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17. ORIGIN OF DIAGENETIC CARBONATE MINERALS RECOVERED FROM THE NEW JERSEY

CONTINENTAL SLOPE!

Karen S. Hicks,?? John S. Compton,? Stuart McCracken,* and Adam Vecsei®

ABSTRACT

Diagenetic carbonate minerals in upper Cenozoic sediments recovered from the New Jersey slope are a byproduct of
organic matter degradation and the dissolution of precursor biogenic calcite, mostly foraminifers and nannofossils. The diage-
netic carbonate minerals include dolomite, siderite, and calcite. Dolomite occurs as disseminated rhombs and cemented beds
and nodules. Disseminated dolomite rhombs up to 10 pm in diameter are currently forming in the uppermost 200 m of sediment
as indicated by the exponential decrease in pore-water Mg and Ca. The dolomite is both calcian and ferroan with an average
composition of (Ca), ,(Mg)y g(Fe)y gg(COs),. Carbon isotopic values of the dolomite-cemented nodules that occur at greater
stratigraphic depths range from —15.0%e to +4.5%0 and indicate dolomitization in the sulfate-reduction and the upper methano-
genesis zones. Organic matter degradation by way of sulfate reduction promotes precipitation of dolomite by removing sulfate
ion and increasing the carbonate alkalinity.

Siderite occurs as poorly cemented layers and nodules with an average composition of (Fe)y 72(Mg)g 20(Ca)g pgCO;. Carbon
isotopic values for siderite range from —2.0%o to +11.3%e, indicating formation in the methanogenesis zone. Precipitation of
siderite and ferroan dolomite is consistent with the large amount of Fe-rich terrigenous siliciclastics in these sediments and high
pore-water Fe concentrations. Diagenetic dolomite and calcite are favored over siderite during early burial because pore-water
Fe is removed by the precipitation of glaucony in the oxic to suboxic zones and iron sulfide minerals in the sulfate-reduction
zone.

Diagenetic calcite is less common, occurring as cemented nodules with an average composition of (Ca)gg,(Mg)g o7
(Fe)g 02CO;. Diagenetic calcites have carbon isotopic compositions that range from —0.8%. to —37%e. The very low carbon iso-
topic values of some calcite cements suggest that they formed during methane oxidation near the sediment/seawater interface
where the relatively high seawater sulfate concentration and low Mg/Ca ratio favor calcite rather than dolomite precipitation.

Sr/%6Sr-derived ages of the diagenetic carbonates generally do not coincide with the biostratigraphic age of the sediment. The
availability of precursor carbonate and variations in sedimentation rate related to sea-level fluctuations appear to be the primary

factors that determine the abundance and mineralogy of the diagenetic carbonates.

INTRODUCTION

The primary objective of Ocean Drilling Program (ODP) Leg 150
was to determine the age of major unconformities and to evaluate
their correlation with glacioeustatic age estimates obtained from the
6'"%0 record. Leg 150 drilled the upper to middle continental slope
and the uppermost continental rise of the New Jersey Margin (Fig. 1).
This margin is characterized by highly variable sedimentation rates,
as well as terrigenous and organic carbon contents. In organic-rich
sediments, bacterial degradation of organic matter can significantly
alter pore-water chemistry and result in the precipitation of early dia-
genetic carbonate, fluorapatite (phosphorite) and pyrite (Compton,
1988a). These minerals are termed organogenic because their precip-
itation is a direct result of organic matter diagenesis. The degradation
of organic matter takes place within a succession of microbial depth
zones: oxic, suboxic (Mn and Fe oxide reduction), sulfate reduction,
methanogenesis, and fermentation, followed by thermal degradation
(Claypool and Kaplan, 1974; Froelich et al., 1979).

