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ABSTRACT

Cold-seep carbonate concretions were preserved in the Chiahsien paleoseep
remnant within the Pliocene Yenshuiken Formation of southwestern Taiwan fore-
land sequence. Compared to the non-seep controls in the Yenshuiken Formation,
muddy host rocks that were < 30 cm from massive authigenic carbonate concretions
(ACCs) have low CaCO; contents (~1%), high percentages of agglutinated foramin-
ifera (~90%), and almost no calcareous foraminifera (both benthic and planktonic).
However, host rocks that were > 30 cm away from such ACCs have normal marine
assemblages (low agglutinated foraminifera percentages, < 6.6%; fair CaCO; con-
tent, 3.5 - 7.9%). Host rocks that were < 80 cm from chimney-shaped ACCs also have
abnormal assemblages, whereas those > 80 cm away from the chimneys have normal
assemblages. Host rocks between pipe-shaped ACCs have similar characteristics to
mudstone samples from control sites. Low percentages of calcareous foraminiferal
fossils in the paleoseep remnant are due to pore water acidification within the ta-
phonomically active zone (TAZ), which is triggered and accelerated by oxidation of
sulfide [HS, the product of anaerobic oxidation of methane (AOM)] in the methane
seep environments. We suggest that foraminiferal assemblages can be influenced by
methane seep activities taphonomically and that, therefore, ratios between calcare-
ous and agglutinated foraminifera can reflect and record geochemical interface [e.g.,
TAZ, sulfate-methane interface (SMI) where AOM occurs] shifts on a subtler scale
(only few decimeters) in paleoseep remnants.

1. INTRODUCTION

Cold seeps are particular geological phenomena due to
discharge of geofluids from the sea floor (Judd and Hovland
2007). In methane seeps, excess methane (CH,) is anaerobi-
cally oxidized by sulfate (SO,*) via the syntrophic consor-
tia of methanotrophic archaea and sulfate-reducing bacteria
(Boetius et al. 2000). This microbial process, anaerobic oxi-
dation of methane (AOM), produces bicarbonate (HCO;)
and hydrogen sulfide (HS"). As bicarbonate is produced,
the elevated alkalinity accelerates the precipitation of au-
thigenic carbonates (Aharon 2000; Lein 2004). In modern
and ancient cold seep sites, authigenic carbonates form in
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several patterns, such as chimneys, pipes, crusts, blocks,
and mounts, with or without remarkable chemosymbiotic
fauna (e.g., Vesicomyid, Lucinid, and Solemyid bivalves,
galatheid crab and vestimentiferan tubeworms; Sibuet and
Olu 1998; Levin 2005; Campbell 2006; Liu et al. 2008).

In methane cold seeps, excess methane decreases dis-
solved oxygen (DO) of pore water. Though anoxic sediments
seem to benefit preservation of calcareous fossils (Berkeley
et al. 2007), the redox zone tends to be sharp and shallow in
the sediments; in other words, higher AOM activities form a
sulfate-methane interface (SMI; sensu Borowski et al. 1996).
If AOM activity is strong enough to produce a sufficient
amount of sulfide to support chemosymbiontic fauna, they
would induce DO-rich seawater into sulfide-rich sediments
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for their symbiontic sulfide-oxidizing bacteria (e.g., tube-
worms, Lucinid, and Solemyid bivalves; Dubilier et al. 2008).
Cai et al. (2006) mentioned that such behavior will produce a
wider acidified zone —that is, a wider taphonomically active
zone (TAZ). According to the observations in a petroleum
seep (Cai et al. 2006) and bacterial mats of sulfide-oxidizing
bacteria Beggiatoa (Preisler et al. 2007), the pH value may
obviously change in only several centimeters’ depth under the
sediment-water interface. Cai et al. (2006) further predicted
that pH value should change more intensely in cold seep sites
where a lot of authigenic carbonates form.

Therefore, the preservation of calcareous fossils in cold
seeps depends on the competition between two geochemical
conditions: anaerobic/reducing for preservation versus oxic/
acidifying for dissolution. Many cold seep infauna prefer to
live near the redox interface (e.g., Lucinids; see Taylor and
Glover 2000). Survival of their calcareous tests from acidi-
fied pore water depends on the detention time within TAZ:
longer detention, more dissolution (Cai et al. 2006). The cold
seep macrofossils often represent a paradoxical occurrence:
completely dissolved shells with well-preserved carbonate in-
ner-moulds [e.g., most Anodontia goliath (Yokoyama 1928)
fossils in the Chiahsien Paleoseep; see Chien et al. 2013].

