrocarbons comprises the hy-
drothermal petroleum in Hole 1038F, and a primarily aliphatic oil
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Figure 25. Depth profiles of the major gas components
in samples from Hole 1038H. A. methane. B. ethane. C.
L C,/C, rétio. D. benzene. E. carbon dioxide.

Figure 26. Depth profiles of the major gas components
in samples from Hole 1038I. A. methane. B. ethane. C.
benzene. D. C,/C, ratio (note the log scale, vertical line
marks C,/C, = 100). E. carbon dioxide.

composition is found for the samples from Hole 1038G (Fig. 28C-E).
The sample from Hole 1038F shows a slight odd to even carbon num-
ber preference >£ (carbon preference index, CPI = 1.8), reflecting
the terrigenous source of the organic matter from higher plants (wax
signature; Simoneit, 1977, 1978). The hydrothermal petroleums from
Hole 1038G are similar in composition as those reported previously
(Kvenvolden et al., 1986, 1994). The intermediate catagenetic stage
of organic matter alteration is evident in the example shown in Figure
28F, where the hydrocarbons have been cracked to the low molecular
weight homologs and the unresolved complex mixture of branched
and cyclic hydrocarbons, and where PAH compounds were superim-
posed. This is the precursor signature for the overmature petroleums
found in Hole 1038B (cf. Fig. 28A, B).

Normal, although rapid, maturation of in situ bitumen as a func-
tion of depth is observed mainly in the upper sections of Holes 1038F
and 1038G (to 20 and 30 mbsf, respectively) and to greater depth in
Hole 1038l (to 160 mbsf). This is based on the CPI (rangeCg:)
values that are near one at various, but shallow, depth intervals from
these holes, as shown in Figure 29. The two examples of petroleums
shown from Hole 1038G have a slight even to odd carbon number

Hole 1038H
A CHy (ppm) B C, (ppm) c C,/Cy D Benzene (ppm) E CO, (ppm)
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Figure 27. Depth profiles of (A) benzene, (B) ethane, and (C) the C,/benzene

ratio in samples from Holes 1038F and 1038G.

preference >¢ (CPI <1.0) that was reported earlier for sediments
from Escanaba Trough (Kvenvolden et al., 1994), Middle Valley
(“Middle Valley: Bent Hill Area” and “Middle Valley: Dead Dog”

chapters, this volume; Shipboard Scientific Party, 1992; Simoneit,

285



ESCANABA TROUGH: CENTRAL HILL

A B 1038B-1R-1 Py
1038B-1R-1
(0.0 mbsf) (0.5 mbsf)
Inpy
a
BaA ||
. ' 2 | ‘
25 27 || 2 " l l
1N | L i
1 ot |l VR,
| ju mmtm”t 7‘ | ]‘ s WL»MM il mww A
SR W*ﬂw | ; e UCM
UCM Wy . ;‘ e g I __\'_’ﬁ_»;
- = {___,‘»-:“’:_"___._‘__———-——7—*——‘——"
c 1038F-2R-1 D 1038G-3H-3
N (11 mbsf) 16 5 (26 mbsf)
1 10 14 Pr| 20
-4 MN i 2
s | P | T
] | 24
@ , .
o | | 26
o ; ‘ L5
2 P 1 1 .28
< o 14 | ;
o« 27 | il 1 i
v Py gy BT R ATREE N | »
21, * IEIRRE]! P
12 115 P]: ‘JLL ‘ . 31 | {1 “ LI “4\% ] ’ o
.| 33 Y G Wl b 1T
JJ\/ _}J l'_yul“"‘&u“_ M}IJ_U g ‘_L_‘“‘i”‘“;‘-"]:“‘_ u:‘*.";“:“:*:—.!_. A}'i; v " e B JLN h,_ J_SEL
1 1 EJ EJ ) £ 60 mi 1%" 20 Y 4@ 50 60 m
10 ., E 1038G-3H-6 1011 F 1038G- 3|-| 9
H (30 mbsf) | (31 mbsf)
N
13
I B
15 I
17
118
pr' 19
N
24
P 2
T LB
WAL | 1] 72
WA d L] * 32
J UCM ik, W .,} g ' i
g VG S
10 ) 3 Qo [ T 0 ma 10 20 E) T T N min
Time

Figure 28. Typical gas chromatograms for total bitumen extracts from sediments of some holesfrom Site 1038. A. Sample 169-1038B-1R 1, 0 mbsf. B. Sample 169-
1038B-1R-1, 0.5 mbsf. C. Sample 169-1038F-2R-1, 11 mbsf. D. Sample 169-1038G-3H-3, cil; 26 mbsf. E. Sample 169-1038G-3H-6, 30 mbsf. F. Sample 169-
1038G-3H-9, 31 mbsf. Pr = pristane, Ph = phytane, N = naphthalane, MN = methylnaphthalene, P = phenanthrene, MP = methylphenanturene, Py = pyrene, Inpy =
indenopyrene, and BaA = benz[a]anthracene. Dots and numbers refer to the chain length of homologous n-alkanes.
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Table 10. Various parameters for the solvent soluble organic matter in
sediments, Site 1038.

