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Abstract

Sedimentary beds of alternating red and green colour are commonly interpreted to
reflect orbitally-forced cyclic climatic, syn-depositional conditions, although colour
changes caused by post-depositional fluids are also documented. Results from IODP
Hole U1502A marine sediments in the South China Sea exemplify post-depositional
reducing fluid-rock interactions that locally changed the sediment colour from red to
green. Petrographic, rock magnetic and paleomagnetic data on cores show that the
red colouration originates from an early, basin-wide, pervasive diagenetic oxidation
event (forming haematite), whereas the green colouration results from subsequent
fluid-driven reduction (forming pyrrhotite-magnetite). The dense sulfidic stockwork
in the basaltic basement underlying these sediments was the likely source of reduc-
ing fluids. Drilling deep holes into marine basin basements can thus provide useful

information on fluid transfer from the basement to the overlying sedimentary layers.
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1 | INTRODUCTION

The South China Sea (SCS) formed during the mid- to late-Cenozoic
along the rifted margin of Southeast Eurasia (Figure 1a). International
Ocean Discovery Program (IODP) Expedition 367/368/368X aimed
to unravel the history of continental breakup in a young continental
margin and to compare this evolution with that of other nonvolcanic
or magma-poor rifted margins. The expedition recovered some of
these mid- to late-Cenozoic sediments (Larsen, Jian, et al., 2018;
Larsen, Mohn, et al., 2018). IODP Hole U1502A from Expedition 368

hydrothermal, IODP, Miocene, sediments, South China Sea

provides opportunities to investigate how sediments are affected
by rift-related processes. Hole U1502A encountered late Eocene
to late-Miocene sediments down to 747.20m and the flanks of a
basaltic basement high, down to 920.95m (Figures 1b and S1). The
sediments alternate between grey-green and brownish-red colours
between 440 and 660 m, whereas above and below they are domi-
nantly brownish-red (Figure 2). Jin et al. (2020) interpreted these
colour alternations to reflect orbitally-forced rhythmic cycles of in
situ oxidized and reduced environments due to deep-sea circulation
and here we propose an alternate interpretation.
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2 | 10ODP HOLE U1502A SEDIMENTARY
LITHOLOGIES

Hole U1502A encompasses Plio-Pleistocene to late Oligocene
(27-5Ma) deep marine sediments from 375.00 to 749.01m
(Figures 1b and S1), and overly hydrothermally altered and brecci-
ated basalts (Jian et al., 2018).

Six units/subunits were observed (Jian et al., 2018). Unit | (late
Miocene to late Oligocene) includes five subunits. Subunit IA (375.00
to 486.82m) is comprised of dark grey, to greenish grey clays inter-
calated with brownish clays. Subunit IB (490.20-599.57 m) consists
of alternating intervals of brown and greenish-grey clay and silt,
with rare sandy intervals. Subunit IC (599.57-602.39 m) consists of
greenish-grey and reddish-grey clayey siltstone/sandstone with par-
allel lamination and convolute bedding. Subunits IA-IC show several
fining-upward intervals, interpreted as turbidites, of greenish-grey
colour. Subunit ID (602.39-724.03m) consists of alternating green-
ish and brownish clay with silt (Cores 368-U1502A-25R through
32R). Subunit |IE (724.03-734.87 m) consists of brown clay with pale
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Significance Statement

This manuscript provides an innovative and alternative
explanation for the origin of red and green beds in ma-
rine sequences. These results are transformative because
such colour alternations had been previously interpreted
as reflecting orbitally-forced rhythmic cycles rather than
local conditions. These results will interest communities
in marine geosciences, palaeomagnetism and sedimentol-
ogy. This interpretation contradicts previous views on the
South China Sea.

green haloes around fractures. Unit Il (727.96-728.04m) consists
of altered, green-grey clasts of reworked basaltic material. Unit Il
(739.10-739.16m) consists of a brownish-yellow, hardened, poorly
sorted Fe-hydroxide-rich siliceous breccia. Unit IV (739.16-747.20m),

consists of diatom, sponge spicule, and radiolarian-rich silty clay with
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(c) U1502A-12R-1-A, 471.74 m

Cores 2R-31R (375-662 m)
alternating of brown and greenish gray layers

(frequently turbidite in green layer)
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(e) U1502A-25-R-5-A, 602.00 m

