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ABSTRACT
Sampling and Analysis of Trace Metals

In Sediment Interstitial Waters

by Russell Fairey

Fine scale sampling and analysis of pore waters, near the
sediment-water interface, afford a unique perspective of the
environmental and chemical conditions leading to the flux of
dissolved trace metals from sediments and the diagenetic
reactions that produce this flux. In this work, a whole core
squeezing technique was developed and used to collect
interstitial water samples at millimeter depth resolution
near the sediment-water interface. Interstitial water samples
were analyzed for trace metals, nutrients and dissolved
organic carbon. Dissolved oxygen concentrations and pH were
determined concurrently with electrodes placed in-line with
sample effluent.

This technique was used to investigate trace metal
cycling in sediments of two distinct marine environments: the
oxygen minimum zone of the California continental margin and
perturbed coastal sediments near a large southern California
wastewater outfall. Trace metal flux calculations determined
from pore water gradients provide data for new theories on
trace metal cycling and early diagenesis in the near interface

region of these environments.
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Preface

This thesis presents a new method for the study of
dissolved trace metals in the interstitial waters of marine
sediments. Chapter 1 is written as an introduction to the
trace metal geochemistry of pore waters and outlines the
current knowledge and sampling techniques in the field. The
format of Chapters 2 and 3 reflect the style required by the
scientific journals to which they are submitted for
publication. Chapter 2, which will be submitted to Limnology
and Oceanography, describes a new technique for the extraction
of pore waters from sediments, with an emphasis on analyzing
the samples for dissolved trace metals. This technique is
used in an open ocean study along a transect across the
California continental margin. Chapter 3, which is submitted
to Environmental Science and Technology, presents a study of
copper in the pore waters of coastal sediments near a large
sewage outfall in southern cCalifornia. The techniques
described in Chapter 2 are used to estimate benthic metal
fluxes from the sediments and comparisons are made with fluxes
measured directly with a benthic flux chamber. The results
are used to characterize the mobility and recycling of metals
from sediments near the outfall. The thesis concludes
(Chapter 4) with a discussion of the application of this
technique to pore water and diagenetic studies. An Appendix
is included to present the data from the following studies.

v
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CHAPTER 1

Introduction
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Recent advances 1in the development of analytical
procedures and instrumentation, coupled with ultra-clean
techniques for sampling and analysis, have given scientists
the first reliable measurements of trace metal distributions
from ocean waters (Bruland, 1983). With this knowledge
though, comes the need to explain the patterns of these
distributions through the physical, biological and chemical
processes which occur in the marine environment. Sediments
are one of the key arenas for these processes and provide the
focus for a variety of current research projects.

Diagenesis has been defined by Berner (1980) as "the sum
total of processes that bring about changes in sediments or
sedimentary rocks subsequent to its deposition in water." The
diagenetic environments in sediments can be differentiated by
the types of oxidation and reduction reactions which occur
during the decomposition of organic matter (Chester, 1991).
Oxic environments are characterized by the presence of
dissolved oxygen and utilization of organic carbon via aerobic
metabolic pathways. Oxygen may penetrate to a depth of a
meter in ocean sediments (Revsbech et al., 1980) or may be
restricted to the top few millimeters (Reimers and Smith,
1986). Below this zone are anoxic environments with no
measurable oxygen, where anaerobic metabolic pathways utilize
secondary oxidants such as nitrate, manganese oxides, iron

oxides and sulfate during the decomposition of organic matter
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(Fig. 1). The vertical distributions of these 2zones are
dependent upon the nature of the deposited organic matter and
the rate at which the sediments accumulate. The chemical
changes which occur in each of these 2zones, and at the
boundaries between them, are a driving force in trace metal
geochemistry. These changes can alter sediment minerals, the
chemical composition of interstitial waters and the chemical
composition of the overlying water column.

Interstitial water, or pore water, is sea water which is
trapped in the spaces between sediment particles during
particle deposition. The redox reactions discussed above take
place in pore waters or on particle surfaces in contact with
pore waters. Pore waters thus reflect both water column
chemistry and sediment redox chemistry, with physical
transport properties governing the exchanges between the two.

The studies presented here focus on pore waters and the
processes which influence the transition metals, copper (Cu),
manganese (Mn), cobalt (Co) and iron (Fe). These metals are
of oceanographic interest due to their involvement in
biological metabolic pathways and due to their accumulation in
mineral phases and manganese nodules (Wong et al., 1983). The
purposes of the following chapters are to describe the
distribution of these dissolved metals in the interstitial
waters of sediments and to present the possible geochemical

mechanisms which lead to their mobility and cycling between



-05 o +0.5 C-I.lO En Volt

-0 -5 o +S 0 +1S +20 o€

{ 02 -~ Reduction IA

Reductions < Denitrification ]B

< Mn(lV)onde-M(l).C
( NO3 Reduction {D Combanation aG®
pHe T

Ezompies

Keal/equrv
- Fell
Fo () oxde e(llE Aerodic Respirotion A+l -29.9
) Denitrification BeL =-28.4
( Reduct. org Mat IF Nitrote Reduction DrL -19.6

Fermentatian Fet. - 6.4
2- Sulfate Reduction GeL =59
504° Reduction |G Mathane Fermentotion HeL =~ 5.6

< Ny —NH4* IJ Sulfide Oxidation AeM -238
Nitrification A+O -I103
K Farrous Ozidation AeN -21.0

—_ B . . . Mn (ll) Oxid A+ -T2

ngudm org Mat >

u[sutiae ~ 50473
w [ozidar. of Fo (u)>
P |Oxdal of Ma @) >
Oxidations A[07 ~Formaton >

-0 -5 0 +5 +10 +15 +20 »pé
b 0 20

+ +
Kcol 7 equivatent

Figure 1) Diagenetic sequence of microbially mediated
processes in sediments from Stumm and Morgan, 1981.
sediments and the water column.



5
sediments and the water column.

There have been a number of previous studies of metal
geochemistry in sediment pore waters, yet these studies have
been limited by the resolution of the techniques which are
available for the sampling of interstitial fluids. The
sampling of sediments is accomplished by deploying instruments
which physically grab surface sediments, or which penetrate
the surface and retrieve a representative sediment core.
Until recently, these instruments did not preserve the
integrity of the overlying water and radically disturbed
sediments near the sediment-water interface. This provided
only a partial picture by effectively limiting pore water
studies to the deeper (> 2 cm) diagenetic environments.
Further complications were encountered during extraction of
the interstitial water from sediments. Subsamples of sediment
cores were sliced at 1-2 cm intervals and the sections
centrifuged to separate pore waters from the solid phase
(Sawlan and Murray, 1983; Heggie et al., 1986). Surface
enrichments of some trace metals were consistently found in
the top 1-2 cm sample interval (Fig. 2), yet the sampling
resolution 1limited the definition of this observation.
Suggestions by some researchers that trace metal redox zones
may occur only millimeters below the sediment-water interface

(Craven et al., 1986) mandated better sampling resolution in

this region.
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Recent advances in the development of sediment boxcoring
devices (Soutar et al., 1981; Heggie et al., 1986) have
provided researchers with instruments which can sample the
overlying water and superficial sediments with far 1less
disturbance. This coupled with better resolution during
subcore sectioning (0.25-0.5 cm) has resulted in enhanced
sampling near the interface (Fig. 3) and yielded new insight

to the early diagenesis of trace metals (Shaw et al., 1991).

