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ABSTRACT 30 

 31 

The purpose of this research is to characterize the mobilization and 32 

immobilization processes that control the authigenic accumulation of uranium (U), 33 

rhenium (Re) and molybdenum (Mo) in marine sediments.  We analyzed these redox–34 

sensitive metals (RSM) in benthic chamber, pore water and solid phase samples at a site 35 

in Buzzards Bay, Massachusetts, U.S.A., which has high bottom water oxygen 36 

concentrations (230–300 mol/L) and high organic matter oxidation rates (390 mol 37 

C/cm
2
/y).  The oxygen penetration depth varies from 2–9 mm below the sediment–water 38 

interface, but pore water sulfide is below detection (< 2 M).  The RSM pore water 39 

profiles are modeled with a steady–state diagenetic model that includes irrigation, which 40 

extends 10–20 cm below the sediment–water interface.  To present a consistent 41 

description of trace metal diagenesis in marine sediments, RSM results from sediments in 42 

Buzzards Bay are compared with previous research from sulfidic sediments (Morford et 43 

al., GCA 71).   44 

 Release of RSM to pore waters during the remineralization of solid phases occurs 45 

near the sediment–water interface at depths above the zone of authigenic RSM formation.  46 

This release occurs consistently for Mo at both sites, but only in the winter for Re in 47 

Buzzards Bay and intermittently for U.  At the Buzzards Bay site, Re removal to the solid 48 

phase extends to the bottom of the profile, while the zone of removal is restricted to ~2–9 49 

cm for U and Mo.  Authigenic Re formation is independent of the anoxic 50 

remineralization rate, which is consistent with an abiotic removal mechanism.  The rate 51 

of authigenic U formation and its modeled removal rate constant increase with increasing 52 

anoxic remineralization rates, and is consistent with U reduction being microbially 53 

mediated.  Authigenic Mo formation is related to the formation of sulfidic 54 

microenvironments.  The depth and extent of Mo removal from pore water is closely 55 

associated with the balance between iron and sulfate reduction and the consumption of 56 

pore water sulfide via iron sulfide formation.  Pore water RSM reach constant asymptotic 57 

concentrations in sulfidic sediments, but only pore water Re is constant at depth in 58 

Buzzards Bay.  The increases in pore water U at the Buzzards Bay site are consistent with 59 

addition via irrigation and subsequent upward diffusion to the removal zone. Deep pore 60 
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water Mo concentrations exceed its bottom water concentration due to irrigation–induced 61 

oxidation and remobilization from the solid phase.  In sulfidic sediments, there is no 62 

evidence for higher pore water U or Mo concentrations at depth due to the absence of 63 

irrigation and/or the presence of more stable authigenic RSM phases.   64 

 There are good correlations between benthic fluxes and authigenic accumulation 65 

rates for U and Mo in sulfidic sediments.  However, results from Buzzards Bay suggest 66 

irrigation ultimately results in the partial loss of U and Mo from the solid phase, with 67 

accumulation rates that are 20–30% of the modeled flux.  Irrigation can augment (Re, 68 

possibly U) or compromise (U, Mo) authigenic accumulation in sediments, and is 69 

important when determining burial rates in continental margin sediments.  70 

71 
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1. INTRODUCTION 72 

 73 

Concentrations of redox–sensitive trace metals (RSM) in sediment cores have 74 

been used to determine the magnitude of and drivers for past changes in reducing 75 

conditions.  Uranium (U), rhenium (Re) and molybdenum (Mo) have received attention 76 

as promising paleotracers (e.g., Calvert and Pedersen, 1993; François et al., 1997; Dean 77 

et al., 1997, 1999; Rosenthal et al., 1995; Crusius et al., 1996; Anderson et al., 1998; 78 

Crusius and Thomson, 2000; Adelson et al., 2001; Nameroff et al., 2004; Meyers et al., 79 

2005; Algeo and Lyons, 2006; Tribovillard et al., 2006).  These RSM are all generally 80 

conservative species in the ocean.  Most simply, U, Re and Mo are soluble under oxic 81 

conditions and precipitate (or adsorb) under anoxic conditions (bottom water oxygen 82 

concentration equals zero, O2,bw = 0).  Inconsistent and contradictory conclusions from 83 

RSM distributions in sediments are presumably due to a lack of known mechanisms for 84 

RSM accumulation in and/or remobilization from sediments (François et al., 1997 vs. 85 

Chase et al., 2001; Nameroff et al., 2002).  Understanding RSM geochemical cycling is 86 

further complicated by our present understanding of their respective ocean mass balances.  87 

Previous global mass balances based on sediments from greater than 1000 m water depth 88 

have suggested that sinks balance sources for U and Mo, whereas sinks are greater than 89 

sources for Re (Morford and Emerson, 1999).  The role of sediments from less than 1000 90 

m water depth as sinks, sources or neutral zones for RSM has not been as thoroughly 91 

investigated.  The role of continental margin sediments has been recently re–evaluated to 92 

emphasize that these sediments represent a sink larger than anoxic sediments for Mo, but 93 

its magnitude is still uncertain (see discussion in McManus et al., 2006). 94 

Diagenetic reactions that obscure the connection between authigenic metal 95 

accumulation and reducing conditions at the time of accumulation may further 96 

complicate the interpretation of RSM in sediments.  Diagenetic alteration is of particular 97 

importance in coastal areas with seasonal variations in organic carbon flux to sediments, 98 

bottom water oxygen concentration, oxygen penetration depth and extent of bioturbation 99 

and irrigation.  For example, under oxic conditions surface sediment layers of manganese 100 

oxides and/or iron oxyhydroxides (which will be referred to more generally as oxides 101 

throughout this paper) provide reactive surfaces for trace metal adsorption.  Seasonal 102 

shoaling in the oxygen penetration depth (O2,pen) results in reductive dissolution of Mn 103 
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and/or Fe oxides, thereby releasing adsorbed species to pore waters and overlying waters.  104 

Insight on the potential for RSM remobilization from sediments would clarify processes 105 

that can compromise RSM accumulation in sediments. 106 

In this paper, we present solid phase and pore water results from sediments from 107 

Buzzards Bay, Massachusetts (U.S.A.) from late winter (March 2003), early spring (April 108 

2001) and summer (August 2003, 2004).  The pore water results are interpreted by 109 

applying a one–dimensional diffusion–reaction model that includes irrigation to discern 110 

controls on RSM cycling in marine sediments.  The results from Buzzards Bay are 111 

compared with results from another coastal setting with sulfidic sediments (Hingham 112 

Bay, Massachusetts; Morford et al., 2007).  Differences in RSM behavior between 113 

Buzzards and Hingham bays can be explained by differences in both irrigation and redox 114 

conditions.  Possible explanations are tested through a systematic examination of the 115 

seasonal variability of rates of benthic processes and the effects of irrigation based on 116 

results from traditionally sliced and centrifuged sediment cores, polyacrylamide gel 117 

probes, and benthic chambers.  With these results, we present a consistent description of 118 

RSM diagenesis in marine sediments. 119 

 120 

1.1. Background 121 

 122 

Previous information on the geochemical behavior of RSM has been dominated 123 

by two approaches: 1) field–based research and 2) experiment–based research.  Field–124 

based research, which couples extensive analyses of RSM with information on ancillary 125 

species in well–studied areas, has yielded insight regarding the cycling of RSM in 126 

sediments. U can be delivered to sediments via solute diffusion from bottom water and as 127 

a particulate non–lithogenic phase (Klinkhammer and Palmer, 1991) that is labile under 128 

oxic conditions but is preserved in sedimentary solids when bottom water O2 129 

concentrations are < 25 mM (Anderson, 1982; Zheng et al., 2002b).  U is removed from 130 

pore waters coincident with either Fe reduction or sulfate reduction (e.g., Cochran et al., 131 

1986; Klinkhammer and Palmer, 1991; Barnes and Cochran, 1993; Zheng et al., 2002a).  132 

Previously accumulated solid phase U can be released to bottom waters or pore waters 133 

through the oxidation of reduced U solid phases (Shaw et al., 1994). This remobilization 134 

may be observed through increasing pore water U concentrations below its depth of 135 
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removal (Cochran et al., 1986; Barnes and Cochran, 1991; Zheng et al., 2002a; Chaillou 136 

et al., 2002).  Re accumulation in sediments occurs below the U removal depth, whereas 137 

either low oxygen or sulfidic bottom waters are required for Mo accumulation in 138 

sediments (Emerson and Huested, 1991; Crusius et al., 1996; Zheng et al., 2000; Morford 139 

et al., 2005).  In turbidites, the reimmobilization process after oxidation occurs over a 140 

relatively short depth range for U whereas the reimmobilization of Re occurs over a 141 

longer depth range (Crusius and Thomson, 2000), which is consistent with slower 142 

precipitation kinetics for Re (Sundby et al., 2004).  143 

Detailed laboratory experiments have resulted in proposed mechanisms that 144 

control RSM geochemical cycling.  U reduction is microbially mediated, as Fe(III)– and 145 

sulfate–reducing bacteria obtain energy from the reduction of U(VI) to U(IV) or (III) 146 

(e.g., Lovely et al., 1991; Francis et al., 1994; Tucker et al., 1996; Senko et al., 2002; 147 

Sani et al., 2004).  The oxidation of previously reduced U is rapid and results in a release 148 

of U to the aqueous phase (Cochran et al., 1986; Anderson et al., 1989).  Experimentation 149 

suggests that Re removal to the solid phase is slow under reducing conditions (Yamashita 150 

et al., 2007).  Wharton et al. (2000) observed that Re loss from the solid phase is limited 151 

during oxidation of Re–S–Fe clusters.  Mo can transition from a conservative molybdate 152 

anion to a particle–reactive thiomolybdate anion (MoO4
2-

 to MoO4-xSx
2-

, x=1–4; Helz et 153 

al., 1996) in the presence of H2S.  Iron sulfide mineral phases can adsorb molybdate, but 154 

thimolybdates are more effectively scavenged from the aqueous phase (Helz et al., 2004).  155 

Bostick et al. (2003) further showed that molybdate adsorbs weakly and reversibly to 156 

FeS2, whereas tetrathiomolybdate is irreversibly retained on FeS2 through the formation 157 

of surface Mo–Fe–S cubane structures. 158 

A few studies have successfully combined both the field– and experimental–based 159 

approaches to generate mechanistic interpretations of RSM distributions in sediments and 160 

pore waters (Cochran et al., 1986; Barnes and Cochran, 1993; Helz et al., 1996; 161 

Yamashita et al., 2007).  The research presented here also represents a bridge between 162 

these two research approaches.  Our field–based approach focuses on RSM and 163 

associated species in a seasonal study of sediments from Buzzards Bay.  Our pore water 164 

profiles are further interpreted using a one–dimensional diffusion–reaction model that 165 
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includes irrigation.  These results suggest a coherent model regarding the diagenesis of 166 

RSM.  167 

 168 

1.2. Study Site 169 

 170 

Buzzards Bay is located in southern Massachusetts, USA, in the northwest 171 

Atlantic Ocean (41 31 10.3 N, 70 45 52.0 W; Figure 1; Table 1).  It experiences a 172 

productivity maximum that extends from June to November or December (Roman and 173 

Tenore, 1978).  The carbon flux to the sediment–water interface at this site has been 174 

measured as 400–600 mol C/cm
2
/yr (McNichol et al., 1988), and the carbon flux was 175 