Cores 32R-39R (662-735 m)
monotonous brown clay with a few
green patches (no green Layers)

Y

FIGURE 2 Left. Top to bottom overview of cores recovered from Hole U1502A. Right (a-f): Details of the split cores. The boundaries
between green and red material cut through bedding and can occasionally be diffuse. (1) Green colour across coarser-grained laminae

and fractures. (2) Gradational green-red boundary. (3) Green reduction spots form around small sulfide aggregates. (4) Green reduction
overprinting sedimentary slump folds. (5) Green reduction along a fracture. (6) Discoloration of red along a fracture. White numbers indicate
depth at the top of the piece.
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cm-size patches of pyrite and pyrite-filled fractures. Unit V (747.20-
749.01 m), consists of alternating dolomitic marble and clast-rich clay,
interpreted as slightly metamorphosed sediments. This unit is par-
tially overprinted by a high-temperature hydrothermal fluid. Unit VI
(749.01-920.95m) consists of highly altered basalt.

The sedimentary cores recovered at IODP Hole U1502A show
colour variation. At 384.84m depth (Figure 2a), the light green to
grey colour correlates spatially with subhorizontal fractures and
sandy laminae interpreted as turbidites, while the rest of the ma-
terial preserves its original light brown colour. At 442.57 m depth
(Figure 2b), the rock shows a gradational transition from brownish-
red to light green-grey with an irregularly shaped boundary between
colours, at a high angle to the bedding plane. Another example is
shown at 602.00m depth (Figure 2e). At 486.69 m depth (Figure 2d),
light green reduction spots, <1cm in length, occur in an otherwise
brownish-red sedimentary material. Similar light green-grey reduc-
tion spots and high permeability zones associated with sandy turbid-
ite intervals occur in many other parts of the core (Figure 2c). Finally,
at 720.89 m depth (Figure 2f), the core shows a brownish-red colour,
except along the core margins and small fractures where the colour
is paler. Because this slight discolouration follows the core margin, it
probably results from reduction by drilling fluids. Yet, the same piece
shows light green-grey haloes along fractures.

3 | DOWNHOLE PARAMETERS

Downhole variations in grain size and composition of sediments
provide information on the environment of deposition. Yet, fluid-
rock interactions, during or after diagenesis, may modify the rock
colour to the point where this colour no longer represents syn-
depositional redox conditions. To better understand these inter-
actions, we analysed macroscopic sediment colour against five
parameters (Figure 3): green/red reflectance ratio (G/R ratio, di-
mensionless), porosity (%), magnetic susceptibility (MS in 107 [SI]),
natural remanent magnetization (NRM in A/m), and NRM inclina-
tion (°). The magnetic declination is not provided because the core
was not azimuthally oriented. Additional details are in Larsen, Jian,
et al. (2018). Core U1502A-9R-1 (top at 442.20m) shows the cor-
relations between colour, G/R ratio, porosity, magnetic susceptibil-
ity, and NRM (Figure 3a). Colour variations correlate well with the
G/R ratio, showing a bimodal distribution between green and red
intervals (Figure 3a). Most high porosity sections correlate with
green intervals. In Core 368-U1502A-9R1, MS is higher in the red
sediments (average 221+52x107¢ Sl) than in the green sediments
(163+32x107¢ SI) (Figure 3a). MS is also relatively higher in the
red intervals compared to the green intervals immediately above
and below. In contrast, the NRM intensity is not only higher in the
green intervals than in the surrounding red intervals, but also more
variable. Finally, the green intervals display different NRM inclina-
tions polarities and absolute values compared to the beds immedi-
ately above and below. The most striking correlation is between the
G/R ratio and MS. The G/R reflectance ratio and NRM intensity also

show a strong correlation. In summary, throughout Hole U1502A,
the magnetic assemblage of the red beds differs from that of the
green beds (details in Jian et al., 2018).

4 | MAGNETIC ASSEMBLAGES

In the following, we report on twenty 2-cm cubes of green and red
sediment collected between 442.86 and 742.99 m depth and present
detailed results for one representative core (Core 368-U1502A-9R1).
Isothermal remanent magnetization (IRM) acquisition experiments
were conducted on 14 cubes up to 1.5T, and MaxUnmix was used
for deconvolution (Maxbauer et al., 2016). Alternating field (AF) de-
magnetization of NRM of 10 cubes was performed up to 120mT.
Finally, stepwise thermal demagnetization of a three-axis imparted
IRM was performed on 8 cubes (Lowrie, 1990) up to 660°C.

