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Abstract

The Lost City Hydrothermal Field (LCHF) is a serpentinite-hosted vent field located 15 km west of the spreading axis of
the Mid-Atlantic Ridge. In this study, uranium-thorium (U-Th) geochronological techniques have been used to examine the
U-Th systematics of hydrothermal fluids and the ***Th ages of hydrothermally-precipitated carbonate chimneys at the
LCHF. Fluid sample analyses indicate that endmember fluids likely contain only 0.0073 ng/g U or less compared to
3.28 +0.03 ng/g of U in ambient seawater. For fluid samples containing only 2-21% ambient seawater (1.1-11 mmol/kg Mg),
Th concentration is 0.11-0.13 pg/g and surrounding seawater concentrations average 0.133 + 0.016 pg/g. The **°Th/***Th
atomic ratios of the vent fluids range from 1 (£10) x 107® to 11 (£5) x 107, are less than those of seawater, and indicate
that the vent fluids may contribute a minor amount of non-radiogenic >**Th to the LCHF carbonate chimney deposits. Chim-
ney 2*®U concentrations range from 1 to 10 pg/g and the average chimney corrected initial 8***U is 147.2 + 0.8, which is not
significantly different from the ambient seawater value of 146.5 4 0.6. Carbonate >**Th concentrations range broadly from
0.0038 + 0.0003 to 125 + 16 ng/g and Z°Th/***Th atomic ratios vary from near seawater values of 43 (£8) x 107 up to
530 (£25) x 1073, Chimney ages, corrected for initial >°Th, range from 17 & 6 yrs to 120 & 13 kyrs. The youngest chimneys
are at the intersection of two active, steeply-dipping normal faults that cut the Atlantis Massif; the oldest chimneys are located
in the southwest portion of the field. Vent deposits on a steep, fault-bounded wall on the east side of the field are all <4 kyrs
old, indicating that mass wasting in this region is relatively recent. Comparison of results to prior age-dating investigations of
submarine hydrothermal systems shows that the LCHF is the most long-lived hydrothermal system known to date. It is likely
that seismic activity and active faulting within the Atlantis Massif and the Atlantis Fracture Zone, coupled with volumetric
expansion of the underlying serpentinized host rocks play major roles in sustaining hydrothermal activity at this site. The lon-
gevity of venting at the LCHF may have implications for ecological succession of microorganisms within serpentinite-hosted
vent environments.
© 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
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The Lost City Hydrothermal Field (LCHF) is a serpent-
inite-hosted hydrothermal system located 15 km west of the

Shen). spreading axis of the Mid-Atlantic Ridge (MAR) (Kelley
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Fig. 1. Location map with tectonic faults. The LCHF is located at 30°N, 15 km west of the spreading axis of the Mid-Atlantic Ridge (see
inset). The field is at a depth of ~750 m atop an oceanic core complex called the Atlantis Massif. The Atlantis Transform Fault bounds the
southern end of the field ~20 m to the south at a depth of ~5000 m, and the eastern side of the field is bounded by a steep escarpment created
by mass wasting. Two steeply-dipping normal faults striking east-west (Fault A) and ~020° (Fault B) focus fluid flow. The vent field occupies
an area of ~500 m? (outline). (modified from Karson et al. (2006)).

environment, rising up to 60 m above the seafloor (Fig. 1).
Discovered in 2000, the unique geologic setting and chem-
istry of the LCHF has renewed debates on the amount
and source of heat required to establish and sustain off-axis
hydrothermal circulation in systems where active
serpentinization is ongoing in the underlying rocks (e.g.,
Macdonald and Fyfe, 1985; Kelley et al., 2001, 2005; Low-
ell and Rona, 2002; Frith-Green et al., 2003; Allen and Sey-
fried, 2004; Emmanuel and Berkowitz, 2006). Unlike
magmatically-fuelled black smoker systems, hydrothermal
circulation at the LCHF is believed to be driven by both
residual crustal heat in the underlying mantle and lesser
gabbroic rocks and in part by subsurface serpentinization
reactions (Kelley et al., 2001, 2005; Frith-Green et al.,
2003), although Allen and Seyfried (2004) argue that an
off-axis magmatic heat source several kilometers to the east
likely drives hydrothermal circulation. Even though the
LCHF heat source remains poorly understood, the im-
mense size of the chimneys and the ~500 m” aerial extent
of the field indicate that it is a long-lived system (Friih-
Green et al., 2003; Kelley et al., 2005). Previous studies
have shown that fluid flow within the field is channeled
by the intersection of two major faults, one which is subpar-
allel to the nearby east-west trending Atlantis Transform
Fault and another which strikes at ~020° (Kelley et al.,
2005; Karson et al., 2006) (Fig. 1). Volume expansion dur-
ing serpentinization within the basement rocks likely pro-
motes cracking and hydrothermal circulation within the
field and contributes to maintaining long-lived fluid flow
paths (Kelley et al., 2001, 2005; Friith-Green et al., 2003;
Boschi et al., 2006; Karson et al., 2006).

Despite multiple studies of the geologic history of the
Atlantis Massif (Cann et al., 1997; Blackman et al., 1998,

2002; Schroeder and John, 2004; Canales et al., 2004;
Expedition Scientific Party, 2005; Boschi et al., 2006),
numerous questions remain concerning the development,
formation conditions, and duration of hydrothermal
activity within this novel hydrothermal system. Previous
work using radiocarbon techniques shows that hydrother-
mal activity has been on-going for at least 30 kyrs, yet
modeling suggests that the field may be even older
(Frith-Green et al., 2003). The nearly monomineralic car-
bonate mineralogy of the LCHF chimneys (Kelley et al.,
2005; Ludwig et al., 2006) is amenable to both radiocar-
bon and U-series dating, allowing important constraints
to be placed on the history of hydrothermal activity
and tectonism within the field and the timescales over
which  the  chimneys form. Uranium-thorium
(*BU-*U-°Th-**Th or U-Th or *°Th) disequilib-
rium dating is a powerful geochronological tool used to
date inorganic and biogenic materials ranging in age
from modern to 600 kyrs (e.g., Edwards et al., 1986/
1987, 1987, 2003; Stirling et al., 2001; Thompson et al.,
2003; Andersen et al., 2008; Shen et al., 2008). This com-
prehensive study presents the first U-Th analyses of alka-
line fluids and carbonate deposits from the LCHF.
Analyses of six vent fluid, five seawater, and over 60 dis-
crete chimney structures provide new insights into the
behavior of U and Th in marine hydrothermal environ-
ments where serpentinization is a major on-going process
and into chimney development within the LCHF. Tech-
niques used in this study may be applied to examining
the age and tectonic history of other hydrothermal envi-
ronments where carbonate is routinely precipitated
including ophiolite springs, tufas, methane hydrates,
and methane seeps.
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2. GEOLOGIC SETTING AND FLUID CHEMISTRY
OF THE LCHF

The LCHF is located at a depth of ~750 m (Fig. 1). Un-
like most hydrothermal vent fields known to date that are
characterized by axial, basalt-hosted sulfide structures, the
LCHEF is west of the MAR spreading axis on an oceanic
core complex called the Atlantis Massif (Kelley et al.,
2001). The massif is composed of 1-2 Myr-old variably ser-
pentinized peridotite with lesser altered and deformed gab-
broic material: the flat summit of the massif is capped by a
~1m thick layer of hydrothermally-cemented carbonate
ooze (Kelley et al., 2001, 2005; Blackman et al., 2002;
Frith-Green et al., 2003; Karson et al., 2006) (Figs. 1 and
2). The field is perched on a down-dropped bench on the
southern face of the massif, where large (up to 60 m tall)
carbonate chimneys are the hallmark of the venting system
(Fig. 2) (Kelley et al., 2001, 2005). These deposits form dur-
ing mixing of warm (<40-91 °C), diffusely venting hydro-
thermal fluids and surrounding seawater (Kelley et al.,
2001, 2005; Ludwig et al., 2006). The chimneys are com-
posed of aragonite, calcite, and brucite and evolve from
small, nascent fracture-filling deposits to large complex pin-
nacles >30 m tall and 100 m across (Kelley et al., 2001,
2005; Ludwig et al., 2006). Actively venting, porous (up
to 50%) carbonate deposits and the effusing warm fluids

Top of massif

Carbonate cap

~
[/

ik
IMAX,  East wall IS
~

"y

740 760 780 800 820 840 860 880 900 920 940

Depth m

Fig. 2. Bathymetry of the LCHF. Present day hydrothermal
activity at the LCHF is concentrated on a down-dropped bench
on the southern edge of the massif and along the steep East Wall
immediately beneath the summit. The tallest structure at the LCHF
is the Poseidon complex, which rises 60 m from the seafloor. Other
features in the field include the IMAX and Beehive chimneys which
are parasitic structures on the north side of Poseidon, and Marker
H which denotes the eastern-most extent of active vent chimneys.
The distinctively flat top of the massif is capped by a layer of ~1 m
thick well-lithified deposit of carbonate ooze.

provide a rich habitat for diverse microbial communities
of Archaea and bacteria and a macrofaunal community
that includes amphipods, gastropods, and mussels (Schrenk
et al., 2003; Kelley et al., 2005; Brazelton et al., 2006, 2010).
Inactive, well-lithified chimneys are home to deep sea cor-
als, crabs, and serpulid worms (Kelley et al., 2005).