Diagenetic dolomite is common in continental margin sequences
which have sedimentation rates of less than 500 m/m.y. and are or-
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ganic rich (>0.5 wt% organic carbon) (Baker and Burns, 1985). Other
carbonate minerals, such as calcite, siderite, and rhodochrosite, may
also form depending on the availability of Mg, Ca, Fe, and Mn (e.g.,
Hein and Koski, 1987). For example, methane-derived carbonate ce-
ments are common in rapidly deposited, organic-rich sediments
where methane seeps migrate to the sediment/seawater interface
(e.g., Iverson and Jgrgensen, 1985; Hovland et al., 1987; Paull et al.,
1992). Dolomite can be detrital, reworked from upslope shallow-
water environments or form in place (authigenic). Organogenic dolo-
mite is distinguished from other types of sedimentary dolomites by
having a significant portion of its carbon derived from degradation of
organic matter as well as the dissolution of biogenic calcite (Spotts
and Silverman, 1966). Pore waters can become highly supersaturated
with respect to diagenetic carbonate minerals from an increase in car-
bonate alkalinity associated with the bacterial degradation of organic
matter (Compton, 1988b). Mg and Ca required during dolomite pre-
cipitation are supplied by diffusion from overlying seawater (Baker
and Burns, 1985; Compton and Siever, 1986). The presence of a car-
bonate precursor enhances dolomitization by providing an additional
source of Ca and carbonate ions, because the diffusion of Ca from
overlying seawater is limited by the significantly lower seawater con-
centration of Ca compared to Mg.

Early diagenetic precipitation of siderite occurs in two distinct
geochemical environments: the slightly reducing conditions of the
suboxic zone, and the strongly reducing conditions of the methano-
genesis zone. Suboxic conditions (microbial iron reduction) are fa-
vored in marine environments that have a relatively low concentra-
tion of organic matter, slow sedimentation rates (Berner, 1981; Cole-
man, 1985), and an Eh too high to allow bacterial sulfate-reduction
and pyrite formation (Maynard, 1982; Mozley and Carothers, 1992).
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Figure 1. Location of the Leg 150 drill sites, DSDP Legs
11 and 95 drill sites, and onshore boreholes on the New
Jersey continental margin.
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Siderite can also form in nearshore and intertidal sediments that are
subject to alternating anoxic and oxic conditions (Coleman, 1985).
The precipitation of siderite in the methanogenesis zone has been ob-
served in a variety of continental (e.g., estuarine) and marine sedi-
ments (Moore et al., 1992; Pye et al., 1990; Thyne and Gwinn, 1994).
The methanogenesis zone is favored in environments characterized
by low sulfate concentrations, high sedimentation rates, and high or-
ganic carbon content (Coleman, 1985; Mozley and Carothers, 1992).
Geochemical environments conducive to siderite formation require
high bicarbonate concentrations and high Fe* concentrations. Sider-
ite exhibits a wide range of compositions, dependent upon pore-water
chemistry, with major substitution of Mg?*, Ca®*, and Mn?* (Curtis et
al., 1975; Curtis and Coleman, 1986). However, the precise pore-
water Fe/(Ca+Mg) ion ratio required for siderite precipitation is un-
known.

In this paper, the origin of diagenetic carbonates recovered from
the New Jersey Margin is developed by integrating pore-water chem-
istry and carbonate petrology, mineralogy, and elemental and isoto-
pic composition. There are few studies of late Cenozoic siderite for-
mation. Sediment recovered during Leg 150 provides a unique op-
portunity to study diagenetic siderite formation in the context of
pore-water analysis and a well-defined stratigraphic framework.

METHODS

Recovered carbonate cemented intervals were sampled, washed,
and powdered in an agate mortar and pestle. Mineralogy of the bulk
powders was determined by X-ray diffraction (XRD) using Cu Ko
radiation on a Scintag XDS 2000 instrument at the University of
South Florida (USF). Small rock chips were examined on an ISI-
DS130 scanning electron microscope (SEM) at USF. Samples that
contained a mixture of dolomite and calcite or siderite and calcite, on
the basis of the XRD results, were treated with Na-acetate/acetic acid
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solution buffered to pH 5 (NaOAc) to remove calcite preferentially.
After NaOAc treatment, removal of calcite was confirmed by XRD
analysis. Homogenous splits of treated and untreated bulk powders
(250500 mg) were digested in 10% HCI at room temperature and el-
emental composition of the acid-soluble fraction was determined by
X-ray Assay Laboratories (Toronto, Ontario, Canada) using induc-
tively coupled plasma (ICP) emission spectroscopy.