Foraminifera are important members of marine benthic
and planktonic meiofauna (Armstrong and Brasier 2004).
Previous studies on recent and ancient cold seeps reveal that
there are no endemic foraminiferal species of the seep fauna

and agglutinated taxa were negligible (Barbieri and Panieri
2004; Martin et al. 2007; Panieri et al. 2009). Abundances
and diversities of foraminiferal seep fauna are controversial-
ly various worldwide (see Panieri et al. 2009 and references
therein). However, there was no detailed sampling and/or ob-
servation revealing how foraminiferal fauna change (abruptly
or as transitional process) between seep and non-seep sites.
Additionally, carbonate dissolution was common above SMI
due to acid-generating aerobic oxidation of reduced chemical
species (e.g., H,S) (Cai et al. 2006), but the effect of acidified
fluids onto foraminiferal fauna remains unclear.

Based on the seep carbonates and their stable carbon
isotope signatures, we have recorded a paleoseep in the Plio-
cene foredeep sequences of southwestern Taiwan (Chien et
al. 2013). This study will present influences of pore water
chemistry, which is associated with methane seep activity,
on foraminiferal taphonomy by short-interval (few decime-
ters) sampling.

2. GEOLOGICAL SETTING

Taiwan island is the result of arc-continent collision
between the Philippine Sea Plate and the Eurasian plate
(Huang et al. 2000; Fig. 1). In the western part of the island,
the active fold-and-thrust belt (the Western Foothills Zone;
WEZ) is composed of Miocene shelf-slope to Pliocene-
Pleistocene foreland basins deposits (Lin et al. 2003) and
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Fig. 1. Geological map of Chiahsien area, SW Taiwan (after Sung et al. 2000) and mud volcano locations onshore (Shih 1967) and offshore (Chiu
et al. 2006). Two outcrops (A & B) are also shown in Fig. 2. ACC: authigenic carbonate concretions; WF: Western Foothills; KS: Kaoping Slope;
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has been incorporated into accretionary prisms during the
arc-continent collision in the last 2 million years (Ma) (Liu
et al. 1998; Huang et al. 2000). Large amounts of organic
materials and terrestrial sediments derive from the exposed
accretionary prism to the offshore area of southwestern Tai-
wan and accelerate the formation and accumulation of hy-
drocarbon geofluids at the offshore Kaoping Slope. There
are many active mud volcanoes, mud diapirs, and gas seep-
ages within the Kaoping Slope and its onshore northward

extension (i.e., southern part of WFZ) (Yang et al. 2004;

Chiu et al. 2006; Chen et al. 2010; Sun et al. 2010) (Fig. 1).

A remarkable paleoseep remnant is located in the
Chiahsien District, southeastern Taiwan. It is preserved
in the foreland basin sequence within the southern part of
WFZ (Fig. 1). Rock strata appearing at the paleoseep out-
crops were from the Late Miocene Tangenshan Sandstone to
the Pliocene Yenshuikeng Shale (Chung 1962) (Figs. 1, 2).
Trace fossil analysis indicated that the depositional environ-
ments changed from inner shelf to outer shelf in the early
Pliocene (Ting et al. 1991; Yeh and Chang 1991). Tectonos-
tratigraphic research also revealed that a rapid subsidence
event with a distance of ca. 272 m during 4 4 - 4 Ma occurred
in the distal area of the southwestern Taiwan foreland basin
(Yang et al. 2014).

The outcrops containing paleoseep carbonates were to-
tally within the Yenshuikeng Shale, which is surrounded by
the Pinghsi Fault and the Chishan Fault and crossed by the
Tishui Fault (Fig. 1). Based on field investigation of their
occurrence patterns, three types of the seep carbonate were
recognized (please see Chien et al. 2013 for details):

(1) Massive brecciated blocks (MBBs; typically 2 - 4 m
long, 1 - 2 m wide, and 3 - 5 m high; 6"°C: -49.6 to
-38.2%0) are large, whitish gray to grayish yellow col-
ored, mound-shaped carbonate bodies, with or without
vent and pipe structures, in exposure A along the Chih-
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shanhsi River (Fig. 2). Chemosymbiotic lucinid pele-
cypod A. goliath (Yokoyama 1928) fossils were found
within MBBs.

