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ABSTRACT

Mud volcano (MV) is one of the most important passageways for deep seated
volatile materials to migrate back to Earth’s surface in sedimentary basins and sub-
duction zones. Waters of MV fluid emitted from 18 mud pools in MV Luo-Shan (LS)
in eastern Taiwan were sampled from the year 2002 to the year 2021. Major and trace
components as well as H, triple O (8'®0 and A'7O) and triple Sr isotopes (*’Sr/*Sr
and 0*Sr) were measured. The results show that major components of water are
CI', Na, and Ca. Compared with seawater, water of MV LS reveals similar chemi-
cal characteristics with low-temperature ridge-flank hydrothermal spring and marine
pore water in reducing condition. Limited spatial and temporal variation of major
components as well as H, triple O and ¥Sr/**Sr indicates waters emitted by mud pools
come from the same source regionally. Slightly radiogenic *Sr/*¢Sr at southern mud
pools and before the year 2003 denotes different fluid reservoir from northern ones.
Small ¥Sr/*Sr variation in waters of northern mud pools indicates near surface mix-
ing from 2 fluid reservoirs. The correlation among all components reveals sediment
component addition is the major factor and evaporation is the key factor for conser-
vative elements. In summary, waters expelled by MV LS mud pools originate from
the same regional source, and their trace element composition such as Mg, K, Sr as
well as ¥’Sr/%Sr slightly varies, depending on the location of the reservoir they are
hosted. A stable source with small vibration of fluid reservoir of MV LS is indicated
during the 19-years investigation period.

1. INTRODUCTION

Mud volcano is one of the most effective passages for
the fluids at depth to migrate through thick sediments to
the surface. It is a diapiric structure resulting from tectonic
compaction and hydrocarbon gas weakening in convergent
margins where soft, thick, and fine-grained mud is rapidly
deposited. Development of the mud diapir or the fault pro-
vides the pathway for the fluid to migrate upward and forms
the shape of MV on the Earth’s surface (Milkov 2000;
Dimitrov 2002; Kopf 2002; Mazzini and Etiope 2017). The
terrestrial MVs are distributed on tectonically convergent
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region such as Italy, Azerbaijan, Romania, Taman (Russia),
Georgia, Iran, Pakistan, Andaman (India), Indonesia, Tai-
wan, Japan, Sakhalin (Russia), Trinidad and so on (Dia et
al. 1999; Delisle et al. 2002; Etiope et al. 2002, 2011a, b;
Planke et al. 2003; Shakirov et al. 2004; Yang et al. 2004;
You et al. 2004; Lavrushin et al. 2005, 2015; Mazzini et
al. 2007, 2009; Deville and Guerlais 2009; Ray et al. 2013;
Farhadian Babadi et al. 2019), and there are probably 10
times more marine MV than terrestrial ones (Milkov 2000;
Mazzini and Etiope 2017).

The mediums emitted by MVs come in three phases:
gas, water, and solid. The gases are mainly methane (>
90%) with minor amounts of nitrogen, argon, carbon di-
oxide, ethane, and higher hydrocarbon gases (Etiope et al.
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2002, 2007, 2009; Shakirov et al. 2004; Yang et al. 2004;
Chao et al. 2010; Sun et al. 2010). Some MV gases are
dominated by CO, (Etiope et al. 2002; Shakirov et al. 2004;
Yang et al. 2004: Chao et al. 2010). These atypical MVs
are probably associated with the sediment-hosted geother-
mal system (Procesi et al. 2019). More than 76% of MVs
expel thermogenic methane and only 4% expel microbial
methane. The rest of the MV expel mixed gases (Etiope et
al. 2009). Generally speaking, the water expelled by MVs
originates from marine sedimentary pore fluids. It may have
experienced important diagenesis and/or have been influ-
enced by clay dehydration and water-rock interaction. Ad-
ditionally, it may pass through halide dissolution and may
mix with groundwater, surface runoff, and meteoric water
near land surface (Bray and Karig 1985; Dia et al. 1999;
Dahlmann and de Lange 2003; You et al. 2004; Mazzini
et al. 2009). The solid matter is mainly derived from the
ambient sediments surrounding the fluid reservoirs or the
migration channel. They are mostly clay minerals, such as
smectite, illite, kaolinite and chlorite as well as other miner-
als like quartz and calcite (Shih 1967; Dia et al. 1999; Kopf
and Deyhle 2002; Farhadian Babadi et al. 2019). The origi-
nation of all three phases can be decoupled from each other
(Sun et al. 2010; Mazzini et al. 2018).

Waters discharged by eastern Taiwan MVs have dif-
ferent chemical characteristics from those expelled by west-
ern ones. The evidence of major elements as well as 8’Sr/*Sr
show signature of rock-rock interaction with igneous rocks
(You et al. 2004; Chao et al. 2013). The geological sedi-
mentary structure emits waters containing geothermal sig-
nal. This hybrid characteristic matches the sediment-hosted
geothermal system (Procesi et al. 2019). Although large
87Sr/%Sr variation in different mud pools are reported in
nearby MV Lei-Gong-Huo (LGH; Chao et al. 2013, 2022),
Sr isotopes of the water in MV Luo-Shan show consistent
igneous characteristics for all mud pools collected in this
area (You et al. 2004; Chao et al. 2013), implying different
source condition between the 2 MVs.

In this study, water samples from 18 mud pools at MV
LS were collected from the year 2002 to the year 2021.
The major as well as trace ions/elements, hydrogen, triple
oxygen, and triple strontium isotopic compositions were
measured. The systematic measurements with 19-year in-
vestigations will help to understand the source of the fluid,
underground fluid reservoirs as well as chemical and isoto-
pic variation of MV LS.

2. METHODOLOGY
2.1 Geological Background and Site Description

The Taiwan mountain belt formed as a result of arc-
continent collision between the Philippine Sea Plate and the
Eurasian Plate and one of the possible suture zones is the
Longitudinal Valley, situated between the Central Range

and the Coastal Range (Li 1976; Teng 1990). The Luzon
Arc moves northeast toward the Asian continent at an aver-
age rate of 7 cm per year (Yu et al. 1997). Across the Lon-
gitudinal Valley Fault (LVF), the movement decreases dra-
matically to 2 cm per year (Ching et al. 2011). The highly
deformed Lichi Mélange formation, which was the forearc
basin and composed of chaotic mudstone mixed with frag-
ments of oceanic crust (Chang et al. 2000), may be the sub-
stance that absorbs the movement (Ching et al. 2011) and
provides the suitable environment for the formation of MVs.

There are 3 M Vs located along the Longitudinal Valley
in eastern Taiwan (Fig. 1a), which are Luo-Shan (previously
also named Yencheng by Shih 1967), Shih-Men-Wai, and
Lei-Gong-Huo from north to south (Shih 1967). All the MVs
are located on Lichi Mélange as well as the hanging wall of
Lichi Fault and the foothill of the Coastal Range (Fig. 1b).
This area happens to be extensional co-seismically (Ching et
al. 2007; Lin et al. 2010) and the channels of MV fluids are
in unclamping conditions (Bonini et al. 2016; Bonini 2021),
enhancing the eruption activities (Jiang et al. 2011).

MYV LS is the northernmost MV in eastern Taiwan.
Dozens of swamp-like mud pools are distributed linearly in
the area approximately 1 km in length and 200 m in width
with the orientation of N20°E (NNE-SSW), parallel to the
strike of the major faults. Based on the location of the mud
pools, six groups, A to F, are classified from north to south
(Fig. 1c). Group A has one long-lasting mud pool, LS-Al,
while others are short-lived ones. Mud pools in group B all
exist temporally. Group C is in a private yard, and thus not
sampled in this study. Another long-lived mud pool is in
group D, LS-D1. LS-E1 has existed since the 2008 investi-
gation, and the path to group F was broken after 2015, as a
result, only the samples collected before 2008 are discussed
in this study.

MYV LS emits predominantly methane (> 90%), simi-
lar to MVs in western Taiwan. However, low CO, content
(< 0.2%) and higher N, concentration (> 5%) with mantle
helium signals (Yang et al. 2003, 2004; Chao et al. 2010)
show different gas compositions. MV LS emits thermo-
genic methane (Chao et al. 2010; Sun et al. 2010) and the
formation temperature of LS-Al estimated by the chemi-
cal composition falls within 67 to 97°C, indicating that the
origination depth of waters are similar to or shallower than
the gases (Chao et al. 2011, 2022).

2.2 Sampling

MYV samples have been collected since October 2002.
More intense sampling were performed from October 2015
to July 2016 monthly and from January 2017 to 2021 yearly.
The fluid samples were collected right below the gas bub-
bling area using four 50 cm® pre-weighted polypropylene
(PP) centrifuge tubes. The temperature, pH, and oxidation-
reduction potential (ORP) values were obtained on site with
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Fig. 1. (a) MVs in eastern Taiwan (triangles), open symbol denotes vanished MV, solid line indicates major fault. (b) Geologic map adopted from
Central Geologic Survey, MOEA, Taiwan (https://www.moeacgs.gov.tw), solid line indicates major fault. (c) Linear distribution of 5 groups at MV
LS. (d) Photograph of LS-A1_2002 taken on 2002-11-24. (e) Photograph of LS-A1 and LS-A2 on 2008-12-14. (f) Spatial distribution of satellite

mud pools at group A. Photograph was taken on 2017-01-16.
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a WalkLAB® TI9000 temperature compensation pH meter.
Flux of expelling gas is measured by inverting a volumetric
PP beaker in the bubbling area and slurry flux is measured
by a volumetric PP beaker under the slurry overflowing
incision The time to fill the beaker was determined by a
stopwatch. The average flux was achieved through 7 mea-
surements on site. Field samples were shipped back to the
laboratory at low temperature. The samples were filtered
with 0.45 um nylon membrane filters after being centrifuged
by 2560 xg relative centrifugal force (RCF) for 30 minutes.
The residual solids were dried in the oven at 50°C over-
night. The weight of dried mud along with the centrifuge
tube was measured and the percentage of mud weight was
obtained by the dry weight over raw weight after the weight
of the centrifuge tube was deducted. Half of the filtered so-
lutions were acidified with purified concentrated nitric acid
to pH < 2 for the determination of major and trace elements,
and Sr isotopes. Unacidified samples were preserved for the
measurement of anion concentrations, total alkalinity, and
H and triple O isotopes. All samples were kept at 4°C in the
refrigerator for later analysis.

