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16. DISSOLVED FLUORIDE

CONCENTRATIONS IN METHANE-CHARGED 
SEDIMENT SEQUENCES1

Gerald R. Dickens,2 Catherine M. Donohue,2 and Glen T. Snyder2

ABSTRACT

Dissolved fluoride was determined for pore waters at eight sites
drilled on Hydrate Ridge during Ocean Drilling Program (ODP) Leg 204
and one site drilled in the Peru Trench during ODP Leg 201. All nine
sites contain a shallow (<20 m) sulfate–methane transition (SMT) above
abundant methane including gas hydrate. For Sites 1248, 1249, and
1250 on the crest of Hydrate Ridge, F– concentrations are significantly
lower than that of seawater in the shallowest samples (<50 µM), rise to
a broad maximum, and generally decrease with depth. The low values
at the top are consistent with rapid F– removal at or near the seafloor,
and the relatively smooth F– profiles are consistent with high upward
fluid fluxes. In contrast, Sites 1244, 1245, 1247, 1251, and 1252 from
the flanks and slope basins of Hydrate Ridge and Site 1230 from the
Peru Trench have F– profiles apparently characterized by two lows with
an intervening high. Processes involving sediment components appear
to consume F– at shallow depth, release F– at intermediate depth, and
consume F– again at deeper depth. The upper low in F– concentrations
consistently lies near the SMT where pore water alkalinity and Mg2+

profiles suggest precipitation of Mg-rich carbonate. A similar pattern oc-
curs at other sites drilled into methane-charged sediment. We speculate
that Mg-rich carbonates (e.g., high-Mg calcite, protodolomite, and do-
lomite) remove F– from pore water near the SMT but, with burial and re-
crystallization, return F– to pore waters at depth. Authigenic Mg-rich
carbonates conceivably represent a major sink of F– from the ocean, al-
though additional work is needed to confirm this idea.
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INTRODUCTION

Fluoride is a significant dissolved constituent in the oceans, having a
concentration of 68 µM in seawater with salinity of 35‰ (e.g., Green-
halgh and Riley, 1961). Despite its high concentration, the large-scale
geochemical cycling of F remains problematic (Rude and Aller, 1994).
Rivers contribute nominally 16.8 × 1010 mol/yr of F to the oceans (Car-
penter, 1969). Presumably, this input balances (or nearly balances) out-
puts to the seafloor. Various authors have identified and quantified a
series of major F sinks, including authigenic carbonate fluorapatite
(CFA), biogenic calcium carbonate, terrigenous aluminosilicate alter-
ation, biogenic opal, and hydrothermal activity (e.g., Carpenter, 1969;
Edmond et al., 1979; Froelich et al., 1983; Rude and Aller, 1994). How-
ever, these seafloor outputs amount to <6.5 × 1010 mol/yr of F, and some
unidentified process seems to remove substantial F from the ocean
(Rude and Aller, 1994).

Enormous quantities of methane reside as dissolved gas, gas hy-
drates, and free gas in the pore space of marine sediment along conti-
nental margins (Kvenvolden, 1999; Dickens, 2001). Crucially, this CH4

is dynamic with clearly established (though poorly constrained) carbon
fluxes between the ocean and sediment (Dickens, 2003). One ubiqui-
tous flux is through anaerobic oxidation of methane (AOM). Above all
methane-charged sediment sequences examined to date (e.g., Borowksi
et al., 1999; D’Hondt et al., 2002), upward migrating CH4 reacts with
downward diffusing SO4

2– at a sulfate–methane transition (SMT) to pro-
duce HCO3

– and H2S (Fig. F1). The SMT can occur at or beneath the sea-
floor. Importantly, removal of SO4

2– and production of HCO3
– leads to

precipitation of authigenic carbonate minerals, especially Mg-rich
phases such as high-Mg calcite (HMC), protodolomite, and dolomite
(e.g., Ritger et al., 1987; Aloisi et al., 2000; Rodriguez et al., 2000; Grein-
ert et al., 2001; Moore et al., 2004). The exact depth relationship be-
tween the SMT and the various authigenic Mg-rich carbonate minerals
remains unclear and may vary from one location to another. None-
theless, pore water profiles above methane-charged sediment systems
invariably show concave-downward inflections in dissolved Ca2+ and
dissolved Mg2+ (and inflections in alkalinity and Mg/Ca) consistent
with Mg-rich carbonate formation near the SMT (Fig. F1). The overall
process is intriguing to studies of the marine F cycle because F– com-
plexes with dissolved Mg2+ in seawater (e.g., Rude and Aller, 1991) and
Mg-rich carbonates preferentially incorporate F (Akaiwa and Aizawa,
1979; Rude and Aller, 1991).

