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15. SITE 939!

Shipboard Scientific Party?

HOLE 939A

Date occupied: 1 May 1994

Date departed: 2 May 1994

Time on hole: 14 hr, 45 min

Position: 4°43.308'N, 47°30.201"'W

Bottom felt (drill pipe measurement from rig floor, m): 2794.8
Distance between rig floor and sea level (m): 11.23

Water depth (drill pipe measurement from sea level, m): 2783.6
Penetration (m): 102.70

Number of cores (including cores having no recovery): 11
Total length of cored section (m): 102.70

Total core recovered (m): 97,57

Core recovery (%): 95

Oldest sediment cored:
Depth (mbsf): 102,70
Nature: Silty clay
Earliest age: Pleistocene

HOLE 939B

Date occupied: 2 May 1994

Date departed: 2 May 1994

Time on hole: 12 hr, 30 min

Position: 4°43.305°N, 47°29.940°'W

Bottom felt (drill pipe measurement from rig floor, m): 2803.5
Distance between rig floor and sea level (m): 11.23

Water depth (drill pipe measurement from sea level, m): 2792.3
Penetration (m): 99.40

Number of cores (including cores having no recovery): 11
Total length of cored section (m): 99.40

Total core recovered (m): 99,51

Core recovery (%): 100

Oldest sediment cored:
Depth (mbsf): 99.40
Nature: Silty clay
Earliest age: Pleistocene

'Flood, R.D., Piper, D.L.W., Klaus, A., et al., 1995. Proc. ODP, Init. Repts., 155:

College Station, TX (Ocean Drilling Program).
*Shipboard Scientific Party is as given in the list of participants in the contents,

HOLE 939C

Date occupied: 2 May 1994

Date departed: 2 May 1994

Time on hole: 8 hr, 30 min

Position: 4°43.307°N, 47°29.944 "W

Bottom felt (drill pipe measurement from rig floor, m): 2802.4
Distance between rig floor and sea level (m): 11.26

Water depth (drill pipe measurement from sea level, m): 2791.1
Penetration (m): 36.10

Number of cores (including cores having no recovery): 4
Total length of cored section (m): 36.10

Total core recovered (m): 36.98

Core recovery (%): 102

Oldest sediment cored:
Depth (mbsf): 36.10
Nature: Silty clay
Earliest age: Pleistocene

Principal results: Site 939 (proposed Site AF-12) is located about 1.0-1.5
km east of the crest of the eastern levee of the Amazon Channel on the up-
per Amazon Fan. It is one of a series of sites located on the flank of the
Amazon Channel intended to study the late-glacialfearly-interglacial evo-
lution of the fan channel and changes in organic-matter diagenesis and
pore-water chemistry. The 480-m offset of Holes 939A and 939B pro-
vides an opportunity to study lateral variability in upper-fan overbank tur-
bidites.

The site was selected from a Conrad 3.5-kHz profile (C2514; 0837 hr
on 8 Dec. 1984). Hole 939A was located about 480 m to the west of Holes
939B and 939C to assess the lateral variability in sedimentation. Hole
939C was used for detailed geochemical and paleontological sampling.

Hole 939A was cored by APC to 83.7 mbsf, then by XCB to 102.7
mbsf, with total sediment recovery of 97.57 m (95.0%). Hole 939B was
cored by APC to 80.0 mbsf, then by XCB to 99.4 mbsf, with total recovery
of 99.51 m (100.1%). Hole 939C was cored to 36.1 mbsf and recovered
36.98 m (102.4%).

Temperature measurements were made at 51 and 80 mbsf (ADARA)
in Hole 939B, indicating a mean geothermal gradient of 29°C/km. There
was gas expansion in all cores. Methane was found throughout the hole,
but higher hydrocarbons were not detected.

Two lithologic units are recognized (using Hole 939B as a type sec-
tion):

Unit [ (0-0.68 mbsf) is a Holocene bioturbated foraminifer-nannofos-
sil clay, underlain by an iron-rich crust and a gray nannofossil-rich clay.

Unit II (0.68-99.40 mbsf) consists of mud with interbedded laminae
and beds of silt and very fine sand. The mud has a carbonate content of
<3%. Most of the unit is stained by diagenetic hydrotroilite in irregular
patches or color bands. Small soft nodules of hydrotroilite, 1-2 mm in di-
ameter, are common, and larger concretions and continuous bands are
present from 8 to 16 mbsf. The unit is subdivided into five subunits, based

437



SITE 939

4°46°'N

4044 |

4°42" |
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mainly on the frequency of silt laminae and beds. Subunit ITA (0.68-23.00
mbsf) comprises bioturbated mud. A prominent change in reflection char-
acter seen at 15 mbsf on 3.5-kHz profiles appears to form a seismic dis-
continuity but has no corresponding lithologic change other than common
I- to 2-em hydrotroilite nodules. Subunit ITB (23.00-44.23 mbsf) consists
of moderately bioturbated mud with laminae and thin beds of silt. Burrows
cut and obliterate parts of silt layers. Subunit TIC (44.23-66.17 mbsf) con-
sists mainly of moderately bioturbated mud, with one short interval with
many silt Jaminae. Subunit IID (66.17-81.50 mbsf) resembles Subunit
1IB, except for a greater frequency of silt laminae and beds. Subunit IIE
(81.50-99.4 mbsf) consists of mud with some color banding, rare silt lam-
inae, and structureless mud turbidites.

Hole 939A was located 480 m west of Hole 939B, closer to the levee
crest. The sediment sequence thickens toward the levee crest, and litho-
stratigraphic boundaries near the bottom of Hole 939A are about 13 m
deeper than in Hole 939B. Both the number and thickness of silt beds de-
crease away from the channel.

Foraminifer abundances are generally low below Subunit 1A, P.
obliquiloculata is not present below the Holocene, indicating an age <40
ka for Unit IL. Unit I and Subunit IIA contain pteropods. Echinoid spines
occur from 24 to 80 mbsf. Rare abyssal benthic foraminifers are present
in Subunits ILA and I1D.

No paleomagnetic excursion was found at this site. In Hole 939A,
variation in magnetic inclination, interpreted as secular variation, was de-
tected between 3 and 35 mbsf, with a short 1- to 2-m wavelength variation
superimposed on a longer 8- to 20-m wavelength variation. There are
three well-defined oscillations in declination over a range of 90° from 20
to 60 mbsf and two oscillations of <35° between 70 and 80 mbsf.

Physical-properties data suggest that the site experienced normal com-
paction, except for an interval from 17 to 27 mbsf, where compaction was
inhibited and shear strength is low.

At Hole 939C, interstitial waters were collected at 1.5-m intervals to
18.5 mbsf and thereafter at 3-m intervals to 37 mbsf. Samples were also
taken every 20 m in Hole 939B. Magnesium and calcium decrease from
55 mM (Mg) and 12 mM (Ca) at 0.2 mbsf to about 43 mM (Mg) and 4 mM
(Ca) near 30 mbsf, thereafter remaining almost constant. Mg and Ca con-
centrations correlate well, suggesting that their loss from the pore water is
related. Pore-water sulfate diminishes from 27 mM at 0.2 mbsf to 21 mM
at 1.4 mbsf and to zero by 9 mbsf. Alkalinity increases rapidly to 31 mM
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at 9 mbsf and then decreases to 10 mM at 40 mbsf, remaining constant be-
low that. Balancing possible sources and sinks of alkalinity suggests that
almost all alkalinity removed from pore fluids can be accounted for as Ca
or Mg carbonate. Pore-water phosphate peaks at 98 mM, at the depth of
complete sulfate reduction (9 mbsf). Dissolved iron is between 56 and 94
mM in the upper 33 mbsf, reaches a peak of 326 mM at 42 mbsf, and then
decreases to 143 mM at 73 mbsf. Organic carbon ranges from 1.0% to
0.8% in Unit II. No discrete carbonate phases have been identified in the
cores, although 1%-3% carbonate is present in mud samples. Vivianite
(iron phosphate) nodules are common and displace surrounding sediment,
crosscutting earlier-formed iron monosulfides that fill pore space. Organ-
ic-carbon concentration is almost constant through the interval of detailed
pore-water study. Slight changes in elemental compositions may be relat-
ed to diagenetic changes, such as low nitrogen values (<0.07%) at 0.5-8.0
mbsf, which could indicate preferential oxidation of reactive nitrogenous
organic compounds.

This site represents one of the highest near-surface sedimentation rates
on Leg 155. The upper part of the pore-water profile (to 5 mbsf) is similar
to that at Site 931, where the sedimentation rate is several times lower, but
the peaks in phosphate and iron are several meters deeper than at Site 931.
Fluctuations in the deposition of silt beds on the upper fan occur with a
period estimated to be on the order of hundreds to a few thousands of
years.

SETTING AND OBJECTIVES
Introduction

Site 939 (proposed Site AF-12) is a series of three shallow holes
located on the flank of the Amazon Channel intended to study the
late-glacial/early-postglacial evolution of the upper fan channel (wa-
ter depth 2794 mbsl), lateral variability in upper-fan sediment, organ-
ic matter diagenesis, and pore-water chemistry.

Setting
Site 939 is located on the eastern (right) flank of the Amazon

Channel about 7 m below the adjacent levee crest (Fig. 1). SeaBeam
bathymetric data in this area suggest that the channel shape evolved



SE Site

el

B 939 ! R i
27754— -~ —-— —(projected)—-— ———'4!1——' b

I\ dx .'l'. s

B,.C A
. 1k

SITE 939

— l"_“— E
@ » @
=]
£ Rl E
£ Res E
& 28507 —388
= g
o} =
g o
=
2900+ —- AR & I G . X

Figure 2. A 3.5-kHz profile from Conrad near
2 Site 939. R1 and R2 are reflections discussed in

from more to less sinuous as the sediment supply to the fan reduced
(Pirmez, 1994). The 3.5-kHz profile in this area (Fig. 2) shows a
change from weak to strong reflections downsection that is sugges-
tive of a change in sediment characteristics. Our initial interpretation
was that this change in reflection strength is due to the same change
in sedimentation that caused the increasing sinuosity. This site, Site
937, and Site 938 are the shallowest-water sites drilled during Leg
155.

The site was selected from a Conrad 3.5-kHz profile (C2514;
0837 hr on 8 Dec. 1984; Fig. 2). Our pre-site 3.5-kHz survey verified
the reflection sequence (Fig. 3), although the deeper reflections were
not seen because of sea state. The beacon site was chosen at
1200UTC on 1 May 1994 on our JOIDES Resolution profile. This ap-
pears to be equivalent to the position initially selected on the Conrad
line. Hole 939A is located about 480 m west of Holes 939B and 939C
to allow an assessment of lateral variability in sediment layering.

The surficial sediment at the site, interpreted from sub-bottom and
seismic profiles, include a layer of weakly stratified sediment 15-30
m thick overlying a series of stronger reflections, the top of which is
identified as R1 on Figs. 2 and 3. Closer to the levee crest, the upper

Water depth (mbsl)

|
text. Location shown as A-B in Figure 1.

and lower units are difficult to discern as both are transparent, pre-
sumably because sediment layering is complex. Overall, the levee
crest appears to have prograded toward the channel during aggrada-
tion. A prominent reflection (R1) at 18 ms at Hole 939B marks the
base of the relatively transparent upper interval that thickens to 22 ms
at Hole 939A and to 28 ms at the levee crest (Fig. 3). This reflection
dips away from the channel east of Hole 939A and is almost horizon-
tal to the west of Hole 939A. Underlying reflections appear to toplap
against this reflection R1 (Fig. 2). These deeper reflections dip to-
ward the channel west of Hole 939B and away from the channel to
the east of Hole 939B. A second reflection with underlying toplap is
seen at 32 ms at Hole 939B (R2 in Fig. 2).

Objectives
The principal objectives at Site 939 were:
1. To determine the nature of levee sediment, and especially

changes that would correlate with reflectivity and/or observed
bathymetric patterns.

Two-way traveltime (s)

Figure 3. A 3.5-kHz profile from JOIDES Resolution through Site 939. R1 is reflection discussed in text. Location shown as C-D in Figure 1.
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SITE 939

Table 1. Site 939 coring summary.