390 mol C/cm
2
/yr during this work.  The water depth at the sampling site is 15 m and is 176 

near Weepecket Island.  Nearby locations have been sites for numerous studies of 177 

sediment geochemistry (McNichol et al., 1988; Rowe and McNichol, 1991) and seasonal 178 

changes in bioturbation and irrigation (Martin and Sayles, 1987; Martin and Banta, 179 

1992).  Bottom water temperatures vary in a sinusoidal manner, with a minimum of 4
o
C 180 

in January and a maximum of ~22
o
C in July (this study; Banta, 1991; Rosenfeld et al., 181 

1984).  Bottom water salinity varies slightly during the year and has a mean value of 31.6 182 

 0.3 psu (Rosenfeld et al., 1984).  Results from this work show maximum bottom water 183 

oxygen concentrations were measured in March (302 mol/L) relative to minimum 184 

concentrations in August (230 mol/L).   185 

The sediments are 17% silt and 93% silt/clay (Moore, 1963).  The sedimentation 186 

rate in this area of Buzzards Bay is between 0.05 cm/yr as determined by 
14

C (McNichol 187 

et al., 1988) and 0.3 cm/yr as determined by 
210

Pb (Brownawell, 1986).  Deposit–feeders 188 

dominate in sediments, accounting for 70–90% of the benthic fauna (Sanders, 1958).  189 

 190 

2. METHODS AND ANALYTICAL PROCEDURES 191 

 192 

2.1. Sampling Methods 193 

 194 

Visually undisturbed cores were collected by SCUBA divers with 10.7 cm–195 

diameter polycarbonate core liners.  Cores were kept cool by surrounding them with ice 196 

packs during transport to a refrigerated room (~4°C) where they were sampled in a N2 197 
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atmosphere within 4 hours of collection exactly as described in Morford et al. (2007).  198 

Sampling resolution was 0.3 cm over the top ~1.5 cm, 0.5 cm from ~1.5 to 4 cm, and 1–2 199 

cm deeper than 4 cm.  Pore waters were sampled under N2 for nitrate+nitrite, ammonium, 200 

sulfate, sulfide, TCO2 and trace metals (Morford et al., 2007).  An additional core was 201 

allowed to come to room temperature ~24 hours after collection to determine porosity 202 

and sediment resistivity. 203 

 Two additional sediment cores were incubated in the cold room for  ~24 hours, 204 

during which time the water overlying the sediments was continuously exchanged with a 205 

large reservoir of recovered bottom water from Buzzards Bay.  In April 2001, oxygen 206 

was also bubbled into the overlying waters during the incubation.  Of the two incubated 207 

cores, the pore waters in one core were equilibrated with polyacrylamide gel housed in a 208 

pair of acrylonitrile butadiene styrene probes (DGT Research, Ltd., modified as described 209 

in Morford et al., 2003).  Following a 24–hour equilibration period (Morford et al., 2003), 210 

the probes were removed from the sediments and discrete gel sections were stored in pre–211 

weighed microcentrifuge vials that contained dilute HNO3 (5% Fisher Optima grade) for 212 

trace metal analysis.  The sampling resolution varied from 0.3 cm at the top to 1 cm at the 213 

bottom (Morford et al., 2003).  The second incubated core was sectioned and sampled at 214 

the end of the 24–hour period to determine any change in the reducing conditions in the 215 

sediments due to the incubation (Morford et al., 2003). 216 

 Benthic fluxes were measured directly using in situ benthic flux chambers (Sayles 217 

and Dickinson, 1991), operating in O2–controlled mode.  The concentration of O2 in the 218 

chamber water was held steady by continuous pumping of bottom water through silicone 219 

tubing, coiled within the overlying water in the chamber.  A steady–state was reached, in 220 

which the rate of addition of O2 by diffusion across the tubing equaled the rate of loss by 221 

sedimentary O2 consumption (Morford et al., 2007).  NaBr was added to the overlying 222 

water at the start of each deployment to increase the dissolved Br
–
 concentration to ~5 223 

times its in situ concentration.  Transport of solutes across the sediment-water interface 224 

and within the sediments by nondiffusive processes was quantified by studying the 225 

temporal and spatial distributions of the Br
–
 concentrations.  Experimental procedures 226 
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and interpretations of these results are described in Martin and Banta, 1992; Sayles and 227 

Martin, 1995; Martin and Sayles, 2004; Morford et al., 2007. 228 

 An in situ microelectrode profiling instrument was used to determine pore water 229 

oxygen and oxygen penetration depth (O2,pen).  Each deployment resulted in duplicate or 230 

triplicate profiles of pore water oxygen.  231 

 232 

2.2. Analytical Procedures 233 

 234 

 Pore water nutrients were determined with an uncertainty of ≤ 3% for duplicate 235 

samples by autoanalyzer using methods adapted from Glibert and Loder (1977).  TCO2 236 

was analyzed using a Licor analyzer (O’Sullivan and Millero, 1998; Morford et al., 237 

2007).  The range was ±10 µmol/kg for flux chamber samples and was ±20 µmol/kg for 238 

duplicate pore water samples.  Oxygen analyses were by small–volume Winkler titration 239 

on duplicate samples with a range of ±2%.  Dissolved sulfide was measured using the 240 

Cline (1969) method with a detection limit of 2 µM.  Br¯ was determined by ion 241 

chromatography on duplicate samples with an uncertainty of ±3%.  242 

 All pore water samples and U, Mo and Re in solid phase digests were analyzed 243 

using either a Finnigan ELEMENT I (April 2001 samples) or an ELEMENT II (all 244 

others) high–resolution inductively coupled plasma–mass spectrometer (ICP–MS) at the 245 

Woods Hole Oceanographic Institution.  A separate aliquot of the solid phase digest was 246 

analyzed for Al, Fe and Mn using a Spectro Ciros CCD ICP–optical emission 247 

spectrometer (ICP–OES) at Franklin & Marshall College.  Replicate measurements of 248 

CASS–4 (Nearshore Seawater Reference Material for Trace Metals, National Research 249 

Council Canada, NRCC) and overlying water samples were used to determine accuracy 250 

and precision for the pore water and benthic chamber measurements.  Replicate 251 

measurements of PACS–2 (Marine Sediment Reference Materials for Trace Metals and 252 

other Constituents, NRCC) were used to assess accuracy and precision of the solid phase 253 

digest samples. 254 

 255 

2.2.1. Trace metal analyses in pore water and benthic chamber samples 256 

 257 

 U and Mo benthic chamber samples and pore water samples from August 2004 258 

were measured using isotope dilution (
236

U and 
95

Mo, respectively), and duplicate 259 
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analyses of samples suggested the precision was ≤ 3% (4 sets of duplicates).  Pore water 260 

and gel probe samples were 20–fold diluted with 5% HNO3 (Fisher Optima grade) and 261 

analyzed using a modified version of the Rodushkin and Ruth (1997) method.  Internal 262 

standards (Sc, In, Cs, Lu) were used to quantify Mn, Fe, U, Mo and Re (most of the Re 263 

samples were preconcentrated prior to analysis, see later section).  Measurements of 264 

overlying water samples and benthic chamber samples that were taken one hour after 265 

deployment approximate expected seawater concentrations (Table 2).  Replicate 266 

measurements of the standard seawater solution CASS–4 indicate that the instrumental 267 

method precision for a 20–fold diluted seawater solution was < 6% for Mo, < 9% for U 268 

and < 17% for Mn.  The measured U concentration was similar to the suggested value for 269 

the CASS–4 standard.  The average concentrations of Mo and Mn were within their 270 

respective certified 95% confidence ranges.  The measured Mn concentration (0.048  271 

0.008 mol/kg) had worse precision than the certified 95% confidence range (0.0496  272 

0.003 mol/kg) due to the extremely low concentration in the standard.  Many of the 273 

samples analyzed during this research had at least an order of magnitude higher 274 

concentration.  Replicate pore water samples (13 sets of duplicates) suggested similar 275 

precision relative to replicate CASS–4 measurements: < 11% for Mn and Fe when 276 

concentrations were greater than 5 mol/kg, < 7% for Mo, and < 9% for U except for two 277 

pairs of replicates that were < 15% for U.  278 

 279 

2.2.2. Solid phase analyses 280 

 281 

 The solid sample remaining after centrifugation was freeze–dried and ground for 282 

solid phase analyses.  Dried solid phase samples were completely dissolved using a 283 

modification of the method of Murray and Leinen (1993) as described by Morford and 284 

Emerson (1999), which included concentrated HF, HCl, HNO3 and 30% H2O2.  The 285 

peroxide was A.C.S. grade.  All of the acids used during the dissolution were trace–metal 286 

grade, but the final dilution was completed with Fisher Optima grade nitric acid.  The 287 

average measured concentrations of the PACS–2 standard were within the 95% 288 

confidence level for the standard for Mo, Al, Fe and Mn (Table 3).  The U concentration 289 

was lower than the recommended value for PACS–2.  The precision for replicate analyses 290 
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of PACS–2 was < 2% for Al, Fe, Mn, and Re, and < 5% for U and Mo.  The 291 

reproducibility of duplicate samples (5 sets) was  7% for all metals. 292 

 Excess 
234

Th and 
210

Pb were analyzed by direct counting on Canberra LeGe 293 

detectors (Sayles et al., 2001).  Porosity and resistivity were determined by the methods 294 

of Manheim et al. (1974) and Andrews and Bennett (1981), respectively, using 295 

procedures described previously (Martin and Sayles, 2004). 296 

 297 

2.2.3. Rhenium analyses 298 

 299 

 April 2001 pore water samples were analyzed for Re using the modified 300 

Rodushkin and Ruth (1997) method.  Other pore water, benthic chamber, and all 301 

dissolved solid phase samples were manually preconcentrated for Re (Morford et al. 302 

2005; Colodner et al. 1993).  Samples were combined with an isotope spike enriched in 303 

185
Re and preconcentrated using AG1-X8 100–200 mesh chloride–form resin (Biorad).  304 

The resin had been cleaned and conditioned with HNO3 (Fisher Optima grade).   305 

 Samples of CASS–4 were analyzed repeatedly to determine the precision of the 306 

Re preconcentration method.  Although this standard is not certified for Re, the average 307 

measured concentration was similar to the expected Re concentration adjusting for the 308 

salinity of the CASS–4 standard (Table 2).  Duplicate sample measurements suggested 309 

that the range of the preconcentration method was always within 2%.  The average 310 

concentrations of overlying water and benthic chamber (t=1 hour) samples are similar to 311 

the expected Re concentration, adjusting for the average salinity in Buzzards Bay (Table 312 