Subsurface serpentinization reactions at the LCHF pro-
duce particle-free, high pH (9-11), low metal, low silica flu-
ids that contain high concentrations of calcium (up to
~30 mmol/kg), and abiogenically-produced H, (<1-
15 mmol/kg), CH,; (1-2 mmol/kg), and low molecular
weight hydrocarbons; they are nearly void of CO, (Kelley
et al., 2005; Proskurowski et al., 2006, 2008). Similar to
black smoker systems, magnesium (Mg) is removed during
hydrothermal circulation and the hottest fluid samples
(91 °C) contain <1 mmol/kg Mg (Kelley et al., 2005).

3. U-Th SYSTEMATICS AND GEOCHRONOLOGY
3.1. 2°Th dating theory and initial >**Th

U-Th techniques have been particularly successful for
precise dating of corals and speleothems (e.g., Edwards
et al., 1987, 2003; Cheng et al., 1998, 2000a; Goldstein
and Stirling, 2003; Branchu et al., 2005; Shen et al., 2008,
2010). Assuming that there is no further loss or gain of U
or Th, the »*°Th age is determined by the radiogenic in-
growth of ***U and **°Th using the age equation below
(after Kaufman and Broecker, 1965 and Edwards et al.,
2003):

230Th 232Th 230Th X
() (22
234
w & (1 _ 6(4234*4230)1) (1)

1000 /lz30 — ;~234

In this equation, all isotope ratios are activity ratios, m de-
notes measured quantities, nr denotes non-radiogenic, and
230 and Jy34 are the decay constants of 20Th and 24U,
respectively (values from Cheng et al., 2000b). The
24U/#8U ratio must be measured and appears explicitly
as a term in the age equation. The **U/**®U ratio is ex-
pressed in 3-notation, where

MU, = [(234U/238U)m/(234U/238U)eq _ 1] « 1000 )

and
8234Uim’tial = 5234Um X e‘z34t (3)

The ratio (***U/***U),, is the activity ratio of ***U/***U at
secular equilibrium (which equals 1) (Edwards et al., 1986/
1987). The initial 8***U (8***U,uiw) refers to the initial
deviation of 22*U from secular equilibrium and is calculated
from the measured 8***U (§***U,,,) and the non-radiogenic
29T (**°Th,,,)-corrected age. The two unknowns in Eq. (1)
are 22°Th,,, which is the amount of non-radiogenic 230,
and 7, which is the 22°Th age in years.

With high precision mass spectrometric techniques
(Edwards et al., 1986/1987; Stirling et al., 2001; Shen
et al., 2002, 2006; Andersen et al., 2008), the ability to
achieve accurate >*°Th ages relies on precise determination
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of the amount of 2*°Th,, (e.g., Edwards et al., 1986/1987,
2003; Edwards, 1988; Cheng et al., 2000a; Dorale et al.,
2001; Shen et al., 2008). 230Th,,. can be introduced to car-
bonate matrices via any combination of “external” sources,
such as seawater and detritus, and “internal” processes,
such as diagenesis and a-recoil (e.g., Edwards, 1988; Cobb
et al., 2003; Robinson et al., 2004; Shen et al., 2008). For
coral studies, 2*°Th,, is typically assessed by constructing
isochrons from growth bands and/or directly measuring
the 2*°Th/?*?Th atomic ratio of ambient seawater (e.g.,
Chen et al., 1986a; Edwards et al., 2003; Shen et al.,
2008). The 2*°Th ages are then corrected to the **Th,, dur-
ing off-line data correction (Cheng et al., 2000b; Shen et al.,
2002).

In hydrothermal and seep environments, vent fluids pose
a potential additional source of 2*°Th,, to mineral precipi-
tates. However, only a few studies have analyzed U and
Th isotopic composition in co-registered samples of fluids
and hydrothermal deposits. Michard and Albarede (1985)
analyzed vent fluids from the East Pacific Rise (EPR) and
were the first to show that U is removed from seawater dur-
ing hydrothermal circulation. Chen et al. (1986b) examined
the U-Th-Pb systematics of hydrothermal fluids egressing
from black smoker chimneys at 21°N on the EPR and in
the Guaymas Basin. They confirmed Michard and Albare-
de’s (1985) results and showed that the concentration of
22Th in hydrothermal fluids (up to 4.3 pg/g) was elevated
compared to ambient seawater (0.004-0.037 pg/g). Simi-
larly, Anderson et al. (1982) and Simpson et al. (1982)
attributed high concentrations of Th in spring fluids in
Mono Lake, California, to an enhanced solubility of Th
when complexed with carbonate ions. These results indicate
that vent and spring fluids can be an additional source of
20T, to mineral deposits, which must be assessed for accu-
rately correcting the U-Th ages of hydrothermal chimneys.

3.2. U-Th systematics in hydrothermal environments

Very little work has been done to investigate U-Th sys-
tematics and ages in hydrothermal deposits. In mid-ocean
ridge systems, Lalou and others have successfully employed
a-counting and thermal ionization mass spectrometry
(TIMS) techniques to date sulfide deposits from the
Trans-Atlantic Geotraverse (TAG), Snake Pit, and
14°45'N sites on the MAR and the MESO Zone (after the
German research vessels R/V MEteor and R/V SOnne, lo-
cated in the central part of the 85 km-long fourth ridge seg-
ment at about 23°23.50'S, 69°14.50'E on the Central Indian
Ridge) (Lalou and Brichet, 1982; Lalou et al., 1993, 1996,
1998a, 1998b). A study by You and Bickle (1998) comple-
mented Lalou’s work at TAG and correlated 2*°Th ages
of sulfides from ODP core samples (ODP Leg 158) with
mound stratigraphy established by Humphris et al
(1995). This work resulted in one of the first growth-age
models of any submarine hydrothermal system and estab-
lished TAG as one of the longest-lived active vent fields
known with a maximum age of 50 kyrs. In both studies, ini-
tial 2°Th in the sulfides was assumed to be negligible.
Miinch et al. (2001) employed >*°Th ages of sulfide deposits
to construct a chronology of the Mt. Jourdanne field on the

Southwest Indian Ridge and found a maximum age of
70 kyrs. Although limited in number compared to the appli-
cations of U-series techniques to corals and speleothems,
these studies provide a foundation for further examination
of U-Th systematics in hydrothermal environments.

4. METHODS
4.1. Sample collection

4.1.1. Vent fluids and seawater

A total of six vent fluid and five seawater samples were
collected during the 2003 and 2005 expeditions to the LCHF
(Table 1). In 2003, vent fluid samples were collected using
the Deep Submergence Vehicle (DSV) AL VIN with titanium
major bottles that were manually cleaned with deionized
water prior to deployment. In 2005, seawater samples were
collected from 745 m during CTD casts on the R/V Ronald
Brown. In 2005, vent fluid samples were collected using the
remotely operated vehicle (ROV) Hercules and titanium ma-
jor bottles. During the 2005 expedition, major samplers were
manually cleaned, then rinsed with 1.5 N HNO; and deion-
ized water prior to deployment to minimize Th contamina-
tion from one sample to the next. During both expeditions,
fluid samples were collected on different days from different
vents. Aliquots (50-300 ml) of vent fluid samples were trans-
ferred to acid-cleaned HDPE plastic bottles. None of the
samples were filtered. All samples were acidified with 4 N
HNO3;. Vent fluid temperatures were measured using the
temperature probe of DSV ALVIN and ROV Hercules or
a probe mounted on the vent fluid sampling bottles.