2.3 Chemical Composition in the Fluids

Dissolved anions (Cl) were determined using ion
chromatography (Dionex® ICS-3000) with the precision
better than 5%. Quality assurance was obtained via diluted
international seawater standard IAPSO. Chloride concen-
tration of diluted IAPSO was calculated based on the salin-
ity and the equation established by Millero et al. (2008).
Major and some trace elements (B, Ba, Ca, Fe, K, Li, Mg,
Mn, Na, S, Si, and Sr) were measured using Agilent 5100
inductively coupled plasma optical emission spectrometry
(ICP-OES) with a precision of better than 3%. Other trace
elements (Al, As, Br, Co, Cs, Cu, Ge, I, Mo, Ni, Pb, Rb, Sb,
Ti, U, and Zn) were measured with Agilent 7500cx quadru-
pole inductively coupled plasma mass spectrometer (ICP-
Q-MS). Samples before 2008 only had trace elements Br,
I, Rb, U measured with high resolution inductively coupled
plasma mass spectrometer (HR-ICP-MS, Element II, Ther-
mo Fisher Scientific). Chemical composition of the year
2008 samples were published (Chao et al. 2011) but ana-
lyzed again in this study. The double check findings show
comparable results except K concentration. New results
show better accuracy which is confirmed by ICP-Q-MS.
Therefore, new K concentration of the year 2008 samples is
updated to Table 1. Due to high Cl, Na, Ca in the samples,
matrix-matched calibration standards were prepared, and
the quality assurance was obtained through 3 reference ma-
terials, SLRS-5, CASS-4, and NASS-5. The results fall in
the range of 20% certified values except As, Co, and Ni.
Arsenic is seriously overprinted by isobar *CI*Ar* while
%Co and *Ni have isobaric interferences by calcium oxide.
Since the intensity of the signals was too low to be quanti-

fied in collision mode, numerical normalization is applied.
The 43/59 and 43/60 ratios of samples spiking with concen-
tration matching Cl and Ca were monitored before and after
each 10 samples run. The intensity and ratios were applied
to remove the potion from the interferences. The intensity
of m/z 75 was deduced by intensity of m/z 77 and mul-
tiplying by CI1/*’Cl ratio to correct the contribution from
SCI*Ar*. Before Cl correction, the intensity of m/z 77 con-
tributed by Se was removed by monitoring m/z 82. After
numerical normalization, the results of reference materials
fall in 20% range of certified values for the three elements.

Total alkalinity (TA) was measured by the acid titra-
tion (Metrohm® 905 Titrando) with the precision better than
1%, estimated by repeating analyses of the sample (n = 3)
and in-house prepared bicarbonate standard.

2.4 Hydrogen and Triple Oxygen Isotopes

H and triple O isotopes were obtained by the cav-
ity ring-down spectroscopy (CRDS, H,O isotope analyzer,
Picarro L.2140-i) installed in Exploration & Development
Research Institute, CPC Corporation, Taiwan (EDRI). In-
strumental fractionation was corrected by measuring two
international standards (V-SMOW2 and SLAP2). This
correction was certified by a third international standard
(GISP). For drift correction and quality control, 4 USGS
standards of known 3D and §'*0 values (USGS-45; USGS-
47; USGS-48; USGS-50) were analyzed after six consecu-
tive samples run. The reproducibility of dD, 8'%0, and 'O
is better than 0.1, 0.03, and 0.02%0 (20, n = 6) respectively,
by repeating analyses of selected samples. All 8D and 6'*0
isotopic results reported in this study were normalized to
V-SMOW?2. Mass independent A'’O results were calculated
following Sharp et al. (2018):

A70=38"0-A3"0 +v (%) (1)
where A = 0.528 and v is generally assumed to be 0.

2.5 Triple Sr Isotopes

The separation and purification of Sr were performed
using an extraction chromatography technique, Sr Spec®
resin (Eichrom Technologies, USA). Approximate 120 ng
Sr from the sample is needed for Sr isotope analysis. The Sr
isotopic composition of fluid samples was determined us-
ing a multi-collector inductively coupled plasma mass spec-
trometer (MC-ICP-MS, Neptune, Thermo Fisher Scientific)
installed at Earth Dynamic System Research Center, Na-
tional Cheng-Kung University. Both 8’Sr/%Sr and 6% Sr were
measured with a modified empirical external normalization
(EEN, Liu et al. 2012) coupled with traditional standard-
sample-bracketing (SSB) technique. The reproducibility of
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87Sr/%6Sr and &% Sr in international seawater standard IAPSO
and in-house seawater LMN_4-3 is better than 0.000014 and
0.026%0 (20, n = 5) with the values of 0.709178, 0.378%o,
and 0.709173, 0.380%o respectively. The &%Sr results are
expressed using conventional notation modified after Krab-
benhéft et al. (2009):

88 86
Sr / Srsample

88 36
Sr/ Sraps srM 087

3%Sr =

-11x10% (%o) 2)

where ¥S1/% S,y and *8S1/*6St . denote the *8Sr/*Sr ra-

tio in the sample and standard respectively.

3.RESULTS

The concentration of major elements (Cl, Na, and Ca)
from the water of mud pools in MV LS show similar results
to previous reports (Yeh et al. 2005; Chao et al. 2011). The
chemical composition sorted in order of the maximum mo-
lar concentration is Cl, Na, Ca, Mg, TA, B, K, Br, Si, Sr,
Ba, S, Mn, Fe, 1, Li, Al, Ni, Zn, Mo, Rb, Cu, As, Co, Ge, Ti,
Sb, Cs, U, and Pb (Tables 1 and 2). The average concentra-
tion of three major elements is 211, 117, and 44.9 mM for
Cl, Na, and Ca respectively. The sampled 5 groups show
small variations of total dissolved solids (TDS) with the av-
erage value of 1.2% and are approximately 35% relative
to seawater. According to the spatial and temporal varia-
tion, three categories of the dissolved components can be
established: conservative, semi-conservative, and variable.
Conservative components are Cl, Na, Ca, TA, B, Br, and S.
Most of them are major elements. Semi-conservative com-
ponents are Mg, K, Si, Sr, I, Al, Rb, Cu, Co, and Ti with
variations less than an order. The rest of the chemical com-
ponents are variable ones.

The measured O, H, and triple Sr isotopes also show
similar patterns to previous studies (You et al. 2004; Yeh et
al. 2005; Chao et al. 2013). The 8D and 0'*O reveal small
variation, and the values are slightly lower than those of
seawater with the average by -1.7 and -0.37%o respectively
(Table 3). The mass independent A'"O has small negative
fractionation with the average of -0.05%o. The 5 groups are
not distinguishable from each other (Fig. 2). By excluding
the high d-excess low chloride samples, which are diluted
by meteoric water, and low d-excess high chloride samples,
which result from evaporation, D and 6'*0 show no statis-
tical differences among the 5 groups as well as the 6 mud
pools in group A (Student’s t test, p > 0.05). The overall
correlation between 8D and 8'*0 has a slope of 2.12, pos-
sibly indicating a local evaporation line and similar to a
previous study on MV LGH (Chao et al. 2022) as well as
soil moisture (Dincer et al. 1974). Radiogenic Sr isotopes
have igneous signal with small but detectable variation.
The distribution of 8’Sr/*Sr ratios are within 0.70653 and

0.70791 with an average value of 0.70684. Group A denotes
lower ¥Sr/%Sr ratios while groups D, E, and F have higher
87Sr/%Sr ratios with large variation before the year 2003
(Fig. 3). In contrast, group A has higher 8*Sr with larger
variation while the rest of the groups reveal lower §%Sr and
smaller variation (Fig. 4). Stable Sr isotopes are distributed
between 0.24 and 0.40%0 with an average value of 0.32%o.

4. DISCUSSION

4.1 Chemical and Isotopic Characteristic of Waters

In general, waters expelled by MVs reveal similar
chemical characteristics to deep marine pore fluids. They
originate from ancient seawater and are altered by early
diagenesis, clay dehydration, and water-rock interac-
tion (e.g., Dia et al. 1999; Dahlmann and de Lange 2003;
Hensen et al. 2004; You et al. 2004; Mazzini et al. 2007,
2009; Ray et al. 2013; Farhadian Babadi et al. 2019; Chen
et al. 2020). Seawater is an important reference for chemi-
cal and isotopic composition of MV waters and chloride
is one of the most important dissolved components to de-
cipher the source of the fluid besides seawater and the be-
havior of the elements. Both marine and terrestrial MVs
generally contain lower chloride concentration, lower Mg/
Cl, Ca/Cl, 0D ratios with higher Na/Cl, B/Cl, Li/Cl, Ba/
Cl, Br/Cl, I/Cl, 80 ratios compared with seawater (e.g.,
Dia et al. 1995; Lavrushin et al. 2003; Aloisi et al. 2004,
Chao et al. 2011; Farhadian Babadi et al. 2019; Chen et al.
2020). MV LS reveals similar chemical and isotopic fea-
tures except reverse relationship between Na/Cl and Ca/Cl
(Table Al). The characteristic of higher Ca/Cl but lower
Na/Cl ratios relative to seawater is usually indicated as low
temperature (< 80°C) water-rock interaction with volcanic
ashes or oceanic crust (Garlick and Dymond 1970; Seyfried
and Bischoff 1979; Lawrence and Gieskes 1981; Hender-
son 1982) and has been observed in marine pore water (e.g.,
Gieskes et al. 1975, 1990; Perry et al. 1976; Lawrence and
Gieskes 1981). The low ®’Sr/%Sr ratio of the waters further
supports this observation (Table 3; Fig. 3). MVs are geo-
logic structures situated in thick sediment basins but wa-
ters of MV LS carries signals of igneous materials. This
sediment-geothermal hybrid characteristic is named the
sediment-hosted geothermal system (Procesi et al. 2019).

Besides Na/Cl and Ca/Cl ratios, MV LS shows Al/Cl,
As/Cl, B/Cl, Ba/Cl, Co/Cl, Cu/Cl, Fe/Cl, Ge/Cl, Mn/Cl, Si/
Cl, Sr/Cl ratios higher than those of seawater, Br/Cl, Cs/
Cl, Li/Cl1, Mo/Cl, Ni/Cl, Pb/Cl, Sb/Cl, TA/CI, Ti/Cl, Zn/C1
ratios similar to those of seawater, and K/CI, Mg/Cl, Rb/Cl,
S/C1, U/CI lower than those of seawater (Table Al). The
hydrothermal experiment (up to 350°C) of seawater and pe-
lagic sediment indicates release of As, Cs, and Rb into the
aqueous phase at high temperature (You et al. 1996). How-
ever, As/Cl shows slight higher, Cs/CI shows similar, and
Rb/CI shows lower ratios than those of seawater, possibly
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Table 2. Trace elements concentration in the range from pM to nM of MV LS waters.