Length  Length
Date Time Depth cored recovered Recovery
Core (1994) (UTC) (mbsf) (m) (m) (%)
155-939A-
1H May 1 1905 0.0-7.7 77 7.68 99.7
2H May 1 1940 1.7-17.2 9.5 9.82 103.0
3H May 1 2020 17.2-26.7 9.5 9,18 96.6
4H May 1 2105 26.7-36.2 9.5 10.08 106.1
5H May 1 2150 36.2-45.7 9.5 9.54 100.0
6H May 1 2230 45.7-55.2 9.5 11.16 7.5
TH May 1 2315 55.2-64.7 9.5 9.82 103.0
8H May 2 0015 64.7-74.2 9.5 9.57 101.0
9H May 2 0100 74.2-83.7 9.5 9.85 103.0

83.7-93.2 9.5 7.85 82.6

10X May 2 0215 X
93.2-102.7 9.5 3.02 31.8

1nx May 2 0315

Coring totals 102.7 97.6 95.00
155-939B-
IH May 2 0550 0.04.0 4.0 4.00 100.0
ZH May 2 0630 4.0-13.5 935 943 99.2
3H May 2 0725 13.5-23.0 9.5 10.43 109.8
4H May 2 0805  23.0-325 9.5 10.13 106.6
5H May 2 0855 32.5420 9.5 10.58 111.3
6H May 2 1000 42.0-515 9.5 10.29 108.3
7H May 2 1045 51.5-61.0 9.5 10,51 110.6
8H May 2 1135 61.0-70.5 9.5 8.54 89.9
9H May 2 1300  70.5-80.0 9.5 9.93 104.0
10X May 2 1430 80.0-89.7 9.7 7.50 77.3
1§5:4 May 2 1530 §9.7-99.4 9.7 8.17 84.2
Coring totals 99.4 99.5 100.10
155-939C-
IH May 2 1700 0.0-7.6 7.6 7.60 100.0
2H May 2 1740 7.6-17.1 8.5 10.05 105.8
3H May 2 1815 17.1-26.6 9.5 9.00 94.7
4H May 2 1900 26.6-36.1 9.5 10.33 108.7
102.40

Coring totals 36. 370

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

2. To characterize lateral variability in sediment characteristics
within upper levee sediment through sampling at two offset
holes.

3. To determine pore-water chemistry and related changes in the
diagenesis of organic matter through a high-resolution pore-
water and sediment chemistry sampling program.

OPERATIONS
Transit: Site 938 to Site 939 (AF-12)

We transited 10 nmi from Site 938 to Site 939 (AF-12) in 0.9 hr
and conducted a seismic-reflection survey over the site. At 0921 hr 1
May, we deployed a beacon at 4°43.307°N, 47°30.110"W.

Hole 939A

We offset the ship about 250 m east of the beacon and assembled
a BHA similar to that used at Site 938. We positioned the bit at
2793.0 mbrf and spudded Hole 939A at 1450 hr 1 May. The distance
from sea level to rig floor, which depends on the ship’s draft, was
11.23 m for Holes 939A and 939B, and 11.26 m for Hole 939C. Core
1H recovered 7.68 m of sediment, and the mud line was defined to be
at 2794.8 mbrf. Cores 1H through 9H were taken from 2794.8 to
2878.5 mbrf (0-83.7 mbsf), recovering 86.70 m (103%; Table 1).
Cores 4H through 9H were oriented using the Tensor tool. No heat-
flow measurements were made. Overpull was 40,000 Ib while re-
trieving Core 9H from the formation.

XCB Cores 10X and 11X were taken from 2878.5 to 2897.5 mbrf
(83.7-102.7 mbsf), coring 19.0 m and recovering 10.87 m of sedi-
ment (57%). The overall APC/XCB recovery was 95%. Parts of
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Table 2. Stratigraphically equivalent depths in Holes 939A and 9398 of
3.5-kHz reflections, lithologic boundaries, and peaks in magnetic suscep-
tibility (see Figs. 4 and 20).

Depth (mbsf)
Hole Hole
Features 939A 9398
3.5-kHz picks 16 12
33 26
47 37
Lithologic boundaries
Base of Subunit IIA 24.45 23.00
Base of Subunit [IB 54.48 44.23
Top silt packet, Subunit IIC 64.85 53.34
Base of Subunit 1IC 78.73 66.17
Magnetic susceptibility peaks
a 9.00 7.64
b 20.71 15.93
c 24.44 19.39
d 40.99 33.34
e 44.04 36.24
f 56.10 45.60
g 59.77 48.35
h 64.94 52.16
i 67.29 53.91
i 70.09 59.36
k 79.57 64.70
1 82.88 67.09
m 89.40 76.70
n(?) 95.39 87.14

Cores 2H, 3H, 6H, and 7H were disturbed as a result of either gas-
induced extrusion of core from the liner onto the rig floor or collapsed
core liners.

Hole 939B

We offset the ship about 500 m east of Hole 939A, positioned the
bit at 2798.0 mbrf, and spudded Hole 939B at 0137 hr 2 May. Core
1H recovered 4.00 m, and the mud line was defined to be at 2803.5
mbrf. Cores 1H through 9H were taken from 2803.5 to 2883.5 mbrf
(0-80.0 mbsf) and recovered 83.84 m (105%). Cores 3H through 9H
were oriented using the Tensor tool. ADARA heat-flow measure-
ments were taken during Cores 6H and 9H. The core barrel only par-
tially stroked while taking Core 9H and required overpull of 70,000
Ib to retrieve it from the formation.

XCB Cores 10X and 11X were taken from 2883.5 to 2902.9 mbrf
(80.0-99.4 mbsf), coring 19.4 m and recovering 15.67 m (80.8% re-
covery). The overall APC/XCB recovery was 100.1%. Parts of Cores
3H, 8H, and 9H were disturbed as a result of either gas-induced ex-
trusion of core from the liner onto the rig floor or collapsed core lin-
ers.

Hole 939C

We offset the ship about 20 m west of Hole 939B, positioned the
bit at 2800.5 mbrf, and spudded Hole 939C at 1250 hr 2 May. Core
1H recovered 7.60 m, and the mud line was defined to be at 2802.4
mbrf. Cores 1H through 4H were taken from 2802.4 to 2838.5 mbrf
(0-36.1 mbsf) and recovered 36.98 m (102.4%). No cores were ori-
ented and no heat-flow measurements were made. Part of Core 3H
was disturbed as a result of a collapsed core liner. The bit cleared the
rig floor at 2100 hr 2 May, and we retrieved the beacon.

LITHOSTRATIGRAPHY
Introduction

Holes 939A, 939B, and 939C penetrate upper Quaternary sedi-
ment at the crest of the eastern levee of the Amazon Channel. Hole
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Figure 4. Stratigraphically equivalent depths in Holes 939A and 939B. The
solid line is based on three picks (+ symbols) of the depth to equivalent 3.5-
kHz reflections in Figure 3, using an assumed sound velocity of 1500 m/s.
Boxes show the corresponding depths of lithologic boundaries (Table 2).

939C (0 to 36.1 mbsf) is adjacent to Hole 939B and duplicates the up-
per part of the section recovered in Hole 939B. Hole 939A is about 2
km east of the channel axis and 1 km east of the levee crest. Holes
939B and 939C are about 480 m east of Hole 939A.

Differential sediment accumulation between Holes 939A and
939B suggests that equivalent features should be encountered at shal-

SITE 939

lower sub-bottom depths in Hole 939B than in Hole 939A (see “Set-
ting and Objectives” section, this chapter). This differential
accumulation is verified by the depths to the boundaries of lithostrati-
graphic units and by correlation of magnetic susceptibility data for
Holes 939A and 939B (Table 2; Fig. 4 and Fig. 20). Thus, lithostrati-
graphic boundaries near the bottom of Hole 939B are about 13 m
shallower than in Hole 939A, and Cores 939B-10X and -11X sample
older intervals than did the deepest recovery in Hole 939A.

In the lithostratigraphic summary that follows, sub-bottom depths
of unit boundaries are given for both Holes 939A and 939B where
they are different. The succession in Hole 939C is not described sep-
arately because it is essentially the same as in Hole 939B. Individual
laminae and thin beds of silt could not be unambiguously correlated
between Holes 939B and 939C, but groups of silt layers occur at es-
sentially the same depth in the two holes, plus or minus about 30 cm.

The composite lithologic section (Fig. 5) is based on Hole 939B.
The graphic sedimentological column (Fig. 6) is mainly based on the
expanded section in Hole 939A that was less disturbed during coring.
In the sedimentological columns, Cores 939B-8H through -11X are
plotted with a different depth scale than the cores from Hole 9394,
using the top of Subunit IID as a datum (78.73 mbsf in Hole 939A;
66.17 mbsf in Hole 939B). Core 939A-11X had poor recovery and is
not shown in the sedimentological column.

Expansion of methane gas during core recovery commonly affect-
ed the sediment by disrupting the primary sedimentary structures in
many silt beds and by producing void spaces within many of the core
sections (see “Lithostratigraphy” section in the “Explanatory Notes”
chapter, this volume). Coring disturbance and broken core liners in
several APC cores precluded detailed description of these sections
(Cores 939A-7H and -9H; Cores 939B-8H and -OH).

Recovery  |Hole 939B depths Graphic Fed/blue ight
Hola Holo Hole Lithology | Unit Age section ral‘l;ﬁ:n;;grﬂatio
0-|239A 9398 936C " Clay, Sift Sand | _650-700/450-500 nm
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Figure 5. Composite stratigraphic section for Site
939 showing core recovery in all holes, a simpli-
Y B . fied summary of lithology for Hole 939B, depths
IID of unit boundaries in Hole 939B, a graphic section
= with generalized grain size and bedding character-
- g istics, and downhole variations in light-reflectance
values for cores from Hole 939B only. The litho-
logic symbols are explained in Figure 1 of the
IE |. o “Explanatory Notes” chapter, this volume. At this
site, unit boundaries have quite different depths in
Holes 939A and 939B (see text and Fig. 4). The
1 ] ' ] depths of unit boundaries in Hole 939A are avail-
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able in Figure 6.
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down-fan changes in levee deposits.

Two lithostratigraphic units are recognized at Site 939. Units [
and II are distinguished on the basis of their carbonate content and
texture. Unit II is divided into five subunits, based on texture, sedi-
mentary siructures, and the scale of interbedding between silt and
silty clay.

Description of Lithostratigraphic Units

Unit1

Intervals: 155-939A-1H-1, 0-68 cm; 155-939B-1H-1, 0-68 cm; 155-
939C-1H-1, 060 cm

Age: Holocene

Depth: 0.00-0.68 mbsf
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The upper part of Unit I consists of a burrowed, brown (10YR 5/
3) to grayish brown (2.5Y 5/2), foraminifer-nannofossil clay (0.00 to
0.32 mbsf in Hole 939A; 0.00 to 0.38 cm in Hole 939B; 0.00 to 0.20
mbsf and disturbed in Hole 939C). This sediment is underlain in all
holes by a dark reddish-brown (5YR 2.5/2) iron-rich crust, about 0.5
cm thick. Similar diagenetic crusts were analyzed previously and cor-
related throughout the Amazon Fan and adjacent Guiana Basin (Da-
muth, 1977; see “Introduction” chapter, this volume). The iron-rich
crust is underlain by gray (5Y 5/1) nannofossil-rich clay. The base of
Unit I is placed at a color change to dark gray (5Y 4/1), which is as-
sociated with a decrease in carbonate content. The carbonate content
of Unit I decreases sharply below the iron-rich crust, and is 3.6% near
the base of Unit I (see “Organic Geochemistry™ section, this chapter).



Unit I1

Intervals: 155-939A-1H-1, 68 cm, through -11X-CC (bottom of hole);
155-939B-1H-1, 68 cm, through -11X-CC (bottom of hole); 155-
939C-1H-1, 60 c¢m, through -4H-CC (bottom of hole)

Age: (T)Holocene to late Pleistocene

Depth: 0.68-102.70 mbsf

Unit IT consists predominantly of terrigenous clay and silty clay
of dark gray (5Y 4/1) to very dark gray (5Y 3/1) color. Because color
does not vary significantly throughout the unit, subunit descriptions
do not refer to color. The carbonate content is less than 3.0%. Most
of the sediment in this unit is stained to varying degrees by diagenetic
hydrotroilite, which imparts an ephemeral black color (N2/0) to the
sediment as irregular patches and/or color bands (see “Introduction”
chapter, this volume). Black, soft hydrotroilite micronodules (1-2
mm diameter) are common. Larger hydrotroilite concretions and con-
tinuous bands are present from 8 to 16 mbsf at all holes (e.g., Fig. 6).

Unit IT is divided into five subunits based mainly on the frequency
of silt laminae and beds (Figs. 5 and 6).