Rude and Aller (1991) show that dissolution of biogenic Mg-rich car-
bonate releases F– to surrounding pore waters. To our knowledge, how-
ever, uptake of F– into authigenic Mg-rich carbonates has not been
considered, excepting a brief note by Schulz et al. (1994). In this study,
we measure F– concentrations of pore waters collected at nine drill sites
that contain abundant methane, an SMT in shallow (<20 meters below
seafloor [mbsf]) sediment, and evidence for methane-driven authigenic
Mg-rich carbonate precipitation (D’Hondt, Jørgensen, Miller, et al.,
2003; Tréhu, Bohrmann, Rack, Torres, et al., 2003). Sediments clearly re-
move F– from pore water near the SMT, although additional work is
needed to confirm that the F– is entering authigenic Mg-rich carbonate.
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GEOCHEMICAL SETTING

The nine sites represent two significantly different geochemical envi-
ronments. Sites 1248, 1249, and 1250 were drilled on the crest of Hy-
drate Ridge (Tréhu, Bohrmann, Rack, Torres, et al., 2003) in a region of
active seafloor methane venting (e.g., Torres et al., 2002). Strong up-
ward advection of fluids, both water and gas, characterizes these sites
(Milkov et al., 2003; Tréhu, Bohrmann, Rack, Torres, et al., 2003; Torres
et al., 2004). This high fluid flux impacts pore water geochemistry in
three ways. First, massive amounts of gas hydrate occur in shallow sedi-
ment (Tréhu, Bohrmann, Rack, Torres, et al., 2003), and its formation
and dissociation affect measured pore water concentrations (Milkov et
al., 2004; Tréhu et al., 2004; Torres et al., 2004). Second, fluid advection
rapidly transports deep formation water to shallow depth, which makes
concentrations of various dissolved species relatively constant with re-
spect to depth except within the uppermost few meters beneath the
seafloor or in zones with massive gas hydrate (Tréhu, Bohrmann, Rack,
Torres, et al., 2003; Torres et al., 2004). Third, the SMT lies within 1.2 m
of the seafloor (Fig. F2). Not surprisingly, within the upper meter of sed-
iment, pore water alkalinity and Mg/Ca are very high (>40 mM and 10,
respectively), whereas pore water Ca and Mg are relatively low (<4 mM
and 40 mM, respectively). Magnesium-rich carbonate must be precipi-
tating at or near the seafloor. Indeed, numerous samples of HMC,
protodolomite, and dolomite have been recovered from sediment on
the crest of Hydrate Ridge (Greinert et al., 2001), and specimens of
HMC were found in the upper 3 m at Sites 1248 and 1250 (Teichert
and Bohrmann, this volume).

Other Leg 204 sites were drilled on the flanks (Sites 1244, 1245, and
1247) or surrounding slope basins (Sites 1251 and 1252) of Hydrate
Ridge (Tréhu, Bohrmann, Rack, Torres, et al., 2003). Fluid flux at these
sites is much weaker than at the crest of Hydrate Ridge. As a conse-
quence, there is much less gas hydrate (Milkov et al., 2003; Tréhu et al.,
2004), and many profiles of pore water chemistry display highs and
lows in concentration separated by diffusion gradients (Tréhu, Bohr-
mann, Rack, Torres, et al., 2003). The peaks and troughs, which define
changes in concentration gradient, represent zones where sedimentary
components release or consume dissolved constituents. The SMT, char-
acterized by a sharp change in the SO4

2– gradient, occurs between 7.4
and 12.4 mbsf at the flank sites, and between 3.6 and 6.3 mbsf at the
slope basin sites (Fig. F2). Dissolved Mg2+ concentrations were measured
at all these sites except Site 1252 (Tréhu, Bohrmann, Rack, Torres, et al.,
2003). Although the downhole Mg2+ profiles show scatter, concave-
downward inflections in this species and the pore water Mg/Ca ratio
generally occur in shallow sediment at or beneath the SMT (Fig. F2).
Presumably, this change in slope marks a zone of Mg-carbonate precipi-
tation near the SMT, as predicted from studies on Blake Ridge (Rod-
riguez et al., 2000) and elsewhere. Leg 204 shipboard X-ray diffraction
(XRD) analyses confirmed massive dolomite between 9.1 and 9.4 mbsf
at Site 1247 (Tréhu, Bohrmann, Rack, Torres, et al., 2003; Teichert and
Bohrmann, this volume). Indurated horizons comprising low-magne-
sium calcite and HMC were also found at various depths at each of
these sites (Teichert and Bohrmann, this volume). However, it is not
yet clear when and where these carbonates formed. Some may be ac-
tively forming near the SMT; others may have precipitated in the past
and been subsequently buried.
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Pore water chemistry at Site 1230 in the Peru Trench has many simi-
larities to flank sites of Hydrate Ridge, including the presence of scat-
tered gas hydrate beneath 80 mbsf (cf. D’Hondt, Jørgensen, Miller, et
al., 2003; Tréhu, Bohrmann, Rack, Torres, et al., 2003). Of interest to
this investigation, a well-defined SMT occurs between 7.65 and 9.15
mbsf and pore water alkalinity and Mg/Ca show changes in slope at ~8
and ~35 mbsf (Fig. F2).