4.1.2. Chimneys

Over 150 chimney samples of LCHF carbonate deposits
have been collected using the DSV ALVIN and ROV Her-
cules during the 2000, 2003, and 2005 expeditions to the
LCHF. In this study, 67 chimney samples were selected
for age dating analysis based on their location in the field.

LCHF carbonate deposits are classified into three cate-
gories based on field observations: “active” (structures with
actively venting fluid and/or structures with measured tem-
peratures above ambient seawater temperature), “inactive”
(chimneys that were not visibly emitting fluid), and “fis-
sure” deposits, which are carbonate deposits growing di-
rectly from cracks in the basement or cap rock. Samples
collected from the carbonate cap are categorized separately
as “cap” samples. These classifications are described in de-
tail in Ludwig et al. (2006) and example morphologies are
shown in Figure EA-1 (see Electronic annex). The active
chimneys are typically much more friable than the inactive
deposits and therefore much easier to collect, which biases
sample collection. Several samples were recovered from ta-
lus ramps and this is noted in the data tables and figures. A
total of 21 active, 3 cap, 11 fissure, and 32 inactive struc-
tures were analyzed. Six samples were analyzed twice (dif-
ferent powders from the same chimney) and are denoted
with “a” and “b” in their sample identification number.

After recovery, all carbonate samples were dried on-
board the vessel and stored in plastic bags. For U-Th
shore-based analyses, chimney subsamples were lightly
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crushed and hand-picked to remove biolithic and lithic
fragments to minimize contamination from foreign materi-
als such as chips of serpentinite, foraminifera, and shells
under a microscope (Ludwig et al., 2006). For two well-lith-
ified chimneys (3871-1512 and 3872-1530), powdered sam-
ples were drilled from cut slabs. Subsamples from six
chimneys (3651-1022, 3862-1325, H06-073005-R0316,
3871-1512, 3872-1530, and 3881-1338) were analyzed to
investigate potential isochron relationships.

4.2. Analytical techniques

4.2.1. Vent fluids and seawater

Seawater and hydrothermal fluid samples were prepared
in the Minnesota Isotope Laboratory (MIL) at the Univer-
sity of Minnesota using methods described by Chen et al.
(1986a) and Shen et al. (2003). All samples were gravimet-
rically spiked with a synthetic *?°Th->**U-**U mixed
spike, calibrated with gravimetric U and Th standards
(Cheng et al., 2000a,b), to correct for instrumental mass
bias and to determine U-Th isotopic and concentration
(Chen and Wasserburg, 1981; Chen et al., 1986a). The sea-
water and vent fluid samples with Mg concentrations
>5mmol/kg were spiked with MIL “Coral-B” spike
(8.172 pmol/g ***U and 0.3951 pmol/g *°Th), whereas vent
fluids with Mg values <5 mmol/kg were spiked with a di-
luted (1:20) Speleothem-B spike (0.7327 pmol/g ***U and
0.2116 pmol/g **°Th). Spiked sample was then refluxed in
an oven at 60 °C for 7 days to earn a U-Th isotopic equilib-
rium condition (Moran et al., 2002). After a subsequent co-
precipitation step with an iron chloride solution and
NH4OH, U, and Th were separated using anion exchange
chromatography methods (Chen et al., 1986a; Edwards,
1988). Dried eluted U and Th aliquots were dissolved in
1% HNO; + 0.005 N HF for instrumental analysis.

All samples were analyzed using a Thermo Fisher NEP-
TUNE multi-collector inductively-coupled plasma mag-
netic sector mass spectrometer (MC-ICP-MS) in the MIL.
Total transmission ionization efficiency in the MC-ICP-
MS is 1-2% compared to 0.1-0.2% in the ICP-sector field
(SF)-MS (Shen et al., 2002) and 0.1% by TIMS (Edwards
et al., 1987). A protocol, using one MasCom secondary
electron multiplier (SEM) with repelling potential quadru-
pole (RPQ), in peak-hopping mode was employed. With
the RPQ set to 80-85% transmission, abundance sensitivi-
ties were only 0.2-0.3 ppm at 1 atomic mass unit (amu) dif-
ference and 0.02-0.04 ppm at 2 amu difference for *8U, and
0.3-0.4 ppm and 0.04-0.06 ppm, respectively, for >**Th. A
sample size of only 1-4 ng U is needed to offer the repro-
ducibility (2 RSD) of 1-2%,. No significant difference be-
tween measurements of standards, and coral and
speleothem samples on ICP-sector-field-MS (ICP-SF-MS)
(Shen et al, 2002) and on MC-ICP-MS certify the
developed MC-ICP-MS methodology (Cheng et al., 2009;
Frohlich et al., 2009). Procedural blanks were subtracted
during offline data reduction.

4.2.2. Chimneys
Carbonate samples were chemically prepared in the MIL
using methods described in Edwards et al. (1986/1987) and

Shen et al. (2003). Approximately 0.2 g of carbonate was
weighed in acid-cleaned Teflon beakers, dissolved in
HNOs;, and then spiked. After adding five drops of HCIOy,,
the samples were capped and heated for 4-6 h to remove
organics and equilibrate the spike with the sample. Ura-
nium and Th aliquots were separated using Fe co-precipita-
tion and ion chromatography, dissolved in 1%
HNO; + 0.005 N HF, and then stored in acid-cleaned plas-
tic ICP-vials. Procedural blanks were measured regularly
and three-month average values were 0.02 4 0.01 pmol
238U, 0.003 + 0.003 pmol **2Th, and 0.0006 =+ 0.0005 fmol
230y,

All samples were analyzed on an ICP-SF-MS using
methods described by Shen et al. (2002). Data reduction
was completed off-line as described by Cheng et al.
(2000b) and Shen et al. (2002). Uranium and Th isotopic
compositions are given in Table 2. Ages were calculated
iteratively using Eq. (1). 2*Th/>®*U->*"Th/>8U->*U/>*¥U
isochrons were constructed using Isoplot 3.00 software
(Ludwig and Titterington, 1994; Ludwig, 2003). All mea-
sured errors of isotopic and concentration are given as 2
standard deviation of the mean (20,,) and age precisions
are reported as 2 standard deviations (2¢) unless otherwise
noted.

5. RESULTS

Measured seawater >**U concentrations range from 3.25
to 3.29 ng/g with a mean concentration of 3.28 & 0.03 ng/g;
the mean seawater 82>*U is 146.5 & 0.6 (Table 1). Seawater
232Th concentrations range from 0.13 to 0.14 pg/g with an
anomalous high value of 0.443pg/g for sample
HO08_080105_M3 0246 (Table 1). Seawater 2*°Th/*’Th
atomic ratios vary from 35 (4£7)x107% to 48
(£3) x 107°. The mean seawater °Th/**’Th with its
uncertainty is 43 (£10) x 1076 (Table 1).

In the six fluid samples, Mg concentration varies from
1.1 to 50.0 mmol/kg and ***U concentration ranges from
0.0073 to 3.1 ng/g (Table 1), showing the samples have been
mixed with different amounts of ambient seawater during
sampling (Ludwig et al., 2006). Only three fluid samples,
HO04 _072805_M1_0416, HO06_073005_M4 0413, and
3863m15, have measured Mg concentrations <12 mmol/
kg and the ?*>Th concentration in these samples is 0.11—
0.13 pg/g (Table 1). Two fluid samples with 1.1 mmol/
kg Mg have *°Th/**’Th atomic ratios of 1 (£10) x 107°
to 11 (£5) x 107°. Fluids with Mg >12 mmol/kg have
232Th concentrations up to 1.9-2.8 pg/g (Table 1).

Chimney 2®U concentrations range from 345 to
10,500 ng/g, and **?Th concentrations range widely from
0.038 to 125 ng/g (Table 2). Measured 3***U values range
from 104 to 188 (Table 2). Bulk rock chimney >**Th/?**Th
atomic ratios span a wide range from 43 (£8) x 1076 to 530
(£25) x 1073 (Table 2). All chimney ages are corrected to
239Th,,. introduced by seawater with an initial 230TH/232Th
value of 50 (£+50) x 107°. Corrections for initial >*°Th,,,
generally range 5-60% and 0-10% for samples with ages
of younger and older than 20 kyrs, respectively (Table 2).
Corrected bulk rock chimney ages range from 17 + 6 yrs
to 120 4+ 13 kyrs (Table 2). Data from subsamples of the
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six chimneys analyzed for isochrons are shown in Table 3
and are discussed in Section 6.5.