Stable carbon and oxygen isotopic compositions of the powdered
diagenetic carbonate samples were measured using a Finnigan Mat
250 isotope mass spectrometer at USF and at the University of Tas-
mania. At USF, the bulk powdered samples were placed in glass
tubes, evacuated and baked for 1 hr at 380°C to convert organic car-
bon to an inert form. The samples were then placed in a side-arm re-
action vessel in a 25°C water bath and allowed to react with 100%
H;PO, until the reaction was complete. Dolomite and calcite reaction
time was 24—48 hr; siderite required at least 7 days to yield sufficient
CO, for analysis. Samples at the University of Tasmania were reacted
with 100% H,PO, in a 50°C water bath. The CO, yield apparently
does not affect the 8°C value of siderite; however, yields less than
80% were found to decrease the §'*0 values of siderite (Carothers et
al., 1988). All uncorrected 8'0 values were calculated using a frac-
tionation factor for phosphoric acid liberated-CO, and calcite at 25°C
of 1.01020 (McCrea, 1950). Dolomite §'%0 values were corrected by
subtracting 0.8%¢ using the fractionation factor estimated for the
phosphoric acid liberated CO,-dolomite reaction at 25°C of 1.01100
(Sharma and Clayton, 1965). The siderite 8'%0 values were corrected
by subtracting 1.45%o0 using the fractionation factor for the phospho-
ric acid liberated CO,-siderite reaction at 25°C of 1.01165 (Carothers
etal., 1988). Siderites from Leg 150 have substantial amounts of Mg
and Ca substitution and, therefore, their fractionation factor may be
slightly different than that determined by Carothers et al. (1988) for
pure siderite (FeCO;). The 8'*0 data from the University of Tasma-
nia were adjusted by subtracting 1 per mil (0.04%. per degree) to cor-
rect for the higher reaction temperature.



Sr-isotopic analyses were performed on homogenous carbonate
bulk powders at Rutgers University. The carbonate was dissolved in
1.5N HCI and in acetate/acetic acid buffer. Standard ion-exchange
techniques were used to separate strontium for analysis on a VG Sec-
tor mass spectrometer. Internal precision on the Sector is approxi-
mately +0.000011 and external precision (interrun variability) is
+0.000030 or better; the NBS standard is routinely measured at Rut-
gers as 0.710250 (Miller et al., 1988). Ages were estimated from the
Sr-isotopic measurements using the empirical age—*"St/*Sr relation-
ship established at Deep Sea Drilling Project (DSDP) Site 522 (Mill-
er et al., 1988); this linear relationship is apparently valid from the
late Eocene (~38 Ma) to the early Miocene (~22 Ma). Given the rate
of change of "Sr/**Sr and the external precision, the stratigraphic res-
olution of this interval is £1 m.y. or better (Miller et al., 1988). Mio-
cene ages were derived from two linear relationships established at
Site 747 (Oslick et al., 1994). The lower Miocene (23-15.5 Ma) age
estimates have age errors of 0.7 m.y. and the middle Miocene
(15.2-9.9 Ma) have age errors of 1.4 m.y. (Oslick et al., 1994). All
ages are reported to the time scale of Berggren et al. (1995).

Squeezed pore-water samples were analyzed on board the
JOIDES Resolution using standard techniques (Mountain, Miller,
Blum, et al., 1994). Pore-water Fe and K were also measured on a di-
rect-current plasma emission spectrometer (DCP) at USF.

RESULTS

Carbonate cemented nodules and layers were recovered from
Sites 902, 903, 905, and 906 (Fig. 1). Although disseminated carbon-
ate occurs at Site 904, no cemented carbonate nodules were recov-
ered. A single, large dolostone interval was recovered at Site 903 at
574.9 m below seafloor (mbsf) (Sample 150-905A-64X-5, 65-68
cm). Site 905 was drilled in approximately 2700 m water depth on the
continental rise. Site 902 was drilled in approximately 800 m water
depth on the upper continental slope. The majority of the carbonate
nodules were recovered from Site 903 on the upper continental slope
drilled in approximately 445 m water depth, 4.4 km upslope of Site
902. Site 906 was drilled at approximately 925 m depth on the middle
continental slope, 3.3 km north of Site 902.

