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ABSTRACT

Several dolomitic authigenic carbonate concretions (ACCs) are preserved in the Pliocene foreland sequence in south-
western Taiwan. Carbon isotopic signatures and the morphology of these carbonates and associated chemosymbiotic bivalve
fossils reveal their methane seep origin. There are three types of ACCs: (1) massive brecciated blocks (MBBs; 8"°C = -49.57
~-38.20%0; 880 = 1.59 ~ 4.25%o0); (2) giant chimneys (GCs; 8°C = -43.14 ~ -17.73%0; 8'*0 = -7.64 ~ 3.36%o0); and (3) slen-
der pipe networks (SPNs; 8"°C = -43.51 ~ 5.91%0; 8"0 = -6.90 ~ -3.57%o). Different shapes, sizes, stratigraphic positions,
and carbon isotopic compositions are due to different flux/intensities and flow pattern of discharging methane. MBBs were
derived from diffusion of methane and formed in deeper positions, whereas GCs mark the locations of feeder faults and main
outlets of methane emission. SPNs formed along fractures or bedding planes; they were (1) accessories of MBBs and GCs, or
(2) products of minor releases of residual geofluids. We compared ACCs of the Chiahsien Paleoseep to two previously studied
cold seep carbonates within the same foredeep in southwestern Taiwan, which represent similar occurrences and stable carbon
isotopic compositions. However, the older ACCs in the Chiahsien Paleoseep have undergone longer diagenesis and weather-
ing processes and have more complicated and lower 0'#0 signatures. These asynchronous cold seep carbonates can indicate
hydrocarbon migrations and fault activities within the orogenic belt of Taiwan.
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1. INTRODUCTION
Cold seeps are particular geological phenomena caused thigenic carbonates (Aharon 2000; Lein 2004):
by the release of hydrocarbons or brines to the sea floor (Judd
and Hovland 2007). In methane seeps, anaerobic oxidation HCOj; + Ca’* — CaCO; + H )

of methane (AOM) carried out by a syntrophic consortium
of methanotrophic archaea and sulfate reducing bacteria pro-
duces bicarbonate and hydrogen sulfide in sulfate-methane
transition zones (SMTZ):

Campbell (2006) reviewed the worldwide distributions
of modern and ancient cold seeps, where authigenic carbon-
ates form in several shapes such as chimneys, pipes, crusts,
blocks and mounts. Remarkable chemosymbiotic fauna,

CH,; +S0,” — HS"+ HCO; + H,0 M including lucinid, solemyid, and vesicomyid bivalves, and
vestimentiferan tubeworms also can be found in modern and
where elevated alkalinity accelerates the precipitation of au- ancient cold seeps (e.g., lucinid, solemyid, and vesicomyid

bivalves, and vestimentiferan tubeworms; Sibuet and Olu

- 1998; Levin 2005). For example, deep-sea mussel (Bathy-

* Corresponding author . . . . . .
E-mail: blattus@gmail.com modiolus platifrons) and galatheid crab (Shinkaia crosnieri)
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colonies have been found in modern active cold seep area
in syn-collision accretionary prisms offshore southwestern
Taiwan (Liu et al. 2008).

As one of the most active orogenic belts in the world
since the Late Miocene, the pre- to syn-collision accretion-
ary prism of Taiwan (Huang et al. 1997, 2000) provides an
ideal site for hydrocarbon formation and accumulation, and
the densely distributed faults can act as conduits for hydro-
carbon migration and release. There are many related geo-
logical phenomena, including active offshore mud diapirs
(Chiu et al. 2006), cold seep sites (Huang et al. 2006), on-
shore mud volcanoes (Shih 1967; Yang et al. 2004; Chiu et
al. 2006), and cold seep remnants from the Miocene (Chien
et al. 2012) to the Pleistocene (Wang et al. 2006), dispersed
within the Taiwan orogenic belt.

It is difficult to observe an offshore cold seep panoram-
ically due to the limited accessibility. Additionally, offshore
ACCs are commonly covered by sediments (unless they
precipitated on the sea floor, or outcrop by bottom-current
erosion). In contrast, on-land exposure of cold seep rem-
nants is valuable because of the convenience for sampling
and directly observations that allows more detailed exami-
nation of the three-dimensional morphology. In this study,
we recognized an onshore cold seep remnant in the Plio-
cene foreland sequences of southwestern Taiwan based on
the multiple morphology of ACCs and their stable carbon
isotope signatures. These ACCs were previously ignored
or were misinterpreted as mysterious trace fossils (Yeh and
Chang 1991). We also compared these paleoseep ACCs to
two previously studied cold-seep-origin carbonates also lo-
cated in southwestern Taiwan area but with younger ages
(Huang et al. 2006; Wang et al. 2006), and attempted to
reveal the evolutionary relationship of the formations and
preservations of the cold seeps in southwestern Taiwan.