Core, section, Depth
interval (cm) (mbsf) Crnax C,range CPl Pr/Ph
169-1038A-
2R-1,3-4 8.53 27 15-35 119 0.71
8R-1, 10-11 66.71 UCM — — —
11R-CC, 34 104.8 25 1635 0.89 4.8
12R-CC, 34 114.4 24 1635 0.84 1.2
169-1038B-
1R-1, G-10 0.05 Py — — —
1R-1, 4344 0.44 Py — — —
1R-1, 5152 0.52 Py — — —
1R-1, 5254 0.53 Py — — —
1R-1, 117120 1.18 Py — — —
1R-CC, 35 6.8 Py — — —
5R-1, 19-29 34.14 N, P, 25 1R85 0.84 —
169-1038C-
1R-1, 36-31 0.3 Py — — —
1R-1, 56-65 0.58 Py — — —
3R-1, 8595 23.5 P, N — — —
4R-1, 5161 32.76 N, 28 1635 0.96 0.67
169-1038D-
1R-1, 136146 1.41 P, 24 1535 0.86 0.46
169-1038E-
2R-1, Piece 2 13.4 AP — — —
2R-1, 106-101 14.35 A, UCM — — —
4R-2, 4555 33 29, Pr, N 1635 161 3.7
169-1038F-
2R-1, 106101 10.65 N, P, 27 1B5 1.79 24
3R-2, 146-150 22.05 N, P, 11 HB5 0.9 1.4
4R-CC, 34 38.3 16, Py 1635 1.03 0.7
169-1038G-
3H-1, 89 22.08 11, 27 1685 1.54 1.6
3H-2, 806-81 2431 P, 20 1235 1.52 2.5
3H-2, 142-150 24.96 N, P, 27 HB5 1.96 3.8
3H-3, 4748 25.48 11, 16 1685 0.79 1.4
3H-3, 48-66 25.57 11, 17 1685 0.73 1.4
3H-3, 104105 26.05 N, P, 23 HB5 1.59 3.7
3H-4, 95-96 27.46 14, 27 185 1.47 1.2
3H-5, 146-150 29.45 N, P, 22 HB5 1.24 1.6
3H-6, 56-57 30.06 P, 22,27 135 1.37 1.1
3H-6, 59-60 30.1 23 1335 1.09 1.2
3H-6, 105-106 30.56 8,20 85 0.72 1.7
3H-6, 136-137 30.87 9,20 85 0.77 1.6
3H-6, 14G-141 30.91 8, 20 &85 0.75 1.7
3H-7, -8 31.08 11,20 835 0.77 1.8
3H-8, 5455 31.25 9,N 833 — —
3H-9, 20-22 31.31 11, N 833 — —
4H-1, 5455 32.04 11, N 833 — —
4H-2, 8182 33.82 11, P — — —
4H-5, 38-46 37.92 11, N 821 — 2
5H-2, 26-40 42.8 22 1935 0.93 —
7X-2, 146-150 63.45 11, Py, 25 135 0.91 1.1
169-1038H-
1X-1, 34 0.03 Py, 22 1635 0.87 0.8
1X-1, 10-11 0.11 BaA, Py, 26 135 0.93 —
1X-1, 146-150 1.45 9,24 B5 0.83 0.8
2X-1, 1406-150 13.35 Py, 23 185 0.94 —
4X-3, 146-150 34.25 26 1635 0.89 —
169-1038I-
1X-1, 146-150 1.45 Pr, 21 1433 1.25 2.3
1X-3, 146-150 4.45 27 1535 3 2.3
2X-2, 146-150 12.25 29, 27 135 2.88 2
3H-2, 146-150 20.25 27 1435 3.11 2.3
4H-3, 146-150 31.25 29, 27 HB5 2.4 25
5H-3, 146-150 40.75 27 1635 3.83 1.4
9X-2, 146-150 77.35 N, Pr, 29 HB5 2 6.1
11X-3, 146-150 98.05 N, 25 828 1.2 1.8
17X-1, 119129 152.54 N, 22 1126 1.02 1.1

Notes: Major homologs are listed in decreasing order of concentration (C,,,,,). Pr = pris-
tane, Ph = phytane, N = naphthalene, A = anthracene, P = phenanthrene, Py =
pyrene, BaA = benz[a]anthracene, and UCM = unresolved complex mixture. Car-
bon preference index (CPI) calculated from n-Cy,4 to n-Caa.

1994), and for other geographic areas (e.g., Simoneit, 1977; Grimalt
and Albaiges, 1987). It seemsto be a characteristic of the source or-
ganic matter composition. Thermal maturation of petroleums gener-
aly does not produce CPI values <1, so that the low CPI for these
holesispartialy sourcerelated. Thevariability of the high CPI values
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Figure 29. Scatter plot of CPI vs. depth for total bitumen extracts from sedi-
ment samples of Site 1038. Solid circles = hydrothermal petroleum.

for bitumen in the shallower intervals reflects the different maturities
of the source inputs and the admixture of terrigenous organic matter
with minor marine organic matter (Table 10; Fig. 29). Theisoprenoid
akane (Pr/Ph) ratios show considerable variations vs. depth for these
holes (Table 10). This ratio is generally influenced by both source
(e.g., Didyk et d., 1978) and maturation (e.g., Simoneit et a., 1981).
The Pr to Ph ratio shows low valuesin most intervals of these cores,
which is a reflection of full maturation. Also, many samples have
high concentrations of naphthalenes (Fig. 28C) which, in combina-
tion with the volatile monocyclic aromatic compounds (e.g., ben-
zene), result in the petroliferous odor of the gas and sediment sam-
ples.

Regional organic matter maturation around Central Hill is rapid
for al holes. The organic matter in sedimentsfrom the northwest area
is generally overmature in Holes 1038B, 1038E, and 1038H and has
migrated with fluid flow to within 1 m of the seabed. Aromatic hy-
drothermal petroleum is present in the top 1-2 mbsf intervals of
Holes 1038B and 1038H. Sediments from Hole 1038C in the north-
ern areaalso contain aromatic hydrothermal petroleum in the upper 1
mbsf, and Hole 1038D has been stripped of bitumen. The organic
meatter in the sediments of Holes 1038F and 1038G in the southeast-
ern area has also undergone full maturation, but not at the extreme
temperatures observed in the northern areas. The sedimentary organ-
ic matter of Hole 1038F is fully mature and resides in situ within the
upper 20 mbsf. In the case of Hole 1038G, it has completed matura-
tion at 30 mbsf and also remained in situ. However, there are two hy-
drothermal petroleum zones at 25-26 and 30-31 mbsf, where ali-
phatic/aromatic oils have been introduced laterally. Organic matter
maturation with depth in Hole 1038l occurred in situ without migra-
tion and is complete at ~160 mbsf. Thisindicates high heat flow, but
no extensive flow of hydrothermal fluid through the upper section of
this hole. At depth, the bitumen has been stripped as a result of past
high temperatures.