Sample name Al Ti Co Ni Cu Zn Ge As Rb Mo Sb Cs Pb U
@M) M) @M) @M) M) @M) @M) M) @M) @M) OM) @©M) EM) O©M)
LS-A1_2002 123 0.16
LS-A1_2003* 136 12
LS-A1_2003° 152 1.5
LS-A1_2003¢ 136 14
LS-A1_2008* 101 0.97
LS-A1_2015-1 | 1200 3.8 11 12 41 36 4.7 25 172 13 22 36 25 043
LS-A1_2015-2 | 950 4.1 21 77 44 38 75 22 159 10 19 3.6 140  0.32
LS-A1_2016-1 | 1300 4.5 11 24 42 36 82 22 163 74 22 3.0 280 031
LS-A1_2016-2 | 2300 49 12 18 40 54 6.6 29 172 13 29 33 360 0.36
LS-A1_2016-3 | 2500 6.8 10 6.1 38 66 7.6 30 169 7.1 22 33 470 026
LS-A1_2016-4 | 1000 3.9 12 6.6 43 11 6.8 35 177 15 2.6 4.8 360 0.28
LS-A1_2016-5 | 570 44 12 4.1 39 10 6.8 32 139 50 14 2.7 250 0.23
LS-A1_2016-6 | 930 44 12 31 48 39 74 30 155 6.7 1.8 34 400 021
LS-A1_2016-7 | 840 4.7 11 21 43 32 8.8 28 175 7.0 1.7 3.6 210 0.24
LS-A1_2017 370 55 93 44 42 75 6.2 33 157 85 1.8 29 390 0.22
LS-A1_2018 | 470 44 13 20 43 73 5.8 29 160 25 4.1 2.6 64 028
LS-A1_2019 | 740 3.7 11 21 41 10 7.8 26 172 70 15 25 190 021
LS-A1_2020 | 1900 438 13 31 41 100 58 21 155 8.1 1.7 28 450 022
LS-A1_2021 630 4.1 13 56 39 90 45 30 160 10 22 26 440 022
LS-A2_2008* 97.5 1.0
LS-A3_2015-2 | 2100 44 20 1.0 35 62 1.3 36 440 30 052 087 48  0.60
LS-A3_2016-2 | 520 5.6 15 20 66 11 1.1 71 244 41 20 056 51 0.46
LS-A3_2016-3 | 2900 44 13 14 32 75 1.1 29 342 20 092 043 63 0.79
LS-A3_2016-5 | 770 49 15 2.7 39 8.8 13 33 21.1 33 0.67 034 17 1.1
LS-A3_2016-6 | 900 4.2 18 3.1 40 25 1.3 40 475 41 059 0.80 17 0.5
LS-A3_2016-7 | 880 32 21 17 78 20 3.6 32 142 20 2.7 1.5 99  0.73
LS-A3_2017 | 480 4.1 17 2.1 39 18 14 55 394 55 12 050 75 0.90
LS-A4_2016-1 | 690 29 28 23 60 20 1.1 25 51.1 33 12 1.0 68 13
LS-A4_2016-3 | 1400 49 14 2.6 68 49 1.0 34 26.6 39 32 056 250 0.72
LS-A4_2016-5 | 570 50 20 2.7 37 9.7 13 48 199 44 14 021 26 093
LS-A4_2016-6 | 1600 5.8 21 20 41 58 1.3 62 250 42 12 040 28 067
LS-A4_2016-7 | 630 57 26 12 110 34 1.7 48 512 63 42 077 200 0.64
LS-A4_2017 | 570 6.0 17 2.1 66 30 1.6 57 30.7 42 22 085 180 044
LS-A4_2018 | 220 9.6 21 12 73 15 1.5 40 315 38 29 045 160 041
LS-A4_2019 | 790 55 20 15 77 28 1.5 48 299 37 13 036 9 037
LS-A4_2020 | 420 10 21 28 88 160 14 71 294 34 1.8 055 70 028
LS-A5_2016-2 | 1800 5.8 21 23 50 26 10 44 200 40 1.0 031 44 046
LS-A5_2016-3 | 1000 54 22 2.1 66 35 1.0 36 238 46 082 050 22 030
LS-A5_2017 | 1100 5.5 20 2.7 42 71 1.2 35 23.7 42 19 029 57 059
LS-A6_2017 | 750 54 14 23 45 79 14 23 68.5 17 072 09 48 050
LS-A6_2018 | 740 48 36 61 78 18 1.4 31 67.5 25 55 12 230 26
LS-A6_2019 | 570 37 26 35 35 8.9 13 56 294 23 54 019 40 22
LS-B1_2002 164 045
LS-B2_2021 640 43 16 28 39 6.9 20 80 540 33 55 070 270 051
LS-D1_2002 162 14
LS-D1_2003 144 042
LS-D1_2008* 111 2.1
LS-D1_2017 | 470 6.2 11 1.6 47 16 10 28 171 93 2.1 13 290 031
LS-D1_2018 | 1400 5.1 11 23 40 51 6.8 39 175 23 49 13 150  0.55

Note: blank: not determined. a: Data adopted from Chao et al. (2011).
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Table 2. (Continued)

Sample name Al Ti Co Ni Cu Zn Ge As Rb Mo Sb Cs Pb U
M) @M) M) M) @®@M) mM) M) @M) M) M) @®M) oM) EM) @©M)
LS-D1_2019 710 4.7 13 5.1 41 21 12 33 180 10 2.2 1.6 150  0.33
LS-D1.2020 | 2100 5.3 13 15 41 150 11 35 188 83 2.1 20 310 0.16
LS-D1_2021 | 440 42 14 26 42 50 13 38 180 15 29 20 200 039
LS-D2_2008* 176 0.39
LS-D3_2002 123 2.0
LS-E1_2008* 119 0.46
LS-E1_2017 450 54 17 14 43 19 22 24 132 79 0.66 2.6 130  0.091
LS-E1_2018 890 4.8 23 91 45 13 20 35 137 21 35 29 600 0.21
LS-E1.2019 | 660 58 16 10 43 15 23 26 137 74 052 27 150 0.067
LS-E1_2020 | 2000 6.3 24 83 43 120 18 28 139 10 088 29 360 0.10
LS-E1.2021 | 520 49 13 15 42 18 18 30 134 62 060 27 170 0.58
LS-E2_2002 140 22
LS-E3.2017 | 700 54 16 37 68 18 33 25 1210 79 079 19 260 0.069
LS-E4_2021 720 50 23 81 41 82 23 27 118 12 14 2.1 530  0.18
LS-F1_2002 219 1.8
LS-F1_2003 193 1.0
LS-F1_2008* 147 0.15
LS-F2_2008* 186 0.17
LS-F3_2008* 177 0.10
Table 3. Isotopic composition of MV LS waters.
Sample name (;]:) ?(Zg d'e(’%i‘;ssc ?17:,,()) ¥Sr/Sr 2SDn=3 ?;Zf)r 2SDn=3
LS-A1_2002 0.70679  0.00002  0.30 0.01
LS-A1_2003¢ 0.70685  0.00001  0.29 0.01
LS-A1_2003° 0.70686  0.00002  0.28 0.01
LS-A1_2003¢ 0.70686  0.00003  0.29 0.05
LS-A1_2008* | -14 -05 2.7 0.70684  0.00003  0.31 0.01
LS-A1_2015-1°| -3.0 -043 0.5 -0.04 0.70678  0.00001 0.32 0.02
LS-A1_2015-2°| -29 -0.65 2.3 -0.03 0.70678 0.00005 0.32 0.01
LS-A1_2016-1°| -20 -0.12 -1.0 -0.02 0.70678  0.00001  0.34 0.02
LS-A1_2016-2°| -1.5 0.07 20 -0.03 0.70678  0.00001  0.30 0.01
LS-A1_2016-3| -3.7 -0.68 1.8 -0.04 0.70677  0.00004  0.32 0.03
LS-A1_2016-4*| -3.0 -045 05 -0.07 0.70676  0.00002  0.29 0.02
LS-A1_2016-5° 0.70678  0.00002  0.32 0.02
LS-A1_2016-6"| -22 -048 1.7 0.01 0.70679 0.00002 0.34 0.02
LS-A1_2016-7°| -22 -0.70 34 -0.10  0.70679  0.00002  0.33 0.02
LS-A1_2017° | -25 -0.35 04 -0.05 0.70683  0.00003  0.31 0.01
LS-A1_2018 | -24 -0.58 23 -0.03  0.70679  0.00001  0.33 0.02
LS-A1_2019 | -22 -0.67 32 0.70678  0.00003  0.30 0.01
LS-A1_2020 | -2.5 -0.53 1.8 0.70676  0.00002  0.35 0.02
LS-A2_2008* | -20 -0.7 35 0.70678  0.00004  0.28 0.02
LS-A3_2015-2 | -05 0.04 -0.8 -0.06 0.70673  0.00003  0.39 0.01
LS-A3_2016-2 0.70667  0.00001  0.37 0.01
LS-A3_2016-3 | -0.8 -1.46 10.9 -0.01 0.70677  0.00001  0.39 0.01
LS-A3_2016-5 | -3.5 -0.73 23 -0.10  0.70671  0.00005  0.36 0.02
LS-A3_2016-6 | -22 -045 14 -0.01 0.70673  0.00003  0.37 0.01

Note: blank: not determined. a: Data adopted from Chao et al. (2013). b: Data adopted from
Chao et al. (2022). c: deuterium excess = OD - 8 x 6'°0.
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Table 3. (Continued)