The development of the whole core squeezing technique

(Bender et al., 1987) is an recent advance in the extraction

of pore waters. It provides an attractive alternative to
sectioning since it is designed to sample pore waters at
millimeter depth resoclution, near the sediment-water
interface. This is accomplished by mechanically applying
pressure to pistons inside a tube containing a subcore sampled
from the boxcore. The pressure moves the pistons together and
forces pore waters from the interstitial spaces through a
sampling port. This permits sampling of the bottom water
overlying the subcore and of the interstitial waters at the
sediment-water interface. The depth of each subsequent sample
is calculated from the volume of water collected, the diameter
of the subcore and the porosity of the sediment sample. The
porosity of the sediment refers to the percentage of the
sediment's total volume that is occupied by interstitial

water. This method has been used successfully in determining
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the distribution of nutrients and other non-particle reactive
ions in the interfacial region. This method has not been
used, however, in determining trace metal distributions. The
tendency of some trace metals to adsorb to particle surfaces
has deterred the testing of this technique for its suitability
in determining profiles of trace metals in pore waters. It
was feared that these sorption properties could cause the
smearing of chemical gradients as pore water flowed through
the sediments during squeezing. Ongoing research in the field
of metal-particle interactions has broadened our knowledge of

the kinetics of these interactions though (Nyffeler et al.,

1986; Honeyman and Santschi, 1988) and there are indications
that some metal sorption rates may be sufficiently slow to be
of minimal influence during squeezing (Jannasch et al., 1988).

Use of the whole core squeezing <technique, for
determining trace metals in superficial sediments, thus
appears to be an approach worthy of examination. Adaptations
are necessary to ensure that pore water samples are not
contaminated with trace metals, as well as incorporation of
sensors which will help identify the sedimentary redox
conditions which are critical to understanding trace metal
geochemistry. The development of this technique, coupled with
improved boxcoring techniques, holds promise as a powerful

tool in the study of trace metal diagenesis in sediments.
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Abstract

Fine scale sampling and analysis of pore waters near the
sediment-water interface afford a unique perspective on the
environmental and chemical conditions leading to the flux and
diagenetic mobility of trace metals from sediments. Modified
whole core squeezing techniques were used to collect
interstitial water at the millimeter depth resolution. This
technique was used to determine the distribution of metals
near the sediment-water interface on a transect from the shelf
through the oxygen minimum along the central cCalifornia
continental margin. Samples were analyzed for trace metals
via flow injection analysis with chemiluminescence detection,
as well as for nutrients and dissolved organic carbon.
Concurrent pH and dissolved oxygen concentrations were
determined with electrodes placed in-line with the sample
effluent.

All metals exhibit sharp maxima just below the sediment-
water interface in the 5-10 mm region. Metal maxima occur
above the anoxic boundary and we observed a pH minimum
associated with the iron(II) maximum. The metal maxima may be
explained by the reduction of metal oxides, increased
dissociation of organically bound metals during
remineralization of organic matter or by non-steady state

diagenesis due to the migration of redox fronts.
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Trace metal flux calculations determined from pore water
gradients indicate reduced flux from the oxygen minimum
region. Observations suggest that oxic remineralization of
organic carbon is the main factor controlling trace metal

fluxes along the California continental margin.
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Introduction

The processes leading to the exchange of heavy metals
between ocean sediments and the overlying water column are
still poorly understood, yet this knowledge is critical to
further understanding the bio-geochemical cycling of trace
metals in the world's oceans. Most previous pore water
studies have addressed this problem with extraction techniques
which physically limited the vertical sampling resolution in
sediments to intervals 2 1 cm (Sawlan and Murray, 1983; Heggie
et_al., 1986). This usually involved slicing subcores into
thin sections and centrifuging the sections for removal of
pore water. The low sedimentation rates typical of those
found in the open ocean made this type of sampling adequate
for diagenetic studies over timescales on the order of 10,000
years. Lower rates of organic carbon consumption in these
sediments spread the sequence of secondary oxidants (NO3, MnO,
Fe,03 and S0O;) over a large depth range suitable for sampling
by core sectioning techniques. Valuable data was gained on
downcore metal concentrations (Klinkhammer, 1980), reaction
sequences where oxidants were consumed in order of their
decreasing free energies (Froelich et al., 1979) and on the
distribution of oxidation fronts deep in sediments (Wilson et
1., 1986). They also gave a picture of near surface (< 2 cm)

enrichments of metals in the uppermost samples, yet gave
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little insight to the mechanism of these enrichments.

Gradients in these pore water metal profiles were used to
estimate benthic fluxes but the difficulty in distinguishing
gradients near the sediment-water interface yielded large
uncertainties in the modeling of the analytical results
(Berelson and Hammond, 1986). Furthermore, the relatively
high sedimentation and organic carbon consumption rates in
coastal waters compress the diagenetic reaction sequence into
the upper 1 cm of the sediments (Reimers, 1989). Shaw et al.
(1990) addressed these problems by developing a method for
sectioning a core with millimeter resolution. However, this
method requires a refrigeration van, N; filled glove bag and
cannot be used to sample O; or pH. There is thus a need for
a simple pore water extraction technique which can sample the
near interface region in order to determine trace metal
profiles with sufficient resolution to accurately model
benthic fluxes.

The whole core squeezing method, developed by Bender et
al.(1987), utilizes mechanical force to squeeze pore water
from interstitial spaces. It has been used for examination of
nutrients and particle-unreactive ions in superficial
sediments, with promising results. Tracer experiments and
comparisons with other pore water extraction techniques agree
favorably and support the validity of this method. However,

the developers suggested caution in the use of this method for



18

determining profiles of dissolved particle reactive species
such as trace metals. It was their fear that cation exchange
on the solid phase of sediments could potentially introduce
sampling artifacts as pore waters flowed through the core to
the sample port during squeezing. This fear has been echoed
by other pore water researchers (Sayles and Dickinson, 1991)
yet no data has been presented to confirm or deny the
hypothesis.

It was our belief that the whole core squeezing method
could be modified to be useful in determining not only trace
metal profiles but other important chemical characteristics of
the sediments as well. In this way, superficial sediments can
be examined with a focus on the conditions which determine
trace metal mobility and cycling across the sediment-water
interface. This study was thus initiated with two goals in
mind: 1) To develop, low cost, whole core squeezing techniques
for fine resolution analysis of trace metals in superficial
sediments; and 2) To apply these techniques under a variety of
open ocean conditions to examine the mechanisms of metal

regeneration and cycling.

Instrument Description and Technique

The MIML whole core squeezer (WCS) was developed for

laboratory or shipboard use in conjunction with standard
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boxcoring techniques. It is most effective when used with
coring devices which preserve the sediment-water interface and
the overlying water, such as the Soutar type boxcores (Soutar,
1981). The MIML squeezer's major features consist of an
aluminum support framework, 10 cm i.d. acrylic core tubes with
sampling ports, a pressure regulated pneumatic ram with air
supply valves, and pH and oxygen electrodes placed in-line
with sample effluent. These features are shown in detail in
Figure 1.

Subcore tubes are easily removed from the support
framework by release of the coupler pin. Subcores may be
taken by hand or by piston coring from the boxcore. For
oxygen measurements, 5-10 cm of overlying water should be
collected during subcoring. Upon return to the framework, the
core tube is wrapped with a cooling jacket and maintained at
bottom water temperature. Pressure 1is applied to the top
piston by adjusting the air supply to the pneumatic ram.
Initially an air pressure of = 20 psi is sufficient to
maintain a steady flow of sample effluent through the top
piston and filters. Filter clogging and sediment compaction
during the course of squeezing will slow effluent flow, so air
pressure is slowly raised to compensate. Oxygen and pH
electrodes are flow sensitive so maintaining a constant sample
flow is critical for in-line measurements. This is easily