Elemental Analyses

The results of the total C, N, and S measurements for sediments
from Site 1038 are given in Table 11, and depth profilesare shownin
Figures 30—-32. Total carbon and carbonate carbon range from 0.05%
t0 1.6% and from 0.04% to 1.25%, respectively, throughout the holes
drilled. The organic carbon determined by differenceisnot asreliable
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because of the significant analytical error at low values for the two
methods. Organic carbon islow and ranges from 0% to 1.1%. Minor
trends of broad maxima are evident in TC and TIC for samples from
Holes 1038F, 1038G, 1038H, and 1038lI. A sharp decreasein TC and
TOC from the seabed interval is observed for Holes 1038H and
1038I. The nitrogen content varies from 0% to 0.14%, also showing
asharp drop from the maximum in the seabed interval for Hole 1038l
and a general decrease for Holes 1038F and 1038G. The C/N ratio
was plotted for Hole 1038l to see if it showed maxima around the
possible sill intrusion (161 mbsf) and above the basalt at the bottom
of thehole. Thisis not the case, which indicates that the samples tak-
en were not severely affected by heat from these basaltic rocks. Oth-
erwise, depleted nitrogen and increased C/N should have been ob-
served. Sulfur isnot detectable, except for low values near the seabed
and a sulfide horizon in Hole 1038H (50-150 mbsf; Fig. 31D). This
high sulfide zone appears to be fall-in from the top of the hole.

Summary and Conclusions

The organic matter content of the sediments from Site 1038 islow
and heavily dtered. The interstitial gas contents are high and com-
posed mainly of methane and carbon dioxide with major amounts of
ethane, benzene, and toluene. Biogenic methane is found only in
Hole 1038l above 40 mbsf. Thermogenic hydrocarbons (C,—C;) are
found in all holes, and the presence of benzene and toluene support
generation at very high temperatures. Carbon dioxide is high
throughout Hole 1038l and in some of the other holes. Hydrogen sul-
fide occurs at trace levelsin most of the holes at depth.

Hydrothermal petroleums occur in the shallow sections of several
holes. They are products of severe organic matter alteration and have
migrated into zones near the seafloor in Holes 1038B, 1038C, 1038E,
1038G, and 1038H. The full range of maturities (catagenesis to
metagenesis) is observed with compositions varying from the ali-
phatic to the heavy aromatic (enriched in PAH) mixtures. Theregion-
a organic matter maturation around Central Hill has been rapid for
dl holes, and the temperatures were higher for this area than in the
Middle Valley system. The sedimentary organic matter in the holes
on hydrothermal mounds has been altered at depth, and migration has
moved the productsinto shallower and cooler zones near the seafloor.
Thekerogen residue resides in situ as carbonized soot that is found at
depthinall holes. The organic matter in sediments of Hole 1038l, lo-
cated between the hydrothermal mounds, has been matured in situ
without extensive fluid flushing to remove the bitumen products.

MICROBIOLOGY

Culture of high-temperature anaerobic microbes had been at-
tempted during Leg 169, but no hyperthermophilic organisms were
isolated from Sites 1035, 1036, or 1037. Central Hill, Escanaba
Trough (Site 1038), was perhaps the most likely locale in which to
find these microbes. Unlike the Bent Hill (Site 1035) and Dead Dog
(Site 1036) areas, Central Hill has active sulfide structures with clas-
sic vent macrofauna (Grassle and Petrecca, 1994). Similar sulfide
structures on the Juan de Fuca Ridge, Mid-Atlantic Ridge, and East
Pacific Rise are host to avariety of microbes, including high-temper-
ature anaerobic strains (Baross and Deming, 1995). High-tempera-
ture anaerobic culture enrichments were attempted from all holes ex-
cept Holes 1038A and 1038F. Sampleswere taken from shallow (i.e.,
cooler) cores, where there was suspected hydrothermal upflow
(Holes 1038C and 1038D) aswell asfrom coresthat exhibited chem-

Table 11. Weight percentages for sediments, Site 1038.

istry more consistent with recharge (Holes 1038G and 1038I; see “In-4g'2v 76-77
organic Geochemistry” section, this chapter). No growth was ob- 542 g3-g6
served in any of the enrichments, indicating that common vent-assosH-5, 86-87
ciated microorganisms do not inhabit the sediments near these activg;}:é: 30-31