2. GEOLOGICAL SETTING AND METHODS

The orogeny of Taiwan is the result of a collision be-
tween the Luzon Arc on the Philippine Sea Plate and the Eur-
asian continental margin (Suppe 1984; Huang et al. 2000;
Fig. 1). The active fold-and-thrust belt in western Taiwan,
the Western Foothills Zone, is composed of Miocene shelf-
slope to Pliocene-Pleistocene foreland basin deposits, and
was incorporated into the accretionary prism during the arc-
continent collision in the last 2 million years (Liu et al. 1998;
Huang et al. 2000, 2001). This exposed accretionary prism
provides large amounts of organic material and terrestrial
sediments into the ancient foredeep and the modern Kaoping
Slope. This geological setting favors the formation and ac-
cumulation of hydrocarbon geofluids. There are many active
mud volcanoes, mud diapirs, and natural gas/oil seepages as-
sociated with CH, or CO, releases in the Western Foothills
Zone and the Kaoping Slope (Shih 1967; Yang et al. 2004;
Chiu et al. 2006; Chen et al. 2010; Sun et al. 2010) (Fig. 1).

The paleoseep remnant studied here is located in the
Chiahsien area, and is preserved in the foreland basin se-
quence within the Western Foothills Zone (Fig. 1). Rock
strata at the paleoseep outcrops are from the Late Miocene
Tangenshan Sandstone to the Pliocene Yenshuikeng Shale
(Chung 1962) (Figs. 1, 2). Trace fossil analysis indicates
that the depositional environment changed from an inner
shelf to a middle shelf environment (Ting et al. 1991; Yeh
and Chang 1991). The outcrops containing paleoseep ACCs
are within the Yenshuikeng Shale, surrounded between the
low-angle Pinghsi Thrust Fault and the high-angle Chishan
Thrust Fault and crossed by the sinistral Tishui Strike-slip
Fault (Fig. 1; Sung et al. 2000).

We collected 66 samples from three types of ACCs (see
details in results) and 5 samples of calcite veins for stable
carbon and oxygen isotopic analysis (Fig. 2). Oxygen and
carbon isotopic analyses were carried out using a Finnigan
Delta Plus XP mass spectrometer coupled to a Kiel ITI device
at the Department of Earth Sciences, National Cheng Kung
University. Isotopic compositions are shown using the con-
ventional delta notation expressed relative to the Vienna Pee-
Dee Belemnite (VPDB) standard. The calibrated working
standards were NBS-19, NBS-18 and LSVEC (Li,COs;). The
standard deviation of repeated sample measurements was
less than 0.03 and 0.04%o for §"*C and 06'30, respectively.

Mineral compositions of ACC samples containing ad-
equate sample material were analyzed by X-ray diffraction
(XRD) analyses with a Bruker D8 Advance diffractometer
at the Department of Earth Sciences, National Cheng Kung
University. Measurements were made from 8° to 80° 20
with a step size of 0.01° 20 at 40kV/40mA. The XRD data
were analyzed with the TOPAZ software based on the Ri-
etveld method (Rietveld 1967; Young 1993; Mumme et al.
1996) to determine mineral elemental abundances (wt%).
Results were considered statistically significant if Goodness
of Fits (GoF) were in the range of 1 to 1.7 with low weight-
ed profile R-factor (R,,; < 15 is better). More detailed dis-
cussions about R-factor and GoF are in Young (1993) and
Toby (2006).

3.RESULTS
3.1 Morphology of ACCs

The authigenic carbonates investigated in this study
were primarily from two exposures within an area of about
2.5 x4 km. Exposure A (Fig. 3a) is a vertical cliff dipping to
Exposure B (Figs. 1, 2). Three different types of authigenic
carbonates occur in the study area based on their appearance
and location.

These are:

(1) massive brecciated blocks (MBBs; typically 2 to 4 m
long, 1 to 2 m wide, and 3 to 5 m high) are large, solid,
dense, whitish gray to grayish yellow, mound-shaped car-
bonate bodies, with or without vent and pipe structures, in
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Exposure A along the Chihshanhsi River (Figs. 2, 3b - ¢).
Chemosymbiotic lucinid pelecypods Anadontia goliath
(Yokoyama) (K. Matsuda, personal communication; Tay-
lor and Glover 2009) fossils were found within MBBs.
(2) Giant chimneys (GCs; circa 2 to 5 m wide and 30 m

high) are large and thick cylindrical or fusiform concre-
tions developing upwardly perpendicular to the bedding
in Exposure A (Figs. 2, 3d). They occur either in isola-
tion or parallel to each other, and contain vent/pipe struc-
tures (diameter > 15 cm) clustered with irregular shaped
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Fig. 3. Photographs of the Chiahsien Paleoseep outcrops: (a) Exposure A panorama; (b) a MBB type ACC in the Exposure A near the Chihshanchi
River; (¢) MBBs and their associated lucinid fossil and SPN type ACC in an outcrop in Exposure A along the Chihshanchi River; (d) GC “wall” in
the Exposure A; (e) a fusiform GC type ACC in Exposure A; (f) numerous Anodontia goliath (Y okoyama) mould fossils (pointed by arrows) in situ
located near the fusiform GC; (g) SPN type ACC in the Exposure B; and (h) an in situ but deformed Lucinoma annulata (Reeve) fossil associated
with a SPN type concretion.