(2) Giant chimneys (GCs; each ca. 2 - 5 m wide and 30 m
high; 6°C: -43.1 to -17.7%o) are large and thick cylin-
drical or fusiform concretions developing upwardly per-
pendicular to bedding in exposure A (Fig. 2). They occur
either in isolation or parallel to each other and contain of
vent/pipe structures (diameter > 15 cm) clustered with
irregular shaped carbonates. Abundant in situ A. goliath
(Yokoyama 1928) fossils occurred in the margin of one
large fusiform GC body (size: ca. 5 m x 5 m x 10 m).

(3) Slender pipe networks (SPNs; 8°C: -43.5 to +5.9%o)
are composed of elongated small carbonate cylinders
with a diameter commonly 5 - 15 cm. They occur both
in exposures A and B, and the bank of the Chihshanhsi
River (Figs. 1, 2). The “pipes” develop upwardly per-
pendicular to the host mudstone bedding, typically sepa-
rate from each other by 1 - 2 m, and some are branched
or connected horizontally with the same pipes. We also
found a few lucinid fossils Lucinoma annulata (Reeve
1850) together with some pipes.

3. METHODS AND MATERIALS

We collected 39 muddy host rock samples for foramin-
iferal fauna, CaCO; content, and carbon and oxygen stable
isotopic analysis, including three series of samples (M1 -
M7, G1 - G6, and S1 - S6) with sampling intervals between
10 - 40 cm, except samples M7 and G6, which are 1 m from
the former sample (Figs. 2, 3a - c¢). Both G- and M-series
samples were collected from proximal to distal from huge
authigenic carbonate concretions (ACCs) along bedding
plane (Figs. 3a, b). Sixteen supplementary samples, which
were collected directionally between MBB concretions
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" O brecciated 7% chimneys /' netrworks
[ Yenshuikeng Sh. blocks (MBB) (GC) (SPN)

Tangenshan Ss.

Lucinid fossils @Anadontia goliath © Lucinoma annulata

Fig. 2. Semi-schematic diagram of studied outcrops, distribution of three types of seep carbonates and licinid fossils, and sampling locations of host
rocks. The attitude of strata is N40°E, 35°E. Dip angle and distance are not in scale.
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(CHO1 - CHO7) or randomly around GC concretions (CHOS
- CH16) (Figs. 2 - 4) during our initial field surveys, are also
presented in this paper.

3.1 Foraminiferal Fossils

According to their life styles, foraminifera are classi-
fied mainly into planktonic and benthic. All planktonic for-
aminifera have calcareous tests, whereas benthic foramin-
ifera may have calcareous or agglutinated tests. In a normal
marine milieu above a carbonate compensation depth, fora-
minifera with calcareous tests dominate total assemblages
(Armstrong and Brasier 2004). The foraminiferal species in
this study are merely classified into three groups, based on
their wall materials of test and life styles. All agglutinated
species (abbreviated as “A”) belong to the Order Textularii-
da; all planktonic species (abbreviated as “P”) belong to the
Order Globigerinida; and the remaining calcareous benthic
species (abbreviated as “C’’) mostly belong to the Order Ro-

taliida, with a few species belonging to the Order Lagenida
and Miliolida (Table 1). Even though the taxonomic rank is
too high and too rough for detailed foraminiferal paleoeco-
logical researches, it is enough to simply and rapidly screen
the taphonomic and geochemical zones and interfaces in the
Chiahsien Paleoseep.

For foraminifer faunal counting, 200 g of each host
mudstone samples was washed and sieved, and foramin-
ifera fossils in the > 150 um residues were picked until all
foraminifera were picked or at least 300 individuals were
counted. The percentage of agglutinated foraminifera of
each sample was represented as R, 1., (ratio of agglutinated
to total foraminiferal specimens):

RA—Total = [NA/(NP + NC + NA)] X 100 (1)

and Ry penmic (ratio of agglutinated foraminiferal specimens
to benthic foraminiferal specimens):

y RA-Benthic
N 0-33%
f $3 67-100%

Fig. 4. Supplementary samples between MBB concretions (a) or surrounding GC concretions (b). ACC: authigenic carbonate concretions.

Table 1. The generalized foraminiferal classification.

Abbreviation | Life Style Wall composition Taxonomical adscription
P Planktonic Calcareous (mostly low-magnesium calcite) Globigerinida
C ) Calcareous (often high-magnesium calcite; aragonite of some species) | Rotaliida, Lagenida and Miliolida
A Benthic Agglutinated (mostly arenaceous in this study) Textulariida
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R A-Benthic = [NA/(NC + N,)] X 100 2)

Np, N¢, and N, are the counts of planktonic, calcareous ben-
thic, and agglutinated foraminifera in a sample, respectively.
Abundance of foraminiferal fossils is shown by the number
of individuals compared to the weight of a sample. We only
counted specimens with a proloculus (the first chamber),
because some elongated benthic foraminifera are easily bro-
ken into several pieces. For example, for Bathysiphon-like
species (elongated forms), it is difficult to determine their
proloculus and they were thus excluded from numerical
analysis. Therefore, percentages of agglutinated foramin-
ifera were somewhat underestimated. The degree of under-
estimation is hard to evaluate, because the certain counts of
entire tests of Bathysiphon-like species are unknown.