sulfide mounds.
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Core, section, Depth TC TN TS TIC TOC
interval (cm) (mbsf) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
169-1038A-
2R-CC, 3-4 18.04 0.25 0.01 0 0.05 0.2
2R-CC, 0-13 18.13 0.28 0 0 0.05 0.23
8R-1, 10-11 66.71 0.99 0.05 0 0.6 0.39
11R-CC, 5-8 104.75 0.46 0.01 0 0.4 0.06
12R-CC, 0-3 114.32 0.42 0 0 0.36 0.06
169-1038B-
3R-CC, 7-8 24.07 0.15 0.01 0.06 0.05 0.1
5R-1, 45-46 34.36 0.16 0.01 0 0.04 0.12
6R-1, 66—67 45.27 0.21 0 0 0.04 0.17
8R-1, 70-71 63.51 0.09 0.01 0 0.07 0.02
11R-CC, 4-5 101.15 0.05 0 0 0.05 0
13R-CC, 12-13  120.33 0.2 0.02 0 0.04 0.16
169-1038D-
1R-1, 29-30 0.3 1.15 0.09 0 0.89 0.26
2R-1, 26-27 14.86 0.33 0.04 0.15 0.1 0.23
3R-1,5-6 24.65 0.24 0.02 0.15 0.04 0.2
169-1038E-
4R-1, 60-61 3161 0.9 0.05 0 0.52 0.38
169-1038F-
1R-CC, 6-7 9.56 0.84 0.04 0.13 0.48 0.36
2R-1, 59-60 10.2 1.03 0.04 0 0.76 0.27
2R-2, 24-26 11.85 1.16 0.06 0 0.81 0.35
3R-1, 120-121 20.31 1.09 0.05 0 0.84 0.25
3R-2, 42-43 21.03 1.06 0.05 0 0.81 0.25
3R-3,49-50 22.6 1.09 0.04 0 0.89 0.2
3R-CC, 5-6 28.65 1.04 0.04 0 0.82 0.22
4R-1, 30-31 29.01 0.89 0.05 0 0.61 0.28
4R-CC, 0-8 38.34 0.92 0.06 0 0.62 0.3
169-1038G-
3H-2, 60-61 2411 1.15 0.04 0 0.91 0.24
3H-4, 49-50 27 122 0.03 0 0.98 0.24
3H-6, 103-104 30.54 1.59 0.04 0 0.65 0.94
3H-8, 61-62 31 117 0.03 0 1.04 0.13
4H-2, 31-32 33.32 1 0.05 0 0.69 0.31
4H-4, 39-40 36.4 0.95 0.08 0 0.47 0.48
4H-7, 18-19 40.68 1.02 0.09 0 0.61 041
5H-1, 50-51 4151 0.72 0.06 0 0.59 0.13
5H-3, 49-50 445 0.52 0.02 0 0.51 0.01
5H-5, 49-50 475 0.85 0.04 0 0.75 0.1
6X-1, 70-71 51.21 0.54 0.05 0.04 0.41 0.13
6X-3, 70-71 54.21 0.47 0.03 0.15 0.41 0.06
6X-4, 126-127 56.27 0.5 0.02 0 0.37 0.13
7X-1, 68-68 61.18 0.2 0.04 0 0.09 0.11
8X-1, 33-34 70.44 0.26 0.02 0 0.05 0.21
9X-CC, 12-13 89.03 0.21 0.01 0 0.21 0
10X-1, 21-22 89.52 0.3 0.02 0 0.13 0.17
13X-CC, 10-11 127.61 0.24 0 0 0.41 -0.17
14X-CC, 9-10 137.3 0.47 0 0 0.46 0.01
15X-CC, 13-14 144.35 0.17 0 0 0.22 -0.05
169-1038H-
1X-1, 30-31 0.31 0.18 0.03 0 0.09 0.09
1X-2, 23-24 174 0.06 0 0.16 0.05 0.01
1X-3, 25-26 3.26 0.05 0 0 0.04 0.01
2X-2,16-17 1357 0.24 0 0.65 0.06 0.18
3X-1,53-54 22,04 0.16 0.01 0.17 0.07 0.09
3X-3, 59-60 25.1 0.2 0 0 0.05 0.15
4X-1, 71-72 30.52 0.65 0.03 0 0.33 0.32
4X-2, 35-36 31.66 0.78 0.03 0 0.5 0.28
4X-4,102-103 35.33 0.78 0.03 0.02 0.46 0.32
5X-2, 108-109 41.69 0.85 0.05 0 0.46 0.39
5X-6, 49-50 47.1 0.92 0.02 0 0.46 0.46
6X-1, 35-36 49.06 0.76 0.02 0 0.4 0.36
8X-CC, 8-9 775 0.61 0.03 6.22 0.21 0.4
14X-1, 15-16 125.76 0.66 0.02 11.56 0.12 0.54
14X-CC, 22-23 135 0.53 0.04 75 0.11 0.42
16X-CC, 14-15 154.2 0.89 0.03 0 0.58 0.31
20X-CC, 19-20 192.6 0.26 0.01 0 0.06 0.2
169-10381-
1X-1, 44-45 0.45 0.51 0.03 0.19 0.28 0.23
1X-1, 55-56 0.56 1.38 0.14 0.19 0.26 112
1X-3, 60-61 3.61 0.87 0.04 0.09 0.45 0.42
1X-4, 116-117 5.67 0.7 0.02 0 0.51 0.19
2X-1,101-103 10.32 0.83 0.04 0 0.45 0.38
2X-3,20-22 12,51 0.9 0.04 0 0.62 0.28
3H-2, 76-77 19.57 0.73 0.02 0.05 0.66 0.07
3H-5, 37-38 23.68 0.6 0.02 0 0.52 0.08
29.07 0.8 0.05 0 0.48 0.32
6, 41-42 34.72 0.9 0.05 0 0.54 0.36
38.65 0.59 0.02 0 0.45 0.14
43.17 0.46 0.01 0 0.44 0.02
72-73 48.03 0.9 0.04 0 0.54 0.36
5211 0.79 0.04 0 0.52 0.27
7H-2, 69-70 575 0.99 0.06 0 0.54 0.45