2).  Samples of PACS–2 were analyzed repeatedly to determine the precision of the solid 313 

phase digestion and preconcentration method, which was < 2%.  The range for duplicate 314 

analyses of five different samples that were individually dissolved and preconcentrated 315 

was ≤ 7%. 316 

 317 

2.2.4. Determining U oxidation states in pore waters 318 

 319 

 Uranium speciation was determined for pore water samples recovered in August 320 

2004 following the method of Cochran et al. (1986).  Whereas the Cochran et al. (1986) 321 

method required 100–200 mL of pore water, this method was applied to two–mL samples 322 

of filtered pore water that were adjusted to 4 M HCl by adding trace metal grade 12 M 323 
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HCl.  All column separations were done in a N2–filled glove bag.  Each sample was 324 

loaded onto a column (Dowex 1x8–200 ion exchange resin, Acros Organics) and washed 325 

with 4 M HCl to remove U(IV) but retain U(VI) on the resin.  Aliquots of 0.1 M HCl 326 

were used to elute the U(VI) fraction.  A second series of three aliquots of 0.1 M HCl was 327 

added to the column to verify that all of the U(VI) was eluted.  A check sample suggested 328 

that 99% of the U(VI) was removed in the first elution.  A 
236

U isotope spike was 329 

gravimetrically added to the U(VI)–containing effluent and no further sample purification 330 

was done prior to analysis using the ICP–MS at WHOI.  The U(VI) concentration was 331 

determined and compared to the total U concentration measured in a separate fraction of 332 

the sample prior to column separation.  The U(IV) fraction was not separately quantified. 333 

 334 

3. A MODEL FOR U, MO AND RE DIAGENESIS 335 

 336 

 The pore water profiles for U, Mo and Re are interpreted using a one–dimensional 337 

steady–state model.  This modeling effort is a means to (1) use a curve–fitting procedure 338 

to estimate the profile slopes at the sediment–water interface and at the top of the 339 

removal layer, and (2) provide a quantitative means of comparing the behaviors of the 340 

three RSM.  In applying a steady–state model to the temporally variable Buzzards Bay 341 

sediments, we assume that the time scale of seasonal change is long relative to the RSM 342 

reaction rates.  This model is similar to the model presented in Morford et al. (2007), with 343 

the exception that nondiffusive transport has been incorporated into the model to improve 344 

the interpretation of the Buzzards Bay pore water profiles. 345 

 The steady–state diagenetic pore water model takes the form: 346 

  (1) 0
d

dx
Di,sed

dCi

dx

d

dx
Ci R i i Cbw Ci   347 

At the surface (x=0), the pore water concentration equals the bottom water concentration 348 

(C=Cbw). At the bottom boundary (x = xmax), dC/dx = 0. The sediment porosity is  349 

(cm
3

pw/cm
3

sed), and Di,sed is the sedimentary diffusion coefficient of solute i. The 350 

concentration of the solute in pore waters is Ci, and its concentration in bottom water is 351 

Cbw. Concentration units are nmol or pmol/cm
3

soln. Ri is the reaction rate of solute i (nmol 352 

or pmol/cm
3

soln/y). The irrigation rate parameter for solute i is i (1/y). The pore water 353 
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burial rate ( ) is calculated from the sediment burial rate (Berner, 1980) determined from 354 

radiocarbon data by McNichol et al. (1988).  355 

Diffusion coefficients: The sedimentary diffusion coefficient (Di,sed) is calculated 356 

from the pore water diffusion coefficient (Di,pw) as follows: 357 

 (2)  Di,sed

Di,pw

F
Di,pw

1

 
358 

The pore water diffusion coefficient (Dpw) is assumed to be equal to the ionic 
359 

diffusion coefficient in seawater (Dsw).  The seawater diffusion coefficient for Mo (9.91 x 
360 

10-6 cm2/s at 25oC) was taken from Li and Gregory (1974).  The Dsw for U was assumed 
361 

to be equivalent to that of Mo (Morford et al., 2007).  The diffusion coefficient for Re 
362 

was calculated based on the limiting equivalent conductance of ReO4
– (Nigrini, 1970; 

363 

D(ReO4
–) = 14.6 x 10-6 cm2/s at 25oC).  The diffusion coefficients were then calculated 

364 

for in situ temperatures following Li and Gregory (1974).  During each sampling time at 
365 

the Buzzards Bay site, both the sediment porosity ( ) and the formation factor (F) were 
366 

measured to quantify the effect of sediment tortuosity on Dsed (Figure 2, Table 4). 
 367 

Transport by sediment irrigation: The rate of this process is equal to the product 368 

of an irrigation parameter ( , 1/y) and the pore water–bottom water concentration 369 

difference (Christensen et al., 1984; Emerson et al., 1984; Boudreau, 1984). The 370 

irrigation rate parameter, i, was determined for this site as follows: 371 

 (3)  i Br

Di,sw

DBr,sw

 372 

 The irrigation rate parameter for Br
–
 was determined using Br

–
 tracer experiments 373 

(this study) and calculated from 
222

Rn/
226

Ra disequilibrium measurements (Martin and 374 

Sayles, 1987; see later discussion). 375 

 Reaction rates: The depth-dependence of the reaction rate is the same as that 376 

adopted by Morford et al. (2007).  There are three sedimentary layers in which distinct 377 

reactions occur.  Near the sediment–water interface, RSM may be mobilized from solids 378 

to the solution phase.  This reaction is assumed to be zero–order in dissolved RSM 379 

concentration (equation 4).  In a deeper layer, RSM may be removed from pore waters to 380 

authigenic phases.  The removal zone extends from xp to xs and is modeled as first–order 381 
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in the difference between the pore water RSM concentration (Ci) and a quasi–equilibrium 382 

concentration that is assumed to be the minimum measured concentration in the profile 383 

(Cmin; equation 5).  We assume no that there is no reaction in the deepest layer (equation 384 

6). This assumption is discussed in detail below. 385 

  

(4) 0 x x p, Ri kr

(5) x p x xs, Ri kp Ci Cmin

(6) xs x, Ri 0

 386 

All pore water profiles for each RSM at each time point were combined into a 387 

“composite” profile. Then, least-squares fits to the profile were used to obtain optimal 388 

values for the four parameters, xs, xp, kr and kp. Cmin was the minimum concentration in 389 

the composite profile (Morford et al., 2007).  390 

  391 

4. RESULTS 392 

 393 

4.1. Sedimentary conditions at the Buzzards Bay site 394 

 395 

 In order to properly interpret the pore water and solid phase RSM profiles, it is 396 

necessary to characterize the conditions in the sediments.  Sedimentary conditions that 397 

appear to exert control over trace metal mobility include bottom water oxygen 398 

concentration, oxygen penetration depth, sedimentary Fe and S cycling, and rates of 399 

organic matter oxidation, irrigation and bioturbation (e.g., Barnes and Cochran, 1993; 400 

Crusius et al., 1996; Zheng et al., 2000, 2002a; McManus et al., 2005; Aller, 1990, 1994; 401 

Canfield et al., 1993a).  Therefore, in order to provide the necessary context for our 402 

discussion of RSM diagenesis, we will first briefly discuss organic matter oxidation, 403 

bioturbation, irrigation and reducing conditions at the Buzzards Bay site.   404 

 405 

4.1.1. Organic matter oxidation and sedimentary redox conditions 406 

 407 

 At the site in Buzzards Bay, TCO2 is released to pore waters primarily through 408 

the oxidation of organic matter, and therefore reflects the rate of organic matter oxidation 409 

(McNichol et al., 1988).  Although pore water TCO2 profiles show strong summer/winter 410 

and interannual differences, these differences are only weakly reflected in directly 411 
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measured benthic fluxes (August: 430 ± 40 µmol C/cm
2
/y; March: 340 ± 30 µmol 412 

C/cm
2
/y, n=3; Figures 3A, 3B).  The benthic flux of TCO2 does not vary greatly between 413 

these sampling periods; however, the NH4
+
 benthic flux varies from ~ 0 to 50 414 

µmol/cm
2
/y (Figure 3B).  Pore water [NH4

+
] and [TCO2] are essentially decoupled in 415 

March but are closely linked in August with a slope that is consistent with the 416 

decomposition of organic matter with Redfield–like stoichiometry.  The close correlation 417 

between pore water NH4
+
 and TCO2 concentrations in August indicates that, at those 418 

times, sedimentary organic matter decomposition was dominated by anoxic processes 419 

that did not lead to NH4
+
 oxidation. 420 

 Pore water O2 profiles show a shoaling of the O2 penetration depth between 421 

March 2003 and August 2003, with a concomitant increase in the benthic O2 flux 422 

(March: 410 ± 60 µmol/cm
2
/y, n=3; August: 900 ± 100 µmol/cm

2
/y, n=3; Figures 3B, 4).  423 

The ratio of the O2:TCO2 fluxes is 1.2 ± 0.2 in March/April, consistent with the estimate 424 

for the oxidation of marine organic matter by O2 (~1.4, Anderson and Sarmiento, 1994).  425 

This result is consistent with recycling and reoxidation of reduced products of organic 426 

matter oxidation (e.g., Fe
2+

, S
2-

), with O2 as the ultimate electron acceptor (e.g., Aller, 427 

1994).  The ratio of the O2:TCO2 fluxes is 2.1 ± 0.1 in August; at that time, a significant 428 

fraction of O2 consumption was not linked to concurrent organic matter oxidation. 429 

 Fe and Mn data show that the site is one where anoxic diagenesis dominates 430 

sediments below a thin, oxic cap.  Solid phase data (Figure 5) show enrichment of the Fe 431 

and Mn in the oxic layer that results from the upward diffusion of dissolved Fe and Mn, 432 

followed by oxidation to insoluble oxides.  Pore water Fe
2+

 and Mn
2+

 profiles show a 433 

strong seasonal progression (Figure 4).  The depth of first appearance of dissolved Fe
2+

 is 434 

related to the O2 penetration depth (Figure 4), and the maximum concentrations of Fe
2+

 435 

and Mn
2+

 are related to the rates of Fe and Mn reduction, respectively.  We detected no 436 

dissolved H2S in the upper 25 cm of Buzzards Bay pore waters although this does not 437 

preclude active sulfate reduction and sulfide production.  One possible removal 438 
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mechanism for dissolved Fe
2+

 from pore waters is as iron sulfide, and the extent of Fe
2+

 439 

removal may reflect the availability of H2S for iron sulfide formation.  We can then infer 440 

more extensive sulfate reduction when we measured lower asymptotic Fe
2+

 441 

concentrations in August 2004.  To describe the seasonally variable intensity of reducing 442 

conditions, we define “reduction intensity” in sediments with greater reduction intensity 443 

reflected by (1) shallower first appearance of dissolved Fe
2+

, (2) greater maximum 444 

dissolved Mn
2+

 and Fe
2+

 concentrations, and (3) lower asymptotic dissolved Fe
2+

 445 

concentration.  The order of reduction intensity at the four sampling times is: 446 