6. DISCUSSION
6.1. Uranium in seawater and vent fluids

At the LCHF, the in-situ salinity is 35.468 psu at a depth
of 745 m, where seawater samples, SW-2, SW-3, SW-4, and
SW-5, were collected. The 35.0-psu normalized seawater U
concentration of 3.241 £ 0.003 ng/g is undistinguishable
from the mean seawater value of 3.238 ng/g (Chen et al.,
1986a), indicating the conservative behavior of seawater
U at the LCHF. Similarly, the mean measured seawater
824U of 146.5 £ 0.6 is comparable to the open-ocean val-
ues (Robinson et al., 2004; Andersen et al., 2010).

When sampling hydrothermal fluids, the entrainment of
some seawater is inevitable. Mg is removed during hydro-
thermal circulation and its concentration is typically used
as an indicator of seawater—fluid mixing (e.g., Butterfield
et al., 1994; Mottl and Wheat, 1994). There are three fluid
samples (HO04_072805_M1_0416, HO06_073005_M4 0413,
and 3863m15) with low uncorrected Mg concentrations
<12 mmol/kg (Table 1). For sample 3863m15, the Mg con-
centration is 11.3 mmol/kg and the >*®U concentration is
0.537 ng/g, suggesting that this sample is mixed with 21%
ambient seawater (Table 1 and Fig. 3a). The previous two
samples, with 1.1 mmol/kg Mg, can be considered to be
much closer to the fluid endmember (98% vent fluid) (Ta-
ble 1). These samples contain 0.033 and 0.0073 ng/g >*3U
concentrations and 0.11-0.12 pg/g ***Th, respectively. With
an assumption that the endmember fluid Th/U atomic ratio
is close to a bulk crustal value of 3.6-3.8 (Taylor and
McLennan, 1985, 1995), the endmember fluid U concentra-
tion could be only 0.029-0.033 pg/g, indicating that U is
scavenged by ultramafic rocks during hydrothermal circula-
tion, similar to observations in oceanic mafic crustal envi-
ronments (Table 1 and Fig. 3a) (Michard and Albarede,
1985; Chen et al., 1986b). This is supported by results from
Boschi et al. (2006), who showed that altered serpentinite
basement rocks contain elevated concentrations of U com-
pared to the parent rock.

Chen et al. (1986b) found that vent fluid samples col-
lected from black smokers at the 21°N EPR site had §***U
values ranging from 140 to 200, falling near measured sea-
water ratios (149 4+ 8 to 155 &+ 17). Similarly, at the LCHF,
the 3***U of the hydrothermal fluids (mean = 144 + 85) is
indistinguishable from that of ambient seawater
(mean = 146.5 + 0.6) (Table 1 and Fig. 4). The similarity
of the 8?**U ratios between seawater and vent fluids indi-
cates that the input of ***U from a-recoil is not notable
(Kigoshi, 1971). Although groundwater studies have shown
a-recoil to be a potentially significant input of U-series
daughter isotopes to aquifer solutions in reducing environ-
ments (Voltaggio et al., 1998), this process does not appear
to have an effect on >*U and >**Th values in the Lost City
fluids. The 8***U values of the two fluid samples with the
lowest Mg concentration are 92 + 116 and 154 4+ 31 and
the poor analytical precision is caused by their extremely
low 2®U concentrations (only 0.7ng and 6.7 ng,

respectively). These values provide a first-order estimate of
the U isotopic composition of the LCHF vent fluids.

6.2. Thorium in seawater and vent fluids

Except for seawater sample HO08 080105_M3_0246,
ambient seawater proximal to the LCHF has a mean
232Th concentration of 0.133 + 0.016 pg/g, which is within
error of previously measured Atlantic seawater at 800 m
(Moran et al., 1997, 2002). The high 2**Th concentration
of 0.443 +0.013 pg/g in sample HO8_080105_M3_0246 is
likely due to the entrainment of some detritus from the
top of the carbonate cap, where it was collected.

By comparison, the 2*>Th concentration in hydrother-
mal fluids is variable. Chen et al. (1986b) noted that fluids
egressing from black smokers at the EPR had variable
22Th concentrations ranging from 1 to 4.3 pg/g, which
were much higher than ambient seawater (<0.17 pg/g),
and concluded that Th may be leached from the crust dur-
ing water-rock interaction at depth. Similarly, LCHF vent
fluids have variable 2**Th concentrations (Table 1 and
Fig. 5). The three fluid samples, H04_072805_M1_0416,
HO06_073005_M4_0413, and 3863m15, with 1.1-11 mmol/
kg Mg have ***Th concentrations of 0.11-0.13 pg/g and
are within error the same as ambient seawater (Table 1
and Fig. 3b). However, three fluid samples,
H02_072605_M1_0443, HO03 072705 _M3 0354, and
HO07_073105_M2_1238, have anonymously high 232Th con-
centrations compared to seawater, ranging from 1.86 to
2.20 pg/g (Table 1 and Fig. 3b). This observation cannot
be explained by vent location: samples collected from the
same vent structures (e.g., Marker 3 and Marker H) on dif-
ferent days have much lower >?Th concentrations (Table 1).
In 2005, we cleaned each major sampler with 1.5 N HNOs;;
however, even after adding this step to the cleaning process,
there is no noticeable difference in **Th concentration or
230Th/>*Th ratios (Table 1).

Fig. 5 shows that sample 3863m15 is a mix of fluid and
ambient seawater. However, three samples with high-2>>Th
do not lie in the mixing zone on the plot (Fig. 5). Trivial
amounts of chimney carbonate detritus with high 2**Th
and ?*°Th/***Th could likely be collected in these samples.
Contamination from particulate matter during collection
on board could also be possible. More measurements of
large fluid sample volumes would be required to better eval-
uate these high values and to evaluate endmember fluid Th
concentrations.

The vent fluids at the LCHF have lower *°Th/**’Th
atomic ratios (1-11 x 107%) than seawater (35-48 x 107%)
(Table 1 and Fig. 3¢). This trend holds when the **Th/***Th
atomic ratios are plotted against 1/[>**Th] (Fig. 5). The low
239Th/2*2Th atomic ratios of the fluids are attributed to the
low concentrations of the parent isotopes (***U and ***U) in
the fluids. The low ratios also indicate that a-recoil does not
contribute additional ?°Th to the fluids.

6.3. U and Th systematics in LCHF chimneys

Uranium in the endmember LCHF fluids is likely
<0.0073 ng/g, which is significantly lower than 3.28 ng/g
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U-Th data from subsamples of LCHF chimneys used for isochrons.