Carbonate nodules and cemented layers were recovered from up-
per Oligocene to upper Miocene silty clay sediment (Fig. 2). Dissem-
inated diagenetic carbonate was recovered from Pleistocene sedi-
ment. Siderite nodules commonly occur directly below or above
glaucony-rich intervals and are most abundant in middle Miocene
sediment. Dolomite and calcite nodules occur both within and out-
side of glaucony-rich intervals.

Petrology

Dolomite rhombs, 0.1 to 10 pm in size, are observed to grow with-
in foraminifer tests and replace nannofossils (PI. 1). Dolomite occurs
as tightly cemented light to dark grey layers and nodules. Dolomite
is primarily a pore-filling cement. Dolomite and calcite nodules from
glaucony-rich intervals contain abundant glaucony and quartz sand
size grains. In Sample 150-903A-41X-1, 89—94 cm, a calcite cement-
ed nodule containing glauconitic grains shows two phases of calcite
cementation. The original precipitation of calcite was followed by an
infilling of calcite cement in shrinkage cracks and around glauconitic
grains. Unlike siderite, both the calcite and dolomite nodules contain
abundant framboidal pyrite. Siderite occurs as poorly cemented (fri-
able) cream colored layers and nodules. Siderite rhombs, similar to
the dolomite rhombs, are observed to grow within foraminifer tests
and replace nannofossils (PL. 2).

Mineralogy and Elemental Composition

Compositional fields are well defined for most calcite, dolomite,
and siderite samples (Tables 1, 2; Fig. 3). Samples that fall outside
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these fields contain a mixture of carbonate minerals or, in the case of
Sample 150-902D-48X-3, 7-9 cm, a mixture of siderite and franco-
lite. The siderite/francolite sample falls in the siderite field after sub-
traction of the francolite calcium content. Dolomite ranges from
nearly stoichiometric to calcian and ferroan with a total of 14 samples
having an average composition of (Ca), ;5,(Mg)ygo(Fe)gae(CO5),. A
total of 20 siderite samples have an average composition of
(Fe)y72(Mg)g20(Ca)y 0sCO;5. The amount of Ca substitution in New
Jersey Margin siderites is fairly constant, ranging from 6 to 13 mol%
with the majority of siderite containing 6 to 8 mol%. The amount of
Mg substitution is more variable and ranges from 12 to 32 mol% Mg
(Table 2). The Mn content of the siderite is low, ranging from 1000
to 2040 ppm. The average composition of nine diagenetic calcite
samples is (Ca)yg) (Mg o7(Fe)g 5,CO5.

Al and K show weak negative correlations with carbonate con-
tent, and Zn shows a negative correlation with siderite and calcite
(Fig. 4). Be, Mn, and V show a positive correlation with siderite con-
tent but not with dolomite or calcite. Ba content tends to increase with
increasing siderite, dolomite, and calcite. Dolomite and calcite have
highly variable Sr contents that are consistently higher than the Sr
content of siderite.

Stable Isotopes

Carbon isotopic values for dolomite range from —15.0%0 to
+4.5%¢ (PDB) and corrected (subtraction of 0.8%¢) 8'30 values range
from —8.1%¢ to +5.1%¢ (PDB) (Table 3; Fig. 5). Siderite 8"°C values
range from —2.0%o to +11.3%¢ (PDB) and corrected (subtraction of
1.45%¢) 8'30 values of siderite range from —1.4%o to +6.1%0 (PDB).
The §'*C values of calcite nodules range from —37%o to +0.6%¢
(PDB) and 8'®0 values range from —1.3%o to +4.3%¢ (PDB) (Fig. 5).
The 6'*0 values of the diagenetic carbonates tend to decrease with in-
creasing burial depth (Fig. 6). The 8'*C values of the diagenetic car-
bonates show broad shifts with increasing burial depths (Fig. 7).