SITE 1038

Table 11 (continued). Holes 1038F and 1038G
0, 0, 0,

Core, section, Depth TC TN TS TIC TOC 0 TC (%) 2 0 TIC (%) 2 0 TOC (%) 2 0.0 gN 02
interval (cm)  (mbsf)  (Wi%)  (WE%)  (Wi%)  (Wt%)  (Wi%) o1 1 1 : 1 O
7H-5, 48-49 61.79 0.82 0.04 0.03 0.52 0.3
8X-1, 111-112 65.92 0.64 0.02 0 0.43 0.21
8X-3, 113-114 68.94 1.08 0.06 0.04 0.55 0.53 1
8X-5, 113-114 71.94 114 0.06 0 0.57 0.57
9X-1,127-128  75.68 1.01 0.04 0 0.57 0.44
9X-2, 80-81 76.71 1 0.04 0 0.52 0.48 50t 4 L J 1 L i
10X-1,1-2 84.02 0.46 0.01 0 0.44 0.02 .
11X-6, 50-51 100.61 1.07 0.05 0 0.66 0.41 2
12X-CC, 3-4 127 0.61 0.07 0.03 0.61 0.02 =
16X-CC, 22-23  151.7 0.48 0.07 0 0.48 0.06 = .
17X-1,47-48 15178 0.2 0.06 0.06 0.2 051 =3
17X-CC, 5-6 160.8 0.21 0.06 0 0.21 0.48 g
18X-CC, 10-11 1704 0.17 0.01 0 0.17 0.09
19X-1, 52-53 171.03 0.46 0.03 0 0.46 0.16 1001 1r b 1 7
20X-1,15-16  180.26 0.83 0.05 0 0.83 0.22
21X-1,63-64  190.34 1.09 0.05 0 1.09 0.23
22X-CC, 7-8 208.9 112 0.03 0 112 0.85 | ]
23X-CC, 16-17 2184 1.1 0.05 0 11 0.27
24X-CC, 2-4 228.1 11 0.01 0 11 0.03
28X-1,78-79  257.89 0.91 0.05 0 0.91 0.34
28X-3,59-60  260.7 0.97 0.05 0 0.97 0.28 150 b——L— : : : : : :
20X-2,80-81  269.01 1 0.06 0 1 0.34 ) )
29X-5, 83-84 273.54 1.05 0.05 0 1.05 0.29 Figure 30. Percentages of TC, TIC, TOC, and TN vs. depth for sediments
31X-1,111-112  287.22 1.25 0.06 0 1.25 0.36
31X-4,111-112  291.72 118 0.05 0 118 0.35 from Holes 1038F and 1038G.
32X-1,50-51  296.21 1.23 0.05 0 1.23 0.31
32X-3,34-35  299.05 1.24 0.04 0 1.24 0.23
33X-2,86-87  307.67 1.18 0.06 0 1.18 0.34
33X-5 67-68 31198 095 0.06 0 0.95 031 Hole 1038H
34X-2,81-83  317.22 0.97 0.05 0 0.97 0.27 TC (%) TIC (%) TOC (%) TS (%)
34X-5, 34-36 321.25 0.98 0.05 0 0.98 0.29 0 1 20 1 2 0 1 20 5 10 15
35X-2,78-79  326.79 1.02 0.04 0 1.02 0.28 0 - - . —T
36X-2,29-35 32592 0.99 0.05 0 0.99 0.32
37X-2,63-63  345.83 0.98 0.06 0 0.98 0.36
37X-6,69-70  350.9 1.06 0.05 0 1.06 0.29
39X-2,62-63  365.03 0.93 0.06 0 0.93 0.32
39X-5,44-45  369.35 0.91 0.06 0 0.91 0.36 | i i |
39X-7,36-37 3724 0.96 0.06 0 0.96 0.29
40X-1,61-62  373.12 0.98 0.06 0 0.98 0.31
40X-5,40-41 37891 0.97 0.04 0 0.97 0.24 =
41X-3,56-57  385.67 1.08 0.07 0 1.08 0.44 2
42X-3,31-32  395.12 1.08 0.07 0 1.08 0.49 e
42X-5,36-38  398.17 0.84 0.08 0 0.84 0.6 100 4 F -4 r 4 F e
43X-1,85-86  402.26 0.78 0.07 0 0.78 0.6 =
43X-2,68-69  403.59 0.81 0.06 0 0.81 053 2

Note: TC = total carbon, TN = total nitrogen, TS = total sulfur, TIC = total inorganic

carbon, and TOC = total organic carbon. 1 ) 1 1
Hydrocarbons were found in Holes 1038B, 1038C, 1038E, 1038F,
1038G, and 1038H (see “Organic Geochemistry” section, this chapte 20ol~. 1 . ‘ ‘ ‘ ‘ NI

The hydrocarbons were extremely thermally degraded, with the exce
tion of those in Holes 1038F and 1038G, which had a suite of lighte
less degraded hydrocarbons. These short-chain hydrocarbons are
tential food sources for hydrocarbon-oxidizing microorganisms, and
enrichments for these organisms were attempted. The hydrocarbon-&NA analysis were preserved from Sections 169-1038E-4R-CC,
idizer medium consisted of artificial seawater amended with a nutrien1/69-1038G-3H-1 and 4H-1, 169-1038H-1X-3, 169-1038I-4H-4, 5H-
trace element mixture (Baross, 1993) and a few drops of hexane. SowhebH-4, 7H-4, 8X-4, 9X-1, and 11X-3. Section top samples were pre-
enrichments had yeast extract and small organic acids added as addirved for microbial abundance down to 53, 21, and 96 mbsf for
tional carbon sources, and all were incubated aerobically. Enrichmertt®les 1038G, 1038H, and 1038I, respectively. Holes 1038A through
for hydrocarbon-oxidizers were attempted from locations rich in hy1038F were drilled with the RCB, and the drilling disturbance was so
drocarbons in Sections 169-1038B-1R-1 and CC, 169-1038C-4R-C@reat that preserving samples for microbial abundances was deemed
169-1038D-1R-1, and 169-1038F-3R-1. Tubes inoculated with maténappropriate, because the probability for contamination of the cores
rial from Section 169-1038F-3R-1 grew a 2-pm squat rod at room tenwith drilling fluids was high. No microbial counts were made aboard
perature; as the organism grew in a culture medium without supplship for this site.
mental organics, it is likely a hydrocarbon-oxidizer. The same inocu-
lum did not produce growth at 55°C. With the exception of Section
169-1038B-1R-1, 50 cm, which grew a large, 2- to 3-uM coccoid in PHYSICAL PROPERTIES
culture medium with extra organic sources, all other culture enrich-
ments were negative. Holes that had degraded organics did not appearPhysical properties measurements for Site 1038 included index
to support a community of hydrocarbon-oxidizing microorganisms. properties and Multisensor Track (MST) measurements of magnetic
Because enrichment cultures at Sites 1035, 1036, and 1037 hadsceptibility, gamma density, and natural gamma. Measurement of
failed to provide any glimpse of the microbial community, moreP-wave velocity with the MST below the upper few meters was pre-
whole-round cores and selected section-top samples were presenadded by the presence of gas in most of the cores. Index properties
for DNA extraction than had previously been planned. Samples faneasurements are listed in Table 12. Thermal conductivity measure-