Subunit ITA

Subunit ITA extends from the base of Unit I to 24,45 mbsf in Hole
939A (from Section 939A-1H-1 at 68 cm through -3H-7 at 30 cm)
and 23.00 mbsf in Hole 939B (from Section 939B-1H-1 at 68 cm
through -3H-CC). The sediment consists almost entirely of either
clay or silty clay with intense to slight bioturbation and scattered hy-
drotroilite nodules and bands. The base of the subunit is placed at the
top of the first silt lamina in Unit II.

Subunit IIB

Subunit IIB extends from 24.45 to 54.48 mbsf in Hole 939A (from
Section 939A-3H-7 at 30 cm through -6H-7 at 75 cm) and 23.00 to
44.23 mbsf in Hole 939B (Section 939B-4H-1 through -6H-3 at 52
cm). The sediment is moderately burrowed and/or color-banded silty
clay (Fig. 7) with thin laminae and beds of silt. Some of the apparent
color-banding may result from burrows parallel to bedding. In Sub-
unit IIB at Hole 939A, there are 25 silt laminae and nine silt beds all
less than 3 cm thick. In Hole 939B, where this subunit is 30% thinner,
there are 19 silt laminae and five silt beds all less than 3 cm thick.

Silt layers commonly have sharp bases and gradational tops.
Many are parallel laminated or wavy laminated (Fig. 8); only a few
have a cross-laminated basal division. Some layers pass upward into
laminated mud that does not contain the hydrotroilite micronodules
that characterize the burrowed sediment (Fig. 9). Burrows cut and de-
stroy the primary lamination in parts of some silt layers, and in other
cases silt-enriched burrows suggest complete bioturbation of a silt
turbidite.

A thin section of color-banded silty clay in Subunit IIB (Sample
939A-4H-3, 146150 cm) contains micronodules of both hydrotroi-
lite and vivianite. The hydrotroilite micronodules fill porosity in the
sediment, have diffuse margins, and locally form lenses parallel to
bedding (Fig. 10A). The vivianite micronodules displace surrounding
sediment, have sharp margins, and are equant. Growth of vivianite
micronodules locally deforms hydrotroilite bands, suggesting that the
hydrotroilite formed first (Fig. 10B).

Subunit 11IC

Subunit IIC extends from 54.48 to 78.73 mbsf in Hole 939A (from
Section 939A-6H-7 at 75 cm through -9H-4 at 10 cm) and 44.23 to
66.17 mbsf in Hole 939B (from Section 939B-6H-3 at 50 cm through
-8H-5 at 122 ¢cm). The sediment is mainly moderately burrowed silty
clay (Fig. 6) with the exception of a short interval of color-banded
and slightly burrowed silty clay that alternates with numerous lami-
nae and beds of silt (Fig. 11). This coarser grained interval is 2.42 m
thick in Hole 939A and 1.65 m thick in Hole 939B (Section 939A-
8H-1 at 15 cm through -8H-2 at 135 cm; Section 939B-7H-3 at 17 cm
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Figure 7. Spreiten-filled burrows (?Echinocardium), each about 1-2 cm from
top to bottom, in Subunit IIB. Burrow margins are marked by light-colored
pseudolaminae that are free of black hydrotroilite stain (interval 155-939A-
4H-3, 88-106 cm).

through -7H-4 at 67 cm). In Hole 939A, the 2.42-m-thick interval
contains 18 laminae and six beds of silt, all thinner than 3 cm. In Hole
939B, the equivalent 1.65-m-thick interval contains 23 silt laminae
and no silt beds. A normal fault with an apparent dip of 70° displaces
some of the silt beds in this interval by about 1 ¢cm at Hole 939A (Fig.
12).
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Figure 8. Sharp-based silt lamina in Subunit IIB, with its internal wavy lami-
nation denoted by black, hydrotroilite staining (interval 155-939A-4H-7, 7-
15 cm).

Subunit 11D

Subunit IID extends from 78.73 mbsf to the bottom of Hole 939A
(from Section 939A-9H-4 at 10 c¢m through -11X-CC) and 66.17 to
81.50 mbsf in Hole 939B (from Section 939B-8H-5 at 122 cm
through -10X-2 at 0 cm). This subunit resembles Subunit IIB, except
for a greater concentration of silt laminae and beds (Fig. 6). In Hole
939A, there are 42 silt laminae, nine silt beds less than 3 cm thick,
and one 5-cm-thick silt bed. In Hole 939B, where this subunit is 30%
thinner, there are 17 silt laminae, five silt beds all less than 3 ¢cm
thick, and one 3-cm-thick very fine sand bed. Subunit IID appears to
contain fewer silt layers per unit thickness in Hole 939B, but both
Cores 939B-8H and -9H have highly disturbed sections, and some
silt-rich intervals may not have been recovered.

Subunit I1E

Subunit IIE occurs only in Hole 939B, from 81.50 mbsf to the bot-
tom of the hole at 99.4 mbsf (Section 939B-10X-2 through -11X-
CC). The top of the subunit is placed at the top of the first bed of
structureless silty clay that characterizes Subunit ITE. About half of
the sediment in this subunit is color-banded silty clay with 18 silt
laminae and 11 silt beds all thinner than 3 cm. The remainder consists
of beds, 5 to 30 cm thick, of silty clay that contain no obvious lami-
nation or burrows (Fig. 13).

Mineralogy

Fine-fraction mineralogy was determined by X-ray-diffraction
analysis of 10 bulk samples of silty clay. The common minerals in
these samples are quartz, plagioclase, augite, and the clay minerals
smectite, illite (+ mica), and kaolinite (Table 3). A few samples con-
tain K-feldspar and amphibole (probably hornblende based on exam-
ination of a few smear slides). Relative to quartz, the abundances of
feldspars and ferromagnesian minerals show little stratigraphic vari-
ation (Fig. 14A).

The phyllosilicate mineral group with the highest relative peak in-
tensity is illite + mica (Fig. 14B). Total clay minerals (+ mica) in-
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Figure 9. Sharp-based silt lamina in Subunit [IB, overlain (with distinct gra-
dation) by a light-colored, subtly laminated mud cap between scale divisions
25 and 28 cm. The surrounding burrowed sediment contains disseminated,
soft, hydrotroilite micronodules (interval 155-939A-4H-4, 18-35 cm).

crease from 30 to 50 mbsf, across the boundary between Subunits 1B
and IIC (Fig. 14A).

Spectrophotometry

In Unit II, reflectance values are 15%—27% for all wavelength
bands from 400 to 700 nm. Correlations between reflectance values
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Figure 10. Photomicrographs of diagenetic micronodules in plane-polarized light (Sample 155-939A-4H-3, 146-150 cm). A. A 0.15-mm-diameter black
hydrotroilite micronodule that passes laterally into more weakly stained silty clay. B. An equant, 0.33-mm-diameter vivianite micronodule (upper left comer),
which bows primary layering in the surrounding hydrotroilite-stained silty clay. Scale for (A) and (B): 0.5 mm = 55 mm on photo.

and lithostratigraphic subunits of Unit II are not apparent. The high-
est reflectance values (30%) are in the calcareous clay of Unit L.

There is a weak correspondence in Hole 939B between the ratio
of red (650-700 nm) and blue (450-500 nm) spectral reflectance
(Fig. 5) and the occurrence of iron as oxidized or reduced phases. In
particular, positive deviations from the mean red/blue reflectance
value of 1.14 are associated with a high content of iron oxyhydrox-
ides in Unit I, and the most negative deviations at 8 to 24 mbsf, in
muds of Unit II, are attributed to abundant hydrotroilite.

Discussion

The three holes at Site 939 all penetrate the eastern levee of the
Amazon Channel: Hole 939A is about 1000 m east of the levee crest,
and Holes 939B and 939C are about 480 m farther east. The levee
sediment is generally fine-grained mud, except for concentrations of
silt laminae and beds in Subunits ITB, middle of TIC, and IID. The re-
covered sediment provides little insight into the origin of the stratal
discontinuity at about 15 mbsf seen in the 3.5-kHz profile over the
site (see “Setting and Objectives” section, this chapter). The only fea-
tures at this depth are common 1- to 2-cm-sized hydrotroilite nodules
and some approximately horizontal hydrotroilite layers.

On a scale of a few tens of meters vertically, asymmetric cycles in
the frequency or thickness of silt layers are not apparent within Unit
1I. Instead, the silt layers tend to occur in “clusters” or “packets” (Fig.
6). On a larger scale, there is an overall fining upward from Subunit
IIB into Subunit ITA and into the hemipelagic Unit I. This fining is
attributed to a progressive reduction in sediment supply to the Ama-
zon Fan during the latest post-glacial sea-level rise.

Structureless mud beds are found only in Subunit IIE. These
might be mud turbidites or the deposits of thin mud flows.

There is a pronounced thinning of the entire stratigraphic section
from Hole 939A, which is closer to the Amazon Channel, to Hole
939B. This thinning is consistent with the interpretation of 3.5-kHz
reflection profiles at the site (Figs. 2, 3, 4). All units except Unit I
show this thinning, verifying that Unit I is the most pelagic of the
lithostratigraphic units, thus forming a drape of uniform thickness.
Both the number and thickness of silt laminae and beds decrease
away from the channel; this decrease might indicate that the silt lay-
ers are lenticular on a lateral scale of tens to hundreds of meters, per-
haps because the turbidity currents deposited progressively less
sediment as they accelerated down the backslope of the levee.

BIOSTRATIGRAPHY
Calcareous Nannofossils

Calcareous nannofossils recovered at Site 939 are all from Zone
CN15b (Table 4). An abundant, well-preserved, and diverse nanno-
fossil assemblage is present in the calcareous nannofossil and fora-
minifer clay in the mud-line sample, and includes species of
dissolution-prone genera such as Scyphosphaera and Pontosphaera.
Nannofossils are absent or occur in low abundance in Unit IT in Holes
939A and 939B (Samples 939A-1H-CC, 17-18 cm, through -11X-
CC, 22-23 cm, and 939B-1H-CC, 52-53 cm, through -11X-CC, 9-
10 cm). All assemblages have a low diversity and are affected by dis-
solution. Only dissolution-resistant species like G. oceanica and C.
leptoporus are present. Subunit IIC and the upper part of Subunit IID
are barren of calcareous nannofossils, which may be a result of dis-
solution coupled with a higher sedimentation rate during deposition
of these subunits. The occurrence of E. huxleyi places the glacial-age
sediment of Unit IT in Zone CN15b.

Planktonic Foraminifers

The boundary between Ericson Zones Z and Y (disappearance of
G. tumida) is placed between Samples 939B-1H-CC, 82-84 cm (0.82
mbsf), and -1H-1, 130-134 ¢cm (1.30 mbsf; Fig. 15; Table 5). The oc-
currence of G. tumida in core catchers lower in the hole is most likely
the result of downhole contamination. Foraminifers are common to
abundant in Unit I and Subunit ITA from 0 to 4 mbsf (Samples 939B-
1H-1, 27-29 cm, through -1H-CC, 5-14 c¢m). The interval between
the Z/Y boundary and 97.86 mbsf (Sample 939B-11X-CC, 0-9 cm),
which corresponds to Subunits IIB through IIE (Fig. 15), has been de-
fined as the Y Zone on the basis of the absence of G. menardii and G.
tumida. This interval can also be constrained in age to less than 40 ka
by the absence of P. obliquiloculata.

Foraminifer abundances are low from 13.4 mbsf (Sample 939B-
2H-CC, 43-52 cm) to the bottom of the hole at 97.86 mbsf (Sample
939B-11X-CC, 0-9 ¢m). Unit I and Subunit ITA contain pteropods.
Unit I and Subunits IIA, IIB, and IIC contain high abundances of au-
thigenic minerals consisting of red and black nodules (Samples
939B-1H-1, 27-29 cm [3.9 mbsf], through -7H-CC, 45-54 cm [62
mbsf]). Mica also occurs in the lower portion of Subunit IIC from
68.98 mbsf (Sample 939B-8H-CC, 54-63 cm) to the bottom of the
hole. Iron-stained foraminifers occur from 23.9 to 33.12 mbsf (Sam-
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Figure 11. Color banding and silt laminae (e.g., at scale divisions 21-22 cm)
in the central part of Subunit IIC (interval 155-939A-8H-1, 10-32 ¢cm).

ples 939B-3H-CC, 5-14 cm, through -4H-CC, 14-23 ¢m) in Subunit
IIB and at 80.4 mbsf (Sample 939B-9H-CC, 47-56 cm) in Subunit
IID. Echinoid spines are found in the lower portions of the hole from
23.92 to 80.4 mbsf (Samples 939B-3H-CC, 5-14 cm, through -9H-
CC, 47-56 cm).
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Figure 12. Normal offset of silt laminae by a steep fault in the middle of Sub-
unit IIC. Offset of a pair of laminae is clearest between scale divisions 53 and
55 cm (interval 155-939A-8H-1, 45-65 cm).