carbonates. Abundant in situ Anodontia goliath (Y okoya- (3) Slender pipe networks (SPNs) are composed of elongated
ma) fossils (Fig. 3e) occur in the margin of one large fusi- small carbonate cylinders with diameters commonly be-
form GC body (size: circa 5 x 5 x 10 m; Fig. 3f). There tween 5 and 15 cm. They are found in both Exposure A
are a series of GCs (Fig. 3d) combined to form a “wall” and B, and the bank of the Chihshanhsi river (Figs. 1, 2).

adjacent and parallel to the Tishui Fault (Figs. 1, 2). These pipe-shaped concretions were previously considered
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as an “unknown trace fossil” (Yeh and Chang 1991).
The “pipes” develop upwardly perpendicular to the host
mudstone bedding, typically separated from each other by
1 to 2 m, with some occurring branched or connected hori-
zontally to the same pipes (Figs. 2, 3g). We also found a
few Lucinoma annulata (Reeve) lucinid fossils together
with some pipes (Fig. 3h).

3.2 Carbon and Oxygen Isotope and Mineral Composi-
tions of ACCs

The stable carbon and oxygen isotope compositions of
the Chiahsien Paleoseep carbonates are shown in Fig. 4a
and listed in Table 1. The 8"C values range from -49.57
to +5.91%o, with the values for MBBs (range, -49.57 to
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Fig. 4. Plot of carbon and oxygen isotopic compositions and dolomite percentages for the three types of ACCs: (a) 80 versus 8"°C; (b) 8"°C versus
dolomite percentages; and (c¢) 8'*0 versus dolomite percentages. Dol. = dolomite; Cal. = calcite. Data are also shown in Table 1. Published data for
the inland Pleistocene Takangshan cold seep carbonates in southwestern Taiwan (Wang et al. 2006) and the ACCs in the Kaoping Slope offshore
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Table 1. Mineral and isotopic compositions of the Chiahsien Paleoseep ACC samples.
Stable Isotops Mineral compositions (wt%) Criteria of fit
Sample Feldspar Muscovite Gypsum Clay minerals
OBCyppy  0"®Oyppy  Calcite  Dolomite  Quartz Rwp GoF
MBB
ACC-M1 -48.44 3.73 10.85 73.34 3.58 3.02 7.26 1.94 30.70 1.28
ACC-M2 -46.67 425 2.61 78.86 6.02 4.56 1.52 643 31.36 1.30
ACC-M3 -49.57 349 12.83 74.25 572 2.15 0.76 4.28 31.67 1.32
ACC-M4 -45.38 4.01 593 66.97 6.88 3.31 7.78 9.12 37.53 1.66
ACC-M5 -45.53 3.14 23.54 52.90 597 791 9.67 31.52 1.36
ACC-M6 -42.68 342 21.35 55.71 6.95 5.28 2.81 7.90 31.57 1.36
ACC-M7 -44 .44 3.6l 26.42 53.37 6.78 597 2.57 4.88 31.19 1.27
ACC-M8 -38.20 1.59 36.38 42.77 746 4.16 1.25 797 31.31 1.33
ACC-M9 -42.71 3.22
ACC-M10 -43.74 3.67
ACC-M11 -44.55 343
ACC-M12 -43.56 3.09
ACC-M13 -43.01 3.15
GC
ACC-G1 -30.42 1.33 5143 25.46 11.39 2.66 0.27 8.81 29.55 1.36
ACC-G2 -39.52 3.36 39.23 47.12 4.78 1.84 1.76 5.27 30.28 1.29
ACC-G3 -35.17 221 1.93 82.52 4.58 2.80 1.85 6.30 29.69 1.24
ACC-G4 -37.45 2.64 4.99 65.30 743 6.26 5.76 10.27 28.83 1.22
ACC-G5 -18.29 0.30 4.04 73.85 9.99 3.74 0.33 8.06 31.28 1.33
ACC-G6 -27.07 1.67 33.98 4393 8.09 3.03 249 8.48 29.38 1.23
ACC-G7 -30.51 1.57 16.53 46.81 14.80 498 7.53 9.35 31.74 1.38