Figure 31. Percentages of TC, TIC, TOC, and TS vs. depth for sediments
from Hole 1038H.
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Hole 1038l
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Figure 32. Percentages of TC, TS, TIC, and TOC vs. depth 4001
for sediments from Hole 1038l. I

ments were made in cores, listed in Table 13, that were not signifi- Table 12. Index properties measurements, Site 1038.
cantly indurated. The most extensive data set is that for Hole 1038I,
which will be described first. The other holes will be discussed in

Wet bulk Wet water
Core, section,  Depth Porosity density Graindensity content  Void

three groups determined by geographic proximity. interval (cm)  (mbsf) (%) (gfemd) (g/cmd) (%)  ratio
169-1038A-
Hole 1038l 2-CC, 4-6 854 62 1.76 2.97 36 1.66
3-1,30-32 1850 78 1.55 3.37 52 3.50
; ; 8-1, 30-32 66.90 49 1.90 2.74 27 0.97
Asinthereferencesite, Hole 1037B, the M ST logs can be used to 91 6264 2682 a7 507 301 %5 0,90

identify major and minor sedimentary units. Figure 33 illustrates the

strong _correlation betwegn MST log signatures and other physical 1619 110133?6%138 136 75 1.52 2.99 32 295
properties measurements in core from the upper 80 m of the hole. As g % gg 23 6732%2 % %.gé g.gg gg (1).3%
shown on the figure, wet bulk density measurements and MST gam- 115G, 5.7 o188 45 508 588 5 081
ma density measurements are similar. The observed variationsin po- 12-1,17-19  101.37 42 2.11 2.89 20 0.72
rosity and thermal conductivity with depth indicate that these proper- 169-1038C-
ties are strongly correlated with wet bulk density. Dashed lines cor- 1-1,26-28 026 82 1.46 2.96 38 3.92
respond to depths at which significant changesin physica properties
also coincide with the limits of turbidite beds identified based on Only part of thistableis produced here. The entiretable appears on CD-ROM.
grain size and other visual observations of the cores (see o ]
“Lithostratigraphy and Sedimentology” section, this chapter). These Table 13. Thermal conductivity measurements, Site 1038.
physical properties signatures also can be correlated to similar signa- bosiion Denth  Thermal conductivi
H H H B H . osition ep ermal conauctivity

hurzeegfbserved in lithologic Unit Il of Hole 1037B, as shown in Fig Hole Core Type Section (cm) (mbsf) (W/mEK])

Index properties measurements of porosity, wet bulk density, and c 3 R 1 60 23.20 112
grain density for the entire hole are shown in Figure 35. Porosity re- E ¢ R 2 2 s 102
mains relatively constant, between 40% and 50% in the lower portion E 4 R 2 30 32.80 1.10
of the hole, with the exception of a very low porosity basalt core from s 3 " 2 B 2 052
the sample encountered at 162 mbsf. Grain densities are relatively 3 H 6 40 28.70 117
constant, ~2.8 g/ctin the upper 100 m and lower 200 m from the G 4 H 3 56 35.06 0.96

- . G 4 H 4 67 36.67 1.17

hole, but show considerable scatter in the 50 m below the basalt. G 4 H 6 58 3830 103

MST records for the entire cored section of Hole 1038| are shown
in Figure 36, along with magnetic susceptibility and natural gamma ony part of thistableis produced here. The entire table appears on CD-ROM.
records for reference Hole 1037B. The high magnetic susceptibility
peak at 162 mbsf in Hole 1038l is from measurements on a core con-
taining basalt fragments (Section 169-1038I-18X-CC). The higtcovery in all four holes made these records discontinuous. High mag-
magnetic susceptibilities at the bases of Holes 1037B and 1038l alsetic susceptibilities were measured in cores from just below the sea-
correspond to basalts. Correlations in magnetic susceptibilities arftbor in Holes 1038A and 1038H and slightly deeper in Hole 1038B
natural gamma profiles between the two holes can be interpreted wathin the zones from which sulfide was recovered. Natural gamma
indicate that they contain similar thicknesses of lithologic Unit VI, measurements exceeding 100 total counts per second in Cores 169-
and that the sediments above the basalt at the base of Hole 10381 4688H-1X, 2X, and 1038B-1R, are associated with sulfide clasts,

part of lithologic Unit VII. presumably the result of associated barite, which incorpo¥éies
into its structure. Beneath the sulfide zones, at ~17 mbsf in Hole
Holes 1038A, 1038B, 1038E, and 1038H 1038H and at ~30 mbsf in Hole 1038B, there appear to be magnetic

“wipe-out” zones. Magnetic susceptibility peaks in the tops of cores

Figures 3739 show the MST records for the holes that are locatfrom deeper in Hole 1038H are primarily caused by sulfide rubble

ed near relatively high-temperature vents to the northwest of Holthat likely originated higher in the hole. Gamma density highs at
1038, that is, Holes 1038A, 1038B, 1038E, and 1038H. Limited rethese same depths are also the result of sulfide rubble.
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| o % B | L S O I SO A B measurements that were made on unlithified sediment using
70 L z 170 L E 4 70 L ‘f 4 704 o 4 10t N afull-space needle probe, and dashed lines = depths where
’%_ H F :A‘ changes in physical properties coincide with limits of tur-
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Figure 34. Correlations between magnetic susceptibility and natural gamma H g L8 . PR A
MST records for turbidites of lithologic Unit Il in Holes 10381 and 1037B. 400+ °g 4400 % {400t &>
Il Il Il Il Il Il Il

Dashed lines on records for a given hole = major breaks in the MST profiles.
Arrows between records for the two holes = tentative correlations based on

Figure 35. Index properties measurement profiles for Hole 1038I. Open cir-
cles = porosity measurements, open diamonds = grain density, and open tri-
angles = wet bulk density. Solid lines = gamma densities measured with the

similaritiesin the profiles.