Benthic Foraminifers

In the entire hole, benthic foraminifers are rare or absent. In Sub-
units ITA and IIC, abyssal benthic foraminifers occur in low abun-
dances (Samples 939B-1H-1, 130-134 cm [1.34 mbsf], and 939B-
6H-CC, 3342 cm [52.28 mbsf]). Bathyal benthic foraminifers are
absent in Hole 939B.
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Figure 13. Example of a bed of structureless mud, between scale divisions 94
and 104 cm. Very subtle horizontal banding in this interval is caused by
cleaning of the core surface with a spatula, not by internal laminations. The
surrounding sediment is color-banded silty clay. There is a 1-cm-high burrow
at scale division 110 cm (interval 155-939B-10X-2, 91-111 cm).

SITE 939

Siliceous Microfossils

Site 939 is barren of diatoms, except in the mud-line sample
where both marine and freshwater diatoms occur in low abundance
(e.g., Actinocyclus curvatulus and Melosira granulara; Table 5). Sil-
iceous sponge spicules are present in Holes 939A, 939B, and 939C in
Unit 1, Subunit ITA, and the lower parts of Subunits IID and IIE (Ta-
ble 4).

Palynology

Four samples from Unit IT were examined from Hole 939A (Table
6) and contained low abundances of pollen and spores with moderate
to poor preservation. Present in the assemblages were Compositae,
tricolporate (TCP) and triporate (TP), Euphorbiaceae and monosul-
cus (probably Palmae) pollen types, and monolete spores. Di-
noflagellates were not found. Wood particles were observed in
moderate abundance in all samples.

Stratigraphic Summary

Calcareous nannofossils and planktonic foraminifers indicate that
the age of the sediment at Site 939 covered an interval from Holocene
to late Pleistocene. Palynomorphs have low abundance at this site.
Unit I contains nannofossil and planktonic foraminifer assemblages
indicative of the Holocene. The nannofossil assemblages are well
preserved and represent nannofossil Zone CN 15b. The Z/Y boundary
was not precisely defined on the ship, but is most likely near the base
of Unit I (Fig. 15). Previous sites indicate that the Z/Y boundary oc-
curs below the iron-rich crust. Planktonic foraminifers are found in
low abundance, and nannofossils are absent in Subunits IIB and IIC.
All of Unit IT below the Z/Y boundary has been defined as the Y Zone
on the basis of the absence of G. menardii and G. tumida. The age of
this unit can also be constrained to younger than 40 ka due to the ab-
sence of P. obliquiloculata.

PALEOMAGNETISM
Remanence Studies

Archive-half sections from all 22 APC and four XCB cores were
measured on the pass-through cryogenic magnetometer system.
Cores 939A-3H through -9H and Cores 939B-3H through -9H were
oriented with the Tensor tool, which performed flawlessly. Only
Cores 939A-8H and -9H showed progressive westward drift (~40°)
of declination, or twisting downward, within each core.

A 40-m interval of Hole 939A (20 to 60 mbsf in Fig. 16) displayed
three well-defined oscillations in declination over a range of ~80°. In-
clination data from Holes 939A, 939B, and 939C for 0-35 mbsf are
shown in Figure 17. The least noisy data set appears in Hole 939A,
where oscillations in inclination suggest two wavelengths. The long-
er wavelength is seen as two cycles with lengths of 8 to 20 m, respec-
tively, and with an amplitude of ~45°. Tie points that define these
cycles occur at 5, 13, and 32 mbsf in Hole 939A; 3, 11, and 29 mbsf
in Hole 939B; and 3.5, 12.5, and 32 mbsf in Hole 939C. The shorter
wavelength consists of numerous cycles ~1.75 m in length, and with
an amplitude of 5° to 15°. After AF demagnetization to 20 mT, rema-
nence intensity oscillations also display two characteristic wave-
lengths (Fig. 18). A shorter wavelength (~1 m) cycle is observed in
Hole 939A from 0 to 20 mbsf. Longer wavelength (20 to 40 m) cycles
are apparent in the Hole 939B record from 0 to 100 mbsf.

If the declination swings from 20 to 60 mbsf in Figure 16 repre-
sent a 1500-yr secular variation cycle, the 40-m interval would repre-
sent ~4500 yr, with a sedimentation rate of ~9,000 m/m.y. An
average sedimentation rate of ~9,000 m/m.y. would also be indicated
for the interval plotted in Figure 17, if the long period declination cy-
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Table 3. Relative peak intensities of the main minerals in silty clay samples from Hole 939B.

Relative intensity of primary peaks

Core, section,  Depth
interval (cm)  (mbsf) Smectite  Mica + [llite  Kaolinite Quartz Plagioclase K-feldspar Augite Homblende
155-939B-
1H-2, 92-93 242 9.4 10.6 5.0 100.0 T2 - 27 .
2H-4, 50-51 9.00 58 13.9 8.6 100.0 7.1 4.1 2.1 1
3H-5, 74-75 19.08 7.1 154 8.6 100.0 7.6 - 22 *
4H-4, 4041 27.90 72 15.9 7.9 100.0 7.5 - 22 s
6H-6, 69-70 48.90 11.2 21.0 9.7 100.0 9.7 * 3.1 *
7H-6, 6869 58.35 12.4 21.7 13.9 100.0 10.6 * 32 *
8H-5, 69-70 65.64 8.9 24.7 123 100.0 7.8 ¥ 29 1.5
9H-5, 69-70 76.25 7.5 21.1 10.0 100.0 8.7 = 33 32
10X-5, 68-69 86.68 36 17.2 103 100.0 8.3 e 2.0 il
11X-2, 69-70 91.89 11.8 242 12.0 100.0 8.7 47 23 *

Notes: See “Lithostratigraphy™ section in the “Explanatory Notes™ chapter, this volume, for XRD methods. * = non-detection.

A Quartz-normalized B Quartz-normalized
peak intensity (%) peak intensity (%)
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Figure 14. Relative abundances of silicate minerals in silty clay samples,
based on XRD analysis (Table 3). A. Plot against depth of the quartz-normal-
ized peak intensities of the major mineral groups (quartz peak intensity set at
100%). Squares = clay minerals + mica; diamonds = feldspar; triangles =
augite + hornblende. B. Plot against depth of the quartz-normalized peak
intensities of clay minerals and micas. Squares = smectite; diamonds = illite
(+ mica); triangles = kaolinite.

cles again represent 1500 yr. The shorter period inclination and rema-
nence intensity cycles would then correspond to periods of ~100-200
years. Although some part of the long wavelength oscillations in re-
manence intensity may relate to fluctuations in the strength of the
geomagnetic field, they may also arise from changes in the rema-
nence-carrying ability of the sediment. Post-cruise magnetic analyses
of the sediment should allow us to separate these two variables to
give a record of long period changes in geomagnetic field intensity.

Magnetic Susceptibility Studies
Whole-core magnetic susceptibility was measured on all cores
from this site. Discrete sample measurements were performed only

for Hole 939B (Fig. 19). Uniformly high whole-core susceptibility
values are found within Subunit ITA, and the lowest values are within
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Unit I. In general, there is no apparent correlation between the loca-
tion of unit/subunit boundaries and the susceptibility record.

A possible correlation scheme between Holes 939A and 939B is
given in Figure 20 based on correlations in remanence inclination
(Fig. 17). The susceptibility data were smoothed using a five-point
moving average. The tie points were constrained by the locations of
the Unit II subunit boundaries (see “Lithostratigraphy” section, this
chapter). The correlations indicate that the depths of the tie points
have a relatively constant offset between the two holes with a slope
of 0.871 (r? = 0.99).

ORGANIC GEOCHEMISTRY
Volatile Hydrocarbons

Gas analyses were performed in samples from Hole 939A down
to 86.70 mbsf. Headspace methane concentrations increase rapidly
below the sediment surface to a maximum value of 33,270 ppm at
16.70 mbsf (Table 7; Fig. 21). Methane concentrations remain fairly
constant below this depth, ranging from 6,600 ppm to 15,000 ppm.
Vacutainer methane values are considerably higher than headspace
concentrations (Fig. 21), ranging from 74,000 ppm at 17.41 mbsf to
539,510 ppm at 77.13 mbsf. Higher molecular weight hydrocarbons
were not measured, indicating a predominantly biogenic methane
source at Site 939.

Carbon, Nitrogen, and Sulfur Concentrations

Elemental analyses were performed on samples from Hole 939B
down to 93.18 mbsf and on Hole 939C to 36.00 mbsf. Every section
from Hole 939C was sampled as part of a high-resolution study of the
top 40 mbsf. The data from both holes are presented together, and the
high-resolution samples are discussed separately at the end of this
section.

In both Holes 939B and 939C, calculated CaCO; contents range
from 0.5% to 3.6% (Table 8; Fig. 22). The highest value (3.6%) is
found at 0.50 mbsf, near the bottom of the carbonate-rich Unit I (see
“Lithostratigraphy” section, this chapter). TOC concentrations range
from 0.5% to 1.0%, and most of the low values (<0.8%) are from the
top 2 mbsf. Total nitrogen concentrations range between 0.04% and
0.12%. The lowest TN concentrations (<0.07%) are measured in the
top 8.09 mbsf of Hole 939C. Total sulfur is low (<0.3%) throughout
Site 939. The only exception is the sample at 30.66 mbsf in Hole
939B, which has a TS content of 1.21%. This sample corresponds to
a black-stained silt layer enriched in hydrotroilite.

High-resolution Samples from Hole 939C

One of the major objectives of Hole 939C was to investigate the
factors that control vivianite precipitation, which is thought to occur
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Table 4. Calcareous nannofossil and siliceous microfossil abundance data for Holes 939A, 939B, and 939C.

Top  Botiom Cal fossil Di Ericson zone Age
Core, section, interval interval —ecarcOUs NAMMOIOSSITS 1atoms Spong (inferred from  (inferred from
interval (cm) (mbsf)  (mbsf) Abundance Zone Marine  Freshwater spicules Radiolarians  foraminifers)  foraminifers)
155-939A-
IH-CC, 17-18 7.67 7.68 ¢ CN15b vr b f b Z late Pleist.
2H-CC, 32-33 17.62  17.63 vr b b b b Y late Pleist.
3H-CC, 3940 26.37 26.38 tr b b b b ¥ late Pleist.
4H-CC, 24-25 36.77 36.78 b b b b b Y late Pleist.
5H-CC, 113-114 4573 4574 b b b b b Y late Pleist.
6H-CC, 123-124 56.85 56.86 b b b E b X late Pleist.
TH-CC, 75-76 65.01 65.02 b b b b b Y late Pleist.
8H-CC, 14-15 74.26 74.27 ir b b b b Y late Pleist.
9H-CC, 25-26 84.04 84,05 b b b r b Y late Pleist.
10X-CC, 20-21 91.54 91.55 vr b b vr b Y late Pleist.
11X-CC, 22-23 96.21 96.22 vr b b b b ¥ late Pleist.
155-939B-
TH-ML, 0 0.00 0.00 a CN15b vr b ¢ b Z Holocene
1H-1,0-1 0.00 0.01 a b b a b Z Holocene
2H-CC, 52-53 13.42 13.43 b b b b b Y late Pleist.
3H-CC, 14-15 2392 2393 b b b b b Y late Pleist.
4H-CC, 23-24 3312 33.13 b b b b b Y late Pleist.
5H-CC, 72-73 43.07 43.08 tr b b b b Y late Pleist.
6H-CC, 42-43 52.28 52.29 b b b b b Y late Pleist.
TH-CC, 54-55 6200 6201 vr b b b b Y late Pleist.
BH-CC, 63-64 68.98 68.99 tr b b vr b bk late Pleist.
9H-CC, 56-57 80.42 80.43 VT b b b b Y late Pleist.
10X-CC, 9-10 87.49 87.50 vr b b vr b Y late Pleist.
11X-CC, 9-10 97.86 97.87 vr b b T b Y late Pleist.
155-939C-
1H-ML, 0 0.00 a CN15b b b f b Z Holocene
1H-1, 01 0.00 0.01 a b b a b Z Holocene
IH-CC, 13-14 7.59 7.60 vr b b b b z late Pleist.
2H-CC, 34-35 17.64 17.65 tr b b b b Y late Pleist.
3H-CC, 44-45 26.09  26.10 tr b b b b Y late Pleist.
4H-CC, 56-57 3692 3693 b b b b b Y late Pleist.

in the top 20 mbsf. We analyzed the elemental composition of the
samples from each section in Hole 939C to characterize organic mat-
ter degradation over this interval,

The elemental data at Site 939 indicate an overall similar organic
matter composition (Fig. 22). However, slight changes in elemental
compositions over the top 30 m could be related to diagenetic chang-
es observed in the pore waters. For example, the relatively low TN
values (<0.07%) measured between 0.5 and 8.0 mbsf in Hole 939C
(Fig. 22) could be indicative of preferential oxidation of reactive ni-
trogenous organic compounds. Because the TN concentrations are so
low, however, it is difficult to ascertain whether these differences are
significant. Additional analyses of more reactive organic fractions,
such as lipids or amino acids, will be necessary to assess the effect of
organic matter diagenesis on pore-water chemistry and vivianite for-
mation.

