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ABSTRACT

High-temperature combustion oxidation measurements of nonvolatile dissolved organic carbon (DOC) have been determined
for pore waters from sediments of Middle Valley, Ocean Drilling Program Leg 139, as well as for overlying and near-bottom
seawater. The DOC values in the interstitial waters are generally greater than those in the overlying water column, ranging from
0.1 to 86 mg/L of carbon. Some of the profiles of DOC in the pore waters are similar to total organic carbon, total carbon, and total
inorganic carbon profiles. At Site 855 the concentrations of DOC in interstitial waters generally decrease with depth. DOC maxima
at shallow depths of Site 858 are probably enriched due to higher temperature alteration of organic matter. Al Sites 856 and 857,
besides the decreasing trend above, the DOC increases at greater depths, also due to the hydrothermal activity. The values of DOC
correlate with MnO and MgO profiles in Hole 856B. The changes below 30 mbsf in the DOC depth profiles of Site 858 parallel

those of the volatile hydrocarbon gases.

INTRODUCTION

Middle Valley, a northern segment of the Juan de Fuca Ridge, is
part of a sedimented seafloor spreading center, where new oceanic
crust is created. During Ocean Drilling Program (ODP) Leg 139,
multiple holes were drilled within 5 km of each other in four distinct
hydrologic environments in the Middle Valley rift (Fig. 1) (Davis,
Mottl, Fisher, et al., 1992). All sediments recovered are of Pleistocene
to Holocene age.

Site 855 is situated along the bounding fault on the eastern edge
of the rift, in an area of fluid recharge where cold seawater is being
drawn down and cooling the hot formations of the hydrothermal
system. Evidence that seawater is moving along the fault was found
in the low temperature measured in sediments above the fault and in
the pore water from the sediments just above the fault, the chemical
composition of which is similar to that of seawater. Heat flow at Site
855 is lower than at the other Middle Valley drill sites. The sediment
geochemistry from this site represents an “unaltered background”
with which chemical alteration of sediments at other drill sites can be
compared (Davis, Mottl, Fisher, et al., 1992).

Site 856 is situated over a small hill that has been hydrothermally
active in the past. The lithology at this site consists of turbidite, coarse
clastic layers of massive sulfide interbedded with silt to fine sand
turbidites, and massive sulfide. At Site 856, about 3 km west from the
fault scarp at Site 855, relict fluid discharge has created a massive
sulfide deposit. This deposit was created when hot fluids containing
dissolved metals precipitated sulfides near the scafloor. There is at
present no heat flow anomaly associated with this area (Davis, Mottl,
Fisher, et al., 1992), but there is one associated with a site of active
venting 300 m south of the sulfide deposit.

The igneous crust is well sealed by the sediments at Site 857,
which are about 500 m thick and overlie several hundred meters of
heavily altered and fractured interlayered sediments and sills (Davis,
Mottl, Fisher, et al., 1992). Fluids at temperatures up to 300°C were
encountered within these rocks.

Site 858 is located about 1.6 km north of Site 857 in a hydro-
thermal upflow zone, where hot water discharges into the overlying
ocean. Measurements revealed temperatures close to 200°C at just 20
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m below the seafloor (mbsf), and venting occurs at temperatures up
10 265°C (Davis, Mottl, Fisher, et al., 1992).

Dissolved organic carbon (DOC) concentration was analyzed in
interstitial water squeezed from sediments of Middle Valley and in
surface- and near-bottom seawater collected on Alvin dive 2424 to
understand the effect of hydrothermal activity on the water chemistry.