3.2 Calcium Carbonate Contents

Total carbon (TC) concentrations of powdered host
rock samples (10 mg each) were measured by high tempera-
ture (1150°C) catalytic combustion. Total organic carbon
(TOC) concentrations were measured from separate samples
(10 mg each), which were acidified by 10% phosphoric acid
(H5;PO,) and heated for 4 h at 150°C. The measurements of
TC and TOC were made using a Lachat IL 550TOC-TN
Analyzer at Department of Earth Sciences, National Cheng
Kung University. Total inorganic carbon (TIC) concentra-
tions were calculated from the difference between the TC
and the TOC:

TIC (%) = TC (%) - TOC (%) (3)

and calcium carbonate contents were calculated by the
equation:

CaCO;(%)=TIC X 8.33 “)

3.3 Isotopic Analyses of Inorganic Carbon

Isotopic analyses for inorganic carbon of host rock
samples were made using a Finnigan Delta Plus XP mass
spectrometer coupled to the Gas Bench II device at the State
Key Laboratory for Mineral Deposits Research of Nanjing
University. Samples (15 g each) were powdered and washed
by hydrogen peroxide solution (35%) for removing organic
matter. Oxygen and carbon isotopic compositions of TIC
are shown as delta values per mil (%0) and related to the Pee
Dee Belemnite (PDB) Standard, with China’s GBW00405
carbonate standards (TTB-1) for calibration. The 1 standard
deviation of repeated sample measurements was less than
0.16 and 0.13%o for 6'*C and 6'%0, respectively.

4. RESULTS

4.1 Agglutinated Foraminiferal Percentages

Calcareous taxa dominate foraminiferal assemblages in
the Yenshuikeng Shale of control sites. Planktonic species
dominate total assemblages (= 75.42%), whereas aggluti-
nated benthic species are subordinate to total assemblages
(= 4.93%) and benthic assemblages (< 33.33%) (Fig. 3d;
Table 2). In the Chiahsien Paleoseep, however, percent-
age of calcareous tests dramatically decreases nearby the
large MBB and GC concretions at distances of 10 and
40 cm, respectively (Figs. 2, 3a, b). Agglutinated tests
dominate in the host rocks adjacently surrounding MBBs
(sample M1land M2; R 1o = 48.31%; Ry genmic = 80.83%)
but reach their normal proportions of outer shelf (Planktonic
percentages: 81.92%; RA-Total: 5.86%; sensu Armstrong
and Brasier 2004) at 90 cm away from MBBs (sample M6;
Fig. 3a; Table 2). A similar phenomenon was found near
GCs; however, the sample (G3) with maximum R, 1y
(49.22%) and Ry penmic (9442%) is ~40 cm away from a
GC concretion; samples beyond 70 cm (G5 and GO6) rep-
resent low Ry o (0.75 - 1.91%) and low R, geppic (4.68
- 9.14%) (Fig. 3b; Table 2). Mudstones between SPNs
represent high planktonic percentages (> 82.45%), low
R 1o Values (= 7.27%), and moderate R _genmic Values (18.7
- 41.4%) (Figs. 2, 3c; Table 2).

Though we only counted benthic foraminifera of the
supplementary samples (i.e., only R geumic Values are avail-
able), they represent an extremely bimodal distribution of
the Ragenmic Values: = 95.74% and < 31.03% (Figs. 2, 4;
Table 2). All MBB samples (CHO1 - CHO7) and six of nine
samples near GCs (CH09 - CH13, CH15) have extremely
high Rapenmie Values, whereas three samples near GCs
(CHOS8, CH14, and CH16) indicate similar R, g.,mic Values
to the control samples.

4.2 CaCO; Contents of Host Mudstones

Control samples picked from non-seep parts of the
Yenshuikeng Shale have CaCO; content of 4.2 - 5.9% (aver-
age 5.0%; Fig. 3d), consistent with modern shelf-slope sedi-
ments (CaCOs: 1.5 - 5.5%), offshore southwestern Taiwan
(Sheu and Huang 1989).