INORGANIC GEOCHEMISTRY
Interstitial Water Analysis

Interstitial waters were collected from 28 sediment samples at Site
939, eight from Hole 939B and 20 from Hole 939C. For Hole 939B,
samples were taken approximately one every 10 m for the upper 40
mbsf and approximately one every 30 m thereafter to a depth of 97.10
mbsf (Table 9; Fig. 23). For Hole 939C, a high-resolution suite of
samples was taken with sample intervals of approximately 1.5 m for
the first 18.50 mbsf, and 3 m thereafter to 37.00 mbsf. In general, the
trends observed in the two holes are very similar. There are, however,
some small offsets from one hole to the other in the observed depths
of particular features, for example, the peak in alkalinity or phosphate
concentration. In all cases where there are differences, the depths in
Hole 939B are greater. Lithostratigraphic correlation between the
two holes shows that below 20 mbsf, features in Hole 939C are found
approximately 1 m shallower than in Hole 939B. Thus, part of the
offset must reflect slightly different geochemical gradients between
the two sites.

Salinities of the water samples range from 32.5 to 35.0 (Fig. 23A).
For both holes, the salinity decreases steadily from a near-surface
value of 35 to 32 downhole. The salinity reaches 32.5 at 59.07 mbsf
in Hole 939B, and at 28.00 mbsf in Hole 939C.

Chloride concentrations increase with depth throughout the holes
(Fig. 23B). The near-surface chloride concentration is 551 to 552
mM. The concentration increases to 558 at 37.00 mbsf, near the bot-
tom of Hole 939C, and to 564 at 97.10 mbsf, near the bottom of Hole
939B.

Pore-water pH varies within a narrow range, from 7.55 to 7.76, in
Hole 939C and tends to increase downhole (Fig. 23C). The downhole
increase could be an artifact of increased time between sampling and
analysis for deeper samples, which would allow more time for CO,
degassing. In Hole 939B, pH decreases slightly downhole, from a
value of 7.71 at 1.45 mbsf to 7.46 near the bottom of the hole.

Alkalinity values increase rapidly in the upper 10 mbsf (Fig.
23D), from 4.70 mM at 0.20 mbsf to 31.56 mM at 9.00 mbsf (or 33.29
mM at 11.45 mbsf in Hole 939B). From 10 to about 40 mbsf, alkalin-
ity decreases steadily to about 10 mM. Alkalinity remains near 10
mM throughout the remainder of the hole.

Magnesium and calcium profiles are again similar to those at pre-
vious sites. The concentrations decrease from 54.7 mM magnesium
and 12.0 mM calcium at 0.20 mbsf to around 43 mM magnesium and
4 mM calcium at around 30 mbsf (Fig. 23E and 23F). Thereafter, the
values are fairly constant downhole. A plot of magnesium vs. calcium
concentrations for Hole 939C (Fig. 24) shows a strong correlation be-
tween the two (r? = 0.96 with a slope of 0.85). The correlation sug-
gests that calcium and magnesium losses from the pore fluids are
related to each other. One possibility is that both are precipitated as a
carbonate mineral, which is supported by considering the possible
sources and sinks for alkalinity as discussed below.

Pore-water sulfate concentrations are 27.0 mM at 0.20 mbsf,
within analytical uncertainty of the seawater value. By 1.40 to 1.45
mbsf, however, the concentration has fallen to around 21 mM, indi-
cating anoxia and significant sulfate reduction (Fig. 23G). Sulfate
concentrations continue to decrease with depth and have fallen to
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Figure 15. Biostratigraphic summary for Site 939.

zero by 9.00 mbsf, The values remain at or near zero for most of the
remainder of the hole.

Sulfate reduction has been shown to produce alkalinity through
organic-matter oxidation by the following overall reaction stoichiom-

etry:
2CH,0 + SO =2HCO; +H,S,

so that 2 moles of alkalinity should be produced for 1 mole of sulfate
reduced. Precipitation of a carbonate mineral, on the other hand,
should remove 2 moles of alkalinity for each mole of calcium or
magnesium precipitated as carbonate. Summing the source (sulfate
reduction) and sinks (the pore water, and calcium and magnesium
removal) of alkalinity shows that the amount of alkalinity that
should have been produced from sulfate reduction minus the alkalin-
ity remaining in the pore fluids is very closely balanced by the com-
bined losses of calcium and magnesium. This “alkalinity balance”
indicates that almost all the alkalinity removed from the pore fluids
can be accounted for as precipitation of calcium or magnesium car-
bonate.

Ammonium concentrations increase with depth over the entire
depth range of both holes (Fig. 23H). The increase is initially rapid,
from 0.1 mM at 0.20 mbsf to 5.1 mM at 16.50 mbsf. Thereafter, the
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concentrations increase more slowly with depth, to around 7.2 mM at
97.10 mbsf.

Pore-water phosphate concentrations exhibit a distinct sub-bot-
tom maximum at around 10 mbsf (Fig. 231). The concentrations are
around 30 pM near the sediment surface, and increase to 97.7 pM by
11.45 and 9.00 mbsf in Holes 939B and 939C, respectively. As at Site
931, the peak in phosphate concentration is coincident with the depth
of complete sulfate reduction, suggesting that vivianite precipitation
takes place primarily below the zone of sulfate reduction. From
around 10 to 30 mbsf, the phosphate concentration decreases, falling
to less than 10 pM. Several small peaks in phosphate concentration
appear in the higher resolution record from Hole 939C over this in-
terval. Below 30 mbsf, phosphate concentration remains below 10
pM.

Dissolved silica concentrations show much more variability in
Hole 939C than in Hole 939B. In Hole 939B, the concentrations in-
crease from 303 pM at 1.45 mbsf to 405 pM at 11.45 mbsf, and re-
main near 400 pM downhole. Concentrations in the upper part of
Hole 939C also increase, from 256 pM to around 400 pM at 7.40
mbsf. However, two sharp local minima, of below 200 pM, occur at
16.50 and 34.00 to 37.00 mbsf (Fig. 23J).

Pore-water potassium concentrations decrease from 13 mM near
the sediment surface to about 9 mM at 30 mbsf (Fig. 23K). Below 30



Table 5. Foraminifer abundance data for Hole 9398.
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Table 6. Spores and pollen data for Hole 939A.
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Figure 16. Azimuthally corrected declinations for interval of 20-60 mbsf in
archive-half cores from Hole 939A. AF demagnetization level was 20 mT.

mbsf, the values in Hole 939C increase, to 11.0 mM at 37.00 mbsf,
whereas the values in Hole 939B continue to decrease, reaching a
minimum of 7.55 mM at 97.10 mbsf.

Sodium concentrations in Hole 939B are slightly higher than
those in Hole 939C. With the exception of the values at 30 mbsf, the
differences are not outside the analytical uncertainty of the measure-
ments. In both holes, the sodium concentration decreases gradually
downhole. The values are around 470 mM near the sediment surface
and around 460 mM at 40 mbsf. Below 40 mbsf, the values are fairly
constant.
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Figure 18. Remanence intensity of archive-half cores, after AF demagnetiza-
tion to 20 mT, for 020 mbsf in Hole 939A and 0—100 mbsf in Hole 939B.

Dissolved iron concentrations in Hole 939C vary between 7.4 and
96 pM, with no clear trend downhole (Fig. 23M). In Hole 939B, the
concentrations vary from 26.0 to 148.3 pM, again with no clear
downhole trend. Below 10 mbsf in Hole 939C, the variations in iron
concentration parallel changes in phosphate concentration.

Manganese concentrations are at 2 maximum of 37.2 pM at 0.20
mbsf, indicating anoxic conditions very near the sediment/water in-
terface (Fig. 23N). Concentrations decrease to 16 pM at 1.45 mbsf
and to less than 10 pM by 11.45 mbsf. Thereafter, the values are gen-
erally from 4 to 6 pM downhole.

Hole 939A
Inclination
(degrees)

Hole 939B
Inclination
(degrees)

Hole 939C
Inclination
(degrees)

30

Depth (mbsf)

Figure 17. Comparison of the inclinations for the interval
0-35 mbsf in archive-half cores from Holes 939A, 939B,
and 939C. AF demagnetization level was 20 mT.
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SITE 939

Sediment Geochemistry

Four mud samples of the Amazon levee were analyzed for major-
and trace-element geochemistry (Tables 10 and 11). Mud composi-
tions are similar to those of previous sites, with S$i0, varying from 61
to 63 wt%, Al,O; between 21 and 22 wt%, and CaO abundances be-
tween 0.7 and 0.9 wt%. Element ratios are also similar to those of pre-
vious sites, with K,0/ALO, of 0.14 and Na,0/AL,O, of 0.06 to 0.07.
The chemical composition is consistent with a mineralogy dominated
by terrigenous silicates.

PHYSICAL PROPERTIES
Index Properties

Index properties were measured only for lithologic Unit II (0.68-
09.4 mbsf) in Hole 939B (Table 12). Water content decreases with
depth in the clay and silty clay of Unit II from 50% at 1.86 mbsf to
29% at 97.55 mbsf (Fig. 25). The uniform downhole decrease is in-
terrupted by an interval between 17 and 27 mbsf in which water con-
tent is nearly constant at 36%. Below 27 mbsf, water content
decreases relatively uniformly through Core 939B-10X. Core 939B-
11X, the lowermost core in Hole 939B, is marked by two intervals
(90.15-93.66 mbsf and 95.10-97.55 mbsf) over which porosity de-
creases 2%—3% with depth. It is unclear whether this variation repre-
sents lithologic changes or coring disturbance. The variation is not
consistent with the assumed coring disturbance pattern in XCB cores
at Sites 932, 937, and 938, which is characterized by a more contin-
uous porosity decrease over the length of individual cores.

Fluctuations similar to those of water content are evident in the
porosity and wet-bulk density profiles (Fig. 25). In Hole 939B, the
porosity and wet-bulk density change downhole from 72% to 51%
and 1.52 to 1.88 g/cm’, respectively. Between 17 and 27 mbsf, poros-
ity and wet-bulk-density are nearly constant with values of approxi-

Hole 939B
Depth (mbsf)

50 100

Figure 20. A proposed correlation scheme between
Holes 939A (left plot) and 939B (right plot) using the
magnetic susceptibility profiles. The locations of core
boundaries are shown on the outer portion of the fig-
ure. The scale for the susceptibility data from Hole
9398 is at the bottom of the figure.
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Table 7. Gas concentrations in sediments from Site 939.

Sed. Methane
Core, section, Depth  temp.* HS VAC
interval (cm)  (mbsf) (°C) (ppm) (ppm)
155-939A-

IH-1, 0-5 0.00 2 5

2H-7,0-5 16.70 3 33,270
3H-2,0-5 17.41 3 14,873 73,968
4H-7, 0-5 35.70 3 10,047 337,117
5H-2,0-5 37.70 3 6,550 402,486
6H-7, 0-5 53.73 4 8411 212,888
TH-2, 0-5 56.70 4 10,412 251,000
8H-3,0-5 67.45 4 8,773 486,635
9H-3, 0-5 77.13 4 8,657 539,510
10X-3,0-5 86.70 5 10,091

Notes: HS = headspace; VAC = vacutainer. Geothermal gradient = 29°C/km. Bottom-

water temperature = 2°C. *See “In-situ Temp e M nts” section, this
chapter.
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Figure 21. Methane concentrations at Site 939. Headspace (diamond) and
vacutainer (x) samples are plotted.

mately 60% and 1.75 g/em®. Grain density in Hole 939B ranges
between 2.65 and 2.79 g/cm® and averages 2.71 g/cm’.