SAMPLE COLLECTION AND ANALYSES

Pore waters were collected during both legs according to standard
procedures aboard the JOIDES Resolution (Gieskes et al., 1991; D’Hondt,
Jørgensen, Miller, et al., 2003; Tréhu, Bohrmann, Rack, Torres, et al.,
2003). Briefly, interstitial water (IW) samples were collected by squeez-
ing whole-round sediment intervals and by filtering released water into
plastic syringes. From IW samples with sufficient water, an aliquot was
dispensed into a precleaned glass ampule for F– analysis. Glass ampules
were used because they were available. Although we recognize potential
problems with storage in glass, resulting pore water F– profiles exhibit
smooth trends (Fig. F2), suggesting that any effects on F– concentration
are minimal. In total, 224 pore water samples were obtained from Sites
1244 through 1252, excluding Site 1246 (202 samples) and Site 1230
(22 samples). Samples from depth intervals containing massive gas hy-
drate (e.g., ~10 mbsf at Site 1249) (Milkov et al., 2004; Torres et al.,
2004) were avoided.

Fluoride concentrations in pore waters were measured using an es-
tablished colorimetric method (Greenhalgh and Riley, 1961), modified
for small sample volumes (200 µL). In this method, F– complexes with
an alazarin lanthanum reagent, making a blue solution, where color in-
tensity corresponds to F– concentration. In brief, 1.07 mL of lanthanum
alizarin complexone was mixed with 200 µL of sample and 1.8 mL of
artificial seawater in a 3 mL cuvet. After 30 min, the cuvet was placed in
a Varian ultraviolet-visible (UV-VIS) spectrometer and the absorbance of
the sample was measured at 622 nm. The wavelength absorbance was
converted to concentration using a curve constructed from standards of
0.25 ppm (13.16 µM), 0.20 ppm (10.53 µM), 0.15 ppm (7.89 µM), 0.10
ppm (5.26 µM), 0.05 ppm (2.63 µM), and 0.0 ppm. Samples of Interna-
tional Association for the Physical Sciences of the Oceans (IAPSO) water
(diluted 1:50) and brackish water collected from the shore of Galveston
Bay (diluted 1:10) were analyzed multiple times to evaluate accuracy
and precision. These replicate analyses gave F– concentrations of 1.2 ±
0.16 µM and 3.5 ± 0.26 µM, respectively. After correcting for dilution
and considering the error, the IAPSO value of 61 µM compares favor-
ably with the reported F– value of 68–72 µM (e.g., Greenhalgh and Ri-
ley, 1961). There are no published values for F– concentrations of water
from Galveston Bay, but 35 µM (after correcting for dilution) seems rea-
sonable given the low salinity of this water mass. A detection limit of 9
µM was also determined for the method. Other workers have used vari-
ations of this method to determine F– concentrations in pore waters of
marine sediment (e.g., Froelich et al., 1983; Jahnke et al., 1983;
Schuffert et al., 1994), and a more detailed description is given in Dono-
hue (2004). 
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RESULTS

Crest of Hydrate Ridge

Although sample resolution is low, dissolved F– concentrations ap-
pear to exhibit similar depth profiles at the three sites on the crest of
Hydrate Ridge (Table T1; Fig. F2). Samples within the upper 15 mbsf
have fairly low F– concentrations (<30 µM at Site 1249 and <40 µM at
Site 1250). Concentrations rise to a broad high between 20 and 50
mbsf, depending on the site, and steadily decrease below. At Site 1248,
F– concentrations drop below detection at ~130 mbsf (Table T1; Fig. F3).

The generally smooth F– profiles conform to downhole trends in
other dissolved species, except where horizons contain massive gas hy-
drate (Tréhu, Bohrmann, Rack, Torres, et al., 2003). High rates of fluid
advection likely “smooth” signatures associated with chemical reac-
tions. Nonetheless, reactions involving F– must occur in at least three
horizons. The low F-–concentrations of shallow samples (<1.1 mbsf) are
much lower than that of seawater (68 µM), so some phase must remove
substantial amounts of F– at or near the seafloor. The broad F– maxi-
mum indicates release of F– to pore waters at depth. By contrast, the
gradual decline in F– with depth implies sequestration of F– deeper in
the sediment column.

Flanks and Slope Basins of Hydrate Ridge

The five sites from the flanks or slope basins of Hydrate Ridge also
have broadly similar F– profiles considering the limited sampling (Table
T1; Fig. F2). Fluoride concentrations are relatively high in samples
within 2.5 m of the seafloor. Indeed, Sample 204-1244C-1H-1, 65–75
cm, has a concentration (61 µM) close to that of seawater, especially
given the accuracy of our method. Concentrations then drop to a mini-
mum (<40 µM) that appears to begin near the SMT. Dissolved F– re-
mains low from 1 to 20 mbsf and then rises to a broad maximum
somewhere between 25 and 80 mbsf, depending on location. The in-
crease seems to begin where pore water alkalinity and Mg/Ca have sec-
ondary inflections. Deeper in the sediment, F– concentrations generally
decrease, dropping below detection somewhere between 110 and 250
mbsf at Sites 1244, 1245, 1251, and 1252 (Table T1; Fig. F3).