EXPERIMENTAL PROCEDURES
Pore Water Sampling

Interstitial waters were squeezed from whole-round sections of
sediment cores 6 to 10 cm long, and from quarter-round sections up
to 20 ¢cm long (Davis, Mottl, Fisher, et al., 1992). Whole-rounds were
cut from cores as soon as they arrived on deck. Quarter-rounds were
taken from the working halves of cores several hours to days later
only when additional samples were needed. Sediment from whole-
rounds was immediately extruded from the core liner, scraped with a
Teflon-coated stainless steel spatula to remove the outer, contami-
nated layer, and placed in a titanium squeezer similar to the steel
squeezer designed by Manheim and Sayles (1974). The squeezer and
samples were handled with plastic gloves to avoid contamination.
Sediments were squeezed in a Carver hydraulic press at pressures up
to 2.8 MPa. Interstitial water was collected directly from the squeezer
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Fig. 1. Location map of Leg 139 drill sites in Middle Valley, northeast Pacific.
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into a 50-mL all-plastic syringe, from which the various aliquots for
analysis were ejected through an on-line, 0.2-pm polysulfone filter
mounted in a Gelman *“acrodisc™ disposable filter holder. No attempt
was made to equilibrate the sample with the in-situ temperature
before squeezing (Davis, Mottl, Fisher, et al., 1992),

DOC Analysis

Nonvolatile DOC was analyzed by the high-temperature catalytic
oxidation (HTCO) technique (Sugimura and Suzuki, 1988) by direct
injection of each liquid sample. First, each water sample was acidified
by adding 100 uL of 10% phosphoric acid. The CO, generated from
the inorganic carbon species was expelled by bubbling with an oxy-
gen stream for more than 5 minutes at a flow rate of 100 mL/min. A
60-LL aliquot of the degassed water sample was injected by means of
amicrosyringe into the oxidation column (column conditions: 680°C,
oxygen atmosphere, flow rate = 100 mL/min). The nonvolatile frac-
tion of the DOC in the water sample was quantitatively oxidized on
the surface of the catalyst to CO,. The CO, thus generated was dried
by means of magnesium perchlorate before introduction into the gas
analyzer. The quantitative determination of CO, was carried out using
an infrared detector in the gas analyzer. The HTCO system employed
in this work was a Shimadzu Total Organic Carbon Analyzer, Model
TOC-500.

Standardization of Detector Response

Sets of standards were prepared for the purpose of detector cali-
bration. Each set of standards consisted of three solutions (4.98, 2.49,
0.0 mg C/L) made by diluting a primary standard (potassium hydro-
gen phthalate, i.e., PHP, HKC3H,0,, MW204: 0.2675 g/250 mL) in
the proportions 1/10, 1/20, and 0, respectively. Each of the solutions
in a given standard set was run individually on the analyzer. Prior to
analysis, 100 pL of 10% phosphoric acid were added to the standard
solutions and were purged with carrier gas for about 5 min to elimi-
nate dissolved CO,. DOC analyses were carried out by repeated
injections (3 or 5 times, 60 L each) of a given standard concentration
until reproducible areas were obtained from the integrator.

Sample Analysis

First the 2.49 mg C/L PHP standard was analyzed as an unknown.
Repeated injections of this sample (60 pL each) were made until
reproducible areas were obtained. The DOC content of this sample
was calculated from the expression:

DOC (mg C/L) = m x area + b, (1)

where area is the average of replicate sample injections, and m and b
are the slope and intercept from the nondispersive infrared detector
(NDIR) calibration curve established in the standardization proce-
dure, respectively. The errors generally ranged from 5%—20% below
the true values of the standards.

Then each sample was acidified, purged, and analyzed as de-
scribed above. The DOC content of each sample was calculated as:

DOC (mg C/L) = m x area (2)

It cannot be assumed that the “blank™ for the pore water is the same
as that for the treated water used to prepare the standard solutions.
Therefore, the intercept, b, was excluded from the expression and
the “blank™ for the pore-water samples was considered to be zero.
Whether this assumption is valid is an open question. The deionized
water and the 4.98 and 2.49 mg C/L PHP standards were rerun each
time before a sample set was run, and the 2.49 mg C/L standard was
run every five samples to assure that the instrument remained in stable
working order throughout the analyses.
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RESULTS AND DISCUSSION