ACC-G8 -32.19 0.40
ACC-G9 -31.50 1.92
ACC-G10 -29.16 -2.47
ACC-G11 -39.06 2.93
ACC-G12 -32.90 2.68
ACC-G13 -34.79 333
ACC-G14 -30.88 2.75
ACC-G15 -23.00 -0.96
ACC-G16 -17.73 043
ACC-G17 -31.58 1.18
ACC-G18 -32.10 0.69
ACC-G19 -34.27 0.71
ACC-G20 -34.84 1.95
ACC-G21 -29.36 -0.82
ACC-G22 -37.94 2.08
ACC-G23 -34.55 1.64
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Table 1. (Continued)
Stable Isotops Mineral compositions (wt%) Criteria of fit
Sample Feldspar Muscovite Gypsum Clay minerals
OBCyppy  0"®Oyppy  Calcite  Dolomite  Quartz Rwp GoF
ACC-G24 -38.00 1.57
ACC-G25 -35.51 1.42
ACC-G26 -37.33 2.31
ACC-G27 -36.32 2.73
ACC-G28 -34.10 2.10
ACC-G29 -40.81 1.63
ACC-G30 -23.30 -1.86
ACC-G31 -26.01 -2.13
ACC-G32 -39.71 2.82
ACC-G33 -43.14 2.77
ACC-G34 -19.67 -7.64
ACC-G35 -36.62 1.60
ACC-G36 -42.46 233
ACC-G37 -39.99 1.06
ACC-G38 -40.96 0.61
ACC-G39 -42.81 1.21
ACC-G40 -42.59 1.58
ACC-G41 -37.96 0.85
ACC-G42 -34.46 -2.10
SPN
ACC-S1(A) -42.47 3.19 3.80 75.55 10.35 1.78 436 4.17 36.92 1.29
ACC-S2(A) -42.94 3.23 6.41 72.58 8.69 533 2.60 439 35.81 1.28
ACC-S3(A) -43.51 353 27.87 55.87 7.18 3.02 1.90 4.16 29.72 1.28
ACC-S4(A) -42.86 3.57 22.76 57.76 5.60 333 448 6.07 3201 1.34
ACC-S5(B) -0.74 -3.92 20.89 52.81 7.90 3.88 8.66 0.47 5.40 35.67 1.20
ACC-S6(B) =174 -6.90 23.54 33.30 11.98 6.93 12.47 3.90 7.89 37.10 1.24
ACC-S7(B) 0.96 -1.10 23.11 40.22 11.68 432 14.72 5.96 33.08 1.37
ACC-S8(B) 591 -0.66 8.26 66.63 7.60 3.34 12.11 2.05 31.73 1.30
ACC-S9(A) -29.77 -0.48
ACC-S10(A)  -28.75 0.00
ACC-S11(A)  -36.78 1.01
Calcite Veins
CV1 -845  -11.37
Cv2 2592 -1249
CV3 -2991 -12.00
Cv4 -9.07 -9.20
CV5 -12.69 -9.15
Uncertainty +0.03 +0.04
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-38.20%0, n = 13) lower than the values for GCs (range,
-43.14 to -17.73%0, n = 42) and SPNs (range, -43.51 to
+5.91%0,n = 11). The SPNs associated with MBBs and GCs
had a similar range of 8'°C values to each other (Figs. 2, 4a;
Table 1). SPNs in Exposure A had lower §'*C values (range,
-43.51 to -28.75%0) than the 8'*C values for SPNs in Expo-
sure B (-7.74 to +5.91%o).

The 60 values range from -7.64 to +4.25%o, with the
values for MBBs (+1.59 to +4.25%0) higher than the values for
GCs (-7.64 to +3.36%o¢) and for SPNs (-6.90 to +3.57%o). The
SPNs had a similar range of 8"*C values for MBBs and GCs
for the same location (Figs. 2, 4a; Table. 1). SPNs of Expo-
sure A had higher 630 values (range, -0.48 to +3.57%o) than
the 8'%0 values in Exposure B (range, -6.90 to -0.66%c).

The ACCs are mainly composed of dolomitic and cal-
citic micrite with terrigenous minerals such as quartz, mus-
covite, and feldspar, and clay minerals (Table 1). Two SPNs
in Exposure B contain gypsum. Some SPNs are filled in the
center with secondary precipitated calcite spars. Dolomite
percentages (the ratio of dolomite wt% and the sum of do-
lomite wt% and calcite wt%) are very high (> 0.95) in four
samples [ACC-M2, ACC-G3, ACC-G5 and ACC-S1 (A)];
only one sample (ACC-G1) has a dolomite percentage be-
low 0.5.

