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Abstract

The sediments of Challenger Mound, drilled during Integrated
Ocean Drilling Program Expedition 307, show alternations of
darker and lighter colored layers in ~10 m intervals. Lithified ho-
rizons often observed in the lighter layers were interpreted as de-
posits of interglacial periods. We performed high-resolution anal-
ysis of minor elements (Mg and Sr) and stable isotopes for 33 cm
long sections that contain lithified horizons. The Sr/Ca ratio, car-
bonate content, and oxygen and carbon stable isotopes show sig-
nificant correlation to one another. We also observed mottled
parts composed of framboidal pyrites at the levels where carbon-
ate contents and Sr/Ca ratios are high. The results suggest an asso-
ciation among coral skeletons, bacterial sulfate reduction, and
carbonate precipitation. It is suggested that sulfate-reducing bac-
teria were responsible for decomposing organic matter in coral
skeletons and induced the precipitation of carbonate.

Introduction

Integrated Ocean Drilling Program (I0DP) Expedition 307 was the
first attempt to drill through a deepwater coral mound, Chal-
lenger Mound, in Porcupine Seabight. Sediments from on-mound
Site U1317 contain abundant deep-sea corals, mostly Lopheria per-
tusa, and show a cyclic change of repeated darker colored and
lighter colored layers at ~10 m intervals. The darker layers are less
calcareous and contain better preserved corals, whereas the
lighter layers are more calcareous and contain partly dissolved
corals (Titschack et al., 2006). Because the mound sediments de-
veloped in the late Pliocene and early Pleistocene (e.g., Kano et
al., 2007), glacial and interglacial environmental change was con-
sidered to be reflected by these cyclic lithological changes (Wil-
liams et al., 2006).

The mound sediments, especially the lighter layers, are partly lith-
ified. Chemical analysis of the pore water predicted microbially
mediated organic matter decay and carbonate mineral precipita-
tion (Ferdelman et al., 2006). This process is responsible for trans-
forming the unlithified mound sediments into a conical lime-
stone body over the next several million years.

This study focuses on geochemical properties of a lithified lighter
layer and provides information to understand the lithification
processes.
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Materials

The analytical material was collected from interval
307-U1317B-13H-4, 0-33 cm, which is equivalent to
114.50-114.83 mbsf (meters below seafloor). This 33
cm long core section contains four levels of well-lith-
ified material at 5.0-5.5, 13.0-14.0, 16.0-17.0, and
21.5-22.5 cm from the top. These lithified materials
have a mottled appearance. The section is mostly
continuous, except for an interval from 29.0 to 29.5
cm.

Methods

The core section was divided in 5 mm intervals after
avoiding identifiable coral pieces. Each subspecimen
was powdered and used for geochemical analyses,
such as cation (Ca?*, Mg%, and Sr?*) concentrations,
carbonate content, and carbon and oxygen isotopic
compositions.

The cation concentrations were measured by atomic
absorption (Shimadzu AA-646). A ~50 mg powdered
sample was put into a 1.5 mL plastic tube and dis-
solved first with 0.6 mL of 10% acetic acid and then
with 0.6 mL of 20% acetic acid. The reacted solution
was centrifuged for 10 min to separate insoluble resi-
due. The sample solution was diluted with 18.2 MQ
Milli-Q wultra-high purity water to the appropriate
ionic strength, to which 1 M HNO; containing 1%
La and 0.5% Cs in 10% volume of the sample solu-
tion was added. These treatments minimize the in-
terference effect caused by silicic acid and phos-
phoric acid, which can form refractory ionic
compounds with Ca?* and Mg?* and result in a mea-
suring error of <10%. Carbonate contents were calcu-
lated from cation concentrations and sample weight.

Carbon and oxygen isotope ratios were measured by
gas mass spectrometry using a Finnigan delta mass
spectrometer attached to a gas separation system
(Thermo as Bench). In this system of isotopic analy-
sis, the samples were reacted with purified H;PO, un-
der 1 atm He in a sealed glass bottle. Reaction tem-
perature and time are 55°C and 3 h, respectively. The
reactant CO, was, together with He, first introduced
to the gas chromatograph, and other components,
such as H,0, were separated. The separated CO, was
then introduced to the mass spectrometer, which
measured isotopic composition. The measured car-
bon and oxygen isotopic ratios were normalized
with a laboratory standard (Solnhofen limestone;
313C = -0.47%o0, 8'80 = -5.04%o0) calibrated against
NBS19 (8'3C = +1.95%0, 8'80 = -2.20%0 versus Vi-
enna Peedee belemnite). Repeated measurements of
the laboratory standard (n = 22) showed that the re-

producibility of §'3C and §'80 was within +0.20%o0
and £0.27%o, respectively.

The intensively mottled part of the sample was dried
at room temperature and hardened with ethanol-di-
luted epoxy resin (Maruto Eposet). A recommended
ratio of ethanol and resin is 2:1 or 1.5:1, and the
resin permeates into hollow spaces of the sample.
Thin sections made from the hardened samples were
observed with an optical microscope for lithified tex-
tures.