The DOC concentrations of Middle Valley surface seawater are
about 0.5 mg C/L, which is in agreement with the typical range of
DOC concentrations in seawater from shallow depths (less than 300
m) of 0.4-0.8 mg C/L (Millero and Sohn, 1992) and 1.0-2.0 mg C/L
(HTCO method, Tanoue, 1992). Seasonal variations in DOC occur
primarily in shallow waters and are similar to those for primary pro-
ductivity. At depths below a few hundred meters, the average DOC
is 0.5 mg C/L as determined by the ultraviolet irradiation method
(Millero and Sohn, 1992) and 1 to 1.3 mg C/L by the HTCO method
(Tanoue, 1992). In the aphotic oceanic water column, DOC concen-
trations are relatively uniform with depth. Recent HTCO measure-
ments of dissolved organic carbon by Sugimura and Suzuki (1988)
have revealed that their previously measured values may be low,
although precisely how low is still under investigation (e.g., Ogawa
and Ogura, 1992; Benner et al., 1993; Williams et al., 1993). The
original data and measurements have been retracted (Suzuki, 1993).
It should be emphasized that all the data reported here have been
corrected for the procedural blank (2.5 mg C/L) and thus the depth
profiles for DOC are representative trends.

The DOC of near-bottom seawater collected on Alvin dive 2424
in Middle Valley is 3.7 mg C/L, which is significantly higher than that
of surface seawater.

Except at Site 856, concentrations of DOC in interstitial waters of
sediments are generally greater than those in the overlying water
column, but the patterns and profiles are unique to each particular
environment being investigated (see Bauer et al., 1991, for review).
Krom and Westrich (1980) identified two patterns of pore water DOC
concentrations based on the degree of sediment anoxia, with anoxic
pore water containing up to 10 times more DOC than oxic pore water
(see Bauer et al., 1991, for review). The UV photochemical oxidation
analysis of DOC in pore waters from microbial mats and in waters of
a hypersaline pond at Guerrero Negro, Baja California Sur, Mexico,
showed that DOC concentrations in the water column over the mat
displayed a diurnal pattern (Bauer et al., 1991). Pore water DOC
ranged from 32 to 400 mg C/L and exhibited a distinct concentration
maximum in the mat surface layer (Bauer et al., 1991). Accurate
information on both the quantitative and qualitative aspects of DOC
in interstitial waters from oceanic sediments is lacking; therefore,
further exploration of this topic is necessary.

Data for seawater and pore water from Sites 855, 856, 857, and
858 are presented in Table 1 and Figure 2.

The DOC of pore water from Site 855 ranges from 2.1 to 19.4 mg
C/L (Fig. 2A). Profiles of DOC show a general decreasing trend with
depth similar to the distributions of total carbon (TC), total inorganic
carbon (TIC), total organic carbon (TOC), and free carbon dioxide in
sediments in Holes 855A and 855C (Davis, Mottl, Fisher, et al.,
1992). In Hole 855A, maximum DOC of the pore water is apparent at
a depth of 13.6 mbsf and is accompanied by high TOC and TIC (e.g.,
Fig. 3A), while in deeper intervals, the DOC remains approximately
constant. In Hole 855C, the DOC, TIC, and TOC exhibit similar
trends. There is a DOC maximum at 24 mbsf and after a general
decrease in DOC within the top 50 mbsf, at about 55 mbsf there is an
increase. These trends are also apparent in the TOC and TIC profiles
(e.g., Fig. 3B; Davis, Mottl, Fisher, et al., 1992).

The DOC of pore water from Site 856 ranges from 0.1 to 10.5 mg
C/L (Fig. 2B). DOC levels are generally low in both Holes 856A and
856B, with the higher values occurring in deeper and surficial sec-
tions of Hole 856A. Hole 856B DOC levels are even lower than in
Hole 856A and both are significantly lower than DOC in the pore
water of the recharge area at Site 855. The DOC profiles in the upper
60 mbsf of the two holes are similar as are the TC and TOC trends of
the sediments (e.g., Fig. 3C; Davis, Mottl, Fisher, et al., 1992). The
DOC values for Site 856 are generally similar to those of seawater,
which was also true for inorganic chemical species (Davis, Mottl,
Fisher, et al., 1992).
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Table 1. Dissolved organic carbon concentration in pore water from Leg 139 and in ambient seawater of Middle Valley.