The IRM deconvolution shows that 2 to 3 phases contribute to
remanence and that the red sediment has a more coercive assem-
blage than the green. The slower rate of IRM acquisition of the red
sediment indicates the presence of a high coercivity phase such as
haematite (Figure 3b). In contrast, the green sediments reach sat-
uration below 0.4 T, which points to the presence of low coercivity
phases such as magnetite or pyrrhotite. Higher S-ratios, i.e., soft
IRM/hard IRM (IRM_g ,-/IRM, .; Liu et al., 2012) in the green sam-
ples, between 0.51 and 0.90, indicate a predominance of the soft
component, while in the red and mixed colour samples, S-ratios,
between 0.03 and 0.30 and between 0.01 and 0.46, respectively,
point to a hard component. The average coercivities (Bh) of the
three phases are ~10, ~154 and ~1550 (red) or 2350 (green) mT.
IRM deconvolution suggests that magnetite (~65%) and pyrrhotite
(~35%) are dominant in the green sediments. The demagnetization
of three-axis IRM (Lowrie, 1990) shows: (1) predominance of the
soft component and relatively less represented moderate/hard
component, with green samples demagnetized at 580°C; (2) pre-
dominance of the moderate/hard component, that completely loses
magnetization at 660°C in the red samples; (3) mixed behaviour in
the mixed colour samples. Furthermore, the moderate and soft
components show a drop of magnetization between 100°C and
200/250¢°C.

The AF demagnetization of the green sediment occurs at lower
fields (median destructive field, MDF~13.3mT) than in the red
sediment (MDF~19.5mT). A small fraction of this NRM is drilling-
induced magnetization, characterized by an anomalously steep
magnetization (I>75° instead of 1~26° as expected based on pa-
leolocation). Between 20 and 60mT, the behaviour of the green
sediment contrasts with the tendency of red samples to retain
magnetization. Remarkably, during AF demagnetization experi-
ments, some of the green sediments exhibit an overall gain in mag-
netization above 70mT interpreted as gyromagnetic remanence, a
property of pyrrhotite, and greigite (Stephenson & Snowball, 2001;
Thomson, 1990). In the green sediments, the saturation IRM to
magnetic susceptibility (SIRM/y) ratio (Larsen, Jian, et al., 2018), as
shown by Snowball (1991) elsewhere, is too low for greigite.
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FIGURE 3 (a) Example of petrophysical @) GIR ratio MS (106 SI) Inclination (%)
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5 | POST-DEPOSITIONAL ALTERATION
MODEL

From 660 to 740m (Cores 32R to 39R; Figures 2 and S1), the sedi-
ments display a brownish-red colour with a few green patches
(reduction spots and haloes along fractures). From 375 to 660m
(Cores 2R to 31R; Figure S1), the sediments show coarse-grained,
stratiform and high porosity intervals ranging from a few millime-
tres to tens of centimetres, interpreted as turbidites (Larsen, Jian,
etal., 2018).

In the lower part of the drill hole, green reduction spots in an oth-
erwise reddish material attest to the presence of reducing material
that reacted with the sediment during and after diagenesis. These
reduction spots could have resulted from microbial activity (Spinks
et al., 2010) or trapped sulfides (Hofmann, 1990). The presence of
abundant sulfides, including pyrrhotite, both in the basaltic stock-
work underlying the Miocene sedimentary unit and in the greenish
beds above is supported by shipboard thermal demagnetization ex-
periments (Larsen, Jian, et al., 2018) and our results. While the origin
of these sulfides in veins crossing the basalts can be attributed to
hydromagmatic fluids, a microbial origin cannot be ruled out. The
proximity of the stockwork to the greenish beds further supports a
common origin for their respective sulfides.