  March 2003 < April 2001 < August 2003 < August 2004 447 

This ordering of reduction intensity is supported by the variations in O2 penetration 448 

depth. 449 

 450 

4.1.2 Particle Mixing  451 

 452 

 Measurements of excess 
234

Th and 
210

Pb in the sediments show solid phase 453 

mixing that may contribute to the internal cycle of reduced products of organic matter 454 

oxidation (Mn, Fe, and S) and to RSM cycling.  Excess 
234

Th data (Figure 6A) from 0–2 455 

cm suggest that this depth region is dominated by quasi–diffusive mixing, with some 456 

evidence of nondiffusive particle transport (see Aug 2003 #1).  We measured a single 457 

value for the mixing intensity parameter, Db, of 6 ± 5 cm
2
/y in March and widely ranging 458 

values of 76, 20 ± 20, and 3 cm
2
/y in three August cores.  The seasonal variability in rates 459 

is similar to that observed at the site by Martin and Sayles (1987), who measured 460 

biodiffusion coefficients of 3–10 cm
2
/y from December–March (n=3) and 11–25 cm

2
/y

 
461 

from July to October (n=4).  Excess 
210

Pb profiles show a surface layer (0–2 cm, Figure 462 

6B) coinciding with the layer of excess 
234

Th, where the measured Db of 40 ± 20 cm
2
/y is 463 

similar to values derived from excess 
234

Th in the same layer.  From 2 to ~5 cm, the 464 

average 
210

Pb profile shows only a small decrease with depth, and there is a more rapid 465 

decrease below 5 cm (Figure 6C).  Biodiffusion coefficients for both of these deeper 466 

layers would exceed the short–term value based on 
234

Th.  It is likely that the 
210

Pb 467 

distribution below 2 cm is dominated by occasional, nondiffusive transport events that 468 

homogenize its activity profile over the decadal–scale lifetime of the isotope.  In 469 

summary, particle mixing at the site is characterized by rapid, quasi–diffusive mixing that 470 
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is important to processes occurring in the upper ~2 cm on time scales of ~weeks, 471 

superimposed on occasional, nonlocal particle transport events. 472 

 473 

4.1.3 Nondiffusive pore water transport: Irrigation. 474 

 475 

We consider sediment irrigation to be driven by physical or biological flushing of 476 

burrows, coupled with diffusive exchange of solutes between burrows and the 477 

surrounding sediment.  Solute concentrations in the burrows are assumed to be equal to 478 

those in bottom water.  If that is the case, irrigation acts to remove solutes from sediments 479 

to overlying water when pore water concentrations exceed bottom water values; it acts to 480 

add solutes to pore waters when the opposite condition holds (Aller, 1980).  The 481 

magnitude for each solute depends on its diffusion coefficient (see equations 2 and 3). 482 

For this work, we have calculated an average, warm–season (~April–October)  483 

from 
222

Rn / 
226

Ra disequilibrium profiles (Martin and Sayles, 1987) and from 484 

experiments in which Br¯ is added to in situ flux chambers as a solute tracer (this work).  485 

The distribution of the tracer in pore waters is determined in subcores collected from 486 

below the flux chambers at the end of deployments.  The data are interpreted using a 487 

one–dimensional transport model (Martin and Banta, 1992; Martin and Sayles, 2004).  488 

Br¯ data and best–fit profiles are shown in Figure 7A.  In interpreting the Br¯ data,  was 489 

assumed to have the depth–dependence: 490 

  
(7) x Lmax , 1e

2x

(8) x Lmax , 0
 491 

Best–fit parameter values from the Br¯ data are listed along with those from Rn data 492 

(Martin and Sayles, 1987; Table 5).  There is significant variability in  profiles and no 493 

regular, seasonal trend over the April–October time period for these measurements.  494 

Therefore, after adjusting the Rn–based measurements for the difference in diffusion 495 

coefficients between Br¯ and Rn, we calculated an overall, warm–season, average : 496 

 (9) Br,ave 2.957 105.51e 0.295x
 497 

Based on measurements of both excess Br¯ and Rn deficits in pore waters, Buzzards Bay 498 

sediments are irrigated to depths of 10–20 cm from April to October (Figure 7B).  Based 499 
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on 
222

Rn / 
226

Ra results, irrigation was absent in December and March (Martin and 500 

Sayles, 1987). 501 

 502 

4.2. RSM pore water and solid phase profiles  503 

 504 

 U, Mo, and Re are all removed from pore waters under conditions present in 505 

Buzzards Bay sediments (Figure 4).  The minimum in pore water concentration extends 506 

to the bottom of the pore water profile for Re, but only extends to depths of ~2–7 cm for 507 

U and Mo.  In the pore waters sampled immediately below the sediment–water interface 508 

in March and April, Re release from a solid phase to pore waters above its removal depth 509 

is obvious with Re pore water concentrations 1.6–1.9 times greater than its overlying 510 

water concentration.  Mo release occurs above its removal zone particularly in August 511 

2003.  Below its removal zone, U concentrations increase significantly, and with the 512 

exception of samples at ~20 cm in August 2004 remain below the bottom water U 513 

concentration.  Measurements in August 2004 confirmed that pore water U is present in 514 

its oxidized form, U(VI), throughout the pore water profile (data not shown) which is 515 

consistent with previous research at this location (Cochran et al., 1986).  Mo shows the 516 

largest increases below 10 cm; at all sampling times, Mo concentrations in deep pore 517 

waters increase to values in excess of its bottom water concentration. 518 

 The composite solid phase profiles show that there are no surface maxima for U, 519 

Re and Mo, and their solid phase profiles increase below the sediment–water interface 520 

(Figure 5, Table 6).  The solid phase Re gradient deeper than 10 cm is approximately 521 

80% of the gradient shallower than 10 cm, and is consistent with the pore water profiles 522 

that show Re removal to the solid phase over the entire sampled sediment depth.  The 523 

solid phase U and Mo increase linearly over the top 10 cm, with the gradient decreasing 524 

to approximately 60% and 30% deeper than 10 cm relative to their shallower gradients, 525 

respectively.  The area below the zone of removal where pore water U and Mo 526 

concentrations increase above their minimum concentrations is coincident with more 527 

limited accumulation in the solid phase.  To determine the authigenic accumulation rate 528 

at the Buzzards Bay site, the authigenic RSM concentrations are calculated from the solid 529 

phase profiles (Table 7).  The U and Mo accumulation rates are consistent with rates 530 
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measured on other continental margins whereas the average Re accumulation rate is 531 

generally larger (Table 7; Morford et al., 2007 and references therein).  532 

 533 

5. DISCUSSION 534 
 535 

5.1. Model results for pore water RSM profiles 536 
 537 

 To improve our understanding of the RSM pore water profiles and to provide 538 

quantitative parameters with which to compare and contrast RSM behavior, the model 539 

was fitted to the pore water data.  The model uses a depth–invariant first–order rate 540 

constant for removal that is determined by fitting the RSM profile.  Fitting the entire 541 

profile resulted in poor model fits for the data in the removal layer (xp to xs) and the data 542 

below 10 cm.  On the contrary, fits to the data above 10 cm depth were generally 543 

excellent when only the shallow data were included.  Using this approach, the best–fit 544 

value of xs (the bottom of the removal layer) was just below the depth at which the 545 

concentration began to increase.  The resultant model–generated pore water profiles 546 

provide diffusive fluxes across the sediment–water interface and at depth xp (Fo and Fxp, 547 

respectively; Table 8).  Below xs, increases in model RSM concentrations reflect addition 548 

to pore waters via irrigation, without any reaction in the sediments.  These model profiles 549 

deviate from measurements below depth xs; therefore, fluxes across that depth horizon 550 

(Fxs) are calculated using linear fits to the pore water profiles around xs.   551 

 With the possible exception of Mo in March 2003, all three RSM are removed 552 

from pore waters at all sampling times.  The depth at which removal to the solid phase 553 

begins varies between the metals, and that for Mo has a strong seasonal dependence.  The 554 

observed depth order of onset of removal (seasonally averaged xp) of the RSM agrees 555 

with the order predicted by the metals’ pe
o
sw: Re before U before Mo (Table 9).  The 556 

extent of removal, defined here as Cmin/C0, shows that both Re and U exhibit greatest 557 

removal at the time of maximum reduction intensity (August 2004), and the variability of 558 

their extent of removal is relatively small (Table 10).  In contrast, the extent of removal 559 

of Mo has a strong seasonal dependence.  The maximum depth of removal (xs) is similar 560 
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for both U and Mo, at ~3–9 cm for all sampling times (Table 8).  However, xs is deeper 561 

for Re, which undergoes removal to the solid phase throughout its depth profile in the 562 

two August measurements, but not in March 2003 when net removal appears to stop at 563 

~10 cm.  The first order removal rate constants (kp) implied by concentration versus 564 

depth profiles show no seasonal dependence for Mo and Re; however, the U removal rate 565 

constant is much larger in August than in March/April.  The overall order for kp (y
–1

) is: 566 

 U (August, 1260–3400) > Mo (800 ± 400) > U (March/April, 280 ± 40) > Re (100 ± 50) 567 

 568 

5.2. Importance of source(s) for authigenic RSM formation in Buzzards Bay 569 

sediments 570 
 571 

 The model results permit the apportionment of RSM removed to authigenic 572 

phases among (1) the flux of dissolved metals into the removal zone from bottom water 573 

due to both diffusion (Fxp) and irrigation (Firr), (2) the input of metals near the sediment–574 

water interface (Fprod) due to release of metals from solids to pore waters at depths 575 

shallower than xp, and (3) the flux of dissolved metals from below the removal layer (Fxs) 576 

which potentially represents an internally cycled component of authigenic metals (Figure 577 

8, Table 11).  The rate of metal addition to pore waters above the removal depth, xp is 578 

calculated by: 579 

  (10)  Fprod krxp  580 

The contribution of irrigation to authigenic RSM formation within the zone of authigenic 581 

accumulation is calculated over the depth interval from xp to xs by: 582 

  (11)  Firr,i i Cbw Ci

xp

xs

dx  583 

The flux into the removal layer from below (Fxs) is calculated as previously described.  584 

Processes occurring deeper than xs (such as irrigation) are responsible for Fxs.  585 

 In our steady–state interpretation of metal profiles, the rate of authigenic metal 586 

formation is the sum: 587 

  (12)  Fauth Fxp Fxs Firr   588 
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In this equation all fluxes are taken to be positive.  The authigenic formation rates of U 589 

and Mo are lowest at the time of slowest anoxic remineralization but increase steadily as 590 

the anoxic remineralization rate increases (Figure 9A).  There is no obvious seasonality in 591 

the authigenic Re formation rate.  The fraction of authigenic metal formation that can be 592 

attributed to direct transport from bottom water is 593 

  (13)  fbw Fxp Firr Fprod Floss /Fauth 594 

In this equation Floss is the absolute value of the flux across the sediment–water interface 595 

when that flux is directed out of the sediments, as was observed for Mo in August 2003 596 

and for Re in March 2003 and April 2001 (Figure 4).  Contributions to authigenic metal 597 

formation as a result of the release of RSM from the solid phase to pore waters, either 598 

above xp or below xs, are not included so as to obtain the best estimate for the fraction of 599 

authigenic metal formation due to direct transport from bottom water.  The fraction of 600 

authigenic metal formation attributable to transport from bottom waters (fbw) may be 601 

underestimated since it does not include the contribution of irrigation from Fxs, which is 602 

non–existent (Re) or small (U) except for Mo.  In the case of Mo, Fxs includes a 603 

contribution from remobilization from the solid phase in addition to any contribution 604 

from irrigation (see later discussion).  605 

 The U for authigenic phase formation comes almost entirely from dissolved U in 606 

bottom water at the Buzzards Bay site (Figure 9B).  In contrast, both Re and Mo have 607 

other important sources.  There is no “recycled” Re: the removal layer for Re extends 608 

over most of the sampled layer (Table 8), so there is never an upward Re flux at xs.  609 

However, pore water profiles show an input of Re near the sediment–water interface in 610 