The CaCO; contents of two host rock samples (M1 and
M?2) close to a MBB concretion are very low (1.0 and 0.5%,
respectively), whereas the samples M6 and M7, which are >
100 cm away from the same concretion, have normal marine
CaCO; percentages (Fig. 3a; Table 2). Samples G1 and G2,
which are close to a huge GC concretion, have very high
CaCO;% (28.2 and 17.7%, respectively). Even the sample
180 cm away from the same GC concretion (G6) contains
CaCOs; (9.8%) higher than the control samples. Remarkably,
sample G3 has a sharply declined CaCO; value (7.7%) and
the highest R s penmic (94.42%) and R 5 o (49.22%) among the
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Table 2. Faunal overview, CaCO; contents, and oxygen and carbon isotopic compositions of TIC of host rock and control samples.

Sample Agglutinatedabundance® Planktonic’ (%) Ryqom (%) Rugpamic (%) CaCO;(%) 085Cyct (%0) 880 (%0)
Control samples
Ctrl 02 88.53 3.82 33.33 427 -35 92
Ctr2 22 83.99 3.84 23.98 475 -39 -89
Ctr3 0.3 7542 2.15 8.75 525 -3.7 9.3
Ctrd 0.7 82.13 493 25.36 597 -3.8 94
Host mudstone closed to MBB type concretions
Ml 372 435 89.86 93.94 1.03 -133 -6.8
M2 430 40.22 48.31 80.83 0.56 -1.8 -84
M3 3.86 58.85 2371 57.61 2.14 -14.0 -6.2
M4 342 7431 10.26 39.95 348 -18.5 -55
M5 298 71.61 12.78 45.02 3.83 -18.6 54
M6 4.66 81.92 5.86 3241 7.86 -18.7 -5.1
M7 3.62 7742 10.45 46.29 498 -155 -59
CHO1* 100.00 1.68 -24.6 -3.7
CHO2* 99.40 15.13 -39.8 0.0
CHO3* 98.67 7.02 -35.6 -0.8
CHO04* 99.64 8.54 -36.0 -0.8
CHO5* 100.00 15.30 -37.1 0.0
CHO6* 98.81 991 -37.0 -0.6
CHO7* 95.74 15.05 -36.3 -0.9
Host mudstone closed to GC type concretions
Gl1 0.2 73.22 23.37 86.00 28.20 -40.2 0.3
G2 19.0 57.67 32.60 77.02 17.71 -38.0 -04
G3 44 47.87 4922 94.42 7.70 -31.0 22
G4 14 77.11 6.55 28.66 6.66 -284 -39
G5 4.1 79.10 191 7.11 9.14 -7.0 -6.9
G6 2.1 84.04 0.75 4.68 9.88 -84 =719
CHO8* 20.07 553 -19.5 52
CHO09* 98.68 7.53 -33.7 -19
CHI10¢ 100.00 1.98 -29.2 -39
CHI11* 99.15 11.88 -394 -04
CHI12* 99.03 23.85 -39.2 0.0
CH13* 100.00 6.09 -38.8 -1.7
CH14* 31.03 7.99 -20.1 -35
CHI15* 100.00 0.69 -33.6 -1.5
CH16* 27.03 320 -13.7 -6.0
Host mudstone between SPN type concretions

S1 0.5 86.48 401 29.67 2.99 -59 93
S2 03 87.44 3.88 3091 3.08 -6.3 -8.7
S3 02 94.67 1.00 18.70 4.68 -8.3 -8.6
S4 02 91.82 3.03 37.04 5.18 -719 -9.7
S5 0.7 89.22 4.09 37.93 3.99 -6.3 9.1
S6 0.8 82.45 727 4141 2.87 -6.1 -89

Note: #: Shaded samples are supplementary samples.
*: Agglutinated abundance: agglutinated foraminiferal individual numbers per gram of sample.

f: Planktonic%: planktonic foraminiferal percentage to total assemblage.

§: 08Crpe & 0"50yc: also plotted in Fig. 4.
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GC series samples, and sample G4 next to G3 has the lowest
CaCO;% (6.7%) (Fig. 3b; Table 2). The CaCO; contents of
the samples between SPNs are all similar to or slightly less
than the control samples (2.9 - 5.2%; Fig. 3c; Table 2).