Reduction of haematite to magnetite (reaction 1) and magnetite
to pyrrhotite (reaction 2) can take place through the two reactions
(e.g., Tarling & Hrouda, 1993):

3Fe, 05 +H, -» 2Fe;0, + H,O (1)

7 Fe,0, + 24S — 3Fe,Sg + 14 0, 2)

In the lower part of the drill hole, the green zones form stratified
intervals, beds and laminae, corresponding to high porosity inter-

vals with five times higher sulfur content than in the surrounding

NW

reddish material (Figure S3). In the upper part of the core, the mag-
netic assemblage of the reddish materials is dominated by haema-
tite, whereas the greenish zones are dominated by magnetite and
pyrrhotite (Figure 3b,c). We interpret the presence of pyrrhotite
in the green intervals to result from fluids percolating through the
higher porosity material with higher permeability. Alternatively, Jin
et al. (2020) interpreted the rhythmic reddish-brown and greenish-
grey sediments to result from orbitally-driven deep water circulation.
We consider this alternative hypothesis less likely because the green
intervals present systematic differences in magnetic inclination
(Figure 3a), suggesting that their NRM was acquired, at a different
time, through post-depositional chemical remanent magnetization.
The main evidence for the greenish colour of the sediments resulting
from post-depositional fluids is the widespread geometrical uncon-
formity between the green-coloured zones with respect to bedding
(Figure 2). The systematic greenish colour of turbiditic zones that
also have a coarser grain size and higher permeability strongly also
supports this interpretation. The rhythmicity was not remarkable at
nearby IODP Sites U1501 and U1505 (Jin et al., 2020). This sup-
ports a local- rather than basin-wide origin for the sediment colour
at U1502.

We propose that sulfur-rich fluids responsible for the precip-
itation of pyrrhotite (and magnetite) in these green intervals may
have been sourced from the basalts underlying the sedimentary
units of Hole U1502A (Figure 1b). These basalts are extensively
altered by hydrothermal fluids and are crisscrossed by a dense
sulfide stockwork (up to 32% volume of sulfides; Larsen, Jian,
et al., 2018). Supporting this interpretation is the coincidence be-
tween the depth at which the sedimentary core shows the per-
vasive sulfur-rich fluid flow and the depth of the basement top
(Figure 4). Our interpretation fits well with the models of basinal
fluid flow between recharging and discharging seamounts of
Fisher and Wheat (2010) and recent heat flow modelling for the
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FIGURE 4 Interpreted seismic profile schematically showing the spatial correlation between green sediments and the stratigraphic height

where reducing fluids would be expected to be discharged.
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area (Nirrengarten et al., 2020). Alternatively, sulfur-rich fluids
could be trans-basinal brines unrelated to the sulfide-rich base-
ment highs. The latter hypothesis, however, is not supported by
the lack of greenish alteration zones in the other holes drilled in
the basin during IODP Expeditions 367/368.

Ocean scientific drilling and other fields of subsurface explo-
ration generally view redox conditions during early diagenesis as
the result of early depositional environments, and generally rep-
resentative of the two main near-surface reservoirs, i.e., ocean
and atmosphere. This view in turn influences how organic carbon
preservation, sulfur cycling (Morse & Berner, 1995), and oxygen
cycling (Kasting, 2001) are interpreted; except where hydrother-
mal processes have direct surface expression, deep crustal pro-
cesses seem undetectable. However, in this case of Hole U1502,
a low-temperature but long-acting hydrothermal system (Fisher
& Wheat, 2010) of a type not uncommon to medial and distal
rift systems, has coupled fluid-driven processes in the basement
and overlying sedimentary layers. Such system transfers heat to
generate hydrocarbons (Waples, 1980), and supplies reductants
important to the deep biosphere and capable of oxidizing hydro-

carbons (Crémiére et al., 2016).

6 | CONCLUSION

The interpretation that the colour of sediments reflects syn-
depositional redox conditions remains overall valid. Yet, here we
show that in ocean basins where hydrothermal circulation is active,
the general interpretation of sediment colour needs to be verified by
considering the impact of underlying basement through which fluid
flow would yield strongly reducing fluids. Post-depositional fluid
flow is particularly likely to occur in high-permeability sediments
such as turbidites. These post-depositional fluids and their pathways
can be detected with magnetic and paleomagnetic methods because
the associated assemblages are fundamentally different in the pris-
tine and reduced series. The impact that basement-derived reduc-
ing fluids would have on hydrocarbon maturation also needs to be

considered.
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