The GRAPE bulk-density profile for Hole 939B differs from
those of previous Amazon Fan sites in that there is a thicker interval
at the top of the hole within which the GRAPE densities match the
densities of the discrete samples (Fig. 25). The two data sets show
good agreement from the seafloor through Section 939B-2H-5. Be-
ginning in Section 939B-2H-6, the data sets rapidly diverge, exhibit-
ing differences of 0.15 to 0.45 g/em?, as the GRAPE densities are
reduced as a consequence of gas-induced expansion.

Except for the interval of nearly constant water content, porosity,
and wet-bulk density between 17 and 27 mbsf, the variation of bulk
properties at Site 939 is typical of that of fine-grained terrigenous
sediment undergoing gravitational compaction. The constancy of the
properties in the 17 to 27 mbsf interval implies that normal consoli-
dation has been inhibited. No specific changes are noted in the litho-
logic observations, nor among geochemical indicators for this
interval. Anomalies that do coincide within the 17 to 27 mbsf interval
are increased magnetic declination variability and a spectral reflec-
tance shift toward shorter wavelength (green) values. The signifi-
cance of the coincidence of these anomalies is not presently known,

Compressional-wave Velocity
Compressional-wave-velocity measurements were attempted on

whole-round sections of cores from Holes 939A, 939B, and 939C and
on split sections from Hole 939B. Because core expansion produced
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pervasive microfractures in the sediment, neither the PWL nor DSV
was capable of transmitting an acoustic signal through the sediment
below Core 939B-2H. Seven longitudinal velocity measurements
were made with the DSV between 1.86 and 10.35 mbsf (Table 13).
Over this interval the velocity increases from 1497 to 1529 m/s and
averages 1515 m/s. Transverse velocities were obtained by the PWL
for the intervals of 0 to 7.45 mbsf in Hole 939A, 0 to 12.40 mbsf in
Hole 939B, and 0 to 8.87 mbsf in Hole 939C. The average velocities
for these three intervals are 1489, 1505, and 1494 m/s, respectively.

Shear Strength

Measurements of undrained shear strength were made using the
motorized shear vane on all cores from Hole 939B (Table 14). Below
47 mbsf, compressive strengths were determined with a pocket pen-
etrometer and used to estimate undrained shear strength.

Hole 939B (Fig. 26) is characterized by a slightly irregular in-
crease in shear strength from 5.8 kPa at 1.86 mbsf to 22.3 kPa at
42.12 mbsf. Within this interval, the maximum shear strength is 29.4
kPa at 33.13 mbsf. Reduced strength (10.2—15.6 kPa) coincides with
the interval of nearly constant bulk properties between 17 and 27
mbsf. Below 43 mbsf, shear strength variability increases. The
strength increases from 37.9 kPa at 43.20 mbsf to a maximum of 50.4
kPa at 47.55 mbsf before varying irregularly to 42.4 kPa at the base
of the hole. The shear strength measured by the lab vane and that es-
timated from the compressive strength are in very good agreement.
At the base of the hole, the compressive strength estimate for un-
drained shear strength is 58.9 kPa.

The residual undrained shear strength also increases with depth in
Hole 939B (Table 14), but at a lower rate than the peak strength. A
slight downhole decrease in the residual/peak undrained shear
strength ratio results from the difference in gradients.

Resistivity

Longitudinal and transverse resistivity were determined for cores
from Hole 939B (Table 15). Longitudinal resistivity displays a gen-
eral downhole increase that parallels the downhole decrease in poros-
ity, but with slightly greater variability (Fig. 27). Resistivity
increases from 0.27 Qm near the seafloor to 0.38 Qm at the base of
Hole 939B. Comparison of longitudinal and transverse measure-
ments indicates that the sediment resistivity is weakly anisotropic.
The resistivity anisotropy averages —2.3% over the length of the hole
and displays no clear lithologic or downhole trends (Fig. 27).

IN-SITU TEMPERATURE MEASUREMENTS

Temperature gradients and heat flow were determined using two
downhole measurements and the bottom-water (mud-line) tempera-
ture. Two ADARA measurements were made during Cores 939B-6H
(51.5 mbsf) and -9H (80 mbsf) using instrument number 12. The
mud-line temperature of 2,75°C measured from this instrument was
used as the reference bottom-seawater temperature at Site 939. Suc-
cessful measurements resulted in extrapolated equilibrium tempera-
tures of 4.1°C at 51.5 mbsf, and 5.1°C at 80 mbsf.

Equilibrium temperatures, extrapolated from synthetic curves
constructed to fit transient temperature data, are plotted as a function
of depth (mbsf) in Figure 28. Using the ADARA mud-line tempera-
ture and the sub-bottom temperatures from the two ADARA mea-
surements downhole, the geothermal temperature gradient can be
approximated by a linear mean of 29.4°C/km. We calculated heat
flow by adopting the constant geothermal temperature gradient of
29.4°C/km and a linear increase in thermal conductivity, K, of 1.1 £+
0.15 W/(m-K), which is an average of regression estimates at 80
mbsf. This results in a calculated heat flow of 32.37 mW/m?.



Table 8. Elemental and organic carbon compositions of sediments from Site 939.

SITE 939

Core, section, Depth IC  CaCOy* TC TOC TN TS
interval (cm) (mbsf) (%) (%) (%) (%) (%) (%) [C/N]a
155-939B8-
1H-1, 50-51 0.50 0.43 3.6 1.16 0.73 0.11 0.17 T
1H-1, 115-116 1.15 0.25 2.1 0.76 0.51 0.07 0.27 9
1H-2, 56-57 2.06 0.14 1.2 0.88 0.74 0.08 0.14 12
2H-3, 50-51 7.50 0.21 1.7 1.07 0.86 0.09 0.12 11
2H-5, 85-86 10.85 0.31 2.6 1.05 074 008 0.12 11
2H-6, 50-51 12.00 0.26 22 1.14 0.88 0.08 0.10 13
3H-4, 66-67 17.50 0.32 2.7 1.30 0.98 0.09 0.06 13
4H-6, 5-6 30.55 0.32 27 111 0.79 0.12 1.21 8
4H-6, 27-28 30.77 0.31 2.6 1.20 0.89 0.09 0.10 12
5H-2, 96-97 34.96 0.18 1.5 1.23 1.05 0.08 0.11 16
5H-6, 56-57 40.56 0.25 2.1 1.29 1.04 0.09 0.06 14
6H-5, 46-47 47.17 0.27 22 1.23 0.96 0.06 0.02 17
TH-7, 4243 59.59 0.34 28 1.12 0.78 0.08 0.02 12
8H-5, 4041 65.35 032 27 1.15 0.83 0.07 0.00 14
9H-5, 26-27 75.82 0.28 2.3 1.31 1.03 0.09 0.00 14
10X-3, 36-37 83.36 0.26 22 1.22 096  0.07 0.00 15
11X-3,48-49 93.18 0.30 25 1.30 1.00 0.09 0.03 14
155-939C-
1H-1, 55-56 0.55 0.43 3.6 1.14 0.71 0.05 0.04 16
1H-1, 118-119 1.18 0.20 1.7 0.71 0.51 0.05 0.18 12
1H-2, 55-56 2.05 0.06 0.5 0.76 070  0.04 0.08 22
1H-2, 120-121 2.70 0.10 0.8 1.03 0.93 0.05 0.10 21
1H-3, 55-56 3.55 0.18 1.5 1.03 0.85 0.04 0.06 24
1H-3, 120-121 4.20 0.18 1.5 1.04 0.86 0.05 0.03 19
1H-4, 55-56 5.05 0.18 1.5 1.20 1.02 0.06 0.09 21
1H-4, 120121 570 0.16 L3 101 0.85 0.05 0.08 21
IH-5, 55-56 6.55 0.21 1.7 1.03 0.82 0.05 0.08 20
1H-5, 116-117 7.16 0.19 1.6 1.06 0.87 0.07 0.10 16
2H-1, 49-50 8.09 0.20 1.7 1.06 0.86 0.04 0.07 26
2H-1, 90-91 8.50 0.33 27 1.19 0.86 0.04 0.00 26
3H-1, 30-31 17.40 0.23 1.9 1.19 0.96 0.09 0.10 12
3H-5, 30-31 23.00 0.29 24 1.30 1.01 0.10 0.08 11
4H-3, 29-30 29.89 0.28 2.3 1.22 0.94 0.10 0.06 11
4H-7, 40-41 36.00 0.28 23 1.01 0.73 0.08 0.04 10
Note: * = calculated assuming all IC is calcite.
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L . 1t . - p . 4 Figure 22. Concentration profiles of carbonate calcu-
* * Py lated as calcium carbonate, total organic carbon, total
% o sulfur, and total nitrogen at Site 939. Solid symbols =
100 N \ |. . 1 . | data from Hole 939B; open symbols = data from Hole
*Calculated 939C.

SYNTHESIS AND SIGNIFICANCE
Stratigraphic Synthesis

Surficial Nannofossil-rich Clay (Unit I)

The 480-m offset of Holes 939A and 939B provided an opportu-
nity to study lateral variability in upper-fan overbank turbidites. Hole
939B is taken as the type section for description of sub-bottom depths
(Fig. 29). Unit I (0-0.68 mbsf) is a Holocene bioturbated foraminifer-
nannofossil clay, underlain by an iron-rich crust and a gray nannofos-
sil-rich clay.

Amazon-Brown Levee (Unit II)
The holes penetrated the upper 100 m of the levee of the Amazon-

Brown-Aqua channels, which are coincident at this point. Total levee
thickness, estimated from seismic reflection profiles, is about 250 m.

The base of the interval equivalent to the Brown levee is estimated at
about 95 mbsf (Pirmez, 1994).

Unit IT (0.68-99.40 mbsf) consists of mud with interbedded lam-
inae and beds of silt and very fine sand. The mud has a carbonate con-
tent of <3%. Most of the unit is stained by diagenetic hydrotroilite in
irregular patches or color bands. Small soft nodules of hydrotroilite,
1-2 mm in diameter, are common, and larger concretions and contin-
uous bands are present from 8 to 16 mbsf. Unit II is subdivided into
five subunits, based mainly on the frequency of silt laminae and beds.
Subunit ITA (0.68-23.00 mbsf) comprises bioturbated mud. A prom-
inent change in reflection character seen at 15 mbsf on 3.5-kHz pro-
files (R1 in Fig. 2) appears to form a seismic discontinuity, but has no
corresponding lithologic change other than commeon 1- to 2-cm hy-
drotroilite nodules. Subunit IIB (23.00—44.23 mbsf) consists of mod-
erately bioturbated mud with laminae and thin beds of silt. Burrows
cut and obliterate parts of silt layers. Subunit IIC (44.23-66.17 mbsf)
consists mainly of moderately bioturbated mud, with one short inter-

455



SITE 939

Table 9. Interstitial water chemistry, Site 939.