The calcium carbonate contents of the supplementary
samples represent a random distribution (Table 2). Most sam-
ples among MBBs (CHO2 - CHO7) have high to extremely
high CaCO; contents (7.0 - 15.3%), except CHO1, which
has a very low concentration of CaCO; (1.7%). For samples
surrounding GCs, four samples (CH09, CH11, CH12, and
CH14) have high percentages of CaCO; (= 7.5%), two sam-
ples (CHO8 and CH13) have similar values of CaCOs; (5.5 and
6.1%) to control samples, and three samples (CH10, CH15,
and CH16) have low content of CaCO; (0.7 - 3.2%).

4.3 Carbon Isotopic Compositions of Total Inorganic
Carbon of Host Rocks

We analyzed carbon isotopic compositions of TIC of
host rock samples (Fig. 3; Table 2) in order to check whether
authigenic carbonate micrites exist within host rocks around
seep carbonates. Their 8Oy and 8"*Cyyc show good corre-
lations between two end-members: methane-derived carbon-
ates (8"*C < -40%o) and controls (0"°C: -3.7 = 0.2%o) (Fig. 5).
Calcium carbonate contents represent apparent correlations to
0"3Cyc among the M- and G-series samples (higher CaCO;%,
lower 8"Cryc; Fig. 3). Among the host rock TIC concentra-
tions, which are apparently “C-depeleted, samples around
type MBB concretions (M1, M3 - M7) represent somewhat
higher 8"Cqyc (-18.7 to -13.3%o; Fig. 3a), whereas samples

around type GC concretions (Gl - G4) represent lower
OBCryc (-40.2 to -28.4%o; Fig. 3b) and narrower distribution
range. Low 8"*Cryc values of G1 - G4 apparently indicate that
methane-derived micritic authigenic carbonates had precipi-
tated within these host mudstone samples (Fig. 3b).

5. DISCUSSION

5.1 Seep-Influenced Foraminiferal Fossil Assemblages
and CaCO; Contents

In the control samples and low R, .., samples, high
planktonic/benthic ratios are commonly found, as well as in
the modern cases at the offshore southeastern Asia continent
and southwestern Taiwan (Wang et al. 1985; Fan 1991), and
is consistent with the depositional environment interpreta-
tion according to the Zoophycos ichnofacies within the Yen-
shuikeng Shale (Ting et al. 1991). We also observed some
Zoophycos ichnosp. from outcrop A of the Chiahsien Paleo-
seep (Fig. 2).

In the Chiahsien Paleoseep, there are several samples
(M1 - M5, GI1 - G3) representing an extremely high propor-
tion of agglutinated species (Figs. 2, 3a, b; Table 2). The
phenomenon of predomination of agglutinated foraminifera
is dissimilar to other studies for modern seep foraminiferal
fauna, which noted less proportion of agglutinated species
in seep sites compared to non-seep sites (Heinz et al. 2005;
Panieri and Sen Gupta 2008; Martin et al. 2010). Though
agglutinated foraminiferal abundances of the samples from
outcrop A are slightly higher than those from outcrop B
and control sites (Fig. 3; Table 2), no apparent changes are

6 T
|
|
4 I
I
I
L |
2 1
|
|
__________________________________________ o_w_—_—_—_—_
-~ 0 : %OA A
|
s 2 - I . 2 A
e : ACCs (Chien et al. 2013)
=] - 1 A o MBB type
e -4 | Aa GC type
7 : - SPN type
> 6 [ 1 A " x Calcite Veins
O | A *
*® | a Host rock TICs
w -8 e . & M1-M7 near MBB
1 \. ’ X X <> CH01-08 between MBBs
-10 ! " A G1-G6 near GC
| A CH09-16 around GCs
12 I X x W S1-S6 among SPNs
: X o Control sites
14 ! | ! | | ! ! ! ! | |
10 5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50

3"°C vs. PDB (%o)

Fig. 5. The plot of 80 versus 8'°C for the three types of authigenic carbonates, calcite veins (from Chien et al. 2013), and TIC of host rock and
control samples (this study; Fig. 3 and Table 2).
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shown between abnormally high R, r.q and normal samples
in the same series of samples (e.g., comparison between sam-
ples M1 - M2 and M6, or between G3 and G5; Figs. 3a, b;
Table 2). Because each series of samples is at the same
bedding plane and the samples are very close to each other
(Figs. 3a - ¢), any differences between foraminiferal assem-
blages of the same series of samples should be due to ex-
tremely local taphonomic conditions rather than geological,
sedimentological, or paleoecological effects. Deposition of
turbidity currents is not localized laterally in the scale of
meters or few-tens-of-meters, and calcareous tests also can-
not be selectively removed by turbidity currents. Seasonal
variability of foraminiferal fauna does not present in the
same horizon (i.e., the same time/season) and may be not re-
corded in the time-averaged fossil assemblages. Therefore,
we consider that the high agglutinated ratios were caused by
dissolution of carbonates via chemical processes of seep-
age activities (e.g., Cai et al. 2006). In contrast, the percent-
age of agglutinated tests shows no apparent changes nearby
SPNs (Figs. 2, 3c). Because the size of a seep carbonate
may have a reasonable correlation to the flux and quantity
of methane release (Chien et al. 2013), we suggest that fora-
miniferal fossil assemblages were not affected by weak and
small (SPN type) seepages.