Sample name ((6%]:) ?;: g d-ez;c:)essc ?;: D()) ¥Sr/3Sr 2SDn=3 (S(ZS; 2SDn=3
LS-A3_2016-7 | -0.8 0.39 -39 -0.13  0.70678 0.00002  0.32 0.03
LS-A3_2017 | -09 -0.25 1.1 -0.05 0.70670 0.00001  0.37 0.01
LS-A4_2016-1 | -02 -0.50 39 0.01 0.70673 0.00001 0.36 0.02
LS-A4_2016-3 | -24 -0.79 39 -0.06 0.70667 0.00001 0.36 0.02
LS-A4_2016-5 | -42 -0.84 2.5 -0.04 0.70667 0.00003  0.37 0.01
LS-A4_2016-6 | -0.2 0.03 -0.5 -0.08 0.70670  0.00001 0.37 0.01
LS-A4_2016-7 | 0.3 0.55 -4.1 0.01 0.70667 0.00003  0.39 0.01
LS-A4_2017 00 025 2.0 -0.11 0.70667 0.00003  0.37 0.02
LS-A4_2018 | -0.1 -0.12 09 -0.05 0.70670 0.00003 0.34 0.01
LS-A4_2019 | -22 -0.85 4.7 0.70669  0.00002  0.37 0.02
LS-A4_2020 09 007 03 0.70675 0.00005  0.32 0.01
LS-A5_2016-2 | 04 0.84 -6.4 -0.04 0.70653 0.00002 0.40 0.01
LS-A5_2016-3 | -3.1 -0.58 1.6 -0.08 0.70654 0.00002  0.38 0.01
LS-A5_2017 | -1.0 -0.37 2.0 -0.03 0.70653 0.00003 0.40 0.03
LS-A6_2017 0.70680  0.00005  0.30 0.01
LS-A6_2018 36 045 0.0 -0.02 0.70678 0.00001  0.31 0.02
LS-A6_2019 | -2.5 -1.33 8.1 0.70682  0.00002 0.32 0.01
LS-B1_2002 0.70683  0.00001 0.28 0.01
LS-D1_2002 0.70691  0.00002  0.28 0.01
LS-D1_2003 0.70690 0.00001  0.28 0.02
LS-D1_2008* | -1.8 -0.5 23 0.70689  0.00002  0.27 0.02
LS-D1_2017 0.70692  0.00002 0.29 0.01
LS-D1_2018 | -1.9 -041 14 -0.02 0.70690 0.00001 0.26 0.01
LS-D1_2019 | -2.7 -0.77 35 0.70693  0.00002 0.27 0.01
LS-D1_2020 | -23 -0.53 1.9 0.70691  0.00005 0.28 0.02
LS-D2_2008* | -0.8 -0.3 1.6 0.70705  0.00004  0.26 0.01
LS-D3_2002 0.70682  0.00002  0.29 0.02
LS-E1_2008* | -0.6 -0.1 05 0.70690 0.00002  0.30 0.02
LS-E1_2017 | -1.8 0.05 23 -0.04 0.70694 0.00002 0.27 0.01
LS-E1_2018 24 -040 09 -0.06 0.70692 0.00002 0.24 0.01
LS-E1_2019 | -25 -0.62 2.5 0.70693  0.00002  0.30 0.02
LS-E1_2020 | -23 -043 1.2 0.70690  0.00002  0.29 0.02
LS-E2_2002 0.70755 0.00002  0.28 0.01
LS-E3_2017 | -25 -043 09 -0.06 0.70690 0.00002  0.27 0.01
LS-F1_2002 0.70791  0.00002  0.25 0.03
LS-F1_2003 0.70773  0.00001  0.26 0.03
LS-F1_2008 | 0.0 0.0 0.0 0.70693  0.00002 0.28 0.02
LS-F2_2008* | -14 -0.3 1.3 0.70691 0.00002  0.26 0.02
LS-F3_2008* | -0.6 -0.1 03 0.70691  0.00001 0.28 0.01
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Fig. 2. Plot of 0D vs 8'%0 for all MV waters in this study. Seawater composition, igneous end member of MV LGH (dots; Chao et al. 2022), and
local meteoric water line (Peng et al. 2010) show for reference. Blue dash line denotes local meteoric water line of the winter monsoon and red
dash line denotes the summer monsoon. The cross denotes the range of the reproducibility (20). The slope of increasing trend is approximately 2,
possibly implying local evaporation line.
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resulting from lower formation temperature than that of hy-
drothermal experiments. The formation temperature of MV
LS fluid is between 79 and 98°C, determined by various
chemical geothermometers (Chao et al. 2011). The field
investigation of low-temperature (62 to 64°C) ridge-flank
hydrothermal springs reveals that the concentrations of Co,
Mn, Mo, Ni, and Zn are greater in the hydrothermal fluid
than in bottom seawater while alkalinity, Cu, K, Li, Mg,
Na, Rb, and U are lower (Wheat and Mottl 2000; Wheat et
al. 2002). The low-temperature deep sea springs show more
similar characteristic to MV LS. Due to elevated tempera-
ture, the greater water-rock interaction results in higher Al/
Cl, Ba/Cl, Ge/Cl, Si/Cl, and Sr/Cl ratios but lower K/CI,
Mg/Cl, Na/Cl, and Rb/CI in the water. Cs is more mobile
than Rb. That may explain a higher Cs/Cl ratio than Rb/Cl
compared to that of seawater. Besides water-rock interac-
tion, the temperature enhances organic matter decomposi-
tion and leads to high B/Cl and I/Cl ratios (e.g., Ullman
and Aller 1983; You et al. 1993). The high B/CI ratio is
also contributed by desorption of B from clays (e.g., You
et al. 1993; Chao et al. 2011). Mn and U are caused by the
change of redox condition. The low ORP (Table 1) indi-
cates reducing condition in MV waters, thus, releases Mn
into but precipitates U out of the water. The characteristic
of Cu shows conflicting results between low-temperature
deep sea springs and MV LS. The concentration of Cu in
the springs is lower than that of bottom seawater and in-
ferred as being precipitated into sulfide phase (Wheat and
Mottl 2000; Wheat et al. 2002). The concentration of S in
MYV LS is low due to strong anaerobic oxidation of methane
(AOM; Chang et al. 2012). Low S may result in higher Cu
content in the MV water.

The results of 8D, 8%0, and A0 are slightly lower
than present seawater (Table 3). Yeh et al. (2005) indicate
that these low isotopic values are contributed by meteoric
water. However, local meteoric water shows strong seasonal
variation and the average value of all seasons are lower than
that of MV waters (Peng et al. 2010). Additionally, major
elements Cl, Na, and Ca as well as 8D, 8'*0O, and *¥’Sr/**Sr
in the MV water reveal minor variations, indicating a single
and consistent source of MV LS. Meteoric water has posi-
tive A0 (Sharp et al. 2018; Aron et al. 2021), but results
of MV LS water show negative fractionation. The evidence
implies that meteoric water is not likely to be the source of
MYV LS water. Chao et al. (2022) propose a three-step model
for the origination of the MV waters in eastern Taiwan to
explain the lower CI-, 8D, and 8'#0 relative to seawater. In
brief, eastern Taiwan MV waters originate from the ancient
seawater approximately 5 to 6 Ma, estimated by initial de-
position age of forearc basin (e.g., Chang et al. 2000; Lin et
al. 2019). The 8'#0 decreases probably down to -9 or -12%o,
and CI is slightly diluted by water-rock interaction with
volcanic ashes or andesitic basement. At final stage, 8'30
increases on account of clay dehydration fluid and couples

with further chloride dilution at the source region.

The results of A'7O in MV water reveal negative frac-
tionation, ranging from -0.13 to 0.01%o (Fig. 5). This range
falls in the region of pore water evolution curve (Sengupta
and Pack 2018; Sengupta et al. 2020) and hydrothermal al-
ternated rocks (Sharp et al. 2018). The curve indicates wa-
ter-rock interaction with low temperature sediments (Sen-
gupta and Pack 2018; Sharp et al. 2018). MVs are diapir
structures in thick sediment basins, and MV LS is situated
by a mountain with andesite basement. Both water-rock in-
teraction with sediments and hydrothermal alternated rocks
may result in low A'0O. However, the results of *’Sr/*Sr
in MV water reveal igneous characteristic and support the
conclusion that hydrothermal alternated rocks have a better
chance of fractionating oxygen.

4.2 The Mechanisms of Spatial and Temporal Variation
4.2.1 Spatial Distribution

Due to limited variation of Cl, Na, Ca, 8D, and 6'*O
in the waters of MV LS temporally and spatially, all the
mud pools in MV LS may have similar or the same source
region. The variation and the difference of trace elements
among mud pools may be brought about by other second-
ary factors or the locality of the fluid reservoir on a smaller
scale. Radiogenic Srisotopes, ’Sr/*Sr, are robust tracers for
water mass studies, including groundwater, seawater, river
water as well as MV waters (e.g., Land et al. 2000; Chung
et al. 2009; Huang et al. 2011; Chao et al. 2013) and may
help to decipher small differences in the source. In the dis-
solved phase, high ¥’Sr/*Sr ratio is often interpreted as the
signal of sediment rock (e.g.,>0.710) and low ratio is igne-
ous rock (e.g., < 0.707). Seawater is another important end
member and has its value at around 0.7091. Waters in MV
LS have ¥Sr/*Sr variation between 0.70653 and 0.70791,
indicating strong signature of water-rock interaction with
igneous rock. After chloride normalization to remove the
effect of dilution and evaporation, ¥Sr/*Sr has a strong
negative correlation with Cl/Sr ratio (Fig. 3). Even without
normalization, 8’Sr/*Sr has high positive correlation with Sr
concentration in the waters of MV LS (r = 0.97; Table A2).
Southern groups D, E, F have high ¥’Sr/*Sr with high Sr
concentration. Mud pools at group A show lower ¥Sr/*Sr
and Sr concentration distribution. Mud pools LS-A1, LS-
A2, and LS-A6 show similar ¥Sr/*Sr as well as group B.
Mud pools LS-A3 and LS-A4 have similar ¥Sr/*Sr but
lower than that of LS-A1. Mud pool LS-AS5 has the low-
est 7Sr/*Sr but still higher than that of andesite basement
(*7Sr/*°Sr = 0.70372 to 0.70557; Chen et al. 1990; Bentahila
et al. 2008; Fig. 3).