accomplished with a fine adjustment pressure regulator on the
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Top Frame, 7. Support Tubing Pin, 8. Air Supply Line, 9. Bi-
directional Pneumatic Ram, 1C. 0.45uM Membrane Filter, 11.
Ram/Piston Coupler, 12. Vent Valve and Line, 13. Coupler Pin,
14. Overlying Water Vent (1/4"-28 Leur-lock Connector), 15.
Core Positioning Sleeve & Arm, 16. Wing Nuts, 17. Core Collar
Locking Arm, 18. Top Piston with Channeling and Porous
Polyethylene Pre-filter, 19. Acrylic Locking Collar, 20. 1/4-
28 Side Sample Ports, 21. Acrylic Core Tube, 22. Support
Tubing, 23. Bottom Piston, 24. Support Tubing Pin, 25. Piston
Extension Bolt, 26. Piston Adjustment Nut, 27. Sleeve Washer,
28. 4" Aluminum Channel, 29. Bottom Frame Sides, 30. Bottom
Frame Base, 31-34. Flow Cell Angle Adjustments to Eliminate
Bubble Trapping (shown separated), 35. Top Sample Port Valve,
36. Angle Adjustment Bolt, 37-38. Acrylic Base Plates (Bottom
View), 39. Oxygen Electrode Flow Cell, 40. pH Electrode Flow
Cell, 41. Teflon Sample Line, 42. Acrylic Base Plate (Side
View), 43. Teflon Sample Vial, 44. Oxygen Electrode, 45.
Electrode/Flow Cell Coupler, 46. pH Electrode

air supply. The sensors are also sensitive to thermal changes
so overlying water should be run for 5-10 minutes to stabilize
the electrodes. Samples are extracted sequentially to a depth
of ® 3 cm through the top piston while concurrent pH and
oxygen measurements are recorded on a strip chart. Side ports
are arranged for deeper sampling in the core, if desired.
Bubble trapping in filters, sample lines and electrode
flow cells can be minimized by careful subcoring, line
flushing with overlying water and proper angle positioning of

flow cells.

Sampling and Analytical Procedures

The region selected for initial experiments was along the

continental margin between Pt. Piedras Blancas and Pt. Sur,
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off the central cCalifornia coast (Fig 2). This area is
characterized by a steep continental slope which reaches
abyssal depths within 100km of shore, making it possible to
sample a variety of sediment types and bottom depths with a
minimum of ship time. An oxygen minimum zone impinges on the
sediments of the slope and allows investigations to be made
under a wide range of oxic conditions.

The oxygen minimum zone in this region is found between
500 m and 1000 m. Sediment samples from ten stations were
obtained with a teflon coated 0.125 m?* Soutar-type boxcore, at
depths ranging from 99 m to 2006 m. Subcores were taken upon
retrieval of the boxcore and transferred to the WCS.
Squeezing was begun immediately to minimize any oxygen changes
caused by respiration in the closed system. Overlying water
is used to stabilize the electrodes, to purge the system and
to determine if mixing of surface water occurred during
boxcore retrieval. Mixing is suspect when subcore oxygen
values are higher than determined for near bottom water with
Niskin sampling and Winkler titrations. Filtered pore water
samples (0.45 um) were collected sequentially in approximately
7 ml aliquots. This volume corresponded with a piston
displacement of approximately 1 mm in high porosity sediments.

To avoid trace metal contamination, all sample containers
and WCS surfaces in contact with the sample were plastics

(acrylic, PVC, TFE, PE and PP) and cleaned with Micro, 1N HCl
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Figure 2) Study area from Teflon-1l cruise, June 5-28,
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and Millipore Milli-Q water. Subsamples were analyzed for
nutrients using standard colorimetric techniques (Strickland
and Parsons, 1972) and for the trace metals Co, Mn, Cu and Fe
using flow injection analysis with chemiluminescence detection
(Sakamoto-Arnold and Johnson, 1987; Chapin et al., 1991;
Coale et al., in press; and Elrod et al., 1991). Prior to the
FIA-CL analysis, subsamples were diluted (1+25) with purified
Milipore Milli-Q water. Iron subsamples were acidified and
analyzed immediately to minimize oxidation of Fe(II).
Dissolved organic carbon subsamples were frozen for later
laboratory analysis. Other subsamples were analyzed within 24
hours aboard ship.

Sediment solid phase samples were analyzed for porosity,
organic carbon, and organic nitrogen. Porosity is expressed
as per cent water, by volume, assuming a dry bulk density of
2.6 g/cm3and a porewater salinity of 35%. Organic carbon and
nitrogen in the solid phase were determined with a Perkin
Elmer 440 Elemental Analyzer.

An additional experiment was performed to assess the
feasibility of examining metal behavior by injecting dissolved
metals into the core. Two subcores were collected from the
100 m station and the first squeezed normally. The second was
"spiked" with a known concentration of the metals Cu, Mn and
Co and with the non-particle reactive tracer CsCl prior to

squeezing. The 250 pl spike was injected into the core, at a



25
depth of 3 cm below the sediment-water interface, with a 2 mm
diameter needle. Pore water samples were analyzed for metals
by graphite furnace atomic absorption and for CsCl by atonmic
emission spectroscopy.

Results and Discussion

A 25 minute portion of a typical core squeezing run is
shown in the raw data of Figure 3, where sequential squeezer
effluent samples are directly associated with continuous
oxygen and pH readings. Time required to completely process
a core in this manner is about two hours. Values for pH are
reported in millivolts due to calibration difficulties
encountered with changes in temperature over the bottom depth
sampling range. Oxygen values (Fig. 4) are calculated from
calibrations with air saturated water and deoxygenated water
pumped through the system to mimic core squeezing. The
results compare well with oxygen micro-electrode profiles of
open ocean sediments from other studies (Reimers et al.,
1986). A well defined minumum in pH is commonly found near
the base of the oxic zone (Fig. 4). It is in this pH minimum
region (< 1.5 cm) that changes in trace metal concentrations
are most rapid and distinct metal maxima were found (Fig. 5).

To assess the extent of chromatographic effects the
physical structure of the trace metal peaks and profiles were

examined. If cationic sorption was limiting the flow of metals
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Figure 3) Strip chart recording of pore water pH (mvolts) and
0, (volts) gradients. Sequential pore water samples are
numbered and recorded for depth calculations. The sediment-
water interface was at sample #7. Chart speed was 0.5 cm/min,

so this represents approximately 25 minutes of a two hour
squeezing run.
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Figure 4) Oxygen and pH pore water profiles on a transect
across the oxygen minimum. The high oxygen values shown at the
650m station were from a boxcore which was contaminated with
surface water. Rapid identification of contaminated cores was
useful in limiting unnecessary trace metal analysis.
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through the sediment, two things should be expected. First,
smearing effects would minimize and broaden metal peaks. The
observed preservation of sharp metal maxima and steep
gradients does not support this. An explanation for the
missing chromatographic effects lies in recent laboratory
sorption studies. Nyffeler et _al. (1986) looked at the time
dependence of trace element partitioning between natural
waters and sediments. Time series measurements of the
partition ratios K4 indicated that for some elements (Zn, Se,
Cd, Sn, Ba, Th) Ky became constant after a few days of
equilibration, while others (Fe, Mn, Co) showed time constants
on the order of weeks. This is a major departure from earlier
models which assumed instantaneous equilibrium adsorptions
(Lerman, 1979 and Berner, 1980). It would indicate that
scavenging kinetics in sediments are sufficiently slow to
minimize any sampling artifacts created during any potential
short term disequilibria encountered during squeezing. Second,
each metal exhibits characteristic adsorption and binding
kinetics (Honeyman and Santschi, 1988). It seems unlikely
that surface complexation in sediments would affect all metal
ion adsorption uniformly during the disequilibrium of
squeezing. Therefore, if particle/metal reactions were
significant, concurrent maxima for different metals would not
be expected during the same sample interval.

This reasoning applies if metal maxima originally
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coexisted at the same sediment depth. To attempt to create a
known co-existence of metal peaks, a core was spiked with
metals and a CsCl tracer. The 250 pl spike was injected at a
depth of 3 cm below the interface, where in-situ metal
concentrations were determined to be low during previous
sampling. Comparison of pore water samples from the spiked
and unspiked cores showed little change in trace metal or
tracer concentration as a result of the spiking. it is
theorized that the dissolved metals in the spike were
precipitated as insoluble metal sulfides in this anoxic region
of the core. This leaves a question as to the efiectiveness
of artificial spiking for evaluating dissolved metal behavior
without also including solid phase metal analysis. Continued
spiking research in this direction is recommended, as well as
for near-interface oxic regions of the core for evaluation of
metal-particle sorption properties.