If dissolution of calcareous materials had taken place,
we can speculate that the host rock samples with high R, 1o
or high Ry penmic Should contain low percentages of CaCO;.
Samples M1, M2 - M5, CHO1, CH10, and CH15 accord
with this speculation (Fig. 3a; Table 2), which implies a
longer detention time within TAZ (i.e., higher dissolution
of carbonates). However, CaCO; content does not always
directly reflect the dissolution of calcareous tests in our ob-
servations. For example, G1 and G2 have extremely high
percentages of CaCO; but abnormally high R, penmie and
slightly high R, 1o, (Fig. 3b; Table 2). Many supplementary
samples with extremely high R gennic (CHO2 - CHO7, CHO9,
CHI11 - CH13) also have abnormally high CaCO;%.

5.2 Isotopic Signature for Precipitation and Dissolution
of Carbonates

There are two major source of TIC within the host rock
samples: biogenic carbonate (e.g., calcareous foraminiferal
tests) and methane-derived micritic authigenic carbonates.
In non-seep sites (i.e., control sites), biogenic carbonates
should predominate TIC compositions; whether they under-
went diagenetic alterations or not, their 8'*C values are not
less than -3.9%o in this study (Fig. 3d; Table 2). In contrast,
methane-derived authigenic carbonates have very low §'*C
values, which are typically less than -30%. (Campbell 2006).
Therefore, the samples in which biogenic carbonates were
highly dissolved (i.e., in which they have extremely high
RaBenmic and high R, 1. values) and micritic authigenic
carbonates precipitated should have extremely low &"Cyyc

values (< -30%o). For example, samples with extremely high
Ragenmic (G1 - G3, CHO2 - CHO7, CH09, CH11 - CH13)
have apparently low 0"Cy values (even similar to the
ACCs) (Figs. 3a, b; Table 2). Samples that have 8'*Cyyc val-
ue between control samples and samples with *C-depleted
TIC may represent various degrees of mixtures of biogenic
carbonates and authigenic carbonates (Fig. 5; Table 2).

M-series samples (except M2) have low &'Cyyc val-
ues. The 8*C values of MBBs are the lowest among all
authigenic carbonate samples (Fig. 5), and the micritic au-
thigenic carbonate around MBBs should be their precursor
(i.e., they should have the lowest 8'3C values). However,
OBCryc values of the M-series samples are higher than those
of samples G1 - G4 (these G-samples have higher Ry o
than controls). We suggest that the weaker seep activity
when MBBs formed also led to lower precipitation rates
of micritic authigenic carbonate within the host sediments.
Therefore, lower CaCO; contents per unit volume of host
rocks around MBBs represent higher §*Cy,¢ values than the
host rocks around GCs. A more closed milieu among MBBs
(samples CHO2 - CHO7; Fig. 4a) concentrated the geofluids,
and more micritic authigenic carbonate could precipitate
there; thus, these samples have high percentages of CaCO;
and very low 8"3Cyyc values.

5.3 Dissolution and Acid Resistance of Biogenic
Carbonates

Dissolution of calcareous materials is a crucial tapho-
nomic process for preservation of foraminiferal tests. Es-
sentially, preservation of calcareous tests is controlled by
carbonate saturation of pore water in the host sediments.
Temperature, pH value, salinity, and dissolved CO, con-
tent of pore water are all possible parameters affecting the
solubility of carbonates. The calcareous foraminiferal tests
are usually dissolved within the oxic sediments, especially
in the intertidal environments (Berkeley et al. 2007), or in
the abyssal environment below the carbonate compensation
depth; in contrast, calcareous tests are generally well-pre-
served in the anoxic condition (Berkeley et al. 2007). How-
ever, if excess sulfide (HS") formed by AOM accumulates
(in Fe-depleted sediments, pyrite is difficult to form, and
HS- shall increase), pH value of pore water may be dramati-
cally descending due to oxidization of HS:

HS +20,-S0,2 +H* 5

which causes dissolution of calcareous tests of foraminifera
and mollusks (Martin 1999; Murray 2006).