March and April, due to release of Re from solids to the dissolved phase.  Although some 611 

of this apparent Re release may result from sampling artifacts, there is strong evidence 612 

for a solid phase source of Re at this site (see next section).  Authigenic Mo formation is 613 

affected both by release of Mo from the solid phase near the sediment–water interface 614 

and by a flux of Mo from below the removal layer (x > xs).  Both of these sources 615 

increase in intensity from March to August; therefore, sources other than dissolved Mo in 616 

bottom water are increasingly important from March to August.  Irrigation rate data 617 
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indicate that the flux of Mo from below may be supplied partly by irrigation that 618 

transports Mo from the water column, but must also include Mo that is remobilized from 619 

the solid phase, perhaps by exposure to oxygen as a result of irrigation. 620 

 621 

5.3. Benthic chamber RSM fluxes  622 
 623 

 If small–scale spatial and temporal variability are limited, the benthic fluxes 624 

determined with in situ chambers at the Buzzards Bay site should equal the sum of 625 

diffusive and irrigation–driven fluxes across the sediment–water interface for pore water 626 

constituents (Figure 10).  Directly measured and calculated U fluxes agreed very well 627 

except in March 2003.  Pore water RSM modeling results showed that U is the least 628 

affected by processes between the sediment–water interface and the removal layer. 629 

 Re is strongly affected by near–interface processes in the cold months of March 630 

and April.  Pore water data show large fluxes out of the sediments at these times.  These 631 

large, calculated fluxes may be partly due to sampling artifacts that increase the near 632 

interface pore water Re concentration (see Figure 10 caption).  However, the April Re 633 

flux out of sediments is supported by a concurrently measured chamber flux of Re from 634 

sediments to overlying water.  Calculated Re fluxes into the sediments exceeded directly 635 

measured fluxes in August.  This difference could again be due to spatial variability or to 636 

overestimation of the irrigation flux which assumed no impediments to diffusion across 637 

burrow walls. 638 

 Like Re, Mo is strongly influenced by near–interface processes, and short–term, 639 

small–scale variability may influence flux comparisons.  Agreement between chamber 640 

and calculated fluxes was reasonable in both August experiments, but less good in March 641 

and April.  When benthic chambers showed a large outward flux (March) or essentially 642 

zero flux (April), pore water fluxes were apparently directed into the sediments. 643 

 644 

5.4. A model for RSM diagenesis and accumulation in marine sediments 645 

 646 

 To obtain a consistent representation of RSM diagenesis in coastal sediments and 647 

to form a general model of how RSM accumulate in marine sediments, results from the 648 

site in Buzzards Bay are compared to results from a complementary coastal site in 649 

Hingham Bay, Massachusetts (Table 1, Figure 1; Morford et al., 2007).  We present a 650 
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general model that is consistent with the experimental–based and field–based literature 651 

on RSM geochemistry, and that describes the processes controlling authigenic 652 

accumulation in marine sediments (Figure 8).  653 

 Sites in Hingham and Buzzards bays consistently have high bottom water oxygen 654 

concentration throughout the year (~230–380 M), although the sedimentation rate is 655 

more rapid at the Hingham Bay site (Table 1).  Hingham Bay has greater organic carbon 656 

oxidation rates, which result in slightly shallower oxygen penetration depths during the 657 

year (Table 1).  Anoxic processes dominate at both sites, which is common along 658 

continental margins (e.g., Canfield et al., 1993b; Thamdrup et al., 1994; Boudreau et al., 659 

1998).  Differences in the extent of sedimentary anoxic processes between these two sites 660 

are apparent by comparing the Fe
2+

, H2S and SO4
2-

 pore water profiles (Figure 11).  Both 661 

sites have pore water profiles with zones of net release of Fe
2+

 into pore waters below the 662 

dissolved Mn
2+

 maximum, but the zone is substantially narrower at Buzzards Bay and the 663 

maximum Fe
2+

 concentrations are 25–50% lower at Buzzards Bay at comparable times of 664 

year.  Below 6 cm at Hingham Bay, TH2S climbs rapidly to 1000 µM.  This rapid rate of 665 

sulfate reduction in Hingham Bay is sufficient to completely remove dissolved Fe
2+

, 666 

presumably as iron sulfide, and produce high pore water sulfide concentrations.  In 667 

contrast, in the upper 20 cm at Buzzards Bay there is no measurable H2S (DL < 2 M), 668 

only a very small SO4
2-

 depletion, and deep Fe
2+

 concentrations were >10 µmol/kg 669 

except in August 2004.  These results suggest lower iron and sulfate reduction rates at the 670 

site in Buzzards Bay relative to Hingham Bay.  A rapidly mixed layer extends 5–6 cm at 671 

both sites (this work, Morford et al., 2007).  Sediments are well–mixed down to 20–30 672 

cm at the Buzzards Bay site (McNichol et al., 1988).  The extent of bioturbation, and 673 

possibly irrigation, may be limited to the top ~10 cm at the Hingham Bay site due to the 674 

presence of high pore water H2S concentrations below this depth (Benoit et al., 2006).  675 

 676 

5.4.1. RSM behavior below the sediment–water interface but above the removal zone. 677 

 678 

 The mode of input of RSM to the sediments is important for both the calculation 679 

of net fluxes to the solid phase from pore water data and the interpretation of solid phase 680 

accumulation rates.  The rate of U release (kr) between the sediment–water interface and 681 
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xp is not important at either location, with only intermittent release of U from 682 

sedimentary solids above the zone of removal (Table 8, Figure 8).  Re release above xp is 683 

never seen at the Hingham Bay site, and only measured at the Buzzards Bay site during 684 

cold months (March and April).  Mo is consistently released from sedimentary solids near 685 

the sediment–water interface, with the exception of March 2003 at the Buzzards Bay site.  686 

The rate of Mo release (kr) increases in both Hingham and Buzzards bays as reducing 687 

conditions increase from winter to early fall.   688 

Benthic chamber experiments in Hingham Bay, where overlying waters were 689 

allowed to approach anoxia, showed concurrent release of Mo (and U) with the reduction 690 

and dissolution of Mn and/or Fe oxides (Morford et al., 2007).  As reducing conditions 691 

and the release of Mn and Fe to overlying waters increase, the release of associated Mo 692 

from surface sediments also increases.  One experiment in April at the site in Buzzards 693 

Bay showed a strong release of Re when oxygen was depleted, coincident with Mn 694 

release to overlying waters (data not shown).  The measured release of Re at only the 695 

Buzzards Bay site could be due to the deeper oxygen penetration at this site in the winter 696 

(~1 cm) relative to the summer (~0.2 cm).  This deeper oxygen penetration may result in 697 

the accumulation of Re, providing a reservoir of Re in surface sediments.  A shallower 698 

oxygen penetration depth would minimize this effect for Re and would be consistent with 699 

the absence of Re release between the sediment–water interface and xp at the Hingham 700 

Bay site.   701 

 702 

5.4.2. RSM behavior within the removal zone 703 

 704 

Consistent features for RSM removal are found in Hingham and Buzzards bays, 705 

with the order of onset of removal as Re–U–Mo.  The depths of removal (xp) for Re, U 706 

and Mo at the Buzzards Bay site are 0.2  0.3 cm, 0.8  0.6 cm, and 1.8  0.4 cm, 707 

respectively, whereas removal begins at 0 cm, 0.9  0.8 cm, and 4  1 cm, respectively, at 708 

the Hingham Bay site.  The depth of removal for Mo is deeper and deepens with 709 

increasing reducing conditions (January to October) at the Hingham Bay site.  In contrast, 710 

at the Buzzards Bay site xp is shallower and shoals from April to August.  The extent of 711 

removal (Cmin/C0) is seasonally variable for Mo at both sites, with more extensive 712 

removal during periods of greater reducing conditions (Table 10).  At the Hingham Bay 713 
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site, Mo is the most extensively removed of the three RSM, whereas it is the least 714 

extensively removed at the Buzzards Bay site (Table 10).  These differences for Mo are 715 

due to the balance between Fe and sulfate reduction at the two sites.  It seems likely that 716 

Mo removal from pore water requires the presence of pore water sulfide, perhaps in 717 

microenvironments (e.g., Helz et al., 1996).  The zones of iron oxide and sulfate 718 

reduction in sediments overlap, leading to removal of H2S at the Buzzards Bay site in the 719 

presence of pore water Fe
2+

 via the formation of FeS.  The slower Fe reduction at the 720 

Buzzards Bay site results in pore water sulfide consuming Fe
2+

 and resulting in low levels 721 

of pore water sulfide that increase as reducing conditions increase.  These conditions 722 

result in the more limited removal of Mo from pore waters at shallower depths, with 723 

depths becoming progressively shallower as reducing conditions intensify.  The 724 

significantly higher Fe reduction rate in October in Hingham Bay, as denoted by the 725 

largest measured pore water Fe
2+

 (Figure 11), results in greater consumption of pore 726 

water sulfide and a correspondingly deeper removal depth for Mo.  The ultimate extent of 727 

removal at the Hingham Bay site is correspondingly much greater, presumably due to the 728 

formation of thiomolybdates and their irreversible removal to the solid phase (Bostick et 729 

al., 2003). 730 

At both sites, the removal rate (kp, Table 8) is lowest for Re, and there is a lack of 731 

obvious seasonality in both its removal rate and its authigenic formation (Figure 9A).  732 

This lack of seasonality suggests an abiotic removal mechanism for Re.  Re is present at 733 

extremely low pore water concentrations, which may contribute to its limited biological 734 

usefulness.  In contrast, seasonal increases in authigenic U and Mo formation are obvious 735 

with increasing anoxic remineralization rates.  The balance between iron and sulfate 736 

reduction and the resulting formation of sulfidic microenvironments drives authigenic Mo 737 

formation.  The additional seasonality of the U removal rate (kp) in Buzzards Bay is 738 

consistent with microbially mediated reduction that is most intense during August, the 739 

time of greatest reduction intensity. 740 

 741 

5.4.3. The effect of irrigation and RSM behavior below the removal zone  742 

 743 
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 In addition to enhancing exchange between bottom water and pore waters, 744 

irrigation can transport O2 from bottom water to O2–depleted pore waters.  In this way, 745 

sediments that are removed from the sediment–water interface can be exposed to O2, 746 

potentially resulting in RSM remobilization from the solid phase.  All three RSM reach 747 

constant, asymptotic pore water concentrations at the site in Hingham Bay (Morford et 748 

al., 2007).  In Buzzards Bay, Re also reaches a constant, asymptotic pore water 749 

concentration and is removed over almost the entire depth range of sampled sediments.  750 

Removal of pore water Re throughout the sampled depth results in steadily increasing 751 

solid phase Re concentrations (Figure 12).  Thus, the model predicts that any Re that is 752 

added by irrigation is removed to the solid phase.  If that is the case, then irrigation 753 

enhances authigenic Re accumulation at the Buzzards Bay site.  The solid phase Re 754 

profile from Hingham Bay is consistent with a removal zone that only extends through 755 

the non–sulfidic zone (Figure 12), due to the absence of irrigation within the sulfidic zone 756 

(Benoit et al., 2006).  757 

In all cases at the Buzzards Bay site, pore water U increases below the removal 758 

layer, consistent with previous U measurements in this area (Cochran et al., 1986).  759 

Except in August 2004, pore water U remains below the bottom water concentration; this 760 

result is consistent with addition of U by irrigation and subsequent upward diffusion of U 761 

to the removal layer where it is removed (Figure 8).  It is possible that U is remobilized to 762 

some extent by the input of O2 but the pore water profiles only show the net effect of 763 

possible processes: addition via irrigation and remobilization from the solid phase.   764 