Core, section, Depth Alkalinity CI- Mg Ca?* K* HPO}~ SO} NHj HSi0, Na* Fe* Mn*
interval (cm) (mbsf)  Salinity pH (mM)  (mM) (mM) (mM)  (mM) (uM) (mM) (mM) (M) (mM) (@M) (uM)
155-939B- -
1H-1, 145-150 1.45 35.0 7.71 12.82 551 493 10.7 13.1 295 21.0 0.8 303 472 44.1 13.2
2H-5, 145-150 11.45 34.0 7.70 33.29 556 46.2 7.8 9.9 97.7 0.1 2.4 405 469 26.0 10.0
3H-5, 150-155 19.84 34.0 7.73 23.37 557 443 59 9.5 30.0 0.6 39 374 467 48.2 6.0
4H-5, 145-150 30.45 335 7.51 24.61 557 422 5.1 8.7 134 0.2 52 394 474 88.2 5.6
5H-5, 145-150 39.95 33.0 7.55 11.48 557 41.7 5.0 8.0 78 0.7 55 388 462 69.4 48
TH-6, 140-150 59.07 325 7.19 6.38 561 43.5 4.1 1.6 4.3 0.5 6.6 327 459 148.3 5.6
9H-5, 140-150 76.96 325 7.42 10.53 562 45.2 4.3 T 43 0.3 6.8 392 460 525 4.4
11X-5, 140-150 97.10 325 746 9.11 564 43.5 4.5 1.6 33 0.4 72 339 463 344 4.8
155-939C-
1H-1, 20-25 0.20 35.0 7.55 4.70 552 547 12.0 13.0 32.7 27.0 0.1 256 464 74 372
1H-1, 140-145 1.40 35.0 7.58 11.55 552 51.1 10.5 13.1 41.8 20.4 0.6 360 468 48.0 16.4
1H-2, 140-145 2.90 34.0 7.63 16.17 553 49.7 10.2 12.2 69.7 15.9 1.1 344 468 61.3 16.8
1H-3, 140-145 4.40 34.0 1.57 19.07 553 493 10.0 12.2 70.5 13.5 1.4 390 467 48.4 15.2
1H-4, 140145 5.90 34.0 7.57 22.72 555 492 9.6 11.8 83.0 11.5 1.9 400 470 338 13.6
1H-5, 140-145 7.40 34.0 7.62 23.70 556 48.9 94 11.4 9.7 9.6 2.2 406 469 444 12.0
2H-1, 140-145 9.00 335 7.70 31.56 556 47.1 8.0 10.5 54.9 0.4 29 363 465 20,6 72
2H-2, 140-145 10.50 33.5 7.58 28,48 556 46.4 76 10.3 46.6 1.1 35 375 465 74.2 5.6
2H-3, 140-145 12.00 335 7.68 28.17 556 459 72 10.4 26.8 1.0 36 349 466 30.4 6.4
2H-4, 140-145 13.50 330 7.75 27.83 555 46.2 6.7 11.0 38.6 02 39 363 463 55.7 52
2H-5, 140-145 15.00 33.0 7.65 25.40 556 46.5 6.4 10.2 46.6 0.2 4.1 355 462 71.8 5.6
2H-6, 140-145 16.50 33.0 7.75 21.27 557 43.2 55 10.6 12.3 02 5.1 186 465 10.8 4.8
2H-7, 140145 18.00 33.0 7.63 22.68 555 44.3 57 10.0 17.4 04 5.0 269 464 16.6 4.0
3H-1, 140-145 18.50 33.0 7.62 19.34 558 442 56 11.4 223 0.8 54 272 462 533 4.8
3H-3, 140145 21,10 33.0 759 16.47 557 437 54 9.6 277 1.2 5.7 307 463 13.4 4.4
3H-5, 140-145 24.10 33.0 7.57 15.26 557 439 53 9.1 31.6 0.4 55 349 460 96.2 4.4
4H-1, 140-145 28.00 325 7.54 13.01 557 435 5.0 8.9 13.8 1.2 5:1 311 461 61.2 3.6
4H-3, 140-145 31.00 325 7.62 12.38 558 435 5.0 10.3 10.2 0.8 5.7 285 459 55.7 4.0
4H-5, 140-145 34.00 325 7.68 11.10 558 412 4.4 10.8 6.6 0.4 6.3 169 461 12,5 4.8
4H-7, 140-145 37.00 325 71.76 10.56 558 43.1 47 1.0 6.5 0.7 6.2 161 457 10.3 4.4
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Figure 23. Downhole variation in pore-water chemistry for Holes 939B (solid circles) and 939C (open circles): A. Salinity. B. Chloride. C. pH. D. Alkalinity. E.
Magnesium. F. Calcium. G. Sulfate. H. Ammonium. I. Phosphate. J. Silica. K. Potassium. L. Sodium. M. Iron. N. Manganese.
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Figure 24. Calcium vs. magnesium concentrations for Hole 939C.

val with many silt laminae. Subunit 11D (66.17-81.50 mbsf) resem-
bles Subunit IIB, except for a greater frequency of silt laminae and
beds. Subunit ITE (81.50-99.4 mbsf) consists of mud with some color
banding, rare silt laminae, and structureless mud turbidites.

Implications

Foraminifer abundances are generally low below Subunit ITA. P.
obliguiloculata is not present below the Holocene, indicating an age
<40 ka for Unit I1. No paleomagnetic excursion was found at this site
either. These observations are consistent with the seismic stratigra-
phy of the site. The total thickness of the Amazon-Brown-Aqua levee
at this site is about 250 m. If an age of 12 ka is assumed for the top
and 22 ka for the base of this levee (based on extrapolation of sedi-
ment thicknesses above the regional Lake Mungo Excursion in Sites
930, 933, and 938), then mean sedimentation rate is about 25 m/K.y.

In Hole 939A, between 3 and 35 mbsf, a clear record of the vari-
ation in magnetic inclination, interpreted as secular variation, has a
short 1- to 2-m wavelength variation superimposed on a longer 8- to
20-m wavelength variation. This variation can be correlated to the
other two holes. In addition, there are three well-defined oscillations
in declination over a range of 80° from 20 to 60 mbsf and two oscil-
lations of <35° between 70 and 80 mibsf.

The 480-m offset of Holes 939A and 939B provided an opportu-
nity to examine the reliability of various techniques for correlating
between holes. The sediment sequence thickens toward the levee
crest, and lithostratigraphic boundaries near the bottom of Hole 939A
are about 13 m deeper than in Hole 939B. Both the number and thick-
ness of silt beds decreases away from the channel. The bioturbation

SITE 939

of much of Unit IT, however, hinders detailed lithologic correlation so
that during the leg we were only able to correlate packets of silt lam-
inae and beds from one hole to another and not individual beds. Cor-
relation at a similar level of resolution can also be made with
distinctive variation in magnetic susceptibility (Table 2) and paleo-
magnetic inclination.

Wet-bulk density increases abruptly at 15 and 28 mbsf and then
decreases or remains constant downcore (best shown from 15 to 27
mbsf and less clearly from 28 to 32 mbsf in Hole 939B; Fig. 25).
These intervals have correspondingly low shear strength and corre-
spond to mottled mud with rare silt laminae. The horizons at which
wet-bulk density increases correspond to two prominent reflections
with toplap in the 3.5-kHz profiles (Figs. 2 and 3). The origin of the
change in wet-bulk density that appears responsible for the reflec-
tions is unclear, and they do not correspond to any obvious sedimen-
tological change. The change in wet-bulk density might result from
variation in the distribution of diagenetic hydrotroilite.

At Hole 939C, interstitial waters were collected at 1.5-m intervals
to 18.5 mbsf and thereafter at 3-m intervals to 37 mbsf. Samples were
also taken every 20 m in Hole 939B. Magnesium and calcium de-
crease from 55 mM (Mg) and 12 mM (Ca) at 0.2 mbsf to about 43
mM (Mg) and 4 mM (Ca) near 30 mbsf, thereafter remaining almost
constant. Mg and Ca concentrations correlate well, suggesting that
their loss from the pore water is related. Pore-water sulfate diminish-
es from 27 mM at 0.2 mbsf to 21 mM at 1.4 mbsf and to zero by 9
mbsf. Alkalinity increases rapidly to 31 mM at 9 mbsf, decreases to
10 mM at 40 mbsf, and remains constant below that. Balancing pos-
sible sources and sinks of alkalinity suggests that almost all alkalinity
removed from pore fluids can be accounted for as Ca or Mg carbon-
ate. No discrete carbonate phases, however, have been identified in
the cores, although chemical analysis shows 1%-3% carbonate in
mud samples. Pore-water phosphate peaks at 98 mM, at the depth of
complete sulfate reduction (9 mbsf). Dissolved iron is between 56
and 94 mM in the upper 33 mbsf, reaches a peak of 326 mM at 42
mbsf, and then decreases to 143 mM at 73 mbsf. Organic carbon
ranges from 1.0% to 0.8% in Unit II. Vivianite (iron phosphate) nod-
ules are common and displace surrounding sediment, crosscutting
previously formed iron monosulfides that fill pore space. Organic
carbon concentration is almost constant through the interval of de-
tailed pore-water study. Slight changes in elemental compositions
may be related Lo diagenetic changes, such as low nitrogen values at
0.5-8.0 mbsf, which could indicate preferential oxidation of reactive
nitrogenous organic compounds. Shore-based analyses of more reac-
tive organic fractions will be necessary to assess the effect of organic-
matter diagenesis on pore-water chemistry and vivianite formation.

Table 10. Major element composition (wt%) of sediment samples, Site 939.

Core, section, Depth

interval (cm) (mbsf) Lithology Si0, TiO; ALO; Fe,0; MnO MgO CaO Na,0 K,0 P0O; Total LOI
155-939B-
2H-5, 80-85 10.80 Mud  63.15 1.03 20.88 74l 0.11 203  0.89 144 296 019 10009 805
4H-6, 29-33 3079 Mud 6168 1.04 2186 765 011 204 069 142 300 019 9966 847
TH-7, 30-35 59.47 Mud 6141 105 2187 779 010 203 069 1.41 3.00 022 9957 8.08
11X-3, 110-115 93.80 Mud 6239 104 2074 764 013 206 079 142 291 0.18 9929 7.86
Notes: Total iron is reported as Fe;0.. LOI = loss on ignition.
Table 11. Trace element composition (ppm) of sediment samples, Site 939.
Core, section, Depth
interval (cm) {mbsf) Lithology Ba Ce Cr Cu Nb Ni Rb Sr ¥V Y In Ir
155-939B-
2H-5, 80-85 10.80 Mud 477 104 60 32 20 32 127 156 B85 40 119 233
4H-6, 29-33 30.79 Mud 475 107 66 33 22 33 132 142 86 40 124 220
7H-7, 30-35 59.47 Mud 48 108 70 34 22 37 133 142 03 39 124 228
11X-3, 110-115 93.80 Mud 480 103 65 31 22 32 127 149 85 41 122 232
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Table 12. Index properties at Site 939,

Water  Wet-bulk  Grain  Dry-bulk

Core, section, Depth content  density  density  density  Porosity Void
interval (cm) (mbsf) (%) (glem®)  (ghem®)  (g/em?) (%) ratio
155-939B-
1H-2, 35-37 1.85 50.0 1.52 2.65 0.76 722 2.59
1H-3, 35-38 335 45.0 L.60 2.76 0.88 68.8 2.20
2H-1, 43-45 443 42.1 1.62 2,65 0.93 65.3 1.89
2H-2, 34-36 5.84 42,0 1.67 2.75 0.97 66.0 1.94
2H-3, 34-36 7.34 40.2 1.66 2.66 1.00 63.6 1.74
2H-4, 34-36 8.84 40.2 1.64 2.68 0.98 63.7 1.75
2H-5, 34-36 10.34 384 1.69 2,69 1.04 62.1 1.64
2H-6, 34-36 11.84 37.7 1.74 272 1.08 61.6 1.61
3H-2, 34-36 14.20 364 1.73 272 1.10 60.3 1.52
3H-3, 34-36 15.68 35.1 1.78 2,72 1.16 59.0 1.44
3H-4, 3840 17.22 36.0 1.75 2.68 1.12 59.5 1.47
3H-5, 3840 18.72 359 1.74 2,69 1.12 59.5 1.47
3H-6, 38-40 20.27 36.1 1.76 272 1.13 60.0 1.50
3H-7, 38-40 21.77 36.1 1.76 277 1.12 60.5 1.53
4H-1, 64-66 23.64 36.5 1.74 2.73 1.11 60.5 1.53
4H-2, B5-87 25.35 35.6 1.74 2,69 1.12 59.1 1.45
4H-3, 82-84 26.82 36.3 1.73 2.65 110 59.6 1.47
4H-4, 8082 28.30 340 1.78 2.69 .18 57.5 1.35
4H-5, B2-84 29.82 34.4 1.78 2.69 1.17 579 1.38
4H-6, 78-80 31.28 328 1.77 2.67 1.19 56.1 1.28
4H-7, 59-61 32.59 335 1.79 2.70 1.19 57.0 1.33
5H-1, 62-64 3312 326 1.81 2.74 1.22 56.4 1.29
5H-2, 64-66 34.64 339 L.79 2.71 118 57.6 1.36
5H-3,70-72 36.20 336 1.79 2.72 1.19 57.3 1.34
5H-4,70-72 37.70 338 1.80 2.73 1.19 57.7 1.36
5H-5, 96-98 39.46 333 1.81 271 1.20 56.9 1.32
5H-6, 66-68 40.66 33l 1.80 2.71 1.20 56.7 1.31
5H-7,61-63 42.11 322 1.81 2.67 1.23 55.3 1.24
6H-2, 98-100 43,19 333 1.79 2.66 1.19 56.5 1.30
6H-3, 83-85 44,54 332 1.81 273 1.21 57.0 1.33
6H-4, 83-85 46.04 343 1.78 2.74 1.17 58.3 1.40
6H-5, 83-85 47.54 325 1.81 2.66 1.22 55.6 1.25
6H-6, 58-60 48.79 325 1.82 2.66 1.23 55.5 1.25
6H-7, 85-87 50.56 322 1.83 2.67 1.24 554 1.24
6H-8, 29-31 51.50 310 1.87 273 1.29 54.5 1.20
TH-2, 67-69 52.34 3.7 1.85 275 1.26 55.5 1.25
TH-3, 76-78 53.93 323 1.81 2.68 1.23 55.5 1.25
TH-4, 88-90 55.55 316 1.82 2.71 1.25 55.1 1.23
TH-5, 62-64 56.79 326 1.81 2.69 1.22 55.9 1.27
TH-6, 63-65 58.30 31.0 1.85 275 1.27 54.7 1.21
TH-7, 74-76 59.91 309 1.83 2.72 1.27 54.3 1.19
TH-8, 47-49 61.14 30.2 1.85 276 1.29 53.9 1.17
8H-1, 84-86 61.84 31.0 1.84 2.717 1.27 4.9 1.22
8H-4, 79-81 64.24 304 1.85 273 1.29 539 1.17
8H-5, 90-92 65.85 317 1.82 2713 1.25 55.2 1.23
8H-6, 84-86 67.29 30.1 1.88 2.74 1.31 535 1.15
8H-7, 24-26 68.19 309 1.86 277 1.29 547 1.21
9H-2, 100-102 72.06 30.5 1.87 2,78 1.30 54.4 1.19
9H-3, 90-92 73.46 30.1 1.86 270 1.30 53.1 1.13
9H-4, 90-92 74.96 30.6 1.86 2.70 1.29 537 1.16
9H-5, 87-89 76.43 29.6 1.88 2,75 1.33 53.1 1.13
9H-6, 73-75 77.79 294 1.88 275 1.32 52.8 1.12
9H-7, 101-103 79.57 29.0 1.87 2.69 1.33 51.8 1.08
10X-1, 65-67 80.65 31.8 1.83 279 1.25 559 1.27
10X-2, 83-85 82.33 303 1.88 279 1.31 54.2 118
10X-3, 98-100 §3.98 30.5 1.88 277 1.31 54.2 1.18
10X-4, 73-75 85.23 303 1.88 2.74 1.31 538 1.16
10X-5, 90-92 86.90 307 1.84 2.71 1.28 539 1.17
11X-1, 45-47 90.15 316 1.83 2,70 1.25 54.9 1.22
11X-2, 102-104 92,22 29.8 1.86 391 1.31 529 1.12
11X-3, 96-98 93.66 284 1.89 271 1.36 51.2 L.05
11X-4, 90-92 95.10 308 1.86 2.75 1.28 54.5 1.20
11X-5, 77-79 96.47 29.0 1.86 2.68 1.32 517 1.07
11X-6, 35-37 97.55 28.7 1.88 2.69 1.34 51.4 1.06
This site represents one of the highest near-surface sedimentation REFERENCES