Sample 1D Sample U (ng/g)  Z2Th (pg/g) *Umneasured® [Z°Th/?*Th] *°Th/***Th] Age (years)
type activity® (ppm)°© uncorrected
3651-1022 Active  2820.0 £ 54 8844+2.7 149.2 4+ 1.6 0.001406 4+ 0.000025 74.0+1.3 133.7+24
3651-1022 20079 +£2.4 81.7+£3.7 146.1 £ 1.6 0.000592 £ 0.000099 240 £ 42 56.4+94
3651-1022 2822.8 £3.7 1379 +4.7 14474+ 1.7 0.000672 4+ 0.000082 227 + 29 64.1+78
3651-1022 2762.1 £3.4 126.1+4.2 145.1 £1.8 0.000670 + 0.000046 242 + 19 63.9+44
3651-1022a 3411.7+£59 57.0+3.6 144.0 £ 2.0 0.000285 4+ 0.000023 282 + 29 272+22
3651-1022b 3028.0£4.9 1284+4.3 142.1+£ 1.9 0.000754 4 0.000038 294 + 18 72.1 £3.7
3651-1022¢ 32145+£52 822+42 143.6 + 1.9 0.000489 4+ 0.000031 315+ 26 46.7+2.9
3862-1325 Active  2356.3 +3.3 468 + 26 148.0 £ 1.8 0.000939 4+ 0.000046 78.1 £5.7 894+ 44
3862-1325a 30984 +43 77.5+32 1415+ 1.6 0.000253 + 0.000021 167 £ 15 242+2.0
3862-1325b 2542.74+3.5 73.5+3.6 145.6 £ 1.7 0.000456 + 0.000036 260 + 24 43.4+35
3862-1325¢ 4229.0+£ 6.5 121.3+4.6 140.7 £ 1.7 0.000459 4+ 0.000022 264 £+ 16 439 +2.1
3862-1325d 41348 £6.2 843 +35 140.6 + 1.6 0.000284 4 0.000020 230 £ 19 272419
3862-1325¢ 3646.8 £53 733143 142.8 £ 1.7 0.000343 4+ 0.000027 282 + 28 32.8+26
H06-073005-R0316_1 Active  3280.2+4.6 82.6+39 146.1 £ 1.9 0.000523 4+ 0.000033 343 + 27 499 +£3.2
HO06-073005-R0316_2 2836.3+44 68.7+3.1 143.7+ 1.8 0.000499 £ 0.000036 340 + 29 47.7+£34
H06-073005-R0316_3 3263.7+84 81.3+3.8 145.5+3.2 0.000541 4 0.000042 358 £+ 32 S51.5+4.0
HO06-073005-R0316_4 3480.6 £4.2 72.6+3.6 144.1 £ 1.5 0.000441 + 0.000034 350 + 32 42.1+32
H06-073005-R0316_5 3004.8 £4.7 71.9+£3.5 144.6 £1.8 0.000510 4 0.000040 352 + 32 48.6 +£3.8
3871-1512 Inactive 3673.6 £4.1 46471 £250 1443+1.7 0.1894 £+ 0.0017 2472 £2.6 19,683 + 198
3871-1512A 3866.8 £6.1 150+4.3 140.9 +£ 1.8 0.04925 £+ 0.00024 20979 + 605 4815+ 25
3871-1512B 3888.8 £6.5 1014+ 16 147.0 £ 2.0 0.06198 4+ 0.00043 3925 £ 69 6060 + 45
3871-1512C 4471 £ 152 6498 + 191 173 £ 59 0.0682 £ 0.0027 774 £27 6531 +433
3871-1512D 34473 +£43 129.7+3.8 1454+ 1.7 0.000434 4+ 0.000037 191 £ 17 41+3.5
3872-1530 Inactive 4801.8 £6.1 1204+ 19 105.2 + 1.7 0.3599 £+ 0.0019 23,693 + 395 42,734 £+ 285
3872-1530a 24509 £3.8 18.8+7.1 237.8 £2.1 0.3711 £ 0.0023 799,087 £+ 300,808 38,442 £+ 291
3872-1530b 37940 £ 6.0 34.1+42 142.8 £ 1.9 0.3593 £+ 0.0030 660,496 + 81,375 40,878 + 415
3872-1530c 3859.3+£6.2 435+34 146.8 £ 1.9 0.3902 £ 0.0026 571,231 £45,185 44,971 4+ 385
3872-1530d 4204.7+£6.7 21.1 £4.1 116.6 1.9 0.3566 + 0.0041 1,171,925 4+ 225,679 41,702 + 588
3872-1530e 3318.1£4.8 109+32 187.4+ 1.9 0.3595 £ 0.0025 1,799,775 + 519,472 38,976 + 325
3881-1338/3 (Interior)  Inactive 1549.0+1.9 177 420 149.0 £ 1.6 0.00729 4+ 0.00011 1056 + 122 695+ 10
3881-1338/4 (Interior) 2018.9+2.1 235+18 148.1 £1.3 0.00734 4+ 0.00012 1041 £+ 81 700 + 11
3881-1338/5 (Interior) 23523427 229417 147.0 £ 1.5 0.007056 4 0.000066 1198 £ 87 673.7+£6.3
3881-1338/6 (Interior) 2.845.8 £2.8 353+ 22 1455+ 1.5 0.007231 4+ 0.000076 961 + 61 691.4+74
3881-1338/7 (Interior) 2.372.0£2.1 390+23 145.6 £ 1.4 0.007650 4+ 0.000084 768 + 47 731.5£8.1
3881-1338/A (Exterior) 2.380.6 £2.8 17,470 £82 1455+1.8 0.07268 4+ 0.00078 163.5+ 1.9 7.149 £ 80
3881-1338/B (Exterior) 2.050.7£24 10,039 +£45 1452417 0.05038 £ 0.00053 169.9 + 1.9 4.909 £+ 53
3881-1338/C (Exterior) 2.5445+2.8 18,954 +110 147.0+1.6 0.07105 4 0.00088 157.5+£2.2 6.973 £ 90
3881-1338/D (Exterior) 1.921.8 £2.0 13,724 +59 14744+ 1.6 0.07239 4+ 0.00069 167.4 +1.7 7.106 £ 71
3881-1338/E (Exterior) 4.051.5+£52 14559+62 148.0+1.7 0.03823 4+ 0.00037 175.6 £1.8 3.696 + 36

N 6234U = ([234U/238Uaclivity — 1) x 1000.

b [230Th/238U]activity =1- e/‘vzul + (6234Umeasured/1000)[)“230/()“230 - 1234)1(6(/‘»214*7-214)1)’ where 7 is the age.
© The degree of detrital 2**Th contamination is indicated by the [**°Th/**>Th] atomic ratio instead of the activity ratio.

U in the ambient seawater. An average value for 3*U,isia
data with precision better than 3.09,, in chimney carbonates
is 147.2 + 0.8 (Table 2), matching the seawater value of
146.5+ 0.6 (Table 1). In an assumptive mixing model,
using an arbitrarily low vent fluid 8*U of 100 and the
water mixture with 90% fluid and 10% seawater, the
824U of the precipitate would be 145.6, still very close to
the seawater value. The results indicate that U in the chim-
neys is seawater-derived. U concentrations in the LCHF
carbonates vary from <1 to 10 pug/g; they are not a function
of chimney age or type (Table 2 and Fig. 6a). Even within
the same structure, U concentration can vary by >600 ng/g,
which is outside of analytical error (e.g., samples

3651-1022, HO06-073005-R031, and 3881-1338), showing
the heterogeneity of the chimney **U concentration
(Table 3).

22Th concentrations vary widely across the field and
individual chimneys contain variable amounts of Th. In gen-
eral, the inactive chimneys contain a wider range of *>Th
(0.084-125 ng/g) and higher average 22Th concentration
(26.1 ng/g) than active chimneys (which range from 0.038
to 8.95 ng/g with a mean ***Th concentration of 0.81 ng/
g). Thorium concentration generally increases with chimney
age (Fig. 6¢c), which is likely due to detrital accumulation, Th
scavenging from ambient seawater, and the formation of
manganese crust over time (Ludwig et al., 2006).
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Fig. 3. Seawater (solid squares) and vent fluid (hollow squares)
chemistry. (a) LCHF fluid end-members have near-zero U and Mg
concentrations, showing these elements are removed from seawater
during hydrothermal circulation through the Atlantis Massif. (b)
Thorium concentrations in the LCHF fluids are variable compared
to surrounding seawater. Fluid samples with <12 mmol/kg Mg
have **Th concentrations similar to seawater while three fluid
samples have significantly higher ?**Th. This difference is not
explained by vent location and is attributed to possible contam-
ination by particulate matter. (¢) Near end-member fluids (con-
taining 1.1 mmol/kg Mg) have low 2°Th/**’Th atomic ratios
compared to surrounding seawater. The vent fluids do not
represent an additional source of initial >*°Th to the carbonates.
The error bars are smaller than the symbol size for almost all
samples.
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Fig. 4. A plot of 834U, vs. [U] for seawater (solid squares) and
vent fluid (hollow squares) samples. The 3***U values of the LCHF
fluids are not distinguishable from the 8***U range of ambient
seawater (146.5 + 0.6; gray line).