As for the crest of Hydrate Ridge, dissolved F– profiles suggest that re-
actions involving F– occur at three horizons. Components within the
sediment appear to consume F– at shallow depth, release F– at interme-
diate depth, and sequester F– again at deeper depth. In terms of overall
F– trends, the only distinctions from the crest sites are the high concen-
trations near the seafloor and the more pronounced peaks and troughs.
These differences are probably explained by high advection rates on the
crest of Hydrate Ridge and the general tendency for fluid flow to push
chemical gradients toward the seafloor. In particular, a steep drop in F–

concentrations might occur within the upper few centimeters of sedi-
ment on the crest of Hydrate Ridge.

Peru Trench

With available sampling resolution, the dissolved F– profile at Site
1230 is somewhat similar to those constructed for sites from the flanks
or slope basins of Hydrate Ridge (Table T1; Fig. F2). Sample 201-1230A-

T1. Dissolved fluoride concentra-
tions, p. 21.

Site 1244
Site 1245
Site 1247

F- (µM)

D
et

ec
tio

n 
lim

it 

0 20 40 60 80
0

50

100

150

200

250

300

D
ep

th
 (

m
bs

f)
 

F3. Pore water F– profiles, p. 19.



DICKENS ET AL.
DISSOLVED FLOURIDE CONCENTRATIONS 6
2H-5, 135–150 cm, at 12.15 mbsf and from several meters below the
SMT has a F– concentration (36 µM) significantly lower than that of sea-
water. From this depth, F– concentrations appear to rise to a maximum
of ~60 µM at ~40 mbsf and then steadily decrease to <20 µM by ~100
mbsf. Below 100 mbsf, F– concentrations are generally <30 µM (Fig. F3).

 DISCUSSION

Anaerobic oxidation of methane (AOM) in marine sediment increas-
ingly has been recognized as a globally important biogeochemical pro-
cess (Borowski et al., 1999; D’Hondt et al., 2002; Dickens, 2003). As this
reaction simultaneously removes dissolved SO4

2– and produces HCO3
–,

AOM can lead to precipitation of authigenic Mg-rich carbonates at and
beneath the seafloor (Ritger et al., 1987; Aloisi et al., 2000; Rodriguez et
al., 2000; Greinert et al., 2001; Moore et al., 2004). Such carbonates
might preferentially incorporate F (Akaiwa and Aizawa, 1979), remov-
ing dissolved F– from pore waters near the SMT.

Results presented in this study (Fig. F2) bolster this idea at a basic
level. Sites 1249 and 1250 lie on the crest of Hydrate Ridge, where the
SMT and Mg-rich carbonates exist at or near the seafloor (Greinert et
al., 2001; Tréhu, Bohrmann, Rack, Torres, et al., 2003). These sites have
dissolved F– concentrations much lower than that of seawater near the
sediment/water interface, presumably because authigenic mineral for-
mation has removed substantial F–. Sites from the flanks and slope ba-
sins of Hydrate Ridge display a prominent drop in dissolved F– that
begins near the SMT and where pore water profiles suggest a zone of
Mg-rich carbonate formation. The same appears to be true at Site 1230
in the Peru Trench. 

Removal of F– from pore waters of marine sediment has often been
ascribed to growth of authigenic CFA. No CFA has been identified in
sediment at sites on Hydrate Ridge and in the Peru Trench (D’Hondt et
al., 2003; Tréhu, Bohrmann, Rack, Torres, et al., 2003), and we argue
that it does not form here. Carbonate fluorapatite has a generic formula
as follows:

Ca10(PO4)6 – x(CO3)xF2 + x (x ≤ 1.5)

(e.g., Froelich et al., 1988). Its precipitation, therefore, should remove
1.3 to 3 times more PO4

3– than F– from surrounding pore water on a mo-
lar basis. Geochemical studies of cores straddling active CFA formation
generally show this to be true, with prominent drops in both dissolved
PO4

3– and dissolved F– (e.g., Jahnke et al., 1983; Froelich et al., 1988;
Schuffert et al., 1994; Schenau et al., 2000). However, for sites on Hy-
drate Ridge and in the Peru Trench, dissolved PO4

3– concentrations
steadily increase across the low in dissolved F– (Fig. F4), strongly sug-
gesting that F enters a sedimentary phase containing little or no P. We
further note the high alkalinity (>20 µM) and high Mg/Ca ratio across
the SMT at all nine sites (Fig. F2). In general, high pore water alkalinity
and Mg/Ca preclude formation of CFA (Jahnke et al., 1983; Schenau et
al., 2000).