Pore water trace metal concentrations from the
continental shelf transect are shown in Figure 6. Maxima in
the metal profiles are most prominent from sediments above and
below the oxygen minimum zone. All metals exhibit their
lowest subsurface concentrations at stations within the oxygen
minimum.

So what produces this shallow subsurface trace metal
maxima? A model to explain the metal maxima must account for

the following observations. 1) The concentration maxima of the
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four metals Cu, Mn, Co, and Fe are all coincident and yet
these metals have considerable differences in geochemical
properties. We must look to a process that can simultaneously
release all metals. 2) The maxima occur within a pH minimum
zone. The reaction releasing the metals must produce protons.
3) The reaction producing the metal maximums occurs as the
oxygen concentration approaches zero. In contrast though, no
metal maxima are found at the two stations within the core of
the oxygen minimum zone where the lowest water column O;
values are found. With these considerations in mind, we can
examine the diagenetic reactions which affect dissolved metal
concentrations in sediment pore waters.

Reduction of metal oxides deposited in oxic sediments
will produce a large increase in dissolved Mn and Fe as the
buried sediments go anoxic (Froelich et al., 1979). Other
metals bound to the oxide phase may be released as well.
However, in anaerobic metabolic pathways, the reduction of
metals consumes protons and should produce a rise in pH.

(CH20) 106 (NH3) 16 (H3PO,) + 236 MnO, + 472 H' —

236 Mn®* + 106 CO, + 8 Np + H3PO, + 366 H,0

(CH20) 106 (NH3) 16 (H3PO,) + 212 Fe,03 + 848 H' -
424 Fe? + 106 CO, + 16 NH3 + HzPO, + 530 Hy0
We observe a sharp drop in pH in association with the metal

maxima. Oxidation of reduced compounds, which have diffused
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into the oxic interfacial region, could create this pH drop.
These reduced compounds could be metals (Fe?*, Mn®*) or sulfide
(HS7) .

4Fe®* + 0, + 6H,0 - 4 FeOOH + 8 H'

2 Mn** + 0, + 4H,0 - 2MnO, + 4 H'

HS  + 2 0p » S0/ + H'

A flux of metals from deeper in the sediment should not
produce a concentration maximum, however. The metal maximum
might be better explained by the following mechanism.
Dissolved metals could be precipitated as insoluble metal
sulfide minerals (Emerson, 1983) in the anoxic region below
the metal maxima, thus driving down the dissolved netal
concentration. The high dissolved concentrations nearer the
interface would result from reduction of metal oxides as
mentioned above. A net pH decrease would occur if HS’
oxidation outweighed oxide reduction.

Another possible explanation for the pH drop associated
with the metal maxima relates to the oxidation of detrital
organic matter. Release of organically bound metal ions
during microbial degradation could result in rapid oxidation
of the dissolved metals. Protons generated during the
oxidation step could drive the pH drop and steep metal
gradients associated with the metal maxima. These pH changes
may further enhance release of other metals by shifting pH

sensitive sorption equilibria (Honeyman and Santschi, 1988).
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These explanations will be complicated if the diagenetic
processes are not at a steady state in the sediments. It has
been observed that migrating oxidation fronts can confuse the
interpretation of trace metals in pore water data (Wilson et
al., 1986 and Shaw et al., 1990). For example, seasonal or
event-linked vertical migration of the oxic-anoxic interface
may produce non-steady state enrichments from reduction and
re-oxidation of upward diffusing iron oxides or iron sulfides.
This effect may be particularly important in shallow sediments
although we did observe a clear uniformity over the entire
sampling transect, except in the core of the oxygen
minimum.

Pore water gradients, in the enriched layers where maxima
are found, were used to calculate flux values(Jg) for metals
and nutrients at each station (Table 1), using Berner's (1980)

diffusion model: ac

J. = _Dsq)g

5

where
D= Dy ¢ (assumed f = ¢2)

¢= mean measured porosity

%g = change in vertical concentration gradient

The whole sediment diffusion coefficient, D, was calculated

by correcting the free~solution diffusion coefficients for the
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the

1. Flux values calculated using Berner's
diffusion model.

oxygen

minimum

zone.
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Diffusion

calculated from the listed sources.

(1980)

These stations represent a transect through
coefficients were

gM/m2/d | yMim2/d | nM/im2/d | sM/m2/d | mM/m2/d | mM/m2/d
Station Depth(m) Mn Cu Co Fe DOC 02
11(E) 100 0.604 0.826 5.905 7.605 0.058 -0.322
17(5) 99 0.243 0.020 13.281 0.318 -0.187
6(C) 235 0.180 0.127 3.025 0.866 -0.379
5(B) 500 ~-0.035 -0.082 -0.214 -0.016 -0.422
7w 642 0.022 0.000 0.487 -0.072 -0.315
12(K) 1010 0.024 0.027 0.197 0.636 0.033 -0.135
10(M) 2000 0.229 0.066 1.260 0.203 -0.486
Free solution diffusion coefficients (D)

Li and Gregory, 1974

Mn;: - 3.05 x 10:6 cm’/sec
C02+ - 3.41 x 10_6 cm_/sec
Cu” - 3.41 x 10 cm/sec

Reimers and Smith, 1986

0, - 1.24 x 107 cm’/sec

Robinson and Stokes, 1959

NH; - 1.66 x 107 cm’/sec
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effects of tortuosity with an estimated formation resistivity
factor (f = ¢?). Free-solution diffusion coefficients, Dy,
were taken from Li and Gregory (1974). Complex depth
dependent terms for compaction and porosity were not included
since these factors generate errors of 4% or less in flux
calculations (Klump and Martens, 1989). Therefore, a measured
value of the porosity in the top 1 cm of sediment was used for
each station.

The pattern of trace metal fluxes obtained by this method
is contrary to earlier notions that metal fluxes should be the
highest from reducing sediments in the oxygen minimum zone.
Trace metal fluxes appear to be the lowest in the oxygen
minimum zone and increase as bottom water oxygen increases
(Fig. 7). The fact that the gradients used for these flux
calculations are from the near-interface oxic region of the
sediments again points to processes other than reduction of
metal oxides, unless the reductions are occurring in anoxic
micro-environments. It seems feasible to suggest that trace
metal fluxes from the California continental margin could be
due to the remineralization of organic carbon carrier phase
under oxic conditions, with an associated release of
organically bound metals.

If trace metal fluxes are dependent on oxic organic
remineralization, the organic carbon sedimentary signature

should indicate lower remineralization rates in the oxygen
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Figure 7) Modeled copper and manganese fluxes along a transect
through the oxygen minimum. Oxygen values were from Winkler
titrations of hydrocast samples at the 2000 m station.
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minimum zone, since previous studies have shown that carbon
remineralization occurs most rapidly at higher oxygen
conditions (Jahnke et al., 1990). The enhanced preservation
of organic carbon, seen in the superficial sediments of
stations with low bottom water concentrations (Fig. 8), also
seems to support this.

The results from this study show that whole core
squeezing techniques can be useful in the analysis of trace
metals near the sediment-water interface of marine sediments.
The small sample volumes required to perform the flow
injection analytical techniques allow multi-element and
nutrient analysis while maintaining sampling depth resolution
on the order of 1 millimeter. Profiles of metals in pore
waters are used to evaluate diagenetic mechanisms controlling
the mobility of trace metals from sediments of the California
continental margin. Results indicate that trace metal fluxes
are highest from sediments outside the oxygen minimum region.
Remineralization of organic matter under oxic conditions and

subsequent release of bound metals is the proposed mechanism.