The insoluble residues left after acid treatment were
also observed by scanning electron microscopy
(SEM; JEOL JXA-8200).

Results

The results are compiled in Table T1 and presented
in vertical profiles (Fig. F1). Instead of element con-
centrations, Mg/Ca and Sr/Ca are shown in Figure
F1. Mg/Ca ratios range from 0.3 to 1.5, Sr/Ca ratios
range from 0.6 to 1.9, and the two ratios are in-
versely correlated (R? = 0.58) (Fig. F2). Incorporation
of St and Mg to CaCO;s largely depends on carbonate
mineralogy (Morse and Mackenzie, 1990). Sr/Ca ra-
tio is high in the aragonite fraction that likely origi-
nated from corals in the case of the mound sedi-
ments. On the other hand, Mg/Ca ratio is high in
calcite, such as foraminiferal tests. However, the ex-
ception is calcareous nannoplankton, which that has
low-Mg calcite skeletons (e.g., Stoll et al., 2002).

Carbonate contents fluctuate from 45 to 73 wt%. At
the levels where carbonate content is high, the Sr/Ca
ratio is also high but the Mg/Ca ratio is generally low
(Fig. F2).

The 8'3C values range from -6.08%o to —1.91%o, and
the 8'80 values range from 0.42%po to 2.88%o. Where
both values are low, the Sr/Ca ratio and carbonate
contents are high. These levels correspond to mot-
tled lithified horizons (Fig. F1).

Cross-plots of geochemical properties are shown in
Fig. F2. Carbon and oxygen isotopes show a positive
correlation (R? = 0.45). Sr/Ca and Mg/Ca ratios repre-
sent a negative correlation. The most distinct corre-
lation was obtained between oxygen isotopes and Sr/
Ca ratios (R? = 0.72) (Fig. F2), and the correlation co-
efficient between carbon isotopes and Sr/Ca ratios is
also significant (R? = 0.56). These negative correla-
tions are likely reflected by an abundance in the ara-
gonitic coral fraction. It is widely known that skele-
tons of L. pertusa bring disequilibrium values of both
313C and 880, which are far lower than the equilib-
rium values (Adkins et al., 2003).
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The thin section images and sketch are shown in Fig-
ure F3A-F3D. The sediments are mainly composed
of clastic corals, mostly L. pertusa, and matrix. In
thin section, it was observed that the mottled parts
are mainly positioned around coral skeletons (Fig.
F3A-F3D). This is consistent with the result that
high Sr/Ca ratios correspond to the mottled parts.

We observed that the residues from the mottled parts
were black and clearly differ from the white to gray
colored residues from the other subsamples. SEM ob-
servation identified the black residues as framboidal
pyrites. They are spherical aggregates ~10 mm in di-
ameter, which are composed of subcrystals 1~2 mm
wide (Fig. F3E). The origin of framboidal pyrite has
been debated since Love (1957). However, in our
case, activities of sulfate-reducing bacteria (SRB)
might be the process inducing precipitation of fram-
boidal pyrites. SRB decompose organic matter by the
following reaction,

2CH,0 + SO,> — 2HCO3 + H,S.

Therefore, the framboidal pyrites were formed
around coral containing organic matter. The bacte-
rial sulfate reduction also increases alkalinity and in-
duces carbonate precipitation. A similar process by
SRB has been also observed in lithification of mod-
ern stromatolites (Reid et al., 2000; Andres et al.,
2006).
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Figure F1. Vertical profiles of chemical properties. Carbon and oxygen isotopic values of the section contained
lithified horizons from Hole U1317B. At mottled lithified horizons (gray bands), carbonate content and Sr/Ca
ratio represent high values.
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Figure F2. Cross-plots of isotope and chemical components. All cross-plots indicate high correlation coeffi-
cients.
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Figure F3. Thin section and SEM images of mottled lithified horizons. A. Sketch of mottled lithified horizon.
Pink = coral skeletons, black circles = framboidal pyrites, red = brachiopods, green = echinoids, blue = cement.
B. Low-magnification thin section image showing lighter colored coral skeletons with darker colored fringes.
C, D. Enlarged images showing darker colored fringes containing framboidal pyrites. E. Framboidal pyrites.
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Table T1. Component data. (See table notes.)