Carbon and oxygen isotopic compositions showed dif-
ferent correlations with dolomite percentages among the
three types of ACCs (Fig. 4b, c). There was a highly nega-
tive correlation between &'°C values and dolomite percent-
ages for the MBBs (correlation coefficient R =-0.7718), but
a highly positive correlation between '30 values and dolo-
mite percentages (R = 0.8612). Both "*C and 'O values
for the GCs were weakly correlated to dolomite percentages
(R =0.1060 and -0.0929, respectively). The SPNs in Expo-
sure A showed a highly positive correlation between &'*C
values and dolomite percentages (R = 0.7711). In contrast,
there was a highly negative correlation between 0'%0 values
and dolomite percentages (R =-0.9778). SPNs in Exposure
B showed a highly positive correlation between d'°C val-
ues and dolomite percentages (R = 0.8597), but a moderate
positive correlation between 8'*0 values and dolomite per-
centages (R =0.6527).

4. DISCUSSION

4.1 Morphology and Mechanisms for the Formation of
the Chiahsien Paleoseep ACCs

Coexistence among the three types of ACCs and the
lucinid fossils (Figs. 2, 3c, f, h) shows that these carbon-
ates precipitated near the sediment-water boundary, because
these chemosymbiotic bivalves dwell in the uppermost tens
of centimeters of sediments (Stanley 1970) and close to the
redox boundary (i.e., the SMTZ where the authigenic car-
bonates precipitated) (Taylor and Glover 2000). Bouchet
and Cosel (2004) reported an extant large lucinid Megano-

dontia acetabulum with similar size and outline to Anodotia
goliath, but its extremely low umbone is different from the
latter. Despite of the synapomorphically chemosymbiotic
characteristics for all members of Lucinidae, the taxonomi-
cal and evolutionary relationships between the two species
is still unclear (Taylor and Glover 2000).

The plots of carbon and oxygen isotopic compositions
of the Chiahsien Paleoseep ACCs seem to be distributed on
two mixing lines for Exposure A and B. These two lines
“converge” to the meteoric end member which is derived
from the low 8'%0 (< -8%o) of the calcite veins (Fig. 4a). Ox-
ygen isotopes are more prone to exchange than carbon iso-
topes in carbonate rocks, and trend to be '*O-depleted during
rock alterations with meteoric waters (Peckmann and Thiel
2004; Campbell 2006). Figure 4a shows that most ACCs
have undergone meteoric alterations, and mixing/interlacing
between ACCs and meteoric water derived calcite vein was
common with various extents. The other end members are
the ACCs in Exposure A (8"C: ~-50%0; 8'%0: ~+4 %0) and
of Exposure B (8"°C: ~+7%o; 0'%0: ~0%0), which must be
derived from quite different carbon sources.

The low 8"°C values indicate that methane is the major
carbon source of MBB, GC, and SPN concretions in Expo-
sure A (Fig. 4a). The carbon sources for seep carbonates are
mainly derived from anaerobically oxidized methane (&'*C
range -40 to -50%o for thermogenic methane, and from -50
to -100%o for biogenic methane). Therefore, extremely low
O"3C values (typically < -30%o) are likely signatures of seep
carbonates (Aharon 2000; Campbell 2006). Since these dif-
ferent types of concretions occur in the same outcrop and
are quite near each other (Fig. 2), differences in their ranges
of 8'°C values may derive from different mixtures of carbon
sources rather than from different methane sources (ther-
mogenic or biogenic). The carbon sources may be (1) oxi-
dized methane in pore water with low §"*C (-40 to -100%o),
(2) dissolved inorganic carbon (DIC) in seawater with high-
er 0C (+2 to -2%o), and (3) diagenesis of sediment organic
matter (0°C: -15 to -35%0) (Campbell 2006). Logically,
higher methane flux should produce more *C-depleted bi-
carbonate in pore water, and precipitate more *C-depleted
ACCs (scenario 1). However, a higher methane flux will
also decrease the depth of SMTZ (Borowski et al. 1996),
causing DIC in seawater and organic matter to have more
opportunity to take part in the precipitation of authigenic
carbonates, thus producing *C-enriched ACCs. Converse-
ly, a lower methane flux will increase the depth of SMTZ,
readily forming self-sealed ACCs (Figs. 5a - c). In addi-
tion, at the same site, 8"*C,enane Values tend to be lower with
increasing sediment depth due to fractionation associated
with AOM (Tsunogai et al. 2002) (scenario 2). Between the
two alternative scenarios, we infer that 8'°C of ACCs are
principally controlled by differences in the mixing propor-
tions between pore water and seawater due to differences in
the depths of SMTZ together with the isotopic fractionation
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Fig. 5. Schematic for evolution (a - ¢) and reconstruction (d) of the Chiahsien Paleoseep (only for Exposure A). Dimensions are not in scale.

associated with AOM (i.e., scenario 2). This can plausibly
explain that the GCs are found at higher stratigraphic posi-
tions than MBBs and are more enriched in *C, and MBBs
usually have denser and more solid texture than GCs. How-
ever, the methane fluxes in the Chiahsien Paleoseep should
be low to moderate level because of presence of the iso-
lated to grouped ACCs (mineral-prone substrate) (sensu
Roberts 2001) and a low diversity of chemosymbiotic fauna
(although we suggest that this is questionable due to poor
preservation of macrofossils in the outcrops).