6.4. Sources of initial 2>°Th

In any system, the addition of 2*°Th,, can make a
sample appear falsely old. At the LCHF, there are three
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Fig. 5. A plot of >*°Th/**?Th atomic ratio vs. 1/>**Th for LCHF
seawater (solid squares) and fluid (hollow squares). The concen-
tration of **Th and the 2*°Th/?>*’Th ratio in both seawater and
vent fluids collected from the LCHF are variable. These differences
are attributed to the non-conservative and particle reactive
behavior of Th in the ocean. Gray area denotes the mixing zone
of only fluid and ambient seawater.
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Fig. 6. Temporal chimney U-Th chemistry. (a) The concentration
of U in the LCHF chimneys varies from 1 to 10 x 10° ng/g and
there is no correlation between chimney age or chimney type and U
concentration. (b) The 82*U, s of most LCHF carbonate
chimneys is near the ambient seawater value of 146.5+ 0.6.
Chimneys with 82*U i outside the 139-155 criterion (shaded)
have likely experienced diagenesis. (¢) The LCHF chimneys are
heterogeneous with respect to 22Th concentration. In general,
chimney ***Th increases with age due to the accumulation of
detritus and formation of Mn-crust on the exterior of the chimneys.
Carbonate cap samples have some of the highest *Th concentra-
tions, most likely due to the significant amount of detrital material
that is cemented into the cap rock. In most cases the error bars are
smaller than the symbol size.
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potential “external” sources of 230Th,,: seawater, hydro-
thermal fluid, and detritus. The LCHF chimneys are also
likely subject to input of 2*°Th,, by “internal” processes
that may include a-recoil and diagenesis. Because of the un-
ique geochemical setting of the LCHF carbonates and the
importance of quantifying >*°Th,, for age dating, each
source of 23°Th,,, is addressed and quantified in the follow-
ing discussion.

6.4.1. Seawater

In seawater, Th is insoluble and easily sorbs onto parti-
cles: it generally has very low solubility except in alkaline
conditions (e.g., Bacon and Anderson, 1982). Because of
its particle-affinity, Th is rapidly removed from the water
column with marine detritus. Consequently, Th has a short
average residence time in the sea of only ~20yrs (e.g.,
Dunk et al., 2002; Cochran and Masqué, 2003; Henderson
and Anderson, 2003). Seawater *°Th concentration and
230Th/232Th increase with depth and seawater can be a sig-
nificant source of >*°Th,, to deep sea carbonates including
deep sea corals and the LCHF chimneys (e.g., Bacon and
Anderson, 1982; Cheng et al., 2000a; Edwards et al., 2003).

6.4.2. Vent fluid

The actively venting chimneys at the LCHF have
230Th/232Th atomic ratios that are significantly higher than
that of seawater (74-483 x 107%) (Table 2). However, the
20Th/?>Th atomic ratio of vent fluids (1-11 x 107%) at
the LCHF is relatively low in comparison to seawater (Ta-
ble 1). Assuming that the 2**Th/?*?Th ratio of the fluids is
relatively constant over time, these results show seawater
will contribute more Th to carbonate deposits than will
vent fluids. The high 2**Th/?**Th ratios in the active chim-
neys may be attributed to “whiffs” of >**Th from nearby
older carbonate.

6.4.3. Detritus

Within the LCHF, detritus can come in many forms,
including marine snow, marine sediments, and talus and/
or fragments of old carbonate deposits. Detrital input of
Th to the chimneys is difficult to quantify without an exten-
sive study of sediment trap and filtered seawater samples.
However, to a first order, the measured concentration of
232Th in the carbonates can be used as an indicator of detri-
tal 2**Th. In general, the inactive chimneys have high con-
centrations of 2**Th (Fig. 6¢c) showing that detrital
material may be contributing Th to the structures. This is
observed in some of the chimney hand samples which incor-
porate biolithic and lithic fragments in their outer walls
(Ludwig et al., 2006). The *°Th/**’Th atomic ratios of
the inactive chimneys range widely, from 84 to
4000 x 107° (Table 2 and Fig. 7). Carbonate talus collected
from the base of Poseidon has 2*’Th concentrations of up
to 0.3-14 ng/g, which shows that some of these samples
may have incorporated substantial detrital >*°Th (Table 2).
In contrast, the 2>?Th concentrations of the active chimneys
are lower, and the 22°Th/**?Th atomic ratios fall in a smal-
ler range of 74-83 x 107% (Table 2 and Fig. 7). This trend
indicates that most of the active chimneys do not incorpo-
rate much detrital >**Th. Samples from the carbonate cap,

which is composed of hydrothermally-cemented sediments,
have the highest >*>Th concentrations at 127 & 17 ng/g,
attributed to detrital accumulation. However, the
230Th/?2Th ratios of the cap samples vary from 43 to
86 x 107°, showing that they have likely experienced dia-
genesis (see Section 6.5.2). Quantifying the contribution
of detrital **Th to the chimneys is complicated as evi-
denced by an absence of a consistent trend between chim-
ney age and 2*2Th (Fig. 6¢c) and the highly variable **Th
concentrations throughout the field regardless of chimney

type.

6.4.4. a-Recoil

a-Recoil is a significant source of 2*°Th,, for marine sed-
iments and in some marine carbonates in near-surface envi-
ronments (e.g., Cochran and Masqué, 2003; Thompson
et al., 2003; Robinson et al., 2004). In the LCHF chimneys,
which are at intermediate-water depth with high seawater
Z0Th/?2Th  atomic ratios [35 (£7)x 107° to 48
(£3) x 107, the impact of a-recoil is assumed to be mini-
mal compared to the other inputs described above.

Conclusively, seawater and detritus are the most impor-
tant factors to consider when assessing the 2*°Th,,, correc-
tions for the LCHF chimney ages. Given these sources,
the range of possible initial 2°Th/**2Th is 35 x 10°° to
>500,000 x 10~°, where most of the high values are found
in older samples with high concentrations of radiogenic
230y,

6.5. Isochrons and **Th age corrections

To assess the most appropriate 2°Th/**?Th value to use
for 2*°Th,, corrections, we explored the conventional tool
of isochrons (e.g., Ludwig and Titterington, 1994; Dorale
et al.,, 2001; Edwards et al., 2003; Ludwig, 2003; Shen
et al., 2008). Unlike well-banded corals, the LCHF
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Fig. 7. A plot of 2*°Th/***Th vs. 1/**Th in LCHF chimneys. The
inactive structures have a wider range of *°Th/?**Th atomic ratios
than their actively venting counterparts. This is likely due to the
age of the sample (hence high 2*°Th) and/or the increased amount
of detritus within the structure. Despite variable >**Th concentra-
tions, the active structures have relatively low 2**Th/>**Th atomic
ratios. Note that samples 3872-1530 and H03-072605-R2252 with
respective high 2*°Th/**>Th atomic ratios of 6.1 x 107> and
5.3 x 107" are not shown (see Table 2).
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Fig. 8. A plot of measured 8**U vs. 23°Th/?*®U activity ratio.
Light gray lines are lines of constant age, given with numbers in
kyrs next to the lines. Dark gray contours are lines of constant
8%**U,i111- Most of the LCHF carbonate samples (circles) fall near
seawater 82>*U. Two inactive chimneys, 3873-1233 and 3877-1501,
fall to the right of infinite age and their age cannot be determined
using closed-system age equations.

chimneys are heterogeneous and completely lack banding
or obvious growth horizons (Fig. EA-2). Hand samples of
the actively venting deposits are fragile, with up to 50%
porosity and have sinuous interior micro-channels that
make subsampling difficult (Fig. EA-2a and b, Ludwig
et al., 2006). In contrast, hand samples of numerous inac-
tive chimneys are massive and require drilling to collect
interior subsamples (Fig. EA-2c and d). Subsamples from
three active chimneys (samples 3651-1022, 3862-1325, and
H06-073005-R0316) and three inactive structures (samples
3871-1512, 3872-1530, and 3881-1338) were collected in
an attempt to use isochrons to evaluate the initial *°Th
in the LCHF chimneys.

6.5.1. Isochrons and initial *>°Th?** Th estimate

Plots of six 2*Th/*®U B2Th/>%0  of
22Th/?8U-23Th/2¥U-24U/?*8U isochrons are shown in
Fig. 9. The lack of linearity underscores the chemical hetero-
geneity of the chimneys, which is also demonstrated by var-
iable U and %°Th concentrations and variable
230Th/?*Th ratios (Table 3). An isochron for sample 3881-
1338 displays the best linear correlation (Fig. 9f), despite
chemical heterogeneity (Table 3). Chimney sample 3881-
1338 is one of the few large (97.5 cm in length) structures that
was recovered in its entirety and provides a unique opportu-
nity to compare the geochemical composition of subsamples
from the interior and exterior of the structure (Fig. EA-2¢
and f). Although the chimney was not visibly venting, geo-
chemical analyses of trace metals indicated that the chimney
had a strong vent fluid signal in its interior (Ludwig et al.,
2006). In our U-Th analyses, there is a distinct difference in
the **Th concentrations from the interior (0.18-0.40 ng/g)
to the exterior (10-19 ng/g) and these values correlate to high
230Th/?*2Th ratios in the interior and low 2°Th/?**Th ratios
in the exterior, respectively (Table 3). Collectively, subsam-
ples from the interior and exterior of this chimney demon-
strate the best isochron relationship found in this study
(Fig. EA-2f).