The spatial distribution of *’Sr/*Sr indicates the addi-
tion of high ¥’Sr/*Sr and high Sr water in the southern part
of MV LS. Both sediment interacted water and seawater
have higher ¥’Sr/*Sr than MV LS. The positive correlation



The 19-Year Record of Mud Volcano Lo-Shan 1239

0.05
meteoric water
low temperature
diments
‘ ] se
0.00-| *
(5
A A
A v A ®
& 4 e v
é -0.05{ .AA (@)
o @ m
A
= 5] v
i< * seawater
-0.101 & hydrothermal A Lsat
alteration =] @ LS-A3
@ B Ls-A4
V LS-A5
-0.15 @ LsA6
A LsD1
A LSE1
W LS-E3
-0.20 T T T
-1.00 -0.50 0.00 0.50 1.00
6180 (%)

Fig. 5. Plot of A0 vs 0'%0 for all MV waters in this study. Seawater composition and the distribution of meteoric water, hydrothermal alteration
and low temperature sediments (Sharp et al. 2018) show for reference. The range of the cross denotes the range of the reproducibility (20).

between ¥’Sr/*Sr and Sr concentration is similar to waters
at MV LGH, which is inferred as two end member mix-
ing of sedimentary and igneous sources (Chao et al. 2022).
But ¥St/*Sr and Sr distribution in MV LGH are much
larger than that of MV LS. The highest value of ¥Sr/*Sr
in LGH waters exceeds 0.71132, absolutely contributed by
sediments (Fig. 3). The preservation of ancient seawater is
a possible source of the rise in ¥Sr/%°Sr as well as Sr content
in the water. However, seawater composition does not fall
on the extrapolating mixing line (Fig. 3). Additionally, 6%Sr
has negative correlation with *’Sr/%Sr (Fig. 4). Seawater has
0%Sr as high as 0.38%o presently. Considering the age, the
reported ancient seawater of maximum deposition age 5 to
6 Ma (e.g., Chang et al. 2000; Lin et al. 2019) has the value
between 0.340 to 0.375%o (Paytan et al. 2021). The addition
of preserved ancient seawater will raise or keep 8% Sr of MV
waters and this interpretation conflicts with what the results
indicate. Sediments have low 8%Sr (down to -0.2%o; Halicz
et al. 2008; Chao et al. 2015). River water and groundwater
have ¥Sr/*Sr, Sr/Cl, and Mg/Cl ratios higher than MV LS
waters and is a possible source if they mix with MV wa-
ters at near surface. However, LS-D1_2003, which shows
chloride concentration 33% lower than other MV waters, is
diluted by surface runoff from nearby rice paddy (Table 1).
The #Sr/%Sr ratio of LS-D1_2003 reveals no variation com-
pared with other LS-D1 samples because Sr concentration
in MV waters is too high to vary ¥Sr/*Sr by surface wa-
ter addition. Thus, sediment interacted water has low 0%Sr
with high ¥Sr/*Sr, which leads to negative correlation with
87Sr/%6Sr and &% Sr (Chao et al. 2022). Therefore, the slight
addition of sedimentary water at groups D, E, and F or the
rock that hosts the reservoir of the fluid containing higher
potion of sediments are the possible explanations of the rise
in ¥Sr/%Sr and Sr but the drop in 8%Sr in the MV waters.
The spatial distribution of high 8’Sr/**Sr samples, which
were collected from the southern groups, may indicate

where the sedimentary water is hosted. Although the trend
of ¥Sr/%Sr versus Cl/Sr ratios is similar for MV LGH and
LS, the extrapolated mixing lines indicate that the sedimen-
tary end members are different in two MVs (Fig. 3).

Pearson’s correlation between *Sr/**Sr and other
chemical parameters (Table A2) is able to further determine
the elements which are dominated by the source. The results
indicate positive high correlation with Sr, K, and Ge, posi-
tive moderate correlation with Mg, Li, Ba, Rb, Cs, and Pb,
negative high correlation with Mo, and negative moderate
correlation with TA, Mn, and &%Sr. The positive correla-
tion with Sr, Mg, Li, Ba, and the negative correlation with
O%Sr are consistent with waters from MV LGH (Chao et al.
2022). However, the source also causes great variation of
major elements, Na and Ca, in LGH waters, but they have
only minor variation and are considered conservative ele-
ments in MV LS. This discrepancy probably results from
the proportion of the mixing. Sedimentary water contributes
more to MV LGH than to MV LS. More contribution leads
to variation of major elements. The contribution to MV LS
is small and can only cause the trace elements and Sr iso-
topes, which are more sensitive to the source, to vary.

The second cluster of correlated elements is chloride
related elements. Chloride has high positive correlation
with B, Br, Ca, Na, moderate positive correlation with 5'30
and temperature, high negative correlation with d-excess
(Table A2). B, Br, Ca, and Na are conservative elements in
MYV LS water. Negative correlation between d-excess and
0"0 as well as temperature indicates this cluster is evapora-
tion varied elements. Another interesting correlation is mod-
erate negative correlation between ORP and mud weight.
This correlation may result from the intensity of gas bub-
bling or gas flux. The strong bubbling mixes mud breccia
and water in the pool well and thus increases the percentage
of mud in the sampling tube and enhances the AOM due to
high methane support as well as reduces the ORP. Low gas
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flux results in the settling down of mud breccia in the pool,
decreasing the proportion of mud in the sampling tube, and
increasing ORP by weaker AOM.

4.2.2 Temporal Variation

The temporal variation of ¥Sr/*Sr was notably differ-
ent in mud pools at groups E and F from which samples
were collected before the year 2004 (Fig. 6). LS-F1_2002
had the highest *¥’Sr/*¢Sr ratio among all samples, and the
ratio dropped sharply down to a similar value to group D
before the year 2008 investigation. Mud pool LS-E2 was
dead before the year 2003 investigation; therefore, it is not
meaningful to discuss the variation. Group F is a swamp-
like mud volcano and located on a boggy mudstone hill.
The formation is loose, the hill is fracture rich (Chao et al.
2010), and the location is at the southernmost of the MV
field. These characteristics make group F more sensitive to
geological stress variation or additional fluids than other
groups. A major earthquake, the Chengkung earthquake
Mw = 6.8, happened on 10" December 2003. Strong fluid
expulsion at LS-A1 after the earthquake is reported (Jiang et
al. 2011) and a co-seismically unclamping fluid channel is
indicated (Bonini et al. 2016; Bonini 2021). After the earth-
quake, groups E and F reveal similar ®’Sr/*Sr, K, Mg, and Sr
to group D (Fig. 6), possibly indicating the waters originate
from the same reservoir. As described in section 4.2.1, the
mixing trend established by groups E and F before the year
2003 may result from minor sedimentary water addition and
the earthquake has closed the pathway of sedimentary water
to groups E and F. The higher and stable #Sr/*Sr of groups
D, E, and F after the year 2008 may have resulted from dif-
ferent fluid reservoir from group A. The fluid reservoir of
groups D, E, and F may situate in a place whose ambient
rock contains higher ¥Sr/%Sr than group A’s.

Most long-lasting mud pools show nearly no temporal
variations on ¥’Sr/*Sr and major elements (e.g., LS-D1 and
LS-E1). Except Cu and Rb, all the other trace elements, in-
cluding Si and I, whose concentration are above uM level,
reveal large variation for mud pools with constant #’Sr/*Sr.
This phenomenon indicates that those elements may be var-
ied by fluid migration, biological activity, or other secondary
factors and are not suitable for source identification. LS-Al
has a small but detectable increased *’Sr/*Sr in the years
2003 and 2008 samples (Fig. 6). LS-A2 is different from
other satellite mud pools like LS-A3 to LS-A6, and it is like a
twin mud pool of LS-A1 in the year 2008 (Fig. 1d). Evidence
of other source related elements indicates that LS-A2_2008
is chemically and isotopically closer to LS-A1_2015-1 and
the samples after (Table 3; Fig. 6). In the year 2003, LS-A1
emitted waters containing slightly more sedimentary con-
tribution. This water has higher ¥Sr/*Sr, Mg, K but lower
Li. In the year 2008, LS-AT1 splits into twins: LS-A1_2008
and LS-A2_2008. LS-A2_2008 has lower ¥’Sr/*Sr, Mg, K

but higher Li and closer to LS-A1_2002 and LS-A1_2015-1
than LS-A1_2008, indicating the source of LS-A2_2008 has
taken over LS-A1. The small variation of ¥’Sr/*Sr, K, Mg,
and Li may not represent the change of the source but the
vibration of the reservoir. Mg shows more variation (250%)
than K (20%) and other major elements such as CI, Na, and
Ca show no variation (Table 1 and Al). During the fluid
migration, Mg has shorter re-equilibrium time than K and
Na (Giggenbach 1988; Verma et al. 2008). If the fluid has
stopped in the underground reservoir on a longer timescale,
Mg concentration will fluctuate owing to new condition
of water-rock interaction such as temperature or lithology.
Therefore, the increase in Mg, K, and ¥’Sr/%Sr may have re-
sulted from the move of reservoir or the change of fluid resi-
dence time. Neither gas nor slurry fluxes show significant
difference during the entire study period (Table 1). Although
flux measurement did not conduct on the year 2008, the
photo indicates similar gas bubbling area and mud overflow
condition comparing to other period (Fig. 1d). The vibration
of the reservoir location or the size is the plausible mecha-
nism for the chemical and isotopic variation of LS-Al.

By comparing the major mud pool in group A, LS-A1,
with satellite mud pools (i.e., LS-A3 to LS-A6), LS-AS is
found to have the lowest 8’Sr/*%Sr and Sr, Li, K concentra-
tion with highest Mg concentration. LS-A3, LS-A4, and
LS-A6 are distributed in between. The relationship of tem-
poral variation indicates LS-A1 and LS-A3 have reversed
direction of chemical variation on Mg and Li with *’Sr/*¢Sr
(Fig. 6). Previously described increasing *’Sr/**Sr coupled
with increasing Mg and decreasing Li of LS-A1 has reverse
trend of LS-A3 as well as the relationship between LS-A3
and LS-AS. These chemical characteristics may imply that
LS-A1 and LS-AS5 originate from different fluid reservoirs.
The water in LS-AS5 reservoir has longer residence time as
indicated by very low fluid flux. The flux is too low to be
measured on site.