Overall, GCs occur at higher stratigraphic positions
than MBBs with partially overlapping (Fig. 5), and SPNs
occur in widest range whether horizontally or vertically
(Figs. 1, 2). This suggests that the size, shape, and distribut-
ing of authigenic carbonates relate to flux and flow pattern
of released methane: MBBs were formed by weaker diffu-
sion of methane; in advection-dominated regimes, the ma-
jor venting occurred along the geofluid feeder conduits and
formed GCs, whereas minor venting/seeping occurred along
bedding planes and fractures in a wider range and formed
SPNs (Fig. 5a - c¢). Chimney- and pipe-shaped ACCs sug-
gest that fluid expulsion was highly channelized (Stakes et
al. 1999).

Exposure B is situated in the upper part of the Yen-
shuikeng Shale, i.e., it is stratigraphically younger than Ex-
posure A, which is situated in the lower part of the Yen-

shuikeng Shale (Figs. 1, 2). ACCs of Exposure B are all
SPN type and may have different carbon source(s) from the
ACCs of Exposure A. The range of carbon isotope values
of SPNs of Exposure B (Fig. 4; Table 1) indicates that they
should be derived from another carbon source, e.g., residual
CO, from methanogenesis (0"°C: +5 to +24%o, Campbell
2006) and/or “*C-enriched hydrocarbon, instead of meth-
ane. Elevated 8"C values of SPNs of Exposure B may be
derived from a mixture of “C-depleted methane and *C-
enriched residual CO,. We infer that the geofluid feeder
(e.g., faults) had reached a deeper reservoir in the later stage
of the development of the Chiahsien Paleoseep and formed
these "*C-enriched SPNs in Exposure B.

Cold seeps are highly associated with geological struc-
tures, especially faults, in various tectonic settings (Sample
and Reid 1998; Aiello 2005; Gay et al. 2007; Judd and Hov-
land 2007; Zitter et al. 2008; Barnes et al. 2010; Conti et al.
2010; Netzeband et al. 2010). Sample and Reid (1998) con-
cluded that the fluid sources for precipitating ACCs were con-
trolled predominately by different fault regimes. High-angle
faults (commonly normal or strike-slip faults) may act as con-
duits for shallower fluids to form *C-depleted/'*O-enriched
carbonates, or connect deeper and warmer sources to form
BC-enriched/"®O-depleted carbonates. Because cold seep car-
bonates precipitated on the sea floor or within the uppermost
sediments, their formation ages are penecontemporaneous
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to the age of host sediments. Therefore, if there are any faults
as the geofluid feeder for the Chiahsien Paleoseep, they
should have been active in the Early Pliocene (i.e., the age
of the Yenshuikeng Shale). Several small normal faults may
have developed in the foreland region during the Early Plio-
cene. We suggest that some of these faults could act as the
geofluid feeders to the Chiahsien Paleoseep. In early stage of
the Paleoseep, the offset of the feeder faults should be small
and provided shallower fluids to form "*C-depleted/'*O-en-
riched carbonates (e.g., MBBs, GCs and SPNs in Exposure
A). The offset of the feeder fault(s) became greater and pro-
vided deeper fluids to form "*C-enriched/'®*O-depleted car-
bonates (e.g., SPNs in Exposure B).

According to the relationship between the morphology
of the ACCs and patterns in geofluid flow we infer that the
series of GCs (the “wall”, Figs. 2, 3d) indicates the main
feeder fault (Figs. 5a, b) which may have been reactivated
as the Tishui Fault later. The isolated fusiform GC concre-
tion may represent a larger venting outlet of the paleoseep
with the MBB and SPN concretions situated at the outer
area or borders of the paleoseep. The vertical distribution of
ACC:s corresponds to their horizontal distribution, because
distance from the feeder fault controlled flux and flow pat-
tern of the geofluid discharge (e.g., Fig. 5a).

4.2 Dolomite Contents of ACCs

Dolomitic micrite of the ACCs may have a primary
(authigenic and organogenic) or a secondary (diagenetic)
origin. Culture experiments (Warthmann et al. 2000; van
Lith et al. 2003) and field observations (e.g., Mazzullo 2000;
Meister et al. 2007) have shown that primary dolomite can
precipitate in the microbially active zone where alkalinity is
high and sulfate reducing bacteria are abundant. Therefore
the SMTZ of a methane seep is likely a suitable milieu for
dolomite precipitation.