Examining the 823U, value of the chimney samples
is also instructive for evaluating the initial >*°Th/?**Th of
the system. Most corrected 834U, data reflect the sea-
water value. The anomalous corrected 8*3*U,,;,.s for the
inactive sample 3872-1530 (Table 3) suggests that this sam-
ple has most likely been altered. Except for this sample, the
other five isochron-determined initial ***Th/***Th ratios
range from near-vent fluid values (e.g., 10.3 (£2.1) x 107°
for active sample 3651-1022) to near seawater values (64
(£36) x 1078 for active sample H06-073005-R0316) (Ta-
ble 3). Considering the Th isotopic compositions in the
two sources, seawater and vent fluid, and the 230Thm. vari-
ability for the five isochrons with the seawater-value
823*U, s> the initial 2>°Th/?*’Th ratio is estimated to be
50 (£50) x 107°. This value is used to calculate the forma-
tion age of the chimney carbonate.

6.5.2. Diagenesis and criteria for fidelity of **°Th Age

In any carbonate system, diagenesis can shift U-Th ra-
tios, indicating open system behavior (e.g., Hamelin et al.,
1991; Gallup et al., 1994; Cutler et al., 2003; Stirling and
Andersen, 2009). At the LCHF, some of the old samples
show physical signs of alteration: some have been recrystal-
lized and resemble marble, while others have micritic calcite
filling former pore spaces (Fig. EA-2c and d) (Friih-Green
et al., 2003; Ludwig et al., 2006). Geochemical analyses
can be used to confirm these physical signs of diagenesis,
and the 8%*U,,;i Of these samples can be used as an indi-
cator of open system behavior (e.g., Edwards et al., 1986/
1987; Cheng et al., 2000a; Cutler et al., 2003; Robinson
et al., 2004; Stirling and Andersen, 2009).

Similar considerations have been used in studies examin-
ing the U-Th systematics of corals (e.g., Gallup et al., 1994;
Cheng et al., 2000a). Cutler et al. (2003) and Stirling and
Andersen (2009) established a U isotopic composition crite-
rion to assess coral samples for alteration. Samples with
8%*U,uisir Within +89,, of the modern marine value and
with a 20 error <8%, in the 8**U value can be considered
to experience minimal alteration. The same §>**U criterion
was applied to the LCHF chimneys as an indicator of
diagenesis.

The LCHF carbonate ages span two glacial-interglacial
cycles. Previous studies have shown that the §*>*U of the
ocean has been relatively constant during the last 400 kyrs
averaged over glacial and interglacial cycles (Gallup et al.,
1994; Henderson and Anderson, 2003). Accordingly,
changes in the LCHF carbonate 8***U can be reasonably
attributed to diagenesis. The seawater 8**U at the LCHF
is 146.54+0.6, so LCHF chimney samples that have
8%*U i values ranging from 139 to 155 are considered
unaltered: this criterion range is shaded in Fig. 6b. The al-
tered samples (which account for 14% of total samples) are
typically the older structures which have 8***U values that
are significantly higher or lower than seawater 3>*U value.
Samples 3651-0938a and H03-072605-R2252, for example,
have 82**U ;i values 132.2 2.0 and 215.8 £ 3.3, respec-
tively (Table 2 and Fig. 6b). Both cap rock samples have
high ***Th concentrations (88 & 10 to 127 + 17 ng/g) and
823U, iviar values (163.8 =4.4 and 173.4 + 17.1) that devi-
ate significantly from that of seawater (Table 2 and
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Fig. 9. Isochron plots of 2**Th/?*¥U vs. 2>Th/?*®U. Subsamples from three active (a—c) and three inactive (d—f) chimney samples were selected
for isochrons to better assess the initial 22°Th/?>*?Th ratio in the LCHF chimneys.

Fig. 6b). However, it is likely that the cap rock has experi-
enced significant diagenesis and therefore these ages require
further evaluation. The oldest chimney with a 3***U within
the defined 8***U-alteration criterion is sample number
3872-1544b which is 120 4 13 kyrs old. Most of the LCHF
carbonate samples fall near the 8***U = 150 in the plot of
measured §***U vs. 2°Th/>*¥U activity ratio (Fig. 8). This
is consistent with marine carbonates that are believed to
have maintained a closed-system (e.g., Edwards, 1998,
Cheng et al., 2000b; Cutler et al., 2003). For the samples
falling to the right of the “infinite” age contour and experi-
encing diagenesis [e.g., samples 3873-1233, and 3877-1501
(Table 2 and Fig. 8)], open-system models would
potentially give constrained U-Th age (e.g., Villemant
and Feuillet, 2003; Thompson et al., 2003).

6.6. Constraints on chimney growth rate and age

For the LCHF, the only constraints that can be cur-
rently placed on chimney growth rates come from examina-
tion of the “Beehive” structure, which is a fragile chimney
growing on the north side of Poseidon that emits the hottest
(91 °C) fluids measured in the field (Kelley et al., 2005).
During the 2003 expedition, the 30 cm-tall Beehive chimney

was sampled (3876-1436) and subsequently the entire chim-
ney fell apart. In 2005, a ~1 m-tall “new Beehive” chimney
had re-grown from the same orifice and the structure was
sampled again (H06-073005-R0316). Images of the Beehive
structures in 2003 and 2005 are shown in Electronic annex
Figure EA-3. The Beehive samples provide a constraint on
chimney growth rate of 50 cm/yr. By comparison, the rim
of the IMAX flange had re-grown by only 25 cm following
sampling by ALVIN in 2003 and other chimneys that were
toppled during the 2003 expedition had not re-grown when
we returned to the same sites in 2005 (Kelley et al., 2005).
Therefore, 50 cm/yr is believed to be a maximum growth
rate.

Similar to most of the actively venting structures at the
LCHF, the measured 2*°Th/?*Th atomic ratio of the
Beehive chimney (sample H06-073005-R0316) is anony-
mously high (253-372 x 107%) compared to the seawater
value (Table 2). Although sample H06-073005-R0316 is
only 2 yrs old, when using Eq. (1) and correcting the data
to 2*°Th,, introduced by seawater, the age of this structure
is 34 + 10 to 46 + 8 yrs old (Table 2). The apparent discrep-
ancy between the calculated and true dates suggests that the
high-***Th/?**Th detritus carbonate from the broken orifice
may have been incorporated into the growing matrix. It is
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important to recognize that the chimney ages presented in
Table 2 represent bulk rock ages: these values are a first-or-
der estimation of chimney age. In order to further quantify
the development of individual chimneys and the U-Th sys-
tematics of Lost City, further analyses such as millimeter-
to centimeter-scale subsampling and/or laser ablation
ICP-MS (e.g., Potter et al., 2005; Eggins et al., 2008) would
be needed.

6.7. Distribution of chimney ages

Results from this investigation provide the first compre-
hensive analysis of the age distribution of chimneys and
carbonate talus in the LCHF (Fig. 10). The youngest
deposits in the field are the actively venting structures,
which range in 2*°Th age from 17 yrs (3864-1537) to
4.8 kyrs (H07-073105-R1053) (Table 2). These characteris-
tically fragile, aragonite and brucite-dominated formations
are found at the zop of massive chimneys such as Poseidon
and the Nature Tower (Marker H) and also as parasitic
growths on the sides of large structures (e.g., the Beehive
chimney and IMAX flange) (Fig. 10). These young deposits
emit the hottest temperature (up to 91 °C at Bechive and
55°C at IMAX) and the highest pH fluids (up to 11 at
IMAX), with the lowest Mg concentrations (0.91 mmol/
kg at Beehive) (Kelley et al., 2005). The oldest samples
(up to 120 4 13 kyrs) come from the SSW portion of the
field. Several of these samples are from talus deposits that
are commonly found at the base of numerous large struc-
tures: the moderate to steep exposure on the southern side
of the field creates a catch-basin for this debris.