The broad maximum in pore water F– concentrations from 25 to 80
m below the SMT (Fig. F2) suggests that F is released from sedimentary
components to pore waters at depth. A generic explanation is that the
metastable Mg-rich carbonates (e.g., HMC and protodolomite) that se-
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questered F– at shallow depth return F to pore waters during burial and
recrystallization. This concept is difficult to address because we know of
no studies that have systematically documented authigenic carbonate
diagenesis with compatible F measurements. However, dolomite gener-
ally loses trace elements with burial and recrystallization (e.g., Malone
et al., 1994, 1996). Moreover, at Blake Ridge, Mg-rich carbonate initially
formed at and below the SMT (~20 mbsf) (Fig. F1) seems to recrystallize
to siderite between 40 and 100 mbsf. Although the mechanism remains
unclear, two lines of evidence support this alteration. First, sediments
between 40 and 100 mbsf contain abundant dolomite but no siderite,
whereas those below 100 mbsf contain moderate siderite but little to no
dolomite (Rodriguez et al., 2000). Second, the stable carbon isotope
composition (δ13C) of dolomite increases from about –15‰ at 40 mbsf
to 0‰ at 100 mbsf, the latter a value approaching the 5‰ value of sid-
erite (Rodriguez et al., 2000).

Relatively few pore water F– profiles have been published with which
to compare and understand our results. Most literature on F– concentra-
tions in marine sediment pertains to piston and box cores where a SMT
marking AOM was not penetrated (e.g., Froelich et al., 1983; Schuffert
et al., 1994; Schenau et al., 2000) or cannot be assessed from available
data (e.g., Jahnke et al., 1983; Rude and Aller, 1994; Reimers et al.,
1996). To our knowledge, F– concentrations have only been published
for two piston cores that clearly cross a zone characterized by AOM (RC-
23-06-4-17-PC2 offshore Peru, Froelich et al., 1988; GeoB 1401 offshore
the Congo, Schulz et al., 1994). Consistent with profiles at Hydrate
Ridge and in the Peru Trench (Fig. F2), dissolved F– drops in both cores
to a minimum (<40 µM) at or below the SMT. Froelich et al. (1983)
noted that dolomite was probably precipitating near the SMT in core
RC-23-06-4-17-PC2, and Schulz et al. (1994) mentioned that authigenic
carbonate forming at the SMT might incorporate F– (and Mn2+) in Core
GeoB 1401. However, F– removal by authigenic Mg-rich carbonate for-
mation was not discussed in either paper.

Fluoride has rarely been measured in pore waters from Ocean Drill-
ing Program (ODP) sites (Leg 114, Ciesielski, Kristoffersen, et al., 1988;
Leg 141, Behrmann, Lewis, Musgrave, et al., 1992; Leg 166, Eberli,
Swart, Malone, et al., 1997; Leg 168, Mottl et al., 2000; Leg 169, Gieskes
et al., 2002; Leg 169S, Mahn and Gieskes, 2001; Leg 178, Barker, Camer-
lenghi, Acton, et al., 1999). Of the available sites with F– profiles, only a
few sites were drilled into methane-charged sediment sequences with
clearly defined SMTs in shallow sediment. These few sites, however, do
support a link between AOM, Mg-rich carbonate precipitation, and F–

removal from pore waters.
Sites 860 and 861 were cored on the slope near the Chile triple junc-

tion (Behrmann, Lewis, Musgrave, et al., 1992). Although pore water
sampling resolution is fairly low at both sites over the upper 100 mbsf,
dissolved SO4

2–, Mg2+, and F– concentrations exhibit trends somewhat
similar to those observed for slope basins of Hydrate Ridge (n.b. an in-
correct F– profile is shown for Site 861 by Behrmann, Lewis, Musgrave,
et al., 1992). Dissolved F– and Mg2+ decrease to lows (F– = <45 µM at Site
860) across a shallow SMT, suggesting incorporation into Mg-rich car-
bonate. Fluoride then rises to a broad maximum at ~50 mbsf and slowly
decreases toward the base of cored intervals. The F– profiles were attrib-
uted to authigenic mineral formation but without specifics (Behrmann,
Lewis, Musgrave, et al., 1992).
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Sites 1095, 1096, and 1101 on the slope off the Antarctic Peninsula
have deep SMTs at ~50, ~160, and ~120 mbsf, respectively (Barker, Ca-
merlenghi, Acton, et al., 1999). Dissimilar to locations on Hydrate
Ridge and in the Peru Trench, dissolved Mg2+ profiles at each of these
sites display a concave-downward inflection 10 to 50 m above the SMT.
The decreases in Mg2+ were attributed to clay diagenesis, although pre-
cipitation of authigenic Mg-rich carbonate was not dismissed (Barker,
Camerlenghi, Acton, et al., 1999). Dissolved F– generally decreases in
tandem with Mg2+ at all three sites; however, unlike sites examined in
our study, dissolved PO4

3– also drops with increasing depth. Thus, re-
moval of F– was attributed to formation of CFA (Barker, Camerlenghi,
Acton, et al., 1999). However, the drops in dissolved F– (>60 µM) are
much greater than the drops in dissolved PO4

3– (<10 µM), suggesting
that F– and PO4

3– are not entering a phase containing fewer moles of F
than P (i.e., CFA). 