Core, section,  Depth Doc* Core, section.  Depth poct Core, section,  Depth poct
interval (cm)  (mbsf)  (mg C/L) interval (em)  (mbsf)  (mg C/L) interval (cm)  {mbsf)  (mg C/L)
139-855A- 12X-2, 140-150 846  44+08 21X-2.90-100 1711 63+16
IR-1,144-150 1.5 11.0+04 13X-2, 140-150 94,1 2301 23X-1,22-31 1882  22.1+39
IR-2, 144-150 3.0 107403 25%-1,0-10 2074 19.7+25
2R-1 -6  85+03 857A- 30X-1,90-102 2566 143423
2R-4, 140-150  13.6 194 %15 1H-1, 144-150 34 22x07
3R-2, 140-150 19.6 R7+04 2H-2, 140-150 14.4 4802 B38B-
4R-3,140-150 305 8604 3P-1, 0-0 ~214 103103 1H-1, 140150 15 65+09
5R-1, 140-150  37.0 63+0.5 4H-4, 140150 279 123x09 1H-2, 140-150 3.0 0.1+0.1
6R-1,140-150 470 113+1.2 5H-4, 140-150 374  11.7+2.1 1H4,140-150 60  47%05
7R-2, 140-150  58.1 77+07 6H-4, 140-150 469 114% 1.1 2H-+4, 140-150  13.2  120%35
TH-1, 0-0 504  11.0+13 2H-6,110-124 159  3L1+19
855B- 8H-4, 140-150 659  B.0£05 3H-1,3-13 168 143115
2RI, 140-150 7.2 8.0+02 9H-4, 140-150 754  56+04 SH-3,140-150 254 158+ 1.1
4R-3,140-150 290  95+06 10H4, 140-150 849  86+13
13X-3, 140-150 1060  5.7+1.3 858C-
855C- 1H-1, 140-150 1.5 77+06
IR-2, 140-150 3.0 18.1+14 7B- 1H-2, 140150 3.0 2402
IR-4, 144-150 60 149+08 1H-2, 144-150 3.0  43+05 2H-2, 144-150 65  65+02
3R-1, 140-150 192 91407 2H-2, 140-150 64  57+09 2H-3, 140-150 80 203+53
3R-4, 140-150 237 16705 3H-2, 140-150 240 169+ 1.1 2H-5,144-150 110 3.5+0.
4R-3,140-150 316  54+04 3H-3.144-150 175 8.7+07
SR-1,0-0 366  7.9+09 857C- 3H-5, 144-150 205 10.1£0.5
6R-1, [40-150 480  6.6+07 1R-2, 144-150 30 94x10 5H4, 140-150 295 14.6%2.1
6R-6, 140-150 555 10.7£0.3 2R-1, 140150 580 44102 6H-3, 140150 375 97407
TR-2, 140-150 591  57£03 3R-2,140-150 695 5.6+£0. TH-1,140-150 430  7.0+02
7R-5, 140-150 636 11903 6R-2, 140-150 892  144+2.1 10X-CC,20-25 498 11.3+1.7
8R-1,70-75 665 11L.8+27 9R-1,109-114 1156 21.5+3.2 10X-CC,30-35 540 757+5.1
9R-1,0-5 752 10804 12R-2, 0-10 1450 47409 11X-1, 5-15 546 225+19
10R-2, 0-10 865  21x05 I3R-2, 140-150 156.1 51306 12X-1,131-145 654  7.6£02
10R-3, 140-150 880  7.7+09 14R-3, 0-10 1658 118+ 1.5 13%-1,41-46 74.1 7B8£1S5
11R-2, 0-10 96,2 36405 15R-3, 0-10 175.5 72409
I7R-1,135-150 1934  B.1+04 858D-
855D- I8R-2,0-15 2031 102+14 IH-1, 144-150 1.5 232425
4R-1,45-50 1048 24405 19R-2,0-15 2129  56+09 1H-3, 144-150 4.5  89£02
21R-2, 135-150 2336  11.6+04 1H4,103-117 56 209+2.1
836A- 24R-2,0-10 2608  88%1.1 2H-2, 2-16 109 857+73
1H-2,0-6 16 82:04 26R-1,135-150 2760 11,0+ 1.1 2H-3, 144-150 138 47102
2H-1,140-150 42 37205 27R-1, 135-150 285.6 57.7+29 2H-5, 144-150 168 4.6+032
3H-1,143-150 137 18108 28R-3, 0-15 2969 102424 3P-1,0-13 189  77£12
3H-5, 143-150  19.7 1204 30R-3, 134-150 317.6  56+1.2 4H-2,144-150 215  13.6+13
4H-1, 140-150 232 0.1 %0.1 33R-1,135-150 3339 81333 4H-6,134-149 274  10.1£1.0
SH-6, 140150 402 29409 36R-2,3-18 3478 238+4.1
GH-5, 140-150 482 0.1£02 40R-1,121-136 3667  16.1+23 858E-
7H-5,140-150 577 4310 1W, 24-25 340 115408
8H-5,140-150 672  1.0+0.6 858A- o
9H-5, 140-150 767  27=08 1H-2, 140-150 3.0 142406 e
10X-1, 140-150 802 105+ 1.1 2H-2, 144-150 54  83+07 1W-1,24-25 262  93%12
11X-1,140-150 877 0702 2H-3, 144-150 7.0 113405 IW=1, 24-25 262 108£07
13X-5, 140-150 1128 66+0. 2H-5, 144150 99  293+4.8 ; 4
3HA, 140-150 179 38:07 B melieats sestyples: £02
856B- 4H-4, 140150 274 27.7+46 Middle Valley surface 0.520.
IH-1, 144150 15 3002 SH4, 140-150 369  20.7+03 seawater (o Lmbles)
2H-1, 140-150 33 25404 6H-2. 140-150 434 28+0.1 Alvin Dive 2424, 8 3.7x02
3H-4, 140-150 173 0.1+02 TH-2, 140-150 520 97+ 1.4 August 1991, bottom
4H-4, 140-150 26.8 07+03 9X-2, 0-10 64.1 34+05 seawater
SH-4, 140-150 6.3 0415 10P-1, -8 71.9 37403
6H-4, 140-150  45.8 0.5+04 10P-1 724 35+0.1 2 Srandard deviation for n = 3; values cor-
7H-3,140-150 538 02403 11X-1,43-53 734 53405 rected for procedural blank.
8H-1, 140-150 60.3 0.1+03 15X-1, 84-98 1115 6.1+02
OX-1, 140-150 63.8 0.8+0.1 16X-1, 52-62 1209 10.8 + 0.6
10H-1, 140-150 723 03+03 18X-1, 137-147 1410 52+ 1.0
11X-3, 140150 77.8 L5 1.1 20X-1, 138-150 160.5 54+02