LS-A3 and LS-A4 show similar 8’Sr/*Sr and trace el-
ements such as K, Mg, Li, and Rb but LS-A3 has larger
temporal variation. LS-A3_2016-3 and LS-A3_2016-7
have similar *Sr/*Sr and trace elements to LS-A1, possibly
due to the invasion of LS-A1l water into the LS-A3 chan-
nel near surface. The relationship of LS-Al, LS-A3, LS-
A4, and LS-A5 reveal that the waters of LS-A3 and LS-A4
are resulted from the mixing of LS-A1l and LS-A5. LS-A6
has similar and constant ¥’Sr/%Sr to LS-Al but trace ele-
ments show great discrepancy with LS-A1 as well as large
temporal variation such as Mg, Li, B, Cu, and Rb (Fig. 6).
The trend of temporal variation moves from concentration
close to LS-A1l toward LS-AS. The chemical discrepancy
between LS-A1l and LS-A6 may denote the origination of
the same reservoir but split fluid channels at depth. Tem-
poral variation of trace elements (e.g., Mg and Li) indicates
the water of LS-A6 is gradually influenced by similar sec-
ondary mechanism that affects LS-A3, LS-A4, and LS-AS.
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The temporal variation of waters emitted by MV LS has nated by Cl, Na, and Ca. The high Ca/Cl, low Na/Cl,
summarized in Fig. 7. and low ¥Sr/%Sr (< 0.70791) ratios relative to seawater
indicate strong characteristic of water-rock interaction
with igneous rock. Trace elements/Cl ratios in the MV

5. CONCLUSION . .
water show similar pattern to low-temperature ridge-
A total of 68 water samples from 18 mud pools of MV flank hydrothermal springs. The hybrid characteristic of
LS in eastern Taiwan were collected from the year 2002 sedimentary structure carrying chemically hydrothermal
to the year 2021. Their dissolved major and trace composi- fluid in MV LS can be attributed to sediment-hosted
tions as well as triple O, H, and triple Sr isotope ratios were geothermal system.
analyzed. The results of chemical compositions and isotope (2) The average values of H and triple O isotopes are slight-
ratios agree with limited previous findings (You et al. 2004; ly lower than those of seawater. The correlation of D
Yeh et al. 2005; Chao et al. 2011, 2013; Chang et al. 2012). and 0"0 has a slope of 2.1, indicating MV water has
Our major results are summarized as follows: similar evaporation slope to soil moisture. The 8D and
(1) The chemical composition of waters in MV LS is domi- 080 of the water show no statistical differences among
(a) 2002-10-17 (b)2003-09-21 (c) 2008-12-14
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5 groups after excluding samples with low d-excess and
high chloride (evaporation) as well as high d-excess and
low chloride (meteoric water addition). The slight nega-
tive mass independent fractionation of oxygen isotope,
A0, may result from water-rock interaction with rocks
suffering from hydrothermal alteration.

(3) The correlation of all measured components reveals 2
clusters. The first cluster is source related components:
87Sr/%Sr, 0%Sr, Sr, K, Ge, Ba, Mo, and TA. The sec-
ond cluster is evaporation varied components, which are
conservative elements such as Cl-, Br, Na, Ca, and B as
well as 8'%0, d-excess and temperature.

(4) Limited major elements, water isotopes, and small
87Sr/%Sr variation indicate the water from all mud pools
of MV LS have the same source regionally. The slight
increase in ¥’Sr/*Sr at southern groups E and F before
the year 2003 may indicate the addition of sedimentary
water. However, ¥Sr/*Sr and Mg, K, Sr decrease down to
numbers similar to those of group D after the year 2003,
possibly due to the closure of sedimentary fluid channel
as a consequence of the earthquake occurring in Decem-
ber 2003. The similar chemical and isotopic characteristic
of groups D, E and F after the year 2008 may indicate the
same origination of fluid reservoir and the reservoir hosts
by ambient rocks with higher ¥’Sr/%Sr than group A’s.

(5) The major mud pool at group A, LS-Al, shows small
variation of source related parameters (e.g., ¥’Sr/*Sr, Sr,
K, Mg, and Rb) as well as fluid fluxes over 19 years,
indicating a stable source and the location of fluid res-
ervoir. The satellite mud pools denote mixing trend be-
tween LS-A1 and LS-AS, suggesting that LS-AS5 has its
own fluid reservoir.

(6) This study indicates the importance and the robustness
of Sr isotopes as source and reservoir tracer for MV flu-
ids as H and O isotopes are easily masked by evapora-
tion and surface water addition. Waters from different
reservoirs may have similar to the same H and O iso-
topes but different #Sr/*Sr ratios.
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APPENDIX A.
Table Al. Dissolved components over chloride ratios of MV LS waters.
Na/Cl Ca/Cl1 Mg/Cl B/C1 TA/Cl K/C1 Br/Cl Si/Cl Sr/CI S/C1 Ba/Cl Mn/Cl Fe/Cl I/Cl Li/Cl
x10° x103 x10° x10° x10° x10° x10° x10° x10° x10° x10° x10° x10° x10° x10°
LS-A1_2002 576 220 1.94 4.87 1.79 1.29 741 325 182 304 148 0.23 65.7 56.5
LS-A1_2003a 569 218 3.26 4.63 1.84 1.31 526 333 195 25.1 8.9 0.10 4.10 414
LS-A1_2003b 564 214 3.15 4.56 1.97 1.35 438 329 191 25.6 13.8 0.00 5.88 404
LS-A1_2003c 563 215 3.03 4.55 1.88 1.36 475 327 187 255 23.6 1.35 6.74 404
LS-A1_2008* 537 207 2.03 3.93 2.32 1.25 467 313 86.9 17.6 112 0.13 50.1 48.5
LS-A1_2015-1°| 574 219 1.20 472 348 1.58 1.35 708 311 172 22.7 32.6 0.18 58.8 55.8
LS-A1_2015-2°| 579 223 1.15 478 2.97 1.56 1.37 1000 316 174 22.6 342 0.00 59.5 56.2
LS-A1_2016-1°| 568 231 1.18 479 243 1.64 1.42 897 327 175 25.8 69.6 047 63.0 573
LS-A1_2016-2°| 548 219 1.17 4.57 2.19 1.47 1.34 759 314 165 242 63.7 0.32 14.1 55.2
LS-A1_2016-3"| 539 214 1.13 4.52 2.31 143 1.32 857 308 165 23.6 61.2 041 304 535
LS-A1_2016-4"| 561 220 1.25 4.58 1.77 1.58 1.44 736 321 172 234 60.3 0.04 633 56.0
LS-A1_2016-5"| 538 212 1.15 4.44 3.03 141 1.35 758 307 169 23.7 58.0 0.08 525 54.1
LS-A1_2016-6"| 555 217 1.18 4.54 2.77 1.50 1.39 811 310 170 24 .4 525 0.00 52.0 56.2
LS-A1_2016-7°| 554 217 1.16 4.59 2.81 1.60 1.39 802 312 172 25.0 56.2 0.07 323 56.2
LS-A1_2017° 560 219 1.31 4.59 2.78 1.89 1.39 697 324 171 24 4 66.0 0.00 353 529
LS-A1_2018 528 212 1.08 4.10 1.51 1.51 1.53 413 301 168 224 31.1 0.23 439 50.9
LS-A1_2019 552 217 1.15 4.51 1.84 1.56 1.53 665 315 163 253 559 0.00 31.7 54.5
LS-A1_2020 568 218 1.15 4.56 2.26 1.60 1.49 799 317 252 24.0 46.8 0.17 11.6 58.1
LS-A1_2021 568 217 0962 457 1.89 1.63 1.49 657 312 247 225 435 0.00 23.0 574
LS-A2_2008* 541 212 1.61 4.00 2.18 1.26 482 305 106 219 120 0.07 53.1 58.9
LS-A3_2015-2 | 601 224 3.50 4.86 4.16 0942 1.37 1160 278 176 15.1 219 136 45.8 6.84
LS-A3_2016-2 | 550 217 4.36 4.57 4.09 0.965 1.35 1370 253 161 6.79 148 0.13 457 4.61
LS-A3_2016-3 | 525 210 3.40 4.25 5.32 1.07 1.34 498 269 182 14.4 141 0.57 42.8 16.7
LS-A3_2016-5 | 543 208 3.69 432 507 0.835 1.37 445 260 163 16.1 193 1.99 489 5.50
LS-A3_2016-6 | 559 210 3.60 4.42 452 0878 1.34 717 259 167 16.6 219 28 46.1 4.78
LS-A3_2016-7 | 556 215 1.63 4.60 2.84 1.44 1.35 604 303 181 225 77.0 0.10 36.0 46.7
LS-A3_2017 563 213 3.57 4.47 4.59 1.11 143 674 268 168 18.9 183 98.5 443 4.28
LS-A4_2016-1 574 226 3.92 4.61 437 0.907 1.42 624 281 178 17.8 251 0.28 523 9.12
LS-A4_2016-3 530 203 4.23 4.27 4.03 1.03 1.32 1100 244 159 6.72 118 0.11 448 534
LS-A4_2016-5 | 547 209 4.29 4.37 6.29 1.01 141 998 254 165 743 183 243 66.2 4.87
LS-A4_2016-6 | 565 212 4.29 443 545 1.07 1.35 1130 254 163 7.25 173 10.6 36.6 4.02
LS-A4_2016-7 | 572 213 4.25 4.59 452 1.17 1.39 1050 258 166 9.16 136 0.76 46.6 5.50