Below the net removal layer at Buzzards Bay, pore water Mo increases above its 765 

bottom water concentration.  Therefore, Mo must be remobilized at depth, perhaps as a 766 

result of exposure of O2–deficient sediments to O2 through irrigation.  Because deep Mo 767 

concentrations exceed the bottom water concentration, irrigation tends to remove Mo 768 

from sediments to overlying water.  Remobilization of recently formed authigenic Mo 769 

appears to limit its solid phase accumulation at this site.  It is also possible that the 770 

presence of high pore water sulfide concentrations results in more stable Mo phases in 771 

Hingham Bay.  Based on the pore water sulfide concentrations at the Hingham Bay site 772 

and the lack of measurable sulfide at the Buzzards Bay site, aqueous Mo is most likely 773 

present in deep pore waters as MoO4
2-

 in Buzzards Bay and as MoS4
2-

 in Hingham Bay 774 



 27 

(Helz et al., 2004).  Molybdate is less effectively scavenged and only weakly and 775 

reversibly retained on pyrite relative to tetrathiomolybdate (Bostick et al., 2003), which 776 

would explain the easy return of Mo to pore waters below its removal depth at the 777 

Buzzards Bay site.  778 

 Although there is a good correlation between the benthic fluxes and authigenic 779 

accumulation rates of U and Mo at Hingham Bay (Morford et al., 2007), our results at the 780 

Buzzards Bay site are consistent with irrigation ultimately resulting in the partial loss of 781 

U and Mo from the solid phase. This difference between the locations is presumably due 782 

to the deeper irrigation that occurs at the Buzzards Bay site.  At the Buzzards Bay site, 783 

the solid phase U and Mo accumulation rates are 20–30% of the modeled flux of 784 

authigenic metal formation that can be attributable to direct transport from bottom waters 785 

(Table 7).  The solid phase accumulation rate and the modeled flux for Re are similar 786 

within the uncertainties of our measurements.  Irrigation augments Re accumulation but it 787 

does not appear to compromise its accumulation in sediments.  Our sampling 788 

overemphasizes the importance of warm season fluxes.  However, our comparison of 789 

modeled fluxes and measured accumulation rates indicates the importance of irrigation to 790 

augment (Re, possibly U) or compromise (Mo, U) authigenic accumulation in sediments. 791 

 792 

6. CONCLUSIONS 793 
 794 

 Our comprehensive seasonal research at a site in Buzzards Bay identifies the 795 

mobilization and immobilization processes in sediments that must be considered in order 796 

to understand authigenic accumulation of RSM in coastal sediments.  Our results from 797 

Buzzards Bay, which has non-measureable pore water sulfide, are compared with 798 

previous research from a site with sulfidic pore waters (Hingham Bay).  This comparison 799 

results in a consistent description of RSM diagenesis in marine sediments.   800 

 RSM diagenesis in sediments can be defined in three distinct zones: above the 801 

zone of removal, within the zone of removal, and below the zone of removal.  Release of 802 

RSM to pore waters during the remineralization of solid phases may occur at shallower 803 

depths above the zone of authigenic RSM formation.  Mo is consistently released from 804 

shallow sediments at both sites, but U release only occurs intermittently and Re release 805 

was only measured during the cold months in Buzzards Bay.  Mo release from surface 806 
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sediments is greater under more reducing conditions, and is associated with the reduction 807 

and remobilization of Mn and/or Fe oxides.  The measured release of Re at only the 808 

Buzzards Bay site could be due to the deeper oxygen penetration at this site in the winter, 809 

which may result in the production of a reservoir of Re in surface sediments.  With our 810 

results, we cannot discern whether solids are deposited from the water column or 811 

recycled in the sediments via remobilization near the interface.   812 

 There is a consistent order of removal at both locations, with the onset of removal 813 

following the order Re–U–Mo.  At the Buzzards Bay site, the removal zone for pore 814 

water Re extends to the bottom of the profile.  The rate of authigenic Re formation and its 815 

modeled removal rate from pore waters are independent of the rate of anoxic 816 

mineralization, suggesting an abiotic pathway for Re accumulation in sediments.  At the 817 

Buzzards Bay site, the zone of removal is restricted to ~2–9 cm for U and Mo.  For U, 818 

both the removal and authigenic formation rates in Buzzards Bay are seasonally 819 

dependent and consistent with microbially mediated reduction that is most intense during 820 

the times of greater reduction intensity.  The increase in authigenic Mo formation with 821 

increasing anoxic remineralization may be related to the balance between iron and sulfate 822 

reduction rates, and the formation of sulfidic microenvironments.  Slow iron and sulfate 823 

reduction rates at the Buzzards Bay site produce pore water Fe
2+

 that can consume pore 824 

water sulfide by producing FeS phases; a seasonal intensification of reducing conditions 825 

then results shallower consumption of Fe
2+

 and the formation of sulfidic 826 

microenvironments suitable for limited pore water Mo removal.  At the Hingham Bay 827 

site, greater iron reduction rates lead to the consumption of pore water sulfide over a 828 

larger depth range, so that the appearance of pore water sulfide and the resulting 829 

extensive removal of pore water Mo only occur deeper in the sediments. 830 

 Processes that occur below the zone of removal also ultimately affect the 831 

accumulation of RSM in sediments.  Pore water Re, U and Mo reach constant, asymptotic 832 

concentrations in sulfidic sediments, where irrigation appears to be limited to the shallow, 833 

non–sulfidic pore waters.  At Buzzards Bay, where irrigation extends 10–20 cm, pore 834 

water Re also reaches an asymptotic pore water concentration, whereas pore water U and 835 

Mo concentrations increase below their removal zones.  Any Re that is added by 836 

irrigation is removed to the solid phase, thereby augmenting its authigenic accumulation.  837 
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The increases in pore water U concentrations are consistent with the addition of U by 838 

irrigation.  However, simple addition of Mo via irrigation cannot explain deep pore water 839 

Mo concentrations that exceed its bottom water concentrations.  Remobilization of Mo 840 

from the solid phase to pore waters due to oxidation via nondiffusive transport of oxygen 841 

to deep sediments is required to explain the Mo pore water profiles.  The comparison 842 

between solid phase profiles and RSM fluxes into the removal zone suggest that 843 

reoxidation of U and Mo on short timescales is an important process in determining the 844 

ultimate accumulation rates in continental margin sediments with non–detectable pore 845 

water sulfide.  The importance of irrigation and whether it augments (Re, possibly U) or 846 

compromises (U, Mo) authigenic accumulation appears to be tied to the depth 847 

dependence of irrigation and is related to the presence or absence of pore water sulfide.   848 
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Figure Captions 1150 

 1151 

Figure 1. Map of the sampling sites in Buzzards Bay and Hingham Bay, Massachusetts, 1152 

off the northeastern coast of the U.S.A. 1153 

Figure 2. Plots of (A) porosity and (B) log {porosity} versus log {1/F}, where the 1154 

formation factor (F) is the ratio of sediment resistivity to that of pore water (McDuff 1155 

and Ellis, 1979) for the site in Buzzards Bay.  The slope of the linear regression in 1156 

plot (B) is  (see Table 4). 1157 

Figure 3. Buzzards Bay pore water profiles and benthic chamber fluxes. (A) Plots of pore 1158 

water ammonium and TCO2 show strong summer/winter and interannual differences.  1159 

The horizontal and vertical lines denote the standard deviations for the average 1160 

concentrations, where the average concentrations are determined from either two or 1161 

three cores.  There are no TCO2 measurements in April 2001.  (B) Fluxes of O2, 1162 

TCO2, NH4
+
 and dissolved inorganic nitrogen, (NH4

+
, NO3

–
, NO2

–
), measured in 1163 

benthic chambers and calculated from pore water gradients in Buzzards Bay.  1164 

Figure 4. Pore water profiles have been combined at each time point to generate 1165 

“composite” profiles of Mo, U, Re, Fe
2+

, Mn
2+

 and O2 (based on in situ 1166 

microelectrode profiles).  The dotted vertical line denotes the overlying water 1167 

concentrations.  Best–fit model profiles for Mo, U and Re are included for 1168 

comparison.  The solid line model fits used the average representative  profile, and 1169 

the dashed line model fits used the contemporaneous Br–derived  profiles.  In April 1170 

2001 and August 2004 the U profiles are more consistent with the average  profile 1171 

than with the contemporaneous Br–derived  profile.  The mechanism for removal of 1172 

the added U is diffusion upward to the removal layer, followed by loss to the solid 1173 

phase.  This process is slow relative to the length of a chamber deployment (~4 days), 1174 

and is therefore better described using a longer–term, average instead of the 1175 

contemporaneous Br–derived  profile.  Because there is no Br¯ data for August 1176 

2003, only the average representative  profile was used.  Irrigation was not included 1177 

for March 2003 since Rn–disequilibrium experiments showed no irrigation at this 1178 

time of year.  However, irrigation may have been significant since Br¯ concentrations 1179 
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in flux chambers decreased more than would be expected from only diffusion across 1180 

the sediment–water interface.  The absence of subcores collected from the flux 1181 

chamber core at the conclusion of the deployment prevents us from constructing pore 1182 

water Br¯ profiles or calculating Br–derived  profiles for March 2003.   1183 

Figure 5. Solid phase profiles of metal/aluminum ratios versus depth in sediments for Fe, 1184 

Mn, U, Mo and Re in Buzzards Bay.  The vertical dashed lines represent the metal/Al 1185 

ratios in granitic rocks (Turekian and Wedepohl, 1961), which seem to be an 1186 

appropriate estimate for the incoming detrital material based on regional surveys 1187 

(Moore, 1963).  1188 

Figure 6. Solid phase profiles of excess (A) 
234

Th and (B) 
210

Pb for March 2003, August 1189 

2003 and August 2004 in Buzzards Bay.  The average excess 
210

Pb profile is 1190 

presented in plot (C), where the horizontal lines denote the standard deviation for the 1191 

averages. 1192 

Figure 7. (A) Pore water profiles for excess bromide in subcores collected from below 1193 

the flux chambers at the end of the deployments.  Horizontal lines represent the 1194 

variability among replicate subcores.  The solid lines are the best–fit lines for the 1195 

profiles. (B) Overall “representative”  vs. depth profile, normalized to the diffusion 1196 

coefficient for Br¯.  Symbols are the calculated average  values, the line is an 1197 

exponential fit to these values, and the speckled region shows the difference between 1198 

the “Br–normalized” Rn–based results and the Br–based values.  In general, the 1199 

values based on Rn data are greater than the Br–derived values, implying deeper 1200 

irrigation.  This could be due to: (1) artifacts in the Rn measurements (Martin and 1201 

Sayles, 2004); (2) artifacts due to the presence of the flux chamber for Br¯; (3) the 1202 

short duration of the Br¯ measurements (~4 days relative to ~2 weeks for Rn); or (4) 1203 

variable irrigation at the Buzzards Bay site during the two decades encompassing 1204 

these experiments.   1205 

Figure 8. A cartoon depicting sedimentary RSM fluxes in Buzzards Bay, including solid 1206 

phase bioturbation (on the left) and exchange of dissolved species via irrigated 1207 

burrows (on the right).  Exchange between the solid and aqueous phases is denoted by 1208 

horizontal arrows in the middle of the figure.  Note that Fprod is the net flux of RSM to 1209 

the dissolved phase from the release of RSM from the solid phase above xp.  There 1210 
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was no evidence in Buzzards Bay for net removal of RSM to the solid phase in 1211 

sediments shallower than xp. 1212 

Figure 9. Seasonal differences in (A) total authigenic phase formation rate (Fauth), and 1213 