A limited number of index wet bulk density measurements made
on samples from these holes compare quite well to gamma density
records from the M ST, as shown in Figure 38. With the exception of
a sample from Hole 1038A (Sample 169-1038A-3R-1, 30-32 cm),
which may have contained some sulfide, other index properties mea-
surements (see Fig. 40) indicate decreases in porosity from >60%
near the seafloor to ~40% at 80 mbsf and relatively constant grain
densities between 2.7 and 3.0 g/cm*

Holes 1038C and 1038D

Very limited recovery from these two holes, located to the north
of Hole 1038A, precluded extensive physical properties measure-
ments. MST measurements of magnetic susceptibility and natural
gamma are shown in Figure 41. The most interesting feature of these
recordsisthe high natural gamma measured in Core 169-1038C-1R.
Index properties measurements (see Fig. 42) were made only onthree
samplesfrom Hole 1038C, and no index properties sampleswere col-
lected from Hole 1038D. Index wet bulk densities are consistent with
gamma densities measured by the MST for Hole 1038C.

MST as shown on the plot of wet bulk density.

Holes 1038F and 1038G

MST measurements for Holes 1038F and 1038G, both located
near a zone of diffuse low-temperature venting, are summarized
graphically in Figure 43. Low magnetic susceptibilities below ~30
mbsf in both holes may reflect amagnetic wipe-out similar to that ob-
served at the Dead Dog sites. Variability in the gamma density
records primarily reflects the biscuited nature of much of the recov-
ered core. Density appears to increase, with maximum values above
2 glem?®, below 70 mbsf. Index properties wet bulk densities, plotted
aong with the gamma density, indicate that true densities are approx-
imated by the upper limit of the measured gamma density in any in-
terval, except in the basalt from the bottom of Hole 1038G, where
gammadensities are significantly lower than theindex properties wet
bulk densities. This occurs because there is no correction applied to
account for the fact that the diameter of the rock sections are signifi-
cantly less than the inside liner diameter. Consequently, index prop-
ertiesvalues of density more accurately reflect thein situ values. Nat-
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Figure 36. MST profiles of magnetic susceptibility, F= 1A
gamma density, and natural gamma for Hole 1038l. 440 }g Jon
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Figure 37. MST measurements of magnetic susceptibility measurements for

Holes 1038A, 1038B, 1038E, and 1038H.

ural gamma appears to be relatively constant with depth in the upper
70 mbsf, at ~40 total counts per second, then dropsto ~20total counts

per second in the lower portion of Hole 1038G.

Porosities and grain densities for these two holes are shown
graphically in Figure 44. Grain densities are fairly constant, ~2.8 g/
cm?® in the sediments, but increase slightly in the basalt. Porosity is
~70% in the shallowest samples from Hole 1038F and remains near
50% in the upper 90 mbsf. An abrupt decreasein porosity can be seen
in the atered sediment and basalt from the base of Hole 1038G. Ther-
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Figure 38. Wet bulk density measurements for Holes 1038A, 1038B, 1038E,
and 1038H. Solid lines = MST measurements of gamma density, and open
triangles = index properties measurements.

mal conductivities for Hole 1038G (see Fig. 45) are ~1 W/(m-K) with
no obvious trends with depth.

DOWNHOLE MEASUREMENTS

Time constraints and an inappropriate bottom-hole assembly pre-
cluded implementation of the original logging plan, and the only
downhole measurements made over the Central Hill area were two
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Figure 39. MST measurements of natural gamma for Holes 1038A, 1038B, natural gamma (solid circles) for Holes 1038C and 1038D.

1038E, and 1038H.
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Figure 42. Index properties measurements of porosity (open circles), grain
Figure 40. Index properties measurements of porosity and grain density for density (solid squares), and wet bulk density (open triangles) for Hole
Holes 1038A (solid triangles), 1038B (solid diamonds), 1038E (open cir- 1038C. Solid lines = MST measurements of gamma density for Holes 1038C
cles), and 1038H (+ symbols). and 1038D.

temperature measurements in Hole 1038l with the Adaraand Davis- shows the relationship between temperature and thermal resistance in
Villinger temperature probes (DVTP; see “Explanatory Notes” chapHole 1038I, and the slope of the linear fit gives a value for the con-
ter, this volume). The temperature records of these two deploymentdisictive heat flow of 2.16 W/tnDespite the limited amount of data,
are displayed in Figure 46. The extrapolated formation temperaturethe closeness of the linear fit suggests that the regime could be entire-
summarized in Table 14 and Figure 47, show a temperature gradidgtconductive.
of 2.0°C/m.