To evaluate the effects of hydrothermal alteration on sediments at
Site 856, depth profiles of elements highly affected by alteration in
Holes 856A and 856B were compared with elemental profiles from
Holes 855A, 855B, and 855C, which serve as reference holes. Below
60 mbsf, the DOC of the pore water increases, resembling the down-
hole chemical changes observed in Hole 856B below 65 mbsf (e.g.,
Figs. 3D-G; Davis, Mottl, Fisher, et al., 1992) (i.e., enrichment of
MnO and MgO in the sediment, and in the depletion in CaO and Sr).
This chemical change could be applied to estimate the effects of
hydrothermal activity on DOC. It is also known that the base of the
massive sulfide deposit is a minimum of 60 m below the present level
of turbidite fill in Middle Valley (Davis, Mottl, Fisher, et al., 1992).

The DOC of pore water from Site 857 varies from 2.2 t0 81.3 mg
C/L (Fig. 2C). In Hole 857C, the values of DOC increase below 250
mbsf with two maxima, as is also observed with TOC (Fig. 3H, Davis,
Mottl, Fisher, et al., 1992). Methane, ethane, and propane profiles
increased exponentially with depth and temperature to about 300
mbsf, which is consistent with a thermogenic source for these hydro-

carbons either in situ or at depth (Davis, Mottl, Fisher, et al., 1992).
Therefore, we propose that a genetic relationship exists between the
trends in the gases, TOC, and DOC,

The DOC of pore water from Site 858 varies from 0.1 to 85.7 mg
C/L (Fig. 2D). The DOC profiles of Holes 858A to 858D have max-
ima at shallow depths and are not similar to the TOC and TIC trends
vs. depth in the sediments of these holes (Davis, Mottl, Fisher, et al.,
1992). Similar maxima are also observed in the concentrations of
methane and ethane vs. depth in Hole 858C (Davis, Mottl, Fisher, et
al., 1992).