ORIGIN OF DIAGENETIC CARBONATES

Pore waters from Neogene sediments recovered from the New
Jersey Margin exhibit an exponential decrease in sulfate ion concen-
tration, typical of marine sediment undergoing organic matter degra-
dation by sulfate-reducing bacteria (Claypool and Kaplan, 1974;
Gieskes, 1983). Organic matter degradation by sulfate reduction re-
sults in an increase in pore-water phosphate, ammonium, and carbon-
ate alkalinity (Table 4; Fig. 8) that can lead to the precipitation of dia-
genetic phosphate, sulfide, and carbonate minerals. Differences in
mineralogy (dolomite, siderite, and calcite) and 8"C signatures of the
diagenetic carbonates depend on the pore-water Fe, Mg, and Ca con-
centrations and the rate of organic matter degradation, which controls
the sediment depths of the microbial sulfate reduction and methano-
genesis zones (Berner, 1980; Mozley and Burns, 1993).

Dolomite

Removal of Ca and Mg ions, evident in the pore-water profiles
(Fig. 9), indicates that dolomite is currently precipitating in the up-
permost 200 mbsf at the upper slope sites on the New Jersey Margin.
The presence of 1-10-pum disseminated dolomite rhombs was con-
firmed by XRD and SEM (PL. 1). Several factors that enhance dolo-
mite precipitation at low temperatures on the New Jersey Margin in-
clude: (1) high degree of supersaturation from an increase in carbon-
ate alkalinity that results from bacterial degradation of organic matter
(Claypool and Kaplan, 1974; Compton, 1988b); (2) high pore-water
Mg/Ca ratios up to twice that of seawater (Fig. 9); (3) removal of sul-
fate ion, an inhibitor of dolomitization (Baker and Kastner, 1981);
and (4) the presence of precursor carbonate (foraminifers and nanno-
fossils) (Compton, 1992).
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Figure 2. Stratigraphic columns depicting major lithologic variations at Sites 902, 903, and 906. The sampled diagenetic carbonate nodules are shown by their
mineralogy. The Sr-derived ages of the diagenetic carbonate samples are shown to the left of the columns and the major seismic reflectors (01, M3, and P4) are
shown to the right of the columns.
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Table 1. Mineralogy and ICP elemental analysis of the acid-soluble fraction of bulk diagenetic carbonate samples from Leg 150.