To estimate the nature of the thermal regime at this site, we also
examined the relationship between the temperature and the thermal PALEOMAGNETISM
resistance of the formation. The thermal resistance over an interval
can be calculated by a discrete integration of the thermal conductivi- Recovery in Hole 1038G permitted measurements on the pass-
ties measured on core samples over this interval (Davis, Mottthrough magnetometer for whole sections of split core only over sev-
Fisher, et al., 1992). In a purely conductive regime, a plot of tempeeral intervals from 22 to 62 mbsf. Rejection criteria included drilling-
ature vs. thermal resistance would be linear, with the heat flow giveimduced core disturbances as well as disturbances of the sedimentary
by the slope of the line, and any fluctuation around this line would bfabric because of extensive gas expansion throughout Hole 1038G.
indicative of the presence of other modes of heat transfer. Figure 47®ctions 169-1038G-5H-3 through 5H-6 had to be pumped from the
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Figure 44. Index properties measurements of porosity and grain density for
Holes 1038F (solid circles and squares) and 1038G (open circles and
squares).

core barrel, thus rendering pal eomagnetic measurements impossible.
The paleomagnetic signal at Hole 10381 could only be measured for
Cores 169-1038I-1X through 9X, aswell asfor ashort interval at the
bottom of Core 169-1038I-11X. Patches of the natura remanent
magnetization were also recorded for Sections 169-1038H-5X-1
through 5X-5 and Sections 169-1038B-13X-1 through 13X-CC.

Hole 1038G
The magnetic intensity of Hole 1038G cores demagnetized with
an alternating field (AF) of 20 mT is on the order of several hundred

mA/m inthe upper part of the hole between 20 and 40 mbsf (Fig. 48).
The paleomagnetic signal at Hole 1038G is characterized by a dis-
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tinct drop in magnetization intensity (almost 1 order of magnitude)

below 40 mbsf. The signal decreases continuously between 40 and 42

mbsf, and then the intensity remains weak below this depth to 62

mbsf. Interestingly, a distinct drop in magnetic susceptibility is re-
corded at ~30 mbsf, preceding the drop in intensity by ~10 m (see
“Physical Properties” section, this chapter). This could point to an
authigenic component with a higher alignment efficiency as the car-
rier of the remanent magnetic signal between 30 and 40 mbsf. Despite
an effective demagnetization by the 20-mT step, the intensities on the
z-axis remain almost 1 order of magnitude higher when compared to
the x- and y-axes, resulting in steep positive inclinations downhole.
Whether gas expansion or hydrothermal alteration of the sediments
contributes to these spurious magnetization directions cannot be de-
termined presently. The entire interval covered by paleomagnetic
measurements at Hole 1038G is composed of moderately altered sed-
iments of lithologic Unit 11, with carbonate concretions and cements
of alteration Facie® (see “Lithostratigraphy and Sedimentology”
section, this chapter; Fig. 48). Declinations shown in Figure 48 are
not oriented with respect to geographic north and only display the rel-
ative rotation of continuous core sections.

Hole 1038l

Lithologically, the upper part of Hole 1038105 mbsf) is com-
posed of unaltered to moderately altered, hemipelagic to turbiditic
sediments of Unit Il (see “Lithostratigraphy and Sedimentology” sec-
tion, this chapter). The magnetic inclination, after AF demagnetiza-
tion at 20 mT, throughout this interval indicates a normal polarity of
the Earth’s magnetic field and generally suggests a magnetization of
the sediments during the Brunhes Chron (Fig. 48). The paleomagnet-
ic signal at Hole 1038l yields meter-scale intervals, displaying rela-
tively homogeneous directions (largely scattered around the expected
mean value of 67° for this site) and is comparable to the magnetic in-
clination pattern recorded in cores from the Escanaba Trough Refer-
ence Site (Hole 1037B; see “Paleomagnetism” section, “Escanaba
Trough Reference Site” chapter, this volume). Distinct offsets in in-
clination between these intervals may reflect alternation of turbiditic
and hemipelagic sediments. Despite these similarities, no significant
correlation can be made between the sediments of Hole 1038l and the
Escanaba Trough Reference Site.
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these curves corresponding to the time spent by the probe in the sediments to

extrapolate the equilibrium temperature. The exact time of penetration of the Conclusions
DVTP probe is picked using the tool’s accelerometer record, displayed in the

same figure.

Table 14. Summary of temperature measurements, Hole 1038I.

Depth Temperature
Type of tool (mbsf) (°C)
Adara 28.3 55.7
DVTP 56.8 115.9

Note: DVTP = Davis-Villinger temperature probe.

The magnetic intensity after 20-mT demagnetization of cores
from Hole 1038l is on the order of several hundred mA/m. A distinct
drop in magnetization intensity between 36 and 42 mbsf is recorded
at about the same depth as a similar decrease in intensities measured
in Hole 1038G. Unlike Hole 1038G, magnetization intensities at
Hole 1038l remain on the order of several hundred mA/m below 42
mbsf (Fig. 48). A second distinct drop in magnetization intensitiesin
coresfrom Hole 1038l isrecorded at ~74 mbsf. Unfortunately, recov-
ery did not permit further continuous pass-through measurements be-
low this depth, so that it is unknown whether the intensities remain
low. A relationship between major downhole changes of magnetiza-
tion intensities and the hydrothermal alteration of the sedimentsis not
evident. For example, correlating the concomitant intensity drops at
40 mbsf in cores from Holes 1038G and 1038| more likely suggests
achangein the primary detrital input as a cause of the magnetic sig-
nal at this depth. Whether hydrothermal decomposition of the carriers
of the remanent magnetization caused any alteration of the paleomag-
netic signa needs to be addressed in a post-cruise study.

Holes 1038G, 1038I, and 1037B (Reference Site) have been sam-
pled for apost-cruise high-resol ution rock magnetic study. Diagenet-
ic and magneto-mineralogica aspects of the downhole variations of
the magnetic signal will be addressed, thus providing a sound basis
for interpretation of the magnetic signal that will aid in a site-to-site
correlation.
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NOTE: For all sites drilled, core-description forms (“barrel sheets”) and core photographs can
be found in Section 3, beginning on page 299. Smear-slide data and thin-section data can be
found on CD-ROM. See Table of Contents for material contained on CD-ROM.
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