Site 1098 in Palmer Deep has an SMT at ~29 mbsf (Barker, Camer-
lenghi, Acton, et al., 1999). Within a few meters above this interface,
dissolved Ca2+ and Mg2+ both drop by 8–10 µM, strongly suggesting the
formation of authigenic dolomite (Barker, Camerlenghi, Acton, et al.,
1999). A prominent low in dissolved F– (~10 µM) precisely coincides
with this horizon. Again, however, removal of pore water F– was attrib-
uted to CFA precipitation (Barker, Camerlenghi, Acton, et al., 1999), in
this case despite rapidly increasing PO4

3– concentrations across the SMT,
similar to observations at Hydrate Ridge (Fig. F3).

SUMMARY AND FUTURE WORK

Sediment sequences on many continental margins contain large, dy-
namic CH4 reservoirs. Methane migrating upward from these systems
consumes pore water SO4

2– across an SMT through AOM, a reaction that
generates alkalinity and leads to precipitation of authigenic Mg-rich
carbonates. Existing data, albeit limited, show that dissolved F– concen-
trations decrease to local lows at or near the SMT in methane-charged
sediment sequences. The loss of F– from pore waters is not consistent
with formation of CFA. We therefore suggest that authigenic Mg-rich
carbonate precipitation removes significant amounts of dissolved F–.
However, at least three basic findings are required to confirm this hy-
pothesis and, ultimately, whether authigenic Mg-rich carbonates pro-
vide a major sink of F from the ocean.

1. Dissolved F– profiles at sites from Hydrate Ridge and the Peru
Trench (Fig. F2) are not very detailed, principally because sample
collection for F– analyses was given low priority. High-resolution
sampling of pore waters for F– analyses is needed across the SMT
and zones of Mg-carbonate precipitation at multiple sites.

2. Precipitation of Mg-rich carbonate at sites from Hydrate Ridge
and the Peru Trench is largely inferred from pore water alkalinity
and Mg2+ concentrations, as well as from information gleaned at
other locations (e.g., Rodriguez et al., 2000). Chemical and min-
eralogical analyses of sediment are needed to show the presence
of authigenic Mg-rich carbonate at and beneath the SMT. More-
over, dissolution or recrystallization of Mg-rich carbonate needs
to be established if this mechanism is to offered as an explana-
tion for the increase in dissolved F– at intermediate depths.
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3. Incorporation of F into Mg-rich carbonate implies that such car-
bonates contain elevated F contents soon after precipitation. In
our literature searches, however, we can find no measurements
of F in examples of authigenic carbonates from modern seafloor
sediment (excluding CFA).
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Figure F1. Pore water CH4, SO4
2–, alkalinity, Mg2+, and Ca2+ profiles at ODP Site 994, outer Blake Ridge

(Paull, Matsumoto, Wallace, et al., 1996). Note the convergence of linear CH4 and SO4
2– profiles at the sul-

fate–methane transition (SMT) and the drops in alkalinity, Mg2+, and Mg/Ca beneath the SMT. This zone
contains authigenic Mg-rich carbonate, specifically dolomite at Site 994 (Rodriguez et al., 2000).
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Figure F2 (continued). G. Site 1251. H. Site 1252. (Continued on next page.)
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Figure F2 (continued). I. Site 1230. 
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Figure F3. Pore water F– profiles for the upper 300 mbsf at Sites 1244, 1245, and 1247. Note low F– concen-
trations in sediment toward the bottom of holes at these sites.
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Figure F4. Pore water F– and PO4
3– profiles in the upper 50 m at ODP Sites 1244 and 1247. Note the rapidly

increasing dissolved PO4
3– across the SMT and low in dissolved F–.
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Table T1. Dissolved fluoride concentrations of pore waters from Hydrate Ridge and the Peru Trench. (See
table notes. Continued on next page.) 
Core, section, 
interval (cm)

Depth 
(mbsf)

F 
(µM)

204-1244C-
1H-1, 65–75 0.65 61.0
1H-2, 65–75 2.15 59.1
1H-3, 65–75 3.65 52.7
1H-4, 60–70 5.10 42.4
2H-2, 65–75 7.65 30.4
2H-2, 140–150 8.40 30.0
2H-4, 140–150 11.40 28.8
2H-5, 140–150 12.90 29.0
2H-6, 65–75 13.65 29.9
2H-6, 140–150 14.40 29.7
4H-2, 135–150 27.35 65.1
4H-5, 135–150 31.85 66.0
5H-5, 135–150 41.35 49.1
6H-5, 135–150 50.71 46.6
7H-2, 135–150 54.79 49.5
8H-2, 135–150 64.37 48.1
8H-5, 135–150 68.87 49.3
9H-2, 135–150 74.85 48.9
9H-5, 135–150 79.35 49.3
10H-5, 135–150 88.38 45.2
11H-2, 135–150 93.08 29.6
11H-5, 135–150 97.58 27.5
12H-5, 135–150 107.85 26.0
17H-2, 30–45 133.70 20.9
19X-2, 135–150 145.85 14.0
19X-5, 85–100 149.85 12.9
21X-3, 135–150 163.15 BDL
22X-3, 135–150 172.65 BDL
27X-3, 130–150 220.10 BDL
30X-3, 130–150 249.00 BDL
32X-3, 130–150 268.24 BDL
33X-3, 130–150 277.84 BDL
36X-3, 130–150 306.90 BDL