39

Organic Carbon(% wt.)
0 0.5 1 1.5 2 2.5 3 3.5 4
S I e LI NS
500 - B
e
e
: .
%_ g><==——-0xygen POC
o) 1,000 - :
) i
=
@] B>
£
O
o 1,500 >
b
B
>
2,000 ~
. | | | | | , | , |
0 50 100 150 200 250 300
Oxygen Conc.(uM)
Figure 8) Particulate organic carbon from solid phase

samples. Oxygen values were from Winkler titrations of
hydrocast samples at the 2000 m station.



40

References

Bender, M., Martin, W., Hess, J., Sayles, F., Ball, L. and
Lambert, C. (1987) A whole core squeezer for inter-
facial pore water sampling. Limnol. Oceanogr.,

32, 1214-1225.

Berelson, W.M. and Hammond, D.E. (1986) The calibration of a
new free-vehicle benthic flux chamber for use in the deep
sea. Deep Sea Research, 33(10), 1439-1454.

Berner, R.A. (1980) Earlvy Diagenesis: A Theoretical

Approach. Princeton, NJ: Princeton University Press

Chapin, T.P., Johnson, K.S., and Coale, K.H. (1991) Rapid
determination of manganese in seawater by flow-injection
analysis with chemiluminescence detection. Analytica
Chimica Acta, 249, 469-478

Chester, R. (1990) Marine Geochemistry: Sediment inter-
stitial water and diagenesis. Unwin Hyman Ltd.,
Winchester, Mass.

Coale, K.H., Stout, P.M., Johnson, K.S. and Sakamoto-Arnold,
C.M. (1992) Shipboard determination of copper in
seawater using flow injection analysis with
chemiluminescence detection. Anal. Chim. Acta (in press)

Elrod, V.A., Johnson, K.S. and Coale, K.H. (1991)
Determination of subnanomolar levels of Iron(II) and

total dissolved iron in seawater by flow injection



41
analysis with chemiluminescence detection. Analytical
Chemistry 63, 893-898

Emerson, S., Grundmanis, V., and Graham, D. (1980) Early
diagenisis in sediments from the eastern equatorial
Pacific. 1. Pore water nutrient and carbonate results.
Earth Planet. Sci. Lett., 43, 57-80

Froelich, P.N., Klinkhammer, G.P., Bender, M.L., Luedtke,
N.A., Heath, G.R., Cullen, D., Dauphin, P., Hammond, D.,
Hartman, B., and Maynard, V. (1979) Early oxidation of
organic matter in pelagic sediments of the eastern
equatorial Atlantic: suboxic diagenisis. Geochim.
Cosmochem. Acta., 43, 1075-1090

Gordon, Jr., D.C. (1971) Distribution of particulate organic
carbon and nitrogen at an oceanic station in the central
Pacific. Deep Sea Research, 18, 1127.

Heggie, D., Kahn, D. and Fisher, K. (1986) Trace metals in
metalliferous sediments, MANOP Site M: interfacial pore
water profiles. Earth and Planet. Sci. Lett., 80, 106-
116

Honeyman, B.D. and Santschi, P.H. (1988) Metals In Agquatic
Systems. Environ. Sci. Technol., 22(8), 862-871

Jahnke, R.A. (1988) A simple reliable and inexpensive pore-
water sampler. Limnol. Oceanogr., 33, 483-487

Jahnke, R.A., Reimers, C.E. and Craven, D.B. (1990)

Intensification of recycling of organic matter at the



42
sea floor near ocean margins. Nature, 348, 50-54

Johnson, K.S., Stout, P.M., Berelson, W.M., and Sakamoto-
Arnold, C.M. (1988) Cobalt and Copper distributions in
the waters of Santa Monica Basin, California. Nature,
332, 912-914

Klinkhammer, G. (1980) Early diagenesis in sediments from
the eastern equatorial Pacific, II. Pore water results.
Earth Planet. Sci. Lett., 49, 81-101.

Klinkhammer, G., Heggie, D.T. and Graham, D.W. (1982) Metal
diagenesis in oxic marine sediments. Earth Planet. Sci.
Lett., 61, 211-219.

Klump, J.., and Martens, C.S. (1989) The seasonality of
nutrient regeneration in an organic~-rich coastal
sediment: Kinetic modeling of changing pore-water
nutrient and sulfate distributions. Limnol Oceanogr.,
34(3), 559-577

Lerman, A. (1979) Geochemical Processes. Water and sediment
environments. New York: Wiley

Li, Y.H. and S. Gregory (1974) Diffusion of ions in sea
water and deep-sea sediments. Geochim. Cosmochim. Acta,
38, 703-714.

Nyffeler, Y.P., Santschi, P.H. and Li, Y-H. (1986) The
relevance of scavenging kinetics to modeling of sediment-
water interactions in natural waters. Limnol. Oceanod.,

31(2), 277-292



43

Reimers, C.E. and Smith, K.L. (1986) Reconciling measured
and predicted fluxes of oxygen across the sediment-water
interface. Limnol. Oceanogr., 31(2), 305-318

Reimers, C.E. (1987) An in-situ microprofiling instrument for
measuring interfacial pore water gradients. Deep-Sea
Research, 31, 305-318

Saager, P.M., Sweerts, J-P., and Ellermeijer, H.J. (1990)
A simple pore water sampler for coarse sandy sediments of
low porosity. Limnol. Oceanogr., 35(3), 747-751

Sakamoto-Arnold, C.M. and Johnson, K.S. (1987) Determination
of picomolar 1levels of cobalt in seawater by flow
injection analysis with chemiluminesence detection.
Analyt. Chem., 59, 1789-1794

Sayles, F.L. and Dickinson, W.H. (1991) The ROLAI?D lander:
a benthic lander for the study of exchange across the
sediment-water interface. Deep-Sea Research, 38(5), 505-
529

Sawlan, J.J. and Murray, J.W. (1983) Trace metal
remobilization in the interstitial waters of red clay
and hemipelagic marine sediments. Earth Planet. Sci.
Lett., 64, 213-230.

Shaw, T.J., Gieskes, J.W., and Jahnke, R.A. (1990) Early
diagenesis in differing depositional environments: The
response of transition metals in pore water. Geochim.

Cosmochim. Acta, 54, 1233-1246.



44
Soutar, A., Johnson, S., Fisher, K., and Dymond, J. (1981)
Sampling the sediment-water interface for an organic rich
surface layer. Trans. Am. Geophys. Union, 62, 905
Strickland, J. and Parsons, T. (1972) A_Practical Handbook

For Seawater Analysis. Ottawa, Canada, Canadian

Fisheries Research Board.
Wilson, T.R.S., Thomson, J., Hydes, D.J., Colley, S., Culkin,
F. and Sorenson, J. (1986) Oxidation Fronts in Pelagic

Sediments: Diagenetic Formation of Metal-Rich Layers.

Science, 232, 972-974



CHAPTER 3

Remineralization and Early Diagenesis of Copper

In Sediments Near the Los Angeles County Sewage Outfalls

45



46

Abstract

Copper fluxes from coastal sediments were calculated from
dissolved copper gradients 1in sediment pore waters and
directly measured with a free vehicle benthic flux chamber,
near the sewage outfalls of the L.A. County, California, Joint
Water Pollution Control Project (JWPCP). Dissolved copper
fluxes, determined by both methods, were in the range of 4 to
11 umol/m? /4. In contrast, the copper fluxes were 0.8
umol/m?* /d from sediments in Monterey Bay and 0.03 umol/m?/d
from sediments off Point Piedras Blancas. The high flux
values found near the outfalls represent approximately 66% of
the total effluent copper entering the ocean from the outfall
diffusers. This estimate is much higher than obtained
previously, but is consistent with recent studies in pelagic
sediments. Trace metal concentrations and fluxes indicate a
shallow (< 1 cm) dynamic region where trace metal mobility and
recycling plays a major role in the preservation of solid

phase copper in the outfall sediments.
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Introduction

The Southern California Bight is under the increasing
burden of 16 municipal wastewater facilities servicing the
industrial and domestic needs of the region's 15 million
people. The largest of these inputs is from outfall diffusers
of the Joint Water Pollution Control Plant (JWPCP) located in
60 m of water off the Palos Verdes Peninsula. This plant
services Los Angeles county and in 1988 was responsible for a
wastewater flow of 375 million gallons per day (1.42 x 10°
liters/day), of which 48% receives advanced primary treatment
and 52% receives secondary treatment. Mass emissions of
suspended solids have ranged from 170,000 metric tons/year in
the early seventies to 36,300 metric tons/year in 1988
(SCCWRP, 1986~1989). Wastewater derived particles exhibit
metal concentrations two to three orders of magnitude higher
than seen in natural marine sediments (Bruland, 1974;
Galloway, 1978).