Core, section, Depth Ca Mg Fe  Carbonate  Mn Sr Ba Na K Al P v Zn
interval (cm) (mbsf) Mineralogy (wt%)  (wt%)  (wit%) (wt%) (ppm) (ppm) (ppm) (wWi%) (wt%) (wi%) (wt%) (ppm) (ppm)
150-902D-
21X-3, 121-126 174.24  Calcite 235 1.2 03 63.3 82 820 193 0.3 0.1 0.1 0.2 19 252
30X-6, 13-17 26533 Dolomite 13.7 7.2 1.0 61.3 422 350 83 02 0.1 02 0.1 27 15.4
48X-3,7-9 433.67 Siderite/francolite 5.4 1.9 13.6 48.1 507 1010 418 0.5 0.1 0.2 2.4 59 15.8
48X-4, 104-102 436.12  Siderite 0.5 1.0 74 20.1 398 47.6 64 0.6 0.1 0.1 0.1 46 34.8
48X-6, 16-18 438.26 Siderite 0.9 1.5 14.7 38.1 510 80 126 0.5 0.1 0.1 0.1 77 254
51X-3, 65-67 462.55 Dolomite 12.8 6.8 15 58.8 139 101 25 0.2 0.1 0.1 0.1 6 24.5
63X-1, 1-5 574.41 Siderite 1.8 23 30.0 74.7 900 144 216 0.2 0.0 0.1 03 109 10.2
150-903A-
11H-3, 145-150 (untreated) 99.45 Dolomite/calcite 39 1.0 1.3 159 277 137 20 0.2 0.2 03 0.1 9 28.2 0.6
24X-3, 145150 (untreated)  196.35  Dolomite/calcite A7 1.0 1.1 15.0 162 6 33 0.4 0.2 0.5 0.1 12 375 <0.5
41X-1, 89-94 356.59 Calcite 17.1 1.0 0.3 46.7 9 306 552 0.1 0.2 0.1 0.1 8 6.5 <0.5
41X-1, 89-94% 356.59  Calcite 19.4 1.1 0.2 52.8 10 334 352 0.2 0.3 0.1 0.1 7 15.7 .5
44X-5, 103-109 i91.60 Siderite 0.6 0.4 2.1 1.3 89 35.6 154 03 0.4 0.4 0.0 23 55.4 1.1
45X-2, 12-19 (untreated) 395.92  Calcite/dolomite 14.5 2.8 24 50.7 194 938 1250 03 0.1 0.2 0.4 62 28.2 1.9
47X-2, 56-62 (unireated) 415.76 Calcite/siderite 1.1 0.9 2.8 36.7 244 525 718 0.4 0.1 0.1 0.2 58 264 1.5
51X-3, 137-139 456.57 Calcite 20.0 1.3 0.4 552 32 769 347 0.2 0.1 0.1 0.1 34 14.2 1.2
63X-6, 148-150 576.78  Siderite 0.7 1.1 8.2 223 256 67 87 0.6 0.1 0.2 0.1 80 384 2.0
64X-4, 36-38 (treated) 582.36 Siderite 1.0 24 10.5 327 487 60.1 73 0.1 0.1 0.2 0.1 91 16.1 3.1
69X-5,17-19 631.77 Siderite 1.1 20 13.5 37.8 528 88.3 112 0.6 0.1 0.1 0.1 98 276 4.0
70X-2,76-78 637.46 Siderite 1.2 1.8 8.2 26.2 313 87.5 103 0.6 0.1 0.1 0.1 80 274 2.0
71X-1, 103-106 (untreated) ~ 648.71  Calcite/siderite 4.6 0.5 0.8 14.7 84 174 167 0.8 0.3 03 0.1 18 46.1 1.0
150-903C-
10R-10, 97-98 593.07 Siderite 28 32 25.1 70.2 891 145 144 02 0.1 0.1 0.2 127 15.2 . 6.0
13R-3, 11-13 T701.32 Calcite 17.3 0.8 0.2 46.3 53 522 237 0.5 0.1 0.1 0.4 14 23.0 . 0.9
13R-3, 12-16 701.33 Calcite 124 0.6 0.7 345 80 403 183 0.7 0.1 0.1 0.3 15 29.7 L 1.0
15R-2, 95-97 719.05 Siderite 1.0 0.7 7.1 19.5 274 77 96 0.8 0.1 0.1 0.1 51 45.7 K 1.9
15R-2, 114-116 719.34  Siderite 1.6 1.7 17.0 45.1 497 103 138 05 0.1 02 0.2 112 26.6 | 54
16R-1, 129-131 728.29 Siderite 1.8 25 229 60.4 1340 145 175 0.4 0.1 0.1 0.2 182 17.6 g 4.8
17R-3, 147149 741.27  Siderite 1.7 23 24.6 63.1 765 133 176 0.3 0.1 0.1 0.2 133 9.9 X 4.8
17R-4, 97-99 742.27 Siderite 2.1 238 273 715 810 152 206 0.3 0.1 0.1 0.3 158 11.0 . 7.0