204-1245B-
1H-5, 140–150 7.40 21.7
2H-2, 140–150 12.40 18.2
2H-4, 140–150 15.40 BDL
3H-2, 140–150 21.90 10.6
3H-5, 140–150 26.40 BDL
4H-2, 140–150 31.40 10.6
4H-5, 140–150 35.90 11.4
6H-2, 140–150 50.40 27.2
6H-5, 78–88 54.28 28.8
7H-2, 140–150 58.95 31.1
7H-5, 140–150 62.98 43.3
8H-3, 140–150 70.82 34.0
9H-2, 134–144 78.66 28.6
11H-2, 140–150 97.37 11.9
12H-5, 140–150 111.87 BDL
13H-2, 111–126 116.61 BDL
14H-1, 125–140 123.95 BDL
18X-2, 113–138 151.73 BDL
19X-2, 125–150 159.75 BDL
21X-4, 77–102 181.27 BDL

204-1247B-
1H-2, 90–100 2.40 57.0
2H-1, 140–150 5.00 54.0
2H-2, 140–150 6.50 48.7
2H-3, 140–150 8.00 38.0
2H-4, 140–150 9.50 29.7
2H-5, 140–150 11.00 29.7
2H-6, 140–150 12.50 28.8
2H-7, 77–87 13.37 27.9
3H-2, 140–150 16.00 26.6
3H-4, 140–150 19.00 26.1
5H-2, 140–150 27.50 44.2

6H-2, 140–150 37.00 44.0
6H-5, 140–150 41.50 43.1
7H-2, 140–150 46.45 42.6
7H-5, 140–150 50.95 42.3
8H-2, 140–150 56.00 39.3
9H-2, 140–150 65.41 36.9
11H-5, 140–150 88.61 33.5
13H-2, 140–150 103.13 29.9
14H-5, 62–83 113.32 29.5
15X-2, 135–150 116.45 28.1
18X-5, 135–150 134.65 26.1
19X-5, 130–150 141.87 26.2
22X-3, 130–150 167.80 21.1
25X-3, 130–150 196.33 18.5
26X-3, 130–150 206.20 16.8
27X-3, 130–150 215.50 14.8

204-1248C-
3X-1, 140–150 20.60 40.0
5X-1, 140–150 39.80 35.9
6H-3, 129–139 51.05 37.3
7H-2, 140–150 60.40 23.6
8H-CC, 0–10 74.65 21.1
11H-2, 135–150 97.51 13.8
12H-5, 135–150 111.96 13.6
13H-4, 132–147 120.21 13.0
14H-2, 135–150 125.62 12.5
15H-2, 85–100 135.30 BDL
16H-1, 135–150 137.85 BDL
16H-3, 135–150 140.85 BDL
17X-1, 130–150 143.30 BDL
17X-3, 135–150 146.30 BDL

204-1249B-
2A-1, 45–60 30.35 37.2
5A-1, 78–93 44.18 37.3
6A-2, 95–106 49.85 36.7
7A-1, 42–57 52.82 36.6

204-1249C-
1H-1, 110–118 1.10 29.7
2H-2, 0–15 3.40 29.1
4H-5, 86–101 17.61 34.0
7H-5, 76–91 38.89 31.8
8H-4, 124–139 50.18 32.5
9H-2, 133–148 56.83 32.8
9H-3, 120–135 58.18 32.8
11H-4, 104–119 69.17 32.0
11H-6, 95–115 71.87 31.2
12H-1, 120–140 75.70 29.4
13H-2, 79–99 86.29 28.3

204-1249F-
7H-2, 106–116 23.41 43.8
9H-3, 140–150 43.61 38.5
10H-2, 140–150 52.09 38.5
12H-2, 131–146 63.20 38.5
15H-5, 135–150 79.57 36.3

204-1250C-
1H-1, 0–10 0.10 38.4
3H-2, 140–150 16.90 40.7
3H-5, 140–150 21.40 40.1
4H-2, 140–150 26.40 41.3
4H-4, 140–150 29.00 42.2
5H-2, 140–150 35.88 43.0
5H-5, 133–143 40.31 44.2
6H-2, 57–67 44.57 43.2
7H-5, 130–140 58.00 42.0
8H-5, 140–150 68.90 39.9
10H-5, 135–150 79.81 37.4

Core, section, 
interval (cm)

Depth 
(mbsf)

F 
(µM)
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Table T1 (continued). 
Notes: BDL = below detection limit of 9 µM. * = value seems too
high.