Most samples of measured LCHF carbonate chimneys
are less than 5 kyrs old (Table 2). However, geologic sam-
pling using the DSV ALVIN or ROV Hercules is biased to-
wards collecting rocks that are easily broken off or picked
up from talus ramparts. Because the chimneys become
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harder and more lithified with age, fewer older samples
have been collected and analyzed. Despite the bias in sam-
pling, results from this study show that the loci of venting
has become more focused over time and that the structures
are highly complex. In the following discussion, we present
a model for the tectonic and hydrothermal evolution of the
field based on spatial relationships and ages of the chim-
neys, fissures, talus, and cap rock.

7. THE DEVELOPMENT OF THE LCHF AND
IMPLICATIONS FOR LONG-LIVED VENTING

Our current model envisions that the central Poseidon
complex is supported by an underlying, “stable” plumbing
system that has supplied fluids for several thousands of
years to this site (Figs. 10 and 11). Because the Poseidon
complex has the highest temperature and pH fluids, there
is likely a central, insulated set of conduits that focus fluid
flow from depth (Fig. 11). This interpretation is consistent
with hydrogen isotopic measurements by Proskurowski
et al. (2006), which show that fluid temperatures in the
warmest vents are similar to those predicted by geothermo-
metric values from 6D-CH4 and 6D-H, analyses.

The array of carbonate deposits west and east of
Poseidon lies along a well-defined lineament that is inter-
preted to represent the trace of a W-E striking fault (Fault
“A” in Figs. 1 and 10) (Kelley et al., 2005; Karson et al.,
2006). The oldest samples recovered are generally near the
edges of the Poseidon complex and may represent the
underlying foundation of the LCHF, which has been over-
grown by the massive Poseidon edifice. These observations
indicate that the fault-conduit system that feeds the W-E
array of chimneys and the Poseidon complex is exceedingly
long-lived and that venting and resultant carbonate deposi-
tion created the foundation for larger, massive structures
such as Poseidon.

Fig. 10. Spatial relationship of chimney ages in the LCHF. Ages are shown in years. Ages of samples collected during DSV ALVIN Dive #
3880 are not included on the map due to navigation problems during the dive. All samples were collected in situ unless marked as talus. The
youngest chimneys are located in the Poseidon complex, in some active carbonate deposits that cut the summit cap rock, and along the steep
East Wall where seeps are common. The oldest samples are located in the southwestern portion of the field along a near-linear array of W-E
trending carbonate deposits. This trend is interpreted to represent the surface expression of an underlying fault system.
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Fig. 11. Schematic of fluid flow and faulting within the Atlantis
Massif. Fluid flow within the Atlantis Massif is facilitated steeply-
dipping normal faults and the Poseidon complex within the LCHF
marks the intersection of two primary faults which focus flow. The
bathymetry of Atlantis Massif is shown at the bottom of the image
and the area outlined in green has been amplified to schematically
show focused flow beneath Poseidon and the ages of several of the
structures within the field. Fissure deposits that form from cracks
in the serpentinite rock on the East Wall of the massif vent at lower
temperatures, indicating that fluids are conductively cooled during
horizontal flow along cracks and fissures within the detachment
shear zone.

The development of the W-E trending fault system may
have been coincident with, or predated the initiation of
venting through the cap rock (where ages range from
441 +3.3 to 67.4+8.7kyrs) (Table 2). However, it is
important to note that the high **Th and variable 5**U,,..
rias Values of these samples show that the cap rock has expe-
rienced significant diagenesis (Table 2 and Fig. 6b, c). The
ages of three carbonate deposits that have formed within
cracks in the cap rock range from 52413 to
1061 £ 844 yrs, indicating that cracking and faulting
through the cap rock is very young just inboard of the steep
southern wall of the massif (Table 2 and Fig. 10). Direct
dive observations and high resolution bathymetry show
that extreme mass wasting has occurred along the south
face of the Atlantis Massif. It is likely that this process re-
sults in breaking up the cap rock and in the northward
migration of the wall such that venting sites in this region
are not long-lived.

In contrast to the wide range of chimney ages found on the
W-E lineament, all of the samples analyzed from the near-
vertical East Wall are <4 kyrs old (Figs. 2 and 10). The un-
ique morphology of the East Wall deposits (Fig. EA-1le) is
the result of gently west-dipping faults channeling sub-hori-
zontal flow (Kelley et al., 2001, 2005) (Fig. 11). This type of
fluid flow is consistent with observations made by

Proskurowski et al. (2006), who showed that fluids egressing
from the east side of the field have experienced conductive
cooling (Fig. 11). The relatively young ages of the fissure
samples collected from the East Wall indicate that this wall
may have only been exposed in the last 4 kyrs. The exposure
of this face is likely the result of mass wasting caused by
northeasterly trending normal faults that characterize the
southern face of the massif (Karson et al., 2006) (Fig. 11).
These faults, coupled with expansion of the basement rocks
and seismic activity result in pieces of the massif “calving
off.” This process creates the scalloped edges of the Atlantis
Massif that are observed in extended bathymetric maps
(Karson et al., 2006).

In summary, the creation of the LCHF is governed by
the development of complex fault systems within the
Atlantis Massif that focus hydrothermal flow. The oldest
samples in the SSW portion of the field show that the for-
mation of the W-E trending fault (Fault “A”) was one of
the first conduit systems for hydrothermal flow (Figs. 1
and 10). The 020° fault (Fault “B”) was likely initiated at
the same time (Figs. 1 and 10). Although not well con-
strained, it is likely that portions of these fault systems also
allowed seawater to enter the crust and react with underly-
ing peridotite. Serpentinization reactions produced warm
Ca-rich, high pH fluids which rose to the surface, focused
by the intersection of W-E trending and more northerly
trending fault networks (Figs. 1, 10, and 11). Upon mixing
with seawater, the earliest LCHF deposits began to form
and gradually built on one another as fluid flow paths were
sustained by a combination of seismic activity and volumetric
expansion during serpentinization. Results from this study
show that this process has been ongoing for at least 120 kyrs.

Schmidt et al. (2007) hypothesized that ultramafic-
hosted systems on slow-spreading ridges (e.g., Logatchev,
Rainbow) are longer-lived than their basalt-hosted counter-
parts because of the lack of frequent eruptions and dike
intrusions. A similar argument can be made for the LCHF
and the longevity of this system can be attributed to a com-
bination of five factors. First, because the LCHF is located
on an oceanic core complex and hosted by ultramafic rock,
eruptions and dike intrusions do not disrupt the hydrology
of the field, in contrast to what is typical at black smoker
vent fields on fast- and intermediate-spreading ridges
(e.g., Shank et al., 1998; Haymon et al., 1993; Delaney
et al., 1998; Glickson et al., 2007). Second, moderate seis-
micity is common at the Atlantis Transform Fault, which
likely promotes fracture propagation into the basement
rocks and access to fresh ultramafic material (Smith et al.,
2003). Third, serpentinization reactions within the massif
result in volumetric expansion of the host rock, which also
perpetuates cracking and opening of fluid flow paths.
Fourth, fluid flow is focused by the intersection of W-E
and 020° striking faults (Faults A and B in Figs. 1 and
10). This focused flow enables the long-term, continuous
growth of chimney deposits to 60 m in height. Finally, the
chimneys themselves are fortified by the welding and but-
tresses of structures at the bases: old carbonate creates
nucleation sites for the formation of new carbonate and
the chimneys grow upward and outward over time to create
massive edifices like the Poseidon complex.
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8. CONCLUSION

In this study, U-Th dating methods were applied to
hydrothermal vent fluids and carbonate chimney deposits
from the LCHF, making this one of the most comprehensive
geochronology studies of any venting system. Ages of the
carbonate deposits range from modern to 120 kyrs. These
data are coupled with direct field observations and detailed
mapping and show that the intersection of long-lived faults
within the Atlantis Massif plays a critical role in focusing
and sustaining fluid flow. Constraining the history of hydro-
thermal activity at any vent field has implications for pro-
viding a better understanding of the role of the field in
global heat flux, chemical change, and the evolution of bio-
logical communities. Although black smoker systems are
subject to episodic events triggered by magmatic and intense
seismic activity that can alter fluid flow paths, it is possible
that off-axis, ultramafic-hosted systems such as the LCHF
may be longer-lived because of their unique geologic setting
that is seismically active, but not perturbed by magmatic
activity. Although numerous studies have focused on the
nature of down-flow zones in black smoker systems, charac-
terization of these systems in ultramafic environments re-
mains an important goal for future research.
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