Biogenic carbonates usually belong to one of three
mineral species: aragonite, low-magnesium calcite (LMC;
Mg content: 1 - 4 mol%), or high-magnesium calcite (HMC;
Mg content: 11 - 19 mol%); the ranking of acid resistance
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is LMC > aragonite > HMC (Morse and Mackenzie 1990;
Martin 1999). Molluscan shells are mainly composed of ara-
gonite, LMC, or mixed-layers of the two; planktonic fora-
miniferal tests are mostly composed of LMC; calcareous
benthic foraminiferal tests are mainly composed of HMC (a
few species are composed of aragonite) (Martin 1999). Thus,
the ranking of acid resistance should be planktonic foramin-
ifera = bivalves = benthic foraminifera. Test sizes and micro-
textures (e.g., numbers of pores and arrangement of mineral
grains) also influence acid resistance among different taxa
and even among different individuals of the same species
(Martin 1999). Because foraminiferal tests are usually small
and porous (especially planktonic), they may be more sensi-
tive to acidified conditions than bivalve shells are.

We found that three samples (M3, G1 - G2) have very
high Ry genmic but fair Ry 14, which means that planktonic
foraminiferal tests still dominate such fossils assemblages.
This phenomenon reflects a bias of dissolution of calcare-
ous foraminiferal tests due to the differences of acid resis-
tance between planktonic and benthic foraminifera. Even a
foraminiferal fossil assemblage could not stay in a TAZ as
long as possible to dissolve all calcareous tests, dissolution
of carbonates had taken place and calcareous benthic fora-
miniferal tests were prone to dissolve prior to planktonics.
In other words, fossil assemblages in a paleoseep site with
very high R, peumic but fair R, 1 indicate a rapid shift or a
decline of a TAZ.

In this study, we found a series of time slices around
the large-sized ACCs, which represents a progressive shift-
ing of redox front and carbonate budget in the paleoseep:
biogenic carbonates (e.g., Lucinid shells and calcareous
foraminiferal tests) were dissolved within the seepage-trig-
gered TAZ (sensu Davies et al. 1989; Cai et al. 2006); fol-
lowed by bypassing of releasing hydrocarbons further away
from the previously built GC concretion. TAZ and SMI si-
multaneously shifted in the same directions; therefore mi-
critic authigenic carbonate started to precipitate at the same
place where calcareous tests had been dissolved (Fig. 3b).
Declination of seepage activity retards the shifting of TAZ
and SMI; thus, calcareous tests would stay within TAZ for
a longer duration and are further dissolved in such condi-
tions (Cai et al. 2006). This explains that the sample with
the highest Ry penmic and Ry ro (G3) would have the lowest
percentage of CaCO; finally.

In summary, pore water chemistry can override other
ecological and taphonomical factors (e.g., benthic patchiness;
time-average effect; Murray 2006) to influence foraminiferal
fauna only around venting outlets, where intensity and flux
of methane emission were ample, to produce seep-type fossil
assemblages with high R, 1 and high R geic. There would
be normal fauna elsewhere even in a very short distance (just
tens of centimeters to a few meters) from the vents in a cold
seep site. Therefore, position and compactness of sampling
determine results of foraminiferal researches of paleoseeps.

6. CONCLUSIONS

Foraminiferal fossils in the Chiahsien Paleoseep repre-
sent various assemblages from normal middle-to-outer-shelf
fauna to seep fauna. In seep fauna, calcareous foraminiferal
tests were dissolved within the TAZ if higher flux of meth-
ane occurred. Even though in a high taxonomic rank (order),
foraminifera can serve as powerful indicators for screening
the shifting of geochemical interfaces (e.g., TAZ and SMI)
in a subtler scale of only decimeters in cold seep remnants.

While inconsistency of worldwide seep foraminiferal
fauna is derived from complexities of substrate, ecology, and
geochemistry of respective seeps, our study can provide a
complicated and comparable reference for other ancient (and
probably also for modern) seep foraminifer studies. Cold
seeps do affect foraminiferal assemblages at least in the case
of diagenetic alteration. A bias of preservation of aggluti-
nated foraminifera should occur in the ancient seep remnants
with large ACCs; however the influence of seep activities
onto foraminiferal assemblages (live and dead) may be suf-
ficient only in a small range next to seep outlets or conduits.
Therefore, ascertainment of seep-influenced foraminiferal
assemblages depends on sampling position, compactness,
and distance to seep outlets, conduits, or ACCs.
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