Distance from
top of section  Sr Ca/100 Mg Carbonate &'3C 380
(cm) (ppm)  (ppm)  (ppm) (%) (%0) (%0)

0-0.5 64.3 60.7 74.5 53.9 -4.33 2.22
0.5-1.0 46.5 44.4 60.5 53.7 —4.25 2.49
1.0-1.5 52.2 43.7 50.9 57.9 -4.83 2.05
1.5-2.0 61.7 62.3 77.9 55.8 —4.29 2.38
2.0-2.5 26.0 27.0 30.5 53.8 -4.12 2.36
2.5-3.0 57.8 52.0 67.3 55.4 —4.30 243
3.0-3.5 47.2 56.4 71.8 52.4 -3.60 2.53
3.5-4.0 28.9 37.7 53.9 48.8 -3.29 2.78
4.0-4.5 62.1 63.6 77.9 54.1 -3.68 2.32
4.5-5.0 47.6 48.2 67.3 49.9 -3.37 2.62
5.0-5.5 96.2 52.8 42.2 57.9 -5.16 1.33
5.5-6.0 61.4 41.8 41.4 58.2 —4.49 1.97
6.0-6.5 27.5 31.2 35.1 53.8 -3.51 2.65
6.5-7.0 58.2 39.0 47.2 57.8 —4.14 2.31
7.0-7.5 23.7 29.8 34.6 53.8 -3.56 2.59
7.5-8.0 51.0 71.5 88.7 55.0 -3.41 2.74
8.0-8.5 63.6 88.2 112.0 53.7 -3.30 2.73
8.5-9.0 9.1 9.2 14.0 47.3 -3.58 2.58
9.0-9.5 22.4 33.6 39.1 56.0 -3.45 2.84
9.5-10.0 57.2 50.6 62.3 56.1 -4.37 2.09
10.0-10.5 17.6 20.6 251 50.5 -3.68 2.67
10.5-11.0 37.4 46.6 65.4 51.9 -3.14 2.88
11.0-11.5 132.2 1041 103.4 63.7 -4.98 2.09
11.5-12.0 533 57.6 73.2 533 -3.02 2.60

12.0-12.5 81.7 63.3 67.9 62.8 -4.15 1.69
12.5-13.0 114.6 77.9 74.5 60.1 —4.46 1.58

13.0-13.5 188.3 109.2 85.0 61.8 -5.36 1.23
13.5-14.0 108.0 91.9 97.5 54.0 -3.40 2.32
14.0-14.5 91.9 67.6 73.8 559 -4.28 1.80
14.5-15.0 80.8 57.4 63.5 56.0 -3.80 2.03
15.0-15.5 117.2 68.7 58.7 57.4 -4.71 1.63
15.5-16.0 144.6 82.7 61.1 64.0 -5.15 1.29
16.0-16.5 2684 1369 51.8 72.6 -6.08 0.75
16.5-17.0 189.4 97.5 42.6 69.9 -5.69 1.22
17.0-17.5 62.3 52.2 67.9 56.1 -3.66 233
17.5-18.0 101.9 64.7 58.7 59.5 -5.10 1.67
18.0-18.5 175.5 88.5 60.1 62.1 -3.08 0.42
18.5-19.0 106.6 67.1 59.3 61.9 -5.61 1.05

19.0-19.5 68.3 59.3 66.0 57.0 -4.46 1.88
19.5-20.0 67.7 58.2 68.6 57.0 -4.39 2.10
20.0-20.5 52.8 353 28.9 59.2 -5.04 1.64
20.5-21.0 120.2 764  111.0 44.8 —4.67 1.87
21.0-21.5 72.2 77.6 81.1 57.8 -4.08 2.32

21.5-22.0 75.5 46.9 39.8 62.9 -5.81 1.02
22.0-22.5 119.8 66.5 49.8 65.1 -6.04 1.05
22.5-23.0 63.3 71.5 88.7 571 -3.91 2.34
23.0-23.5 137.5 92.2 64.3 - -5.88 1.42
23.5-24.0 75.3 97.6  109.0 57.3 -1.91 1.35
24.0-24.5 107.9 81.4 77.9 60.9 -5.14 1.24

24.5-25.0 128.0 116.6 104.5 60.2 —4.54 1.97
25.0-25.5 1440 1199 1179 60.5 -4.63 2.10
25.5-26.0 144.7 109.2 107.2 57.3 —4.33 1.46
26.0-26.5 152.7 1103 100.7 63.3 -4.88 1.21
26.5-27.0 218.8 146.5 97.1 71.8 -4.99 1.31

27.0-27.5 157.6 94.7 68.6 67.1 -5.99 0.80
27.5-28.0 158.3 99.8 82.5 65.1 -5.19 1.44
28.0-28.5 202.7 1552 1169 65.3 -5.09 1.25
28.5-29.0 80.3 65.8 69.2 59.8 —4.45 2.01
29.0-29.5 — — — — — —

29.5-30.0 71.1 65.3 74.5 58.4 -4.06 2.02
30.0-30.5 82.8 60.3 58.1 63.3 -4.58 1.89
30.5-31.0 162.6 131.1 120.9 63.7 -4.56 2.02
31.0-31.5 113.0 93.4 971 62.1 -4.47 1.88

31.5-32.0 79.9 100.2 1209 59.5 -3.93 2.30
32.0-32.6 94.0 1389 148.7 57.2 -3.54 2.45
Notes: Dataset of chemical and isotopic components of the analyzed section. — = no data.
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