Note: a: Data adopted from Chao et al. (2011). b: Data adopted from Chao et al. (2022).
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Table Al. (Continued)
Na/Cl Ca/Cl1 Mg/Cl B/C1 TA/Cl K/C1 Br/Cl Si/Cl Sr/Cl1 S/CI Ba/Cl Mn/Cl Fe/Cl T/Cl1 Li/Cl
x10° x103 x10° x10% x10° x10° x103 x10° x10° x10¢ x10° x10° x10°® x10°¢ x10*°
LS-A4_2017 566 213 4.38 454 529 1.39 141 1570 256 165 6.67 140 0.00 373 447
LS-A4_2018 536 206 402 429 391 1.30 1.40 1390 259 160 524 155 0.12 392 5.56
LS-A4_2019 569 215 4.37 4.57 4.46 1.25 148 1510 268 162 5.58 162 0.00 434 537
LS-A4_2020 567 210 4.24 451 3.94 122 1.49 1370 259 241 539 139 0.36 219 6.03
LS-A5_2016-2 | 548 216 5.32 433 4.46 0.652 1.34 1080 215 162 11.7 209 14.6 51.0 1.63
LS-A5_2016-3 | 532 206 5.10 4.14 392 0617 135 1090 210 158 9.62 208 1.03 59.1 1.54
LS-A5_2017 565 214 532 443 465 0977 142 1010 220 167 12.1 201 80.1 353 1.71
LS-A6_2017 552 217 2.39 4.46 5.58 1.58 143 597 310 171 14.7 212 0.33 358 252
LS-A6_2018 517 210 2.86 4.06 497 1.52 142 508 295 169 15.5 319 0.35 473 19.1
LS-A6_2019 557 223 4.56 437 6.22 1.66 151 505 319 206 16.5 317 89.3 60.0 15.8
LS-B1_2002 572 221 1.21 4.60 1.49 1.36 858 341 181 119 0.07 0.23 12.6 575
LS-B2_2021 562 209 2.74 4.45 342 143 1.50 1110 306 237 124 96.8 0.09 215 23.0
LS-D1_2002 574 223 2.08 4.96 1.97 1.35 386 356 418 257 0.56 0.59 2.11 420
LS-D1_2003 552 212 2.00 474 1.69 1.36 1690 347 188 94.2 1.85 1.80 22.8 60.5
LS-D1_2008¢ | 541 210 2.67 4.14 245 1.27 579 351 191 80.4 48.1 059 1020 647
LS-D1_2017 568 219 1.66 4.70 2.87 1.87 1.46 1060 365 171 107 272 0.00 39.8 60.4
LS-D1_2018 533 209 1.62 4.30 2.16 1.78 141 746 343 166 109 16.0 0.05 523 572
LS-D1_2019 527 202 1.71 4.36 2.02 1.57 1.38 1070 342 153 101 232 0.00 34.6 552
LS-D1_2020 563 213 1.56 4.62 1.86 1.79 1.47 1160 359 248 111 17.1 0.15 10.3 63.9
LS-D1_2021 570 212 1.45 451 2.16 1.70 1.50 1040 357 242 103 149 0.01 32.1 584
LS-D2_2008% | 544 209 2.13 429 2.50 1.27 1110 388 101 76.7 375 0.23 83.6 74.5
LS-D3_2002 557 213 147 5.03 1.83 131 386 328 214 82.6 0.12 0.00 5.70 434
LS-E1_2008*¢ 535 206 1.10 442 238 1.25 1080 374 105 39.8 39.1 0.34 248 76.7
LS-E1_2017 573 221 1.59 501 3.05 1.87 1.44 1310 402 172 51.6 38.0 0.00 312 67.7
LS-E1_2018 535 210 1.58 4.72 2.14 1.74 1.42 1080 376 168 48.8 38.6 0.13 46.0 65.6
LS-E1_2019 536 205 141 4.68 1.94 1.59 1.40 1200 374 153 454 34.6 0.00 29.3 62.9
LS-E1_2020 572 215 1.51 495 241 1.75 1.50 1370 395 251 47.8 345 0.13 17.5 69.5
LS-E1_2021 566 211 1.25 476 2.16 1.68 145 1300 384 237 415 322 0.08 244 63.8
LS-E2_2002 563 198 7.14 5.00 2.54 1.29 353 615 398 357 12.6 0.93 18.0 56.7
LS-E3_2017 572 222 1.09 5.08 2.08 193 148 1260 388 175 457 25.8 0.00 555 68.0
LS-E4_2021 566 190 3.96 4.63 2.20 1.80 142 1070 491 217 124 38.7 0.01 23.6 66.4
LS-F1_2002 550 194 132 447 2.90 1.27 519 810 197 123 0.24 0.94 9.28 70.9
LS-F1_2003 545 194 12.5 4.84 2.63 1.27 782 673 181 508 104 0.32 6.34 71.0
LS-F1_2008* 532 203 1.31 434 233 1.20 1150 376 90.4 624 164 0.03 494 754
LS-F2_2008* 556 211 1.38 4.50 241 1.27 1390 386 131 395 274 0.09 66.6 79.6
LS-F3_2008* 550 208 0.801 448 2.39 1.26 1340 380 138 29.0 5.82 0.92 68.5 80.6
Seawater 859 18.8 968 0.761 427 18.7 1.54 189 166 51700 0.080  0.01 0.11 0.92 499
minimum 517 190 0.801 3.93 1.51 0.617 1.20 353 210 86.9 5.24 0.07 0.00 2.11 1.54
maximum 601 231 132 5.08 6.29 2.90 1.53 1690 810 418 508 319 136 1020  80.6
average 555 213 2.83 4.54 341 1.61 1.38 892 334 183 44 4 87.9 743 383 42.1
SD 16 8 2.28 0.25 1.32 0.49 0.08 334 96 53 66.6 81.2 248 20.2 254
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Table Al. (Continued)
Al/Clx Ti/Clx Co/Clx Ni/Clx Cu/Clx Zn/Clx Ge/Clx As/Clx Rb/Clx Mo/Cl x Sb/Clx Cs/Clx Pb/Clx U/CIx

10 10° 10° 10° 10° 10° 10° 10”° 10”° 10”° 10”° 10”° 10° 10°
LS-A1_2002 584 0.75
LS-A1_2003a 637 5.7
LS-A1_2003b 701 7.2
LS-A1_2003c 624 6.3
LS-A1_2008* 441 4.2
LS-A1_2015-1° 55 18 51 54 190 170 22 120 795 63 10 17 0.12 2.0
LS-A1_2015-2° 4.5 19 98 360 210 180 36 110 754 47 92 17 0.68 1.5
LS-A1_2016-1° 6.2 22 51 12 200 170 39 110 782 36 10 15 1.3 1.5
LS-A1_2016-2° 10 22 55 83 180 250 30 130 789 59 13 15 1.6 1.6
LS-A1_2016-3" 11 31 45 28 170 300 35 140 766 32 10 15 2.1 12
LS-A1_2016-4° 4.7 18 56 31 200 50 32 170 831 72 12 22 1.7 1.3
LS-A1_2016-5" 2.6 20 53 19 180 47 31 150 639 23 6.3 12 12 1.0
LS-A1_2016-6° 43 20 58 150 220 180 35 140 718 31 8.3 16 1.8 1.0
LS-A1_2016-7° 39 22 49 98 200 150 41 130 819 33 7.8 17 1.0 1.1
LS-A1_2017° 1.8 26 44 210 200 36 29 160 741 40 8.7 14 1.8 1.0
LS-A1_2018 22 20 58 91 200 33 26 130 731 120 19 12 0.29 13
LS-A1_2019 3.5 17 52 100 200 47 37 130 812 33 7.1 12 0.88 1.0
LS-A1_2020 9.1 23 62 150 200 500 28 100 746 39 8.0 13 22 1.0
LS-A1_2021 3.1 20 63 270 190 440 22 150 783 49 11 13 22 1.1
LS-A2_2008* 429 44
LS-A3_2015-2 9.9 21 95 4.6 160 290 6.3 170 205 140 24 4.0 0.22 2.8
LS-A3_2016-2 24 25 69 9.2 300 52 5.1 320 111 190 9.1 2.6 0.23 2.1
LS-A3_2016-3 19 28 87 88 210 490 7.0 190 222 130 6.0 2.8 0.41 5.1
LS-A3_2016-5 3.7 23 73 13 190 42 6.0 160 100 160 32 1.6 0.080 52
LS-A3_2016-6 4.1 19 85 14 190 110 6.1 190 219 190 2.7 3.7 0.079 3.5
LS-A3_2016-7 3.6 13 83 67 320 80 14 130 575 79 11 6.1 0.40 3.0
LS-A3_2017 22 19 77 10 180 85 6.5 250 183 260 5.6 2.3 0.35 42
LS-A4_2016-1 3.6 15 150 120 310 100 55 130 266 170 6.2 53 0.35 6.9
LS-A4_2016-3 7.0 25 72 13 350 250 5.0 170 134 200 16 2.8 1.3 3.7
LS-A4_2016-5 2.7 24 97 13 180 46 6.3 230 94.7 210 6.8 1.0 0.12 44
LS-A4_2016-6 72 26 93 8.9 190 260 5.7 280 112 190 5.6 1.8 0.13 3.0
LS-A4_2016-7 2.7 25 110 50 480 140 72 210 219 270 18 33 0.85 2.7
LS-A4_2017 2.6 28 80 10 310 140 74 260 142 200 10 39 0.83 20
LS-A4_2018 1.0 43 93 53 330 65 6.6 180 140 170 13 2.0 0.71 1.8
LS-A4_2019 3.8 27 97 T4 370 140 7.1 230 144 180 6.5 1.7 0.43 1.8
LS-A4_2020 2.0 47 99 130 410 770 6.4 330 137 160 8.2 2.6 0.32 13
LS-A5_2016-2 8.2 27 95 11 230 120 4.6 210 93.0 190 4.8 14 0.21 22
LS-A5_2016-3 4.8 25 100 10 310 160 4.7 170 111 210 3.8 2.3 0.11 14
LS-A5_2017 52 26 93 13 200 360 5.6 160 111 200 8.7 1.3 0.26 2.8
LS-A6_2017 3.5 25 66 11 210 37 6.3 110 320 78 34 42 0.23 2.3
LS-A6_2018 32 21 160 270 340 77 6.2 140 294 110 24 53 1.0 11
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Table Al. (Continued)