The diagenetic fate of the metal-particle association
during and after deposition is the subject of ongoing
research. Early studies indicated that remineralization and
mobilization of heavy metals was minimal in anaerobic organic
rich sediments such as those adjacent to wastewater outfalls
(Morel et al., 1975). A key point to Morel's argument was that
deposition of sediments occurred within 24 hours of expulsion

from the outfall diffusers. Since metal mobilization was not
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believed to occur in anaerobic sediments, remineralization
must occur in the first 24 hours, to be significant. Solid
phase analysis and mass balance calculations of sediments
adjacent to the JWPCP outfall indicated that less than 10% of
the metals found in wastewater were incorporated into 1local
sediments (Galloway, 1978). It followed that most particulate
metals injected into the ocean from the JWPCP system were not
deposited in the adjacent sediments, but were instead
transported out to sea by coastal currents. The critical
review of published data by Katz and Kaplan (1981) supported
this view, yet they felt tenuous in their synthesis since
little data was available on dissolved heavy metals in the
interstitial waters near the Southern cCalifornia outfalls.
This lack of data was due in part to difficulties associated
with the extraction of pore waters, in combination with the
analytical and contamination problems associated with the
small sample volumes.

In contrast to the early studies of polluted coastal
sediments, the view that has emerged for trace metal cycling
in the unperturbed deep-sea sediments emphasizes the release
of dissolved metals from the sedimentary particulate phase.
Studies of dissolved copper in the pore waters of oceanic
sediments have demonstrated enrichments near the sediment-
water interface (Klinkhammer et al., 1982; Sawlan and Murray,

1983; Heggie et al., 1986). Fluxes estimated from these
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dissolved copper measurements indicated oxidation of
particulate organic matter near the sediment-water interface,
with an associated release of organically bound copper. This
suggested that some metal-particle associations are strongly
influenced by diagenetic processes and that extensive cycling
occurs before burial (Finney and Huh, 1988).

The differences between these two views of metal cycling
(metal-rich particle advection vs near-interface metal
remineralization) led us to re-examine the cycle of copper at
the sediment water interface in the JWPCP outfall region.
Samples were collected from three stations on two separate
occasions using both benthic flux chamber (Berelson and
Hammond, 1986) and whole core squeezer techniques (Bender, et
al., 1987). Samples were also collected from a shallow site
in Monterey Bay and an open ocean site off Pt. Piedras Blancas
for comparison of the outfall site to other ocean regimes.
The present study is the first known attempt to address the
pore water chemistry and diagenetic processes which lead to

trace metal fluxes in the outfall region.

Sampling and Analytical Procedures

The sediments and overlying water column were sampled at

three sites (Fig.l), chosen for their representation of the

historical sedimentary trace metal gradient (Galloway, 1979;
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Figure 1) (a) Historic distribution of solid phase Cu in the
surface sediment adjacent to the JWPCP outfalls after Galloway
(1979). (b) Location of sampling stations 1-6, occupied in
Feb. and Sept., 1991
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Hershelman, et al., 1981). This so0lid phase trace metal
signature is created by a general northwesterly flow of the
prevalent bottom current, below the thermocline. Sampling
stations 1 & 6 are located at the JWPCP outfall diffusers,
stations 3 & 4 at a site =12 km north of the outfall and
stations 2 & 5 at a site midway between the two. Sampling
periods were in February (Stns. 1,2,3) and September (Stns.
4,5,6) of 1991. Sediment pore waters were extracted and
analyzed to estimate metal fluxes across the sediment-water
interface. Benthic flux chambers were deployed at each site
to directly measure these fluxes.
Sediment Cores

Sediments were collected with a 30 cm? boxcore near the
outfalls and with 1250 cm? boxcore at Monterey Bay and Pt.
Piedras Blancas. Subcores were taken at sea with special
attention to avoiding trace metal contamination. Core tops
were sampled for pore waters to a depth of 3 cm using
modifications of the whole-core squeezing techniques of Bender
et al., 1987. Modifications include wutilization of a
regulated pneumatic ram to provide a constant sample flow for

in-line oxygen and pH sensors (Fairey et al., submitted). All

surfaces in contact with sample were acid-cleaned plastics
(acrylic, PVC, TFE, PE and PP). The core barrel i.d. of 10 cm
allows extraction of = 7 ml of sample for each millimeter of

piston displacement, in high porosity sediments. Samples were



52
filtered in-line (0.45 pm) during squeezing, and analyzed for
nutrients using standard colorimetric techniques (Strickland
and Parsons, 1972). The trace metals copper, manganese and
cobalt were determined using flow injection analysis with
chemiluminescence detection (FIA-CL) (Coale et al., in press;

Chapin et al., 1991; Sakamoto-Arnold et al., 1987). Prior to

the FIA-CL analysis, subsamples were diluted (1+25) with
purified Millipore Milli-Q water (MQ-water). Sediment solid
phase samples were sectioned at 2 mm intervals and analyzed
for porosity, organic carbon and organic nitrogen. Porosity
is expressed as per cent water, by volume, assuming a dry bulk
density of 2.6 g/cm® and a porewater salinity of 35%. Organic
carbon and nitrogen in the solid phase were determined with a
Perkin Elmer 440 Elemental Analyzer and are expressed as a
percentage of total sample weight.
Benthic Lander

A free vehicle benthic lander (Berelson and Hammond,
1986) was deployed at each site to directly measure the flux
of nutrients and trace metals from the sediments. Sediments
were incubated in-situ, under stirred benthic flux chambers,
as a time series of six aliquots of water was collected from
each of three chambers at preprogrammed intervals. Samples
were filtered (0.45 um) prior to analysis. Ooxygen
concentrations inside and outside of the chambers were

continuously monitored with a pulsed oxygen electrode



53
(Berelson et al., 1987). Sample aliquots were analyzed for
nutrients and metals as stated for pore waters. Subsamples
were diluted (1+7.5) with MQ-water prior to trace metal

analysis.

Results and Discussion

Copper, manganese and cobalt concentrations, measured in
pore waters along a transect at the outfalls, are shown in
Figure 2. Although measured metal concentrations in pore
waters were generally lowest at the site farthest north of the
outfall (Stn.4), it should be noted that these levels still
represent a 10-100 fold enrichment above the levels found in
the pore waters of other ocean stations (Fairey et al.,
submitted; Heggie et al., 1986; Sawlan and Murray, 1983).
Concentrations of copper in pore waters reached 1.8 uM (at 35
mm depth) at Stn. 4, while the highest measured copper values
were found at the outfall site (9.8 uM at 35 mm depth). 1In
comparison, dissolved copper concentrations in the pore waters
of sediments collected in Mcnterey Bay or off Pt. Piedras
Blancas are much lower than observed at any of the stations
off the Palos Verdes Peninsula (Fig. 3).

The vertical profiles of dissolved copper, measured in
the pore waters of unperturbed sediments off Pt. Piedras

Blancas and Monterey Bay, where anthropogenic inputs are much
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lower, exhibit shallow concentration maxima and a smooth
concentration decrease as depth increases in the sediments.
These profiles are much like those observed in the deep-sea
(Klinkhammer et al., 1982 and Shaw et al., 1990) where the
maxima are attributed to the release of bound copper, during
remineralization of particulate organic matter (POM), within
the shallow oxic region (Chester, 1991). The decrease in
dissolved copper concentrations with depth probably reflects
the adsorption of copper onto sold phase surfaces or the
precipitation of copper polysulfide minerals, such as

chalcocite or covellite (Emerson et al.,1983; Jacobs et _al.,

1985).