However, seep-related carbonates with high dolomite
contents usually form in deeper part or out of the sulfate
reduction zone due to the requirement of high Mg/Ca ra-
tios (Stakes et al. 1999; Greinert et al. 2001). Modern or
offshore C-depleted seep carbonates are usually predomi-
nately composed of high magnesium calcite (Stakes et al.
1999; Greinert et al. 2001; Peckmann et al. 2001; Han et al.
2008), having lower d'"°C values than dolomite-dominated
carbonates (Stakes et al. 1999).

On the other hand, dolomitization is prone to take place
due to elevated temperatures during burial and diagenesis,
with magnesium ions replacing calcium ions within calcium
carbonates (Machel and Mountjoy 1986). Most modern and
offshore methane-derived ACCs are composed of aragonite
and calcite (with low to high magnesium mol%) (Stakes et
al. 1999; Greinert et al. 2001; Peckmann et al. 2001; Camp-
bell 2006; Han et al. 2008; Crémiere et al. 2012; Ge and Ji-
ang 2012). Sediments with higher water content (i.e., closer

to the sea floor) are more favorable to precipitation of ara-
gonite than of calcite (Peckmann et al. 2001). However, ara-
gonite is a metastable mineral and easily alternates to calcite
through diagenesis. Therefore, together with dolomitization,
ancient seep carbonates tend to be mostly composed of high
magnesium calcite and dolomite without any aragonite.

Complicated patterns in the dolomite content of the an-
cient ACCs of the Chiahsien Paleoseep (Figs. 4b, c; Table 1)
may be derived from the combination of primary and sec-
ondary dolomites, and probably dominated by the later (at
least for *C-depleted ACCs) if the mechanisms of ACC
formation and mineral compositions resemble the modern
offshore ACCs (cf. Stakes et al. 1999; Greinert et al. 2001;
Peckmann et al. 2001; Han et al. 2008; Ge and Jiang 2012).
Additionally, the dolomite contents of the ACCs of the
Chiahsien Paleoseep represent different degrees and corre-
lations between the carbon and oxygen isotopic composi-
tions (Figs. 4b, c¢). The highly positive correlations between
0"0 values and dolomite percentages of MBB type ACCs
(Fig. 4c) are consistent with kinetic isotope fractionations
among calcite, aragonite, high magnesium calcite, and do-
lomite (sensu Campbell 2006). However, dolomite percent-
ages of GCs are not correlated with their 8'#0 values. In this
situation, SPNs in Exposure A showed moderate positive
correlation with their %0 values; conversely, SPNs of Ex-
posure B had highly negative correlations with their 6'0
values (Fig. 4c). This demonstrates that isotope composi-
tions of three types of the ACCs may not be controlled only
by the original mineral compositions but also by diagenetic
processes (e.g., dolomitization, dissolution and recrystalli-
zation) and mixing with calcite veins which precipitated in
meteoric water. Figure 4b shows negative correlations be-
tween dolomite contents and 0'°C values of MBBs and GCs
that seems to contradict the result of Stakes et al. (1999).
However, it can be interpreted as the influence of mixture of
relatively "*C-enriched calcite veins.

4.3 Comparison with Younger Cold Seep Carbonates in
Southwestern Taiwan

The onshore Pleistocene Takanshan cold seep carbon-
ates (Wang et al. 2006) and the offshore Pleistocene-Present
ACCs from the Kaoping Slope (Huang et al. 2006) are also
plotted in Fig. 4a. Overall, the carbon and oxygen isotopic
compositions of most samples (besides SPNs from Expo-
sure B) showed similar trends of lower 8'°C values and
higher 0'%0 values.

Most 0°C values of the Takanshan cold seep carbon-
ates (-53.7 to -10.4%oc) are within the range of the '*C val-
ues for the Chiahsien ACCs from the Exposure A (-49.6 to
-17.7%0). Most 8'%0 values of the Takanshan cold seep car-
bonates (+1.9 to +5.0%o; except one sample with 840 -5.4%0)
are higher than the GC type ACCs (-7.6 to +3.3%o) and are
more similar to the MBB type ACCs (+1.6 to +4.2%0) of
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the Chiahsien Paleoseep (Fig. 4a). The &'*C values of these
ACCs from the Kaoping Slope were lower (range, -57.6
to -35.7%o0) than the &'3C values for the Chiahsien ACCs
(range, -49.6 to +5.9%o0) (Fig. 4a). The &0 values of the
ACCs from the Kaoping Slope have higher values (range,
+2.4 to +7.4%0) than the Chiahsien ACCs (range -7.6 to
+4.2%0) (Fig. 4a). In addition, ACCs from the Shenhu area
at the northern slope of the South China Sea (to the west
and near the Kaoping Slope) also have similar carbon and
oxygen isotopic compositions (8'3C: -57.5 to -35.7%o; 0'%0:
+1.7 to +5.3%o; “the Jiulong methane reef”’, Han et al. 2008;
Ge and Jiang 2012). A summary of the spatial relationship,
ages, and carbon/oxygen isotopic compositions of the asyn-
chronous cold seep carbonates (Huang et al. 2006; Wang et
al. 2006; this study) is given in Fig. 6.