(B) the fraction of this flux that can be attributed to direct transport from bottom 1214 

waters (fbw).  1215 

Figure 10. Benthic chamber fluxes at the Buzzards Bay site compared to fluxes 1216 

calculated from pore water profiles of U, Re and Mo.  If small–scale spatial and 1217 

temporal variability is limited, then the benthic chamber fluxes should be equivalent 1218 

to the sum of the diffusive and irrigation–driven fluxes across the sediment–water 1219 

interface.  Irrigation was assumed to be zero in March 2003 as discussed in the Figure 1220 

4 caption.  The contemporaneous Br–derived  profiles were used for April 2001 and 1221 

August 2004 to calculate the irrigation component of the flux across the sediment–1222 

water interface; the average representative  profile was used for August 2003.  In 1223 

August 2004 both the contemporaneous Br–derived and the average representative  1224 

profiles were used for comparison, with the average  profile yielding higher 1225 

irrigation fluxes. The calculated Re flux for March is from pore waters separated from 1226 

sediments by sectioning and centrifugation.  In April, pore water Re was determined 1227 

both by sectioning/centrifugation and by equilibration with a gel probe; the flux 1228 

shown was calculated from the gel probe data.  Near–interface Re values obtained in 1229 

April from the gel probe were approximately a factor of two lower than those 1230 

determined from a section–centrifuge profile; therefore, the March pore water flux 1231 

obtained from a sectioned/centrifuged core may be artificially large.    1232 

Figure 11. Pore water profiles from the sites in (A) Hingham Bay and (B) Buzzards Bay.  1233 

The profiles are the average of two or three profiles for each time period and the 1234 

horizontal lines represent the standard deviations.  For the bottom plot in (A), the 1235 

symbols are the pore water Fe concentrations whereas the line reflects the average 1236 

H2S concentration.  Plot (C) shows a comparison of pore water sulfate profiles from 1237 

the two sites.  The vertical line is the bottom water sulfate concentration. 1238 
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Figure 12. Solid phase profiles of Re (pmol/g) from (A) Buzzards and (B) Hingham 1239 

bays.  The profile from Buzzards Bay is the composite profile, whereas the profile 1240 

from Hingham Bay is from a single sediment core collected in January 2002.   1241 



Table 1.  Comparison of sampling sites in Buzzards Bay (this work) and Hingham Bay (Morford et 

al., 2007). 

 Buzzards Bay  Hingham Bay  

Water depth (m) 15  5  

Sediment type Silty clay
a
 Silty clay

b
 

Annual temperature (
o
C) 2–25

c
 0–16

d
 

Bottom water O2 concentrations ( M) 230–300
c
 240–380

d,e
 

O2 penetration depth (mm) 2.5–8.5
c
  ~2–6

e
 

Sedimentation rate (cm y
-1

) 0.05–0.3
f
 0.45 ± 0.09

g
 

Solid phase organic carbon content (%) 2
h
 3.5

j
 

Annually averaged organic matter oxidation rate  

( mol C cm
-2

 y
-1

)
k
 

390
c
 880

e
 

a
Moore, 1963; 

b
Bothner et al., 1998; 

c
this work; 

d
Libby et al., 2002; 2003; 2004a,b; 

e
Morford et al., 2007; 

f
the 

sedimentation rate for BB was determined from the range in rates calculated from 
14

C analyses (McNichol et 

al., 1988) and from 
210

Pb analyses (Brownawell, 1986); 
g
the sedimentation rate for HB was determined by the 

changing depth of the 
137

Cs peak over 22 years and has been revised since Morford et al. (2007); 
h
McNichol 

et al., 1988; 
j
Kalnejais, 2005; 

k
determined from TCO2 fluxes using in situ benthic flux chambers; 

m
determined from the average TCO2 flux measured by a benthic chamber and calculated from the pore water 

profile (see Morford et al., 2007). 

 

 



Table 2. RSM concentrations in overlying water (ovw) and benthic chamber samples (t=1 hr) 

from Buzzards Bay.  When not otherwise stated, the concentration represents the analysis of one 

sample (n=1).  In addition to the average concentration and standard deviation, the percent 

relative deviation [%RSD=(average/standard deviation)x100] and number of measurements (n) 

are included.  The ranges in oceanic RSM concentrations were adjusted from average oceanic 

salinity (s=35) to average Buzzards Bay salinity (s=31.6). The expected Re concentration in the 

CASS–4 sample is derived from the literature (adjusting for the salinity of the CASS–4 sample, 

s=30.7). 

Time Sample [Re] 

(pmol kg
-1

) 

[U] 

(nmol kg
-1

) 

[Mo] 

(nmol kg
-1

) 

March 2003 ovw  37.7 12.7  0.9  (n=10)   99  4  (n=10) 

 benthic chamber 36.1 12.8   96.3 

April 2001 ovw (n=2) 28  2 12.27  0.09 103  1 

 benthic chamber 36.0 12.2   98.7 

Aug 2003  ovw  37.6 13  2  (n=9) 100  5  (n=9) 

 benthic chamber 35.3 12.4 103 

Aug 2004  ovw  35.8 11.7   98.6 

 benthic chamber (3A) 35.3  0.1 (n=3) 12.5 100 

 Ave ± std dev   

%RSD 

n 

36  2 

  4% 

12 

13  1 

  9% 

27 

100  4 

    4% 

  27 

 Expected RSM conc. 35–41
a
 12.6

b
   94.5

c
 

CASS-4 Ave measured ± std dev  

%RSD 

n 

34.6  0.8
d
 

  2% 

15 

12  1 

  8% 

39 

  96  5 

    5% 

  39 

 Known conc. 34–40
a
 12

e
   90  9 

a
Colodner (1991), Anbar et al. (1992).  

b
Ku et al. (1977).  

c
Collier (1985)  

d
Previous measurements of Re in CASS–4 also resulted in a similar concentration (35  5 

pmol/kg; Morford et al., 2005). 
e
Information value only. 

 

 



Table 3. Average, standard deviation and RSD of metal concentrations from replicate dissolution and 

analysis of the standard sediment PACS–2 (n=6) are compared with the known concentrations. The Al, 

Fe and Mn analyses were completed using ICP–OES, and the U, Mo and Re concentrations were 

determined using ICP–MS.  

 [Al] [Fe] [Mn] [U] [Mo] [Re] 

 ( mol/gsed) (nmol/gsed) (pmol/gsed) 

Ave measured ± std dev 

(%RSD) 

  

2,420 ± 30  

(1%) 

720 ± 10 

(2%) 

7.81 ± 0.09 

(1%) 

9.3 ± 0.3 

(3%) 

54 ± 3 

(5%) 

27.5 ± 0.5 

(2%) 

Known conc. 2,400 ± 100 730 ± 10 8.0 ± 0.4 13* 57 ± 3 na 

*Information value only; na = not available 



Table 4. Bottom water temperatures and best–fit porosity parameters used for the RSM 

pore water model profiles.  

Time Temp Porosity parameters
a
 –1

b
 

 (ºC) a b c  

March 2003    8 0.732 0.121 0.111 2.48 

April 2001 14 0.736 0.183 0.356 1.38 

August 2003 18 0.736 0.160 0.247 1.74 

August 2004 20 0.779 0.163 0.649 1.60 

a
The porosity ( ) at any depth (x) can be solved as a be cx where the parameters (a, 

b and c) are determined by least–squares fits to the measured porosity versus depth 

profiles (Martin and Sayles, 1987; Martin and Banta, 1992).  
b
The effect of sediment 

tortuosity on the diffusion coefficient for seawater (Dsw), which is assumed to be equal to 

the diffusion coefficient in pore water, is experimentally determined by resistivity 

measurements.  The ratio of sediment resistivity to that of pore water is equivalent to the 

formation factor (F) (McDuff and Ellis, 1979) and is used to calculate the diffusion 

coefficient in sediments:Dsed
Dsw

F
Dsw

1.  The latter half of the equation is derived 

from the Winsauer relationship F c . 

 

 



Table 5. Irrigation rate parameters determined for Buzzards Bay (this work; Martin and 

Sayles, 1987).  

 

Experiment 
1 (y

-1
) 2 (cm-1) Lmax (cm) Comments 

Oct 1982
a
 110 0.380 NA  

June 1983
a
 151 0.190 NA  

Sept 1983
a
     56.7 0.230 NA  

June 1984
a
     11.6 0  NA  

Sept. 1996 #2
b
 135   0.497 15  

Oct 1996 #4
b
     77.0   0.182 15 Apparent leak from chamber 

April 2001 #3
b
        3.72 -0.162     11.50 Possible transient event 

Aug 2004 #3
b
     50.1         0     3.0  

Aug 2004 #4
b
     91.0         0     3.0  

NA. Not applicable. In describing the data, no maximum irrigation depth was invoked 

and only 1 and 2 were used as fitting parameters.  

a. Irrigation rate parameters determined for Buzzards Bay using 
222

Rn / 
226

Ra 

disequilibrium measurements (Martin and Sayles, 1987). 

b. Irrigation rate parameters determined for Buzzards Bay using benthic
 
chamber bromide 

experiments (this work). 

 
 

 

 

  

 

 



Table 6. Solid phase RSM concentrations for the Buzzards Bay site.  Depth (cm) is measured 

below the sediment–water interface.  Al, Fe and Mn concentrations are in mol/g, U and Mo 

concentrations are in nmol/g and Re concentrations are in pmol/g.  Detrital concentrations 

(average granite, Turekian and Wedepohl, 1961; except for Re, Koide et al., 1986) are 

included for comparison. Note: ‘–’ denotes not measured. 
Date Depth [Al] [Fe] [Mn] [U] [Mo] [Re] 
March 2003 0.82 2353 580 7.12 11.3 8.43 19.0 

 0.82 2376 584 7.04 – – – 

 2.20 2400 573 6.76 12.2 11.6 18.9 

 2.20 2405 573 6.73 11.8 12.1 19.0 

 4.33 2424 555 6.70 11.9 16.2 20.6 

 6.65 2393 535 6.83 13.2 16.4 23.6 

 6.65 2361 555 6.63 12.2 15.4 22.0 

 10.75 2373 569 6.58 13.5 17.4 27.3 

 10.75 2390 578 6.92 – – – 

 12.12 2416 580 6.97 12.9 15.6 27.6 

 15.13 2392 569 6.74 14.3 14.6 27.1 

 18.43 2308 534 6.63 13.6 14.1 24.8 

 22.30 2364 566 6.88 15.6 27.4 34.4 
        

April 2001 Depth [Al] [Fe] [Mn] [U] [Mo] [Re] 

 0.96 2283 586 7.90 10.8 9.92 16.9 

 0.96 2283 589 7.90 10.8 9.80 16.5 

 1.88 2409 552 6.94 11.0 9.04 19.0 

 4.28 2357 535 6.79 12.2 13.3 20.9 

 4.28 – – – 12.1 13.2 21.2 

 6.02 2405 541 6.79 11.9 15.2 22.1 

 8.02 2298 509 6.37 11.7 17.8 22.4 

 10.02 2346 521 6.66 12.0 14.7 23.1 

 13.52 2350 543 6.73 13.0 17.9 26.8 

 13.52 2327 535 6.59 12.7 17.9 27.1 

 17.52 2357 505 6.59 13.6 19.7 32.1 

 19.52 2257 517 6.57 13.3 17.1 28.8 

 21.52 2201 507 6.43 13.1 20.4 29.5 
        

August 2003 Depth [Al] [Fe] [Mn] [U] [Mo] [Re] 