In contrast, measured concentrations of copper in pore
waters from the Palos Verdes stations nearest the outfalls
(Stns. 5 & 6), are much higher and increase continuously down
the core to a maximum sampling depth of 35 mm. Previous
studies have demonstrated a strong enrichment in sedimentary
copper around the outfall (Galloway, 1979). The high POM
content of the outfall sediments is demonstrated by solid
phase particulate organic carbon measurements at Stn. 6 of 5%
(by weight), in comparison to an average of less than 1% for
the Monterey Bay and Pt. Piedras Blancas stations. The
elevated copper concentrations in pore waters must reflect
extremely high rates of remineralization of sewage derived

POM, with an associated release of organically bound copper.
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Decreases 1in organic carbon with depth indicate continued
remineralization below the oxic front. This would occur in
concert with the predicted diagenetic series proposed for
anoxic sediments, through utilization of secondary oxidants
such as NO3, MnO,, Fey;03 and SOz.Z' (Froelich et al.,1979;
Berner, 1980; Chester, 1991). Sulfide concentrations of up to
20 mM have been measured in the top 5 cm of these sediments
(J. Childress, personal comm.). Since copper is a class B
metal ion with a very low solubility in the presence of
sulfide the accumulation of 1large dissolved copper
concentrations 1in the ©presence of sulfide was quite

unexpected. However, Emerson et al. (1983) have shown that

the formation of copper polysulfide complexes can lead to a
marked increase in copper solubility at the range of total
sulfide found in natural waters (1 to 6000 uM). Thermodynamic
calculations indicate that micromolar concentrations of
dissolved copper would be stable at sulfide concentrations
approaching 1mM. High sulfide concentrations that result from
the metabolic degradation of abundant sedimentary organic
matter, by sulphate reducing bacteria, must account for the
persistence of high dissolved copper concentrations in the
sediments near the outfalls. The presence of sulfides may also
be a possible explanation for the observed pH shifts (Fig. 4)
seen in the suboxic pore waters as metal-sulfide complexes are

formed.
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Figure 4) (a) Pore water profiles of Mn, Co and Cu at Station
(b) Pore water profiles of pH and oxygen at Station 4. pH was
determined with a Sensorex electrode placed in-line with
sample effluent. Oxygen was determined with an in-line
polarographic oxygen sensor. Comparison of figures (a) and
(b) indicate maximum trace metal remobilization at the same
depth as the pH minimum, above the anoxic interface.
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Interestingly, Stn. 4 exhibits a copper profile
intermediate between those seen closer to the outfall and
those seen in the more pristine sediments of northern
California. A shallow (5 mm) copper maximum is still seen,
although the general trend is a gradual increase in dissolved
copper with depth. This profile may characterize less
perturbed sediments where rapid near-surface remineralization
of copper from organic matter is balanced by minor copper
sulfide precipitation in the shallow oxic region.

The rapid remineralization of organic matter seen in
these sediments results in a diagenetic flux of metals and
nutrients across the sediment-water interface. We have used
the measured pore water profiles and gradients to calculate
flux values (J;) for metals and nutrients at each station

(Table 1), using Berner's (1980) diffusion model:
ac
Js = Dby

where
D= Dp ¢ (assumed f = ¢?)

¢= mean measured porosity

%g = change in vertical concentration gradient

The whole sediment diffusion coefficient, Ds, was calculated

by correcting the free solution diffusion coefficient for the
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Table 1. Calculated fluxes based on pore water gradients (C)
as well as measured fluxes from the benthic flux chambers(L).
Free-solution diffusion coefficients, used to calculate
diffusion in sediments, and their referenced sources are
given.

uMim%d | uM/m¥d | nM/m%d | nMim¥d | uMim®d | uMmd

Station | Depth(m) | Mn(L) Mn(C) Co(L) Co(C) Cu(L) Cu(C)
4 7 16.6 2.8 366 6.9 45 az
5 65 127 0.4 534 106 6.4 10.7
6 66 a7 05 -7.4 57 5.2 a9
MontBay | 100 0.6 5.9 0.8
Pled.Blan 99 0.2 13.2 0.02

uMmZd | uM/m¥d | mMimd | mMm%d | mMm%d | mMm3d

Station Depth(m) | NH,(L) NH,(C) PO,(L) PO,(C) 0,(L) 02(C)
4 77 2.5 0.2 -0.34
5 65 4.5 0.6 -0.52
6 66 3.9 1.8 -1.18

Mont.Bay 100 -0.30

Pled.Blan 99 -0.10

Free solution diffusion coefficients (D)

Léi; and Gregory, 1974

Mn, - 3.05 x 10, cmi/sec
Coz+ - 3.41 x 10_6 cmz/sec
Cu” - 3.41 x 10 cm /sec

Reimers and Sm_gth,2 1986
0, - 1.24 x 10~ cm /sec

Robinson and Stokes, 1959
NH; - 1.66 x 10~ cm/sec
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effects of tortuosity with an estimated formation resistivity
factor (f = ¢?). Free-solution diffusion coefficients, Dy,
were taken from the sources listed in Table 1. Complex depth
dependent terms for compaction and porosity were not included
since these factors generate errors of 4% or less in flux
calculations (Klump and Martens, 1989). Therefore, a mean
value of measured porosities from the top 1 cm was used for
each station. The highest calculated fluxes from the outfall
region were at the mid-station (Stn. 5) for copper (10.7
umoles/m? /d) . Copper fluxes at Stn. 6 and Stn. 4 were 4.9
pmoles/m? /d and 4.7 pmoles/m? /d, respectively. In comparison
to the outfall region, copper fluxes were considerably lower
at Monterey Bay (0.8 pmoles/m?/d) and Pt. Piedras Blancas
(0.02 pumoles/m?/d). Cobalt fluxes were also highest at Stn.
5 (10.6 nmoles/m?*/d) while the highest flux for manganese (2.8
pmoles/m? /d) was from Stn. 4. The outfall station (Stn. 6)
showed the largest flux of ammonia (1.3 umcles/m?/d).

Mean values for measured metal concentrations in the
three benthic chambers, at Stns. 4, 5 & 6, are plotted versus
time in Fig. 5. Linear regressions of the change in metal
concentration, within the chambers over the duration of the
deployment, are used to determine benthic fluxes at each
station. Correlation coefficients (R?) were >0.9 for
manganese and cobalt, but scatter in the copper data only gave

R? values of <0.6. The lander may have contaminated the benthic
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chamber samples with copper, because initial draws were often
substantially higher in copper than the bottom water. This
was not so for manganese and cobalt. We have not included any
chamber data where the initial sampling values suggested
contamination.

Benthic flux measurements determined with the lander are
presented in Table 1. The copper fluxes determined with the
lander agree well with the copper fluxes estimated from the
pore water data. Copper fluxes appear to be driven by the
regeneration of Cu from below the sediment-water interface
where the highest copper concentrations are found.
Stabilization of these high dissolved copper concentrations is
realized by the formation of copper polysulfide complexes
(Emerson et _al., 1983). On the other hand, lander and pore
water estimates of benthic flux do not agree for Mn and Co.
We believe this discrepancy for Mn and Co arises because their
remineralization is maximal ih the sediment's fluff layer

(Johnson et _al., submitted); a region not easily sampled with

a box corer. Gradients in pore waters may not be sampled with
sufficient depth resolution to accurately estimate Mn and Co
fluxes. Mn and Co are also further influenced by metal oxide
interface cycling and show low solubility under high sulfide
conditions. Estimates from pore water profiles therefore tend
to underestimate the flux of these elements. Under these

conditions it is reasonable to expect Mn and Co fluxes not to
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agree for both methods.