In general, the concentrations of DOC in interstitial waters of Site
855 tend to decrease with depth. The DOC maxima at shallow depths
of Site 858 are probably enrichments due to increased temperature.
At Sites 856, 857, and 858 the increase in DOC at greater sub-bottom
depths and the DOC maxima at shallow depths of Holes 858A to
858D are probably also related to the higher temperatures. The rela-
tionship of elevated DOC in interstitial waters with hydrothermal
activity below the seafloor can be interpreted as the release of polar
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Fig. 2. Plots of dissolved organic carbon (DOC, mg C/L) in interstitial water vs. sub-bottom depth for the Leg 139 drill sites in Middle Valley. A. Site 855. B. Site

856. C. Site 857. D. Site 858.

organic compounds by thermal alteration of organic matter. Further
statistical analysis is necessary for consideration of the geochemi-
cal significance.

A few problems still remain in obtaining accurate measurements
of DOC of interstitial water samples. First, the effects of stress distur-
bance and different permeabilities of the sediments on the measure-
ment of the interstitial water volume during pore-fluid sampling
could introduce error (Davis, Mottl, Fisher, et al., 1992). Second,
contamination by organic matter from various sources can be a prob-
lem. During drilling, seawater with lubricating oils and additives
sometimes flows down into open fractures and cracks in the drilled
sections. In one hole, water was observed flowing into the formation
atarate of more than 10,000 L/min (Davis, Mottl, Fisher, etal., 1992).
Seawater contamination can be corrected for using the inorganic
geochemical data from the pore waters. It would be useful to know
the organic carbon concentration in the washing fluid utilized during
drilling to assess the possibility of drilling fluid and oil lubricant
contamination. In addition, adsorbed organic matter on glassware can
contribute to contaminants. Thus, the cleaning of vials or ampoules
by heating for 12 hours at 520°C could reduce contaminants to yield
more accurate DOC results. Due to limitations aboard ship, glassware
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used in this study was cleaned using procedures that do not eliminate
the possibility of contamination. The contributions of contaminants
from drilling fluids and the handling procedure for the small volumes
of interstitial water are also possible. Finally, DOC in natural marine
waters has traditionally been difficult to study as a result of its com-
plex nature and the dilute concentration at which it generally oc-
curs (Bauer et al., 1991; Hedges and Bergamashi, 1992; Martin and
Fitzwater, 1992; Ogawa and Ogura, 1992; Williams, 1992; Williams
and Druffel, 1988; Benner et al., 1993; Williams et al., 1993; Suzuki,
1993). Problems and discrepancies also accompany the methods of
DOC oxidation and the handling and analysis of large (for oceanic
samples) or small (for pore water) sample volumes. The uncertainty
in measuring DOC could also result from the differences in the
magnitude of the blanks and how results are corrected for blanks
(Ogawa and Ogura, 1992; Williams et al., 1993; Hedges et al., 1993).

CONCLUSION

High-temperature combustion oxidation measurements of DOC
were determined on pore waters from Sites 855, 856, 857, and 858,
as well as in overlying and near-bottom seawater of Middle Valley.
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Fig. 3. Depth profiles of inorganic carbon, TOC (total organic carbon), MnO, and CaO for comparisons with DOC profiles. A. Hole 855A. B. Hole 855C. C. Hole
856B. D. Holes 855A-C. E. Hole 856B. F. Holes 855A-C. G. Hole 856B. H. Hole 857C (Davis, Mottl, Fisher, et al., 1992).

The DOC values in the interstitial waters are generally greater (range
0.1 to 84 mg C/L) than those in the overlying water column (0.5 mg
C/L). The near-bottom water had a DOC of 3.7 mg C/L. The DOC
profiles in the pore waters are similar to those of TOC, TC, and TIC.
At Site 855 the concentrations of DOC in interstitial waters generally
decrease with depth. At Sites 856 and 857, besides the decreasing
trend above, the DOC increases at greater depths as a consequence of
the increasing temperature. The values of DOC correlate with the
concentrations of sedimentary MnO and MgO in Hole 856B. The
DOC values of Site 856 differ greatly from those of all the other sites
and are similar to those of seawater, as is observed for other inor-
ganic ionic species. The DOC depth profiles of Site 858 correspond
with those of the volatile hydrocarbon gases, except that the maxima
at shallow sub-bottom depths are probably related to high tempera-
ture effects.
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