AlV/Clx Ti/Clx Co/Clx Ni/Clx Cu/Clx Zn/Clx Ge/Clx As/Clx Rb/Clx Mo/Clx Sb/Clx Cs/Clx Pb/Clx U/CIx
10 10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10°
LS-A6_2019 3.0 19 140 190 180 47 70 300 155 120 28 1.0 0.21 12
LS-B1_2002 758 2.1
LS-B2_2021 3.1 21 76 140 190 34 10 390 264 160 27 34 13 25
LS-D1_2002 732 6.4
LS-D1_2003 977 29
LS-D1_2008* 538 10
LS-D1_2017 23 30 52 7.7 230 78 48 140 821 44 10 6.5 14 15
LS-D1_2018 6.6 24 51 11 190 240 31 180 805 110 23 6.2 0.68 25
LS-D1_2019 33 22 59 23 190 95 56 150 826 48 10 75 0.69 15
LS-D1_2020 10 26 65 73 200 740 51 170 915 41 10 10 15 0.78
LS-D1_2021 23 22 74 140 220 260 65 200 931 75 15 10 1.1 20
LS-D2_2008* 790 1.7
LS-D3_2002 558 89
LS-E1_2008* 548 2.1
LS-E1_2017 23 27 87 69 220 95 110 120 660 40 33 13 0.63 045
LS-E1_2018 43 23 110 440 220 65 98 170 659 100 17 14 29 1.0
LS-E1_2019 3.1 28 75 46 200 71 110 130 658 35 25 13 0.74 0.32
LS-E1_2020 10 32 120 420 220 600 90 140 703 52 4.5 15 1.8 0.52
LS-E1_2021 2.6 25 67 75 210 89 93 160 684 32 30 14 0.87 0.29
LS-E2_2002 617 9.6
LS-E3_2017 35 27 80 190 340 88 160 120 604 40 4.0 9.5 13 0.35
LS-E4_2021 3.6 25 110 400 210 410 110 140 589 59 7.1 11 2.7 091
LS-F1_2002 1020 8.4
LS-F1_2003 904 49
LS-F1_2008* 663 0.63
LS-F2_2008* 878 0.79
LS-F3_2008* 832 047
Seawater 0.07 38 12 210 26 140 15 64 2572 191 50 4.1 0.27 254
minimum 0.98 12.9 44 5 160 33 4.6 100 93.0 23 24 1.0 0.079 0.29
maximum 19 47 160 440 480 770 160 390 1020 270 28 22 29 11.6
average 4.8 24 80 99 235 189 33 176 542 109 9.8 82 0.92 3.1
SD 33 59 27 115 71 181 36 63 285 71 6.2 58 0.73 2.8
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Table A2. Matrix of Pearson’s correlation coefficient of all MV LS samples (n = 68), r higher than 0.7 or lower than -0.7 in red color.

pH

ORP mud wt

Cr

TA

Na

Ca

Mg

B

K

Br

Si

Sr

S

Temperature
pH
ORP
mud wt
Cr
TA
Na
Ca

oD
30
d-excess
A0
87Sr/%Sr

-0.11

-0.18
-0.21

0.11
0.04
044

0.37
-0.21
-0.17
0.08

-0.12
-0.24
-0.23
0.11
0.17

043
-0.23
-0.10
0.10
091

0.16

0.35
-0.32
-0.06
0.17
0.86
0.14
0.90

-0.27
-0.03
-0.16
-0.02
0.14
0.79

0.11

-0.12

0.44
-0.23
0.11
-0.10
0.81
-0.10
0.88
0.75
0.04

0.31
0.15
0.13
-0.09
0.25
-0.59
0.26
0.11
0.23
047

0.33
0.14
-0.23
0.14
0.73
-0.03
0.73
0.76
-0.07
0.51
0.09

-0.06
0.16
0.17
-0.49
0.00
0.04
-0.01
-0.10
-0.06
0.07
-0.29
0.02

0.27
0.06
0.18
-0.11
0.21

-0.64
0.19
-0.07
0.52
0.40
0.86
-0.05
-0.17

0.14
0.45
0.06
-0.08
0.24
-0.28
0.35
0.19
0.13
043
0.46
0.22
-0.26
0.38
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Table A2. (Continued)
Ba Mn Fe I Li Al Ti Co Ni Cu Zn Ge As Rb
Temperature  0.24 032 -0.12 0.04 0.29 004 -0.18 -021 -0.10 0.07 0.00 0.08 -0.04 0.37
pH 0.15 -0.18  -0.19 -044 0.05 -0.15 0.30 0.03 023 0.09 0.33 0.16 0.25 -0.01
ORP 0.07 024  -026 -007 0.22 0.28 -0.02 0.05 0.32 0.00 0.24 0.20 -0.06 0.16
mud wt -0.09 0.12 0.07 0.08 -0.07 -0.14 -0.18 -0.16 -0.23 -0.15 -0.23 -0.24 0.02 -0.07
CI -0.02 0.08 -0.01 0.09 0.03 -0.13 0.16 0.10 -0.19 042 -0.19 -024 0.11 0.07
TA -0.57 0.86 0.38 0.38 -0.86  -0.11 0.13 0.52 -0.33 0.38 -0.19  -0.66 0.46 -0.85
Na -0.07 0.07 0.11 0.05 001 -0.10 0.11 0.11 -0.14 041 -006  -0.19 0.10 0.06
Ca -0.23 0.17 0.08 021 004 -0.14 0.02 0.03 -0.21 0.35 -022  -0.26 0.00 0.03
Mg 044 023 0.17 -0.12  -0.29 0.12 031 0.58 -0.29 043 0.00 -0.55 0.58 -0.26
B 0.11 -022 -003  -0.10 031 0.00 0.11 0.00 0.00 0.30 -0.08 0.19 -0.09 0.29
K 0.51 -0.61 -0.30 -047 0.72 0.10 -0.02 -0.30 041 -0.13 0.00 0.60 -0.39 0.71
Br -0.18 0.20 0.07 0.20 009  -034 0.17 0.11 0.02 0.36 -0.08 -0.08 0.13 -0.05
Si -0.04 0.01 -0.01 0.12 -0.10  -0.18 0.61 0.15 -0.05 043 0.19 0.23 0.30 -0.17
Sr 0.62 -049  -0.19 -042 0.62 0.19 -008  -0.15 047 -0.18 0.02 0.79 -042 0.57
S 0.02 025 -008 -043 0.18 0.15 0.12 0.05 0.37 0.03 0.60 0.10 0.14 0.19
Ba -038  -0.13  -035 043 0.11 -0.05 -0.23 0.19 -0.28 0.20 0.58 0.22 042
Mn 047 0.54 -0.82  -0.18 0.05 0.66 -0.23 0.34 -0.19  -0.65 0.37 -0.82
Fe 0.20 -0.42 0.05 -0.15 0.22 -0.19 -0.21 0.01 -0.26 0.22 -0.39
I -0.35 -030 -0.24 0.18 -0.23 0.11 -056  -0.26 0.08 -0.38
Li 0.13 -0.21 -0.48 0.41 -0.37 0.07 0.73 -0.59 0.94
Al -0.05 -0.14 006 -0.30 0.51 -009  -022 0.15
Ti 0.10 -0.07 042 0.36 001 0.27 -0.25
Co 0.36 047 0.02 -0.15 0.24 -0.56
Ni -0.04 0.22 043 -0.19 0.27
Cu 0.05 -0.18 0.28 -0.38
Zn 0.02 0.01 0.09
Ge -043 0.55
As -0.58
Rb
Mo
Sb
Cs
Pb
U
oD
o0
d-excess
A0

87Sr/%Sr
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Table A2. (Continued)

Mo Sb Cs Pb U oD 00 d-excess A0 ¥Sr/*Sr  §%Sr

Temperature  -0.12 0.08 021 0.04 -0.16 -024 0.07 -0.21 -0.46 0.28 -0.18
pH 0.03 0.17 -0.11 0.22 -0.17 0.04 -0.12 0.17 -0.04 0.24 -0.27
ORP -0.18 0.09 023 023 -0.11 -0.11 -0.07 0.03 0.17 0.15 -0.22
mud wt 0.23 0.00 -0.10 -0.29 0.17 -0.17 -0.14 0.09 0.15 -0.08 -0.02
CrI 0.24 021 0.03 -0.06 0.12 0.25 0.65 -0.70  -0.37 0.03 -0.01
TA 0.74 0.00 074 -0.62 0.63 0.40 0.18 -003  -009 -061 0.64
Na 021 0.05 0.07 -0.07 0.09 0.20 0.65 072 035 -001 0.03
Ca 0.12 0.15 0.16 -0.09 0.07 0.17 0.62 -070  -028 -0.24 0.09
Mg 0.38 002 -084 -052 047 0.32 0.18 -007  -0.11 0.55 0.11
B -007  -007 0.32 0.14 0.03 0.11 0.62 -073  -0.37 0.23 -0.26

K -0.71 0.30 0.64 0.57 0.26 -0.09 0.06 -0.12 -0.05 0.82 -0.78
Br 0.10 0.33 0.08 0.04 -0.04 0.11 0.40 046 032 -022 0.10
Si 0.22 -0.19  -0.17 0.02 -0.62 0.18 0.38 -038  -0.15 -021 0.16
Sr -0.68 0.07 0.60 0.58 0.25 -0.08 0.13 -0.21 -0.09 0.97 -0.64

S -0.21 0.16 0.16 033 033 0.12 023 -023 -037 0.34 -0.24
Ba -047 0.08 0.25 0.36 0.07 -0.15  -007 0.01 0.12 0.68 -047
Mn 0.68 0.06 -0.70  -0.54 0.27 0.40 0.14 0.03 0.02 -0.49 0.68
Fe 0.35 -0.08 -0.35 -0.33 0.17 0.08 -0.01 0.05 -0.02 -0.19 0.40

I 0.32 0.10 -0.11 -0.38  -0.18 -0.15 -001 006  -0.12  -047 048

Li -0.89 0.03 0.35 0.63 024 029 -006 -007 0.03 0.57 -0.81
Al -0.14  -0.14 0.11 0.15 0.14 -007  -0.09 0.07 0.28 0.22 -0.03
Ti 0.19 -008 -024 001 -0.25 0.25 0.25 -0.19  -003 -007 -002
Co 0.50 0.18 -046  -021 0.61 0.59 0.32 -0.12 006 -027 0.25
Ni -0.35 0.20 0.36 0.57 0.00 0.05 -0.05 0.09 0.06 0.39 -0.42
Cu 0.40 0.21 -0.33 -0.13 0.14 047 0.55 -0.32 -0.02 -0.26 0.17
Zn -0.11 -0.13 0.04 0.24 -0.23 0.14 0.02 0.04 0.34 0.03 0.02
Ge -0.61 -0.21 0.51 047 049 -032 -008 -006 -002 0.72 -0.71
As 0.66 033 -0.58  -0.28 0.25 021 0.10 0.00 -002 -041 0.35
Rb -0.83 0.09 0.86 0.57 -0.19  -029 -005 -008 0.04 0.56 -0.77
Mo 0.12 077 -0.52 0.38 0.37 0.28 -0.17  -0.19  -0.73 0.69
Sb -0.03 0.19 0.44 0.26 0.10 0.00 -0.03 0.12 -0.25
Cs 0.60 -048  -039 -007 -0.11 0.05 0.50 -0.56
Pb -036  -0.18 0.01 -0.11 0.01 0.44 -0.52
8] 0.32 -0.07 0.25 0.09 0.30 -0.07
oD 0.67 -0.35 0.17 -0.09 0.18
d'%0 -093  -015 -0.14 0.09
d-excess 0.28 0.13 -0.02
A0 0.13 0.01
87Sr/%Sr -0.65