Solid phase data is shown in Fig.6 and shows organic
carbon, organic nitrogen and porosity all highest at the
outfall station. Carbon/nitrogen ratios can be useful as
indicators for the incorporation of sewage derived organic
matter into sediments (Morel et al., 1975). Measured
carbon/nitrogen ratios fall within the range of 11.6 - 29.7
reported for the outfall region by Sweeney et al. (1980) and
the C/N ratio of 12:1 at the outfall station is similar to
that of the reported discharge effluent at about 13:1. This
supports Sweeney's conclusions that sediments near the
outfalls are largely derived from wastewater particles. 1In
contrast, the C/N ratio in sediments from Monterey Bay were
7:1 and 8:1 from Pt. Piedras Blancas, with the lower ratios
reflecting a natural marine particle component. At mid-
station 5, where copper and cobalt fluxes were the highest,
the C/N ratio reaches 25:1. Changes in the C/N ratio can be
attributed to the preferential utilization of proteins during
bacterial degradation of organic matter (Gordon, 1971). It is
difficult to estimate the extent of bacterial degradation by
C/N ratios alone, but it appears that in sediments with higher
C/N ratios the natural decomposition process has proceeded
further than in sediments with lower ratios. Assuming the
sedimentation rates are similar at all three stations, the

high C/N ratios seen at Stn. 5 should reflect high rates of
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66

remineralization of organic matter, with an associated release
of metals. This is supported by the correlation (r:=0.89)
between C/N ratios and copper fluxes for all stations off
Palos Verdes, Monterey Bay and Pt. Piedras Blancas (Fig. 7).
These factors lend support to the argument that the large
copper fluxes from the outfall region are dependent on the
remineralization of sewage derived organic carbon near the
sediment-water interface.

To estimate the significance of these flux values, we
constructed a copper budget for the JWPCP wastewater outfall
region (Fig 8). For this model metals were assumed to be
associated with settling particles over an area 20 km long and
5 km wide. This 100 km* area was chosen to encompass our
study area and the region of superficial sediment enrichments

of trace metals reported by Hershelman et al. (1981). The

1988 annual mass emissions for copper from the outfall
(SCCWRP, 1986-1989) are used to calculate the flux of copper
into the sediments as 8.3 umoles/m? /d. Mean Cu fluxes out of
the sediments, calculated from pore waters and flux chambers,
are 5.5 * 2.8 pumoles/m*/d and 5.4 * 0.8 umoles/m?/d,
respectively. An average flux determined from these two
methods would account for remineralization of approximately
66% of the total effluent copper discharged on a daily basis.
The fraction remineralized may actually be higher if some of

the particulate copper is remineralized prior to settling.
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Figure 8) Copper budget for the 100 km? outfall region. All
flux values are in pmoles/m?/d. Jgrfanl Was calculated by
distributing total 1988 JWPCP effluent copper (SCCWRP, 1986-
1989) over the outfall region. Jgiss is calculated from Paulson
et al. (1991) estimates that 25% of effluent copper is
remineralized prior to settling. Atmospheric inputs are
estimated from Chester (1991). Burial estimates are made from
solid phase data of Galloway (1979) and Hershelman (1981).
Jremin 1S an average flux value calculated from pore water
gradients and benthic flux chamber measurements at sampling
stations during February and September. Juans iS a net term
from Jgiss and Jremin ©Stimating transport of copper out of the
outfall region.
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A recent study by Paulson et al. (1991) examined the
remobilization of copper from marine particulate matter and
from sewage. They found that when mixing primary sewage
effluent with natural seawater, 40% of the dissolved copper
was initially lost from solution due to flocculation, followed
by remobilization of 25% of the total effluent Cu within 15
min to 4 days. This yielded remobilization rates from sewage
which were about two orders of magnitude higher than that from
natural marine organic matter.

If approximately 25% of total effluent Cu is
remineralized from settling particles as suggested by Paulson

et al. (1991), and approximately 66% is remineralized in pore

waters as suggested by this study, then little copper would be
retained in the solid phase. This could explain why solid
phase studies (Galloway, 1979; Hershelman et al., 1981) found
less than 10% of the effluent metals in the outfall sediments.

Intense recycling of copper at the sediment-water
interface has been proposed in recent studies of metal
geochemistry from open ocean sediments. Callender and Bowser
(1980) found regeneration of copper from pelagic sediments of
the northeastern Pacific to be > 90%. Klinkhammer (1980)
estimated dissolved copper fluxes from sediments of the
eastern Pacific to be near 100% of sedimentary inputs and in

a later study (Klinkhammer et al., 1982) suggested that core

top copper maxima indicated that diagenetic remobilization of
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copper was restricted to a thin layer at the interface, where
the most intense carbon remineralization occurs. Cu/carbon
ratios were used by Sawlan and Murray (1983) to explain near
surface copper enrichments as a result of aerobic oxidation of
labile organic carbon. They suggested that this
remineralization results in the recycling of 75% of the copper
reaching the sediments. We believe a similar type of intense
recycling, as proposed for these open ocean sediments, is also
occurring in the organic rich sediments found off the Palos
Verdes Peninsula.

The study by Shaw et al. (1990) suggests that metal
mobility may include seasonal or event linked responses, and
examination of the early results from this study indicate the
possibility of seasonal fluctuations. Pore water Cu was
analyzed both in Feb. and Sept. and a seasonal response of
increased summer flux of copper is suggested by Figure 9.
Sediment trap fluxes measured near the JWPCP outfall in 1986
and 1987 show a seasonal increase in particles during winter
(SCCWRP, 1986-1989). An increase in metal flux might be
expected, but the particle increase is from storm surge
resuspension of sediments and storm runoff, both of which have
low organic content. Distinct seasonal cycles in the
remineralization of sedimentary organic matter has been
described as a biological metabolic response to temperature

oscillations (Klump and Martens, 1989), but the question of
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possible decreases in metal fluxes during winter is an area
still open for further study.

The value in this study comes from addressing the long
standing paradigms that 1) Heavy metals from sewage outfalls
are rapidly buried in sediments and 2) Metals are transported
from the region with associated effluent particles. Our data
contradicts these earlier theories and demonstrates large
dissolved copper fluxes from outfall sediments. It is our
belief that these fluxes are a result of oxic bacterial
degradation of sewage particles with a subsequent release of
the organically bound metal. These processes appear to be
similar to those operating in deep-sea sediments. Much of the
knowledge accumulated from studies of these pelagic systems
may be applicable to studies of degraded coastal sediments
such as occur off the Palos Verde Peninsula. This work begins
to establish a pattern where trace metal mobility and
recycling, from the sediment's superficial layer, plays a
major role in the water column chemistry and sediment
diagenesis of the outfall region. It is critical that future
studies take notice of this shallow dynamic layer so that
regulatory sewage treatment policies are made with full

knowledge of trace metal mobility.
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81

The region of sediment near the sediment-water interface
is a dynamic and complex zone of chemical and biological
activity. The purpose of this study was to develop methods
which would accurately sample the pore waters of this region
and provide new data on the early diagenetic fate of trace
metals. The modified whole core squeezing technique which has
evolved through the course of this study has proven to be an
effective, reliable and rapid method for the extraction of
pore waters from sediments. Its use in addressing trace metal
geochenistry has produced unique data over a wide range of
physical and environmental conditions. The interpretation of
this data is providing valuable clues to the understanding of
trace metal cycling between sediments and the water column.
Continued use of this technique is recommended for the study
of trace metals in open ocean, nearshore and polluted
sediments. Modifications of this technique may extend its
usefulness to the study of other inorganic and organic
compounds in sediments as well. The use of this technique, in
determining chemical fluxes from the near interface region,
should prove extremely valuable to the study of toxins and
pollutants in marine and freshwater sediments. The work and
data presented in this thesis should provide a strong

foundation for continued research in this field.
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