Wang et al. (2006) recognized that the dolomitic mud-
stones of the Takanshan were cold-seep-derived carbonates
which served as hardground for the growth of coral reefs.
The occurrences of the Takanshan cold seep carbonates are
massive, pipe-shaped, or funnel-shaped, that are similar to
the triformed ACC:s in this study.

The original occurrences of authigenic carbonates of the
Kaoping Slope offshore southwestern Taiwan (Huang et al.
2006) are unclear due to impossibility of in situ visual obser-
vations; most of these carbonates are within the sediments
and can only be sampled using gravity or piston corers. How-
ever, the deep-towed camera observations (Chen et al. 2010)
in the adjacent area showed that the authigenic carbonates
may be massive shaped. Their grayish white color and brec-
ciated occurrences are also similar to the MBB type ACCs
of this research. The ACCs of the Jiulong methane reef have
massive, tabular, and chimney-like forms (Han et al. 2008).

In addition to the similarity of the occurrences of these
onshore (ancient) and offshore (modern) ACCs, their iso-

topic compositions are similar with minor discrepancies
(Fig. 4a). Interestingly, the similarity of their stable carbon
isotopic compositions seems to be correlated to the similar-
ity of their occurrences. The offshore Kaoping Slope ACCs
(Huang et al. 20006) yield lowest 8'*C but also with some
overlapping to the Takanshan cold seep carbonates (Wang
et al. 2006) and MBB type ACCs (this research). The fun-
nel- and pipe-shaped Takanshan cold seep carbonates have
similar ranges of 6*C values to the GC type ACCs of the
Chiahsien Paleoseep.

The oxygen isotopic compositions show some trends
with the ages of the ACCs (Figs. 4a, 6): the youngest ACCs
(i.e., the Kaoping Slope ACCs; Huang et al. 2006) have the
highest 0'80 values, whereas the oldest ACCs (this study)
have the lowest 080 values. The ACCs with ages between
the youngest and oldest groups (i.e., the Takanshan cold seep
carbonates; Wang et al. 2006) have intermediate §'O values.
If diagenetic dolomitization processes control the mineral
and isotopic compositions of ACCs, our results seem incon-
sistent because the oxygen isotopic compositions of ACCs
in the same paleoseep have complex patterns with their do-
lomite contents (Fig. 4c). However, the Chiahsien Paleoseep
carbonates have a longer burial and exposure history; these
ACCs should have a more complicated influence of diage-
netic processes and/or weathering processes, therefore have
a wider (and on average lower) range of 8'*0 values.

5. CONCLUSIONS

Several ACCs within the Early Pliocene Yenshuikeng
Shale of the foreland basin sequences, southwestern Tai-
wan, have been preserved as a paleoseep system. Their
carbon isotope compositions indicate that they are derived
from the diffusion and emission of methane (Exposure A),

NE

Kaoping Coastal .
Western Foothills
Slope Plane
i Chiahsien
Paleoseep
200 11 Offshore Takanshan Carbonates
Authigenic (Wang et al. 2006)
Carbonates
(Huang et al. 2006)

~
Age Pleistocene ~ Present
oBC  -57.6 ~-35.7%0
60  +2.4 ~+7.4%0 -

Pleistocene Early Pliocene
-53.7 ~ -10.4%o -49.6 ~ +5.9%o
5.4 ~+5.0%0 -7.6 ~+4.2%0

Fig. 6. Summary of the spatial relationships, ages, and ranges of carbon and oxygen isotopic compositions of three cold seep derived authigenic
carbonate bodies offshore and onshore southwestern Taiwan. CS: Chiahsien Paleoseep; TKS: Takanshan Limestone; KS: Kaoping Slope.
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or from deeper sourced DIC (Exposure B). The intensity
of seepage activity and flow pattern of geofluids, due to
different distances from the feeder fault, controlled SMTZ
depths and resulted in differences in the vertical distribu-
tion, morphologies, and sizes of ACCs. These ACCs, as
well as other younger cold seep carbonates formed within
the same foredeep and incorporated into the southwestern
part of the Taiwan orogenic belt, represent similar occur-
rences and carbon isotopic compositions. However, they
have undergone a longer period of diagenesis and weather-
ing, thus the older cold seep carbonates have more compli-
cated and '8O-depleted isotopic signatures than the younger
carbonates. The existence of these asynchronous cold seep-
derived ACCs provides a well preserved geological record
of hydrocarbon geofluid migrations and tectonic activities
in southwestern Taiwan.
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