1H-3, 85–100 3.85 30.1
2H-6, 135–150 13.75 26.0
3H-5, 135–150 20.50 51.1
4H-5, 135–150 31.13 60.0
5H-2, 135–150 35.34 63.4
6H-5, 135–150 50.25 65.4
7H-5, 135–150 59.75 68.3
8H-2, 135–150 64.75 73.3
9H-2, 135–150 74.25 62.2
9H-5, 135–150 78.75 64.6
10H-2, 45–60 82.85 58.0
11H-2, 135–150 93.25 58.6
12H-2, 135–150 102.75 52.6
13H-2, 135–150 112.25 57.5
14H-2, 135–150 121.75 93.9*
15X-2, 135–150 127.85 42.4
15X-5, 130–150 132.18 32.8
16X-2, 130–150 137.50 29.3
16X-4, 130–150 140.50 14.3
17X-5, 120–140 151.60 14.3
18X-2, 130–150 156.90 14.3
20X-2, 130–150 176.30 13.6
21X-5, 130–150 190.36 13.2
24X-3, 130–150 215.50 11.3
26X-3, 130–150 234.80 9.8
28X-3, 130–150 254.14 BDL

201-1230A-
2H-5, 135–150 12.15 35.6
4H-5, 135–150 31.15 48.1
5H-5, 135–150 40.65 61.2
6H-3, 143–158 47.23 52.1
6H-5, 135–150 50.23 46.7
8H-3, 135–150 58.65 37.8
9H-4, 125–140 65.35 33.3
10H-3, 135–150 74.65 26.4
11H-5, 135–150 87.15 28.4
12H-2, 135–150 92.15 21.6
13H-5, 135–150 106.15 13.4
14H-5, 135–150 115.72 BDL
15H-2, 135–150 119.47 29.0
17H-1, 135–150 130.65 34.0
17H-3, 135–150 133.65 19.5
18H-2, 135–150 141.65 28.2
19H-1, 135–150 149.65 25.0
21H-3, 135–150 161.63 23.6
24H-2, 0–98 188.80 28.6
26H-1, 82–97 199.62 19.9
33X-1, 130–150 235.70 16.6
38X-2, 0–19 268.70 16.6

Core, section, 
interval (cm)

Depth 
(mbsf)

F 
(µM)

11H-5, 130–145 89.31 40.5
12H-5, 140–155 98.43 37.3
13H-2, 130–150 103.19 35.7
13H-5, 130–150 107.69 35.3
15H-1, 106–126 121.56 33.1
15H-4, 100–120 125.86 33.2
17H-1, 130–150 133.30 32.5
17H-3, 130–150 136.30 32.9
19X-2, 130–150 141.30 31.3
19X-5, 130–150 145.75 30.3

204-1251B-
1H-5, 145–150 7.45 37.0
3H-2, 140–150 21.43 52.5
3H-4, 140–150 24.41 60.6
4H-2, 140–150 31.00 54.8
4H-5, 140–150 35.50 55.3
5H-2, 131–141 40.41 54.8
5H-5, 138–150 44.84 62.4
6H-5, 131–141 53.61 62.3
7H-2, 140–150 59.50 56.6
7H-5, 140–150 64.00 43.2
8H-2, 140–150 69.00 38.1
8H-5, 140–150 73.38 39.5
10H-2, 140–150 88.00 44.0
10H-4, 140–150 91.00 44.7
11H-2, 74–94 96.84 47.4
11H-5, 70–90 100.61 47.1
13H-2, 130–150 108.55 44.5
13H-5, 130–150 112.85 42.9
14H-2, 130–150 117.91 42.3
14H-5, 130–150 122.41 48.8
16H-2, 130–150 137.40 44.5
16H-5, 121–141 141.81 44.1
17H-2, 130–150 146.90 42.1
17H-5, 80–100 150.90 41.6
19H-2, 130–150 158.16 37.4
19H-4, 130–150 161.09 35.4
20H-2, 130–150 165.98 36.1
20H-5, 130–150 170.48 32.0
22H-2, 130–150 175.50 30.7
22H-4, 128–148 178.48 22.4
23H-2, 130–150 185.00 25.3
23H-4, 102–122 187.72 19.0
26X-2, 130–150 207.00 BDL
26X-4, 130–150 209.88 BDL
27X-5, 125–150 220.75 BDL
28X-4, 125–150 228.85 BDL
29X-2, 125–150 235.55 BDL
30X-4, 110–135 248.00 BDL
31X-2, 116–141 254.76 BDL

204-1252A-
1H-1, 135–150 1.35 46.0
1H-2, 135–150 2.85 41.0

Core, section, 
interval (cm)

Depth 
(mbsf)

F 
(µM)
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