rates of Leg 155. The upper part of the pore-water profile (to 5 mbsf)
is similar to that at Site 931, where the sedimentation rate is several Damuth, J.E., 1977. Late Quaternary sedimentation in the western equatorial

times lower, but the peaks in phosphate and iron are several meters Atlantic. Geol. Soc. Am. Bull., 88:695-710.

deeper than at Site 931. Fluctuations in the deposition of silt beds on ~ Pirmez, C., 1994. Growth of a submarine meandering channel-levee system
the upper fan occur with a period estimated to be on the order of hun- on the Amazon Fan [Ph.D. thesis]. Columbia Univ.,, New York.

dreds to a few thousands of years. Ms 1551R-115

NOTE: For all sites drilled, core-description forms (“barrel sheets”) and core photographs can
be found in Section 4, beginning on page 703. Forms containing smear-slide data can be found
in Section 5, beginning on page 1199. GRAPE, index property, magnetic susceptibility, and nat-
ural gamma data are presented on CD-ROM (back pocket).
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Table 14. Undrained shear strength at Site 939.

Wet-bulk
Water content (%) densi Lith.
and porosity (%) (g/em®)  units
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Figure 25. Water content (open circles) and porosity (solid circles), and wet-
bulk density as determined for discrete samples and by the GRAPE (line) in

Hole 939B.

Table 13. DSV compressional-wave velocity at Site 939,

Core, section, Depth Velocity
interval (cm) (mbsf) (m/s)
155-939B-
1H-2, 32-40 1.86 1497
1H-3, 32-41 3.36 1507
2H-1, 40-48 4.44 1516
2H-2,31-39 5.85 1515
2H-3, 3140 7.35 1519
2H-4, 31-41 8.85 1524
2H-5,31-42 1035 1529

Note: All measurements are in the longi-
tudinal direction.

Unconfined
Peak undrained Residual undrained  compressive
Core, section,  Depth shear strength shear strength strength®
interval (cm)  (mbsf) (kPa) (kPa) (kPa)
155-939B-
1H-2, 36 1.86 58 45
1H-3, 36 3.36 6.8 4.9
2H-1,44 4.44 7.2 5.4
2H-2, 35 5.85 10.2 7.2
2H-3, 35 7.35 12.6 8.8
2H-4, 35 8.85 13.5 9.4
2H-5, 35 10.35 15.0 10.0
2H-6, 35 11.85 13.1 9.1
3H-2, 35 14.21 16.2 12,6
3H-3, 35 15.69 11.5 8.2
3H-4, 35 17.19 12.7 9.6
3H-5, 39 18.73 10.2 8.0
3H-6, 39 20.28 147 10.2
3H-7, 39 21.78 14.1 10.4
4H-1, 65 23.65 12.7 10.6
4H-2, 86 25.36 15.6 10.7
4H-3, 83 26.83 11.3 8.0
4H-4, 81 28.31 17.0 12.8
4H-5, 83 29.83 99 5.1
4H-5, 92 29.92 14.1 9.0
4H-6, 79 31.29 16.4 11.2
4H-7, 60 32.60 19.0 13.2
5H-1, 63 33.13 29.4 18.8
5H-2, 65 34.65 26.6 16.6
5H-3,71 36.21 23.2 12.2
5H-4,71 37.71 23.8 8.0
5H-5,97 30.47 23.5 12.4
5H-6, 67 40.67 246 15.5
5H-7, 62 42.12 223 14.5
6H-2, 99 43.20 37.9 20.8
6H-3, 84 44,55 422 21.8
6H-4, 84 46.05 28.6 18.2
6H-5, 84 47.55 50.4 253 93.2
6H-6, 59 48.80 422 21.7 78.5
6H-7, 86 50.57 36.2 18.1 68.6
6H-8, 30 51.51 20.1 12.5 58.8
H-2, 68 52.35 382 21.1 78.5
TH-3, 77 53.94 27.4 15.4 539
TH-4, 89 55.56 356 19.3 78.5
TH-5, 63 56.80 18.7 109 49.0
TH-6, 64 58.31 257 15.3 58.8
TH-7,75 59.92 R7.2 T2 58.8
TH-8, 48 61.15 207 11.2 49.0
8H-1, 85 61.85 229 16.6 49.0
8H-4, 80 64.25 24.0 16.0 68.6
BH-5, 91 65.86 21.7 17.6 490
8H-6, 85 67.30 29.1 19.1 73.5
8H-7, 25 68.20 320 204 78.5
9H-2, 101 72.07 30.0 16.2 98.1
9H-3,91 73.47 24.9 8.3 98.1
9H-4, 91 74.97 30.0 19.0 93.2
9H-5, 88 76.44 43.0 239 98.1
9H-6, 74 77.80 36.2 18.2 98.1
9H-7, 102 79.58 33.1 209 78.5
10X-1, 66 80.66 204 14.6 34.3
10X-2, 84 82.34 28.9 17.6 73.5
10X-3, 99 83.99 36.2 203 68.6
10X-4,74 85.24 359 21.8 73.5
10X-5, 91 86.91 30.3 20.0 68.6
11X-1, 46 90.16 238 14.7 49.0
11X-2, 103 92.23 41.0 249 88.3
11X-3,97 93.67 42.7 24.8 88.3
11X-4,91 95.11 24.0 15.3 58.8
11X-5,78 96.48 320 18.6 88.3
11X-6, 36 97.56 42.4 257 117.7

Note: *Unconfined compressive strength (g,) can be used to approximate undrained
shear strength (5,) by the relationship g, = 25,.
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SITE 939

Table 15. Electrical resistivity at Site 939.
Undrained shear Lith, ¥

strength (kPa) units Longitudinal Transverse

00 ; 50 : 100 . 150. Core, section,  Depth resistivity  resistivity
E ' ! B interval (cm)  (mbsf) (dm) (Q2m)
[-]

H 155-939B-
-9 A 1H-2, 36 1.86 0.283 0253
° 1H-3, 36 3.36 0.270 0.248
- 2H-1, 44 4.44 0.278 0.270
20 % _ 2H-2, 35 5.85 0.271 0272
H - 2H-3,35 7.35 0.293 0.281
° 2H-4, 35 8.85 0.298 0.290
% 2H-5, 35 10.35 0.297 0.307
=3 R 2H-6, 35 11.85 0.326 0.316
°o B 3H-2, 35 14.21 0.318 0.317
s 3H-3,35 15.69 0.334 0.341
=40} 8 _ 3H-4, 35 17.19 0.328 0.318
@ & 3H-5, 39 18.73 0.339 0315
£ % — 3H-6, 39 20.28 0.337 0.324
= ° o 3H-7,39 21.78 0.347 0.326
£ .0 4 4H-1, 65 23.65 0.342 0.347
g | °5e 4H-2, 86 25.36 0.339 0326
a - e 4H-3, 83 26.83 0.328 0335
> 4H-4, 81 28.31 0.346 0.356
60 - & 1 4H-5, 83 29.83 0.353 0335
a6 4H-6,79 31.29 0.369 0.357
s — 4H-7, 60 32,60 0.345 0.348
! ) 5H-1,63 33.13 0.341 0.342
o 5H-2, 65 34.65 0.335 0327
s 1D 5H-3.71 36.21 0332 0318
3 SH-4,71 37.71 0.339 0.344
80 o ™ E 5H-5, 97 39.47 0.344 0.349
oe 5H-6, 67 40.67 0.349 0.336
3 SH7,62 4212 0367 0364
. L 6H-2, 99 43.20 0.352 0.330
= 6H-3, 84 44.55 0.328 0.327
»® 6H-4, 84 46.05 0.338 0.340
°8 o 6H-5, 84 47.55 0.370 0.335
100 b1 1 6H-6, 59 48.80 0.358 0.339
6H-7, 86 50.57 0.346 0.328
) ) 6H-8, 30 51.51 0.383 0.384
Figure 26. Undrained shear strength (open circles) and assumed undrained 7H-2, 68 52.35 0.369 0.346
: : e TH-3,77 53.94 0.352 0.344
shear strength derived from unconfined compressive strength (solid circles) 7H-4. 89 55.56 0337 0.329
in Hole 939B. 7H-5, 63 56.80 0.355 0,343
7H-6, 64 58.31 0.356 0.357
TH-7,75 59.92 0.350 0.364
7H-8, 48 61.15 0357 0.356
8H-1,85 61.85 0.400 0.348
BH-4, 80 64.25 0.391 0.377
8H-5, 91 65.86 0.353 0.377
8H-6, 85 67.30 0417 0.385
8H-7, 25 68.20 0.413 0.406
9H-2, 101 72.07 0.374 0.338
9H-3, 91 73.47 0.347 0.346
9H-4, 91 74.97 0.344 0.340
9H-5, §8 76.44 0332 0.329
9H-6, 74 78.00 0.342 0,337
9H-7,102  80.00 0277 0.266
10X-1,66  80.66 0.329 0.324
10X-2,8¢ 8234 0.338 0.332
10X-3,99  83.99 0.324 0.306
10X-4,74 8524 0.343 0.333
10X-5, 91 86.91 0.329 0.342
11X-1,46  90.16 0.307 0.329
11X-2,103 9223 0.337 0.352
11X-3,97 93.67 0.363 0.357
11X-4, 91 95.11 0.385 0.329
11X-5, 78 96.48 0.331 0.320
11X-6, 36 97.56 0.323 0.343
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Figure 28. Estimated equilibrium temperatures in Hole 939B. A linear curve
fit through the data suggests that reliable equilibrium temperatures were
acquired that indicate a geothermal gradient of 29.43°C/km.

Figure 27. Longitudinal resistivity and resistivity anisotropy in Hole 939B.
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Figure 29. Summary of Site 939 showing acoustic stratigraphy,
lithologic units, age, schematic lithologic column, interpreted
sediment facies, chronological picks, and interpreted age-depth
curve. Stippled pattern in lithologic section indicates thick mud
turbidites.