 0.96 2294 564 7.45 10.9 8.97 16.0 

 0.96 2339 586 7.54 – – – 

 2.11 2378 568 6.92 11.8 8.69 17.9 

 4.52 2408 564 6.81 12.2 12.9 19.7 

 5.78 2397 559 6.84 12.7 14.2 20.6 

 7.05 2350 534 6.50 12.6 16.5 22.5 

 8.32 2216 480 6.27 12.5 20.3 22.6 

 8.32 2242 525 6.08 11.8 18.6 20.8 

 10.44 2249 530 6.63 12.3 22.0 22.2 

 12.61 2344 541 6.55 13.2 19.6 25.1 

 14.28 2389 559 6.87 13.7 21.0 27.0 

 16.53 2336 557 6.86 13.7 23.6 28.7 

 16.53 2424 589 6.61 13.8 24.2 29.9 

 16.53 2361 569 6.70 – – – 

 18.78 2376 541 6.70 14.2 20.3 33.0 



        

August 2004 Depth [Al] [Fe] [Mn] [U] [Mo] [Re] 

 0.93 2272 553 6.95 10.3 8.30 15.1 

 2.32 2279 494 6.32 11.0 9.10 16.3 

 4.26 2313 517 6.37 12.0 13.2 19.6 

 6.10 2346 539 6.66 13.1 19.3 22.4 

 8.23 2598 616 7.44 14.5 25.6 27.5 

 10.37 2316 568 6.46 13.3 19.4 22.7 

 13.90 2324 562 6.83 13.2 25.7 25.7 

 17.90 2339 557 6.94 14.0 18.7 29.6 

 21.90 2339 580 7.06 14.7 34.2 37.1 
        

Average 

Granite  3000 530 10 13 10 0.5 

 



 
Table 7. Solid phase authigenic RSM concentrations, solid phase accumulation rates, and modeled 

authigenic formation rates for Buzzards Bay are compared to the authigenic concentrations and 

accumulation rates for Hingham Bay (Morford et al, 2007).   

 Buzzards Bay Hingham Bay 

 Authigenic 

concentration
a
 

(nmol/gsed) 

Authigenic 

accumulation 

rate
b
 

(nmol/cm
2
/y) 

Modeled 

authigenic 

formation rate
c
 

(nmol/cm
2
/y) 

Authigenic 

concentration
d
 

(nmol/gsed) 

Authigenic 

accumulation 

rate
b
 

 (nmol/cm
2
/y) 

U 4.2 ± 0.1  0.4 ± 0.1 1.9 ± 0.8 5 ± 2 1.3 ± 0.05 

Mo 11 ± 3 1.1 ± 0.5 4 ± 1 28 ± 6 8 ± 2 

Re 

(x10
-3

) 

29 ± 3 3 ± 1  

 

4 ± 3 

 

20 ± 2 5.6 ± 0.5 

a
RSM and aluminum concentrations are used in concert with metal/Al detrital ratios to calculate the authigenic 

RSM concentrations as: RSM
auth

RSM
measured

RSM

Al
detrital

* Al
measured

.  The measured concentrations are the 

average values below 15 cm.  The detrital concentrations are from average granite (Turekian and Wedepohl, 1961), 

based on the predominate rock type bordering Buzzards Bay (Moore, 1963), except for the detrital Re 

concentration which is assumed to be 5x10
-13

 mol g
-1

 (Koide et al., 1986).  

b
The solid phase accumulation rates are calculated as: Fauth RSM

auth
s 1 .  The sedimentation rate for 

Buzzards Bay (s) is assumed to be 0.2 cm/y, which is intermediate between the literature sedimentation rates (0.05 

cm/y, McNichol et al., 1988; 0.3 cm/y, Brownawell, 1986).  The solid phase density ( ) is 2.6 g/cm
3
, and the 

porosity ( ) is 0.75 cmwater
3 /cmsediment

3 .  The sedimentation rate for Hingham Bay is from Table 1, and  is 0.77 

cmwater
3 /cmsediment

3 .  

c
The modeled authigenic formation rate is calculated as the formation rate attributable to direct transport from 

bottom waters, or fbw*Fauth (Table 11). 

d
The authigenic U and Mo concentrations for Hingham Bay are from Morford et al. (2007). The Hingham Bay 

authigenic U and Mo concentrations may be conservative, since they were calculated as the difference between the 

average surface and deep concentrations and do not include possible authigenic enrichment in surface sediments 

(Morford et al., 2007).  The Re solid phase authigenic concentration and accumulation rate are presented in this 

manuscript and are calculated in the same manner as described for Buzzards Bay.  



Table 8. The best–fit model values for the five variable parameters used for fitting the RSM composite profiles: reaction parameters kr (U, 

Mo: nmol cmpw
3
y
1; Re: pmol cmpw

3
y
1) and kp (y

-1
), the minimum pore water concentration in the profile (Cmin, U, Mo: nmol kg

-1
; Re: 

pmol kg
-1

), and the boundaries of the layer in which RSM are removed from pore waters to the solid phase [upper limit = xp (cm); lower 

limit = xs (cm)]. The resultant diffusive fluxes across the sediment–water interface (F0) and at the depth of removal (Fxp) are also presented 

(pmol cm
-2

 y
-1

).  When there is no additional source of RSM to pore waters via release from solid phases in surface sediments (kr=0), then 

the flux across the sediment–water interface must be equivalent to the diffusive flux calculated at the depth of removal (F0=Fxp). 

Fit Results kr kp Cmin xp xs Fo Fxp 

March  

2003  

Re 4.96 x 10
5
 94.8 4.39 0.17 

3.80
c
 

+65700 -6930 

Mo 0 543 89.3 0 7.50 -2320 -2320 

U 25.3 306 1.6 1.03 3.22 -691 -713 

April  

2001
a
 

 

Re 
 

Br 25000 92.1 7.14 0.95 11.9 +15600 -5820 

av 1.94 x 10
5
 80.3 7.14 0.34 16.9 +52300 -7470 

Mo 
Br 466 1380 37.8 2.32 6.75 -3130 -4180 

av 7.81 1450 37.8 2.26 6.79 -3110 -4590 

U 
Br 0 206 2.55 0 8.77 -1810 -1810 

av 0 292 2.55 0 9.03 -2090 -2090 

Aug  

2003 

 

Re 0 56.8 7.12 0 17.9 -2510 -2510 

Mo 7780 512 30.2 1.67 6.66 +2440 -9160 

U
b
 

Dhi 0.469 3390 1.37 1.39 6.20 -1120 -1340 

Dlo 0.375 1490 1.37 1.37 6.23 -491 -583 

Aug 

2004
a
 

 

Re 

 

Br 158 158 3.99 0.16 6.31 -5410 -5440 

av 1010 182 3.99 0.11 23.4 -5670 -5780 

Mo 
Br 5700 550 10.6 1.46 3.86 -2380 -10500 

av 5300 604 10.6 1.50 7.10 -2530 -10500 

U 
Br 1.56 1490 0.83 1.00 2.86 -1610 -1730 

av 0.156 1040 0.83 0.90 6.86 -1620 -1750 

a
The April 2001 and August 2004 model fits were calculated using the contemporaneous Br–derived and the average representative  profiles.  

b
The August 2003 U model was fitted to the pore water composite profile using both the higher diffusion coefficient based on MoO4

2  and the 

lower diffusion coefficient from UO2
2  (Li and Gregory, 1974). 

c
The thin Re removal zone is a limitation of the model due to the model’s 

inability to allow for slower removal of Re in conjunction with the size and sharpness of the surface pore water Re peak.  The resulting model 

fit is poor and the bottom of the removal layer (xs) is too shallow relative to the apparent curvature of the Re profile. 



 Table 9. The depths of onset of removal (xp) are calculated from the model fits to the 

composite pore water profiles. 

 

Time Depth of onset of removal (cm) 

 Mo U Re 

March 2003 NR 1.03 0.17 

April 2001 2.30 0 0.65 

August 2003 1.67 1.39 0 

August 2004 1.48 0.95 0.14 

Average 1.8 ± 0.4 0.8 ± 0.6 0.2 ± 0.3 

NR: The pore water profile of Mo in March 2003 suggests only limited removal from 

pore waters during this time point, so the depth of onset of removal is not included.    

 
  

 



Table 10. The extent of removal is derived from the model output for the minimum pore 

water concentration (Cmin) and the bottom water concentration (C0).  The averages and 

standard deviations for the extent of removal at Buzzards Bay are compared with the 

averages determined at the Hingham Bay site (Morford et al., 2007). 

 

Time Extent of removal (Cmin/C0) 

 Mo U Re 

March 2003 0.90 0.13 0.12 

April 2001 0.38 0.20 0.20 

August 2003 0.30 0.11 0.20 

August 2004 0.11 0.07 0.11 

Buzzards Bay 

Average ± standard deviation 

 

0.4 ± 0.3 

 

0.13 ± 0.05 

 

0.16 ± 0.05 

Hingham Bay 

Average ± standard deviation 

 

0.10 ± 0.03 

 

0.23 ± 0.04 

 

0.34 ± 0.05 

 

 

 



 
 

Table 11. RSM fluxes are derived from model fits to composite pore water profiles (Mo, U: 

nmol/cm
2
/y; Re: pmol/cm

2
/y) as described in the text, and contributions to removal are calculated as 

the flux divided by the authigenic RSM formation rate (Fauth).  

 FLUXES CONTRIBUTIONS TO REMOVAL 

Time F0 Fprod Fxp Firr Fxs Fauth fprod fxp firr fxs fbw 

Mo            
March 03   2.31   0.00   2.31 0.00 0.00   2.31 0.00 1.00 0.00 0.00 1.00 
April 01   3.13   0.92   4.18 0.81 1.30   6.29 0.15 0.66 0.13 0.21 0.65 
Aug 03 -2.44 11.05   9.16 4.28 1.49 14.93 0.58 0.61 0.29 0.10 0.32 
Aug 04 2.39   7.07 10.53 0.41 9.53 20.47 0.35 0.51 0.02 0.47 0.19 

U             
March 03 0.69 0.020 0.71 0.00 0.02 0.73 0.03 0.97 0.00 0.03 0.95 
April 01 1.84 0.000 1.84 0.25 0.06 2.15 0.00 0.86 0.12 0.03 0.97 
Aug 03 1.12 0.001 1.34 0.85 0.06 2.25 0.00 0.60 0.38 0.03 0.97 
Aug 04 1.61 0.001 1.73 0.75 0.24 2.72 0.00 0.64 0.28 0.09 0.91 

Re            
March 03 -65.70 72.50 6.93 0.00 0.00 6.93 0.98 1.00 0.00 0.00 0.00 
April 01 -15.61 20.20 5.82 1.57 0.00 7.39 0.62 0.79 0.21 0.00 0.38 
Aug 03   2.51   0.00 2.51 3.38 0.00 5.89 0.00 0.43 0.57 0.00 1.00 
Aug 04   5.41   0.02 5.44 2.42 0.00 7.86 0.00 0.69 0.31 0.00 1.00 
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