18R-3, 116-119 749.79 Siderite 12 1.9 211 534 539 106 121 0.4 0.1 0.1 0.2 112 244 3 4.3
19R-1, 11-13 756.31 Siderite 1.6 37 192 56.6 609 125 172 0.5 0.1 0.1 0.1 131 19.6 . 38
29R-6, 27-29 (treated) 860.17 Dolomite 19.6 8.3 3.5 85.0 322 293 284 0.0 0.1 0.1 0.0 20 8.5 1.5 1.5
33R-6, 103-106 899.63  Calcite 1.3 0.1 0.1 37 85.7 52 0.4 0.2 0.2 0.1 8 24.8 54 <0.5
37R-3, 70-72 (treated) 933.40 Dolomite 20,0 9.3 0.8 83.6 135 313 230 0.1 0.0 0.1 0.0 4 10.0 34 <0.5
41R-5, 80-83 974.28 Calcite 2.8 0.1 0.2 7.6 2 170 116 0.7 03 0.2 0.1 5 39.5 3.8 <0.5
44R-1, 124-128 (treated) 997.74  Dolomite 16.0 59 1.7 63.8 258 333 152 0.2 0.1 0.1 0.1 10 30.0 2.8 1.0
44R-5, 131-133 (treated) 997.81 Dolomite 19.1 7.1 22 77.0 2 303 159 0.0 0.1 0.1 0.0 13 18.9 7.3 1.3
45R-1, 73-75 (treated) 1006.93 Daolomite 18.0 7.3 1.6 74.9 122 276 165 0.0 0.1 0.1 0.1 7 21.5 58 0.9
51R-7, 125-127 1063.37 Caleite 1.3 0.1 0.2 38 <2 108 78 0.5 0.3 0.2 0.1 3 539 2.6 <0.5
52R-1,9-12 1064.19 Dolomite 19.2 71 49 82.5 297 308 173 0.0 0.1 0.1 0.1 12 10.6 32 1.7
52R-1,93-96 1065.03  Calcite 14.5 0.8 0.5 40.0 57 754 123 0.5 0.1 0.2 0.0 6 444 38 <0.5
56R-6, 67-70 1109.81 Calcite 152 0.1 02 38.6 48 736 108 0.5 0.1 0.1 0.3 2 209 9.9 <05
150-903D-
18R-1, 66-T1 939.06 Daolomite 16.6 8.1 0.8 71.1 151 276 210 0.1 0.0 0.1 0.0 6 13.1
21R-8, 4649 1005.92 Dolomite 18.2 73  f 731 138 367 176 0.1 0.0 0.1 0 13
150-905A-
64X-5, 65-68 (treated) 574.90  Dolomite 18.4 9.4 0.9 80.5 122 440 622 0.1 0.1 0.1 0.1 6 11.9
150-906A-
5H-3, 145-150 (untreated) 41.97 Dolomite/calcite 8.3 1.3 22 30.1 420 197 56 0.3 0.2 0.3 0.1 15 342
8X-3,53-55 66.03 Siderite 1.1 2.0 16.2 43.1 620 91.4 74 0.5 0.1 0.1 0.1 83 21.8
10X-7, 21-24 90.61  Dolomite 13.5 6.5 12 58.8 109 664 155 0.3 0.1 0.2 0.2 23 238
11X-5, 55-58 98.05 Siderite 1.4 23 20.3 533 T06 108 116 0.5 0.1 0.1 0.2 111 213
29X-6, 17-20 27277 Siderite 0.3 0.4 3.7 9.8 145 42.1 43 0.7 0.1 0.1 0.1 26 61.2
36X-2, 145-147 336.15 Dolomite 8.0 4.3 0.7 36.0 281 150 8 0.1 <.0] 0.0 0.1 5 5.6
42X-2,6-13 392.33 Dolomite 9.3 4.8 0.1 40,3 1750 214 210 0.1 0.0 0.1 0.1 20 134
54X-5, 49-53 512.69 Siderite 1.4 1.9 11.7 342 722 589 73 0.2 0.1 0.1 0.0 25 343

Notes: Carbonate = wit% of the bulk sample, assuming all Ca, Mg, and Fe are derived from carbonate; treated = NaOAc removal of calcite; * = separate sample from 89-94-cm interval.
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The pore-water Ca concentration decreases rapidly to 3.6 mM by

Table 2. Calculated elemental composition of the diagenetic carbonates from Leg 150.

Core, section, Depth Ca Mg Fe
interval (cm) (mbsf) Mineralogy (mol%) (mol%) (mol%)
150-902D-
21X-3, 121-126 174.24 Calcite 91.7 7.4 0.9
30X-6, 13-17 26533 Dolomite 521 45.1 2.8
48X-3, 7-9 433.67 Siderite/francolite  29.6 16.8 53.7
48X-4, 102-104 436.12 Siderite 7.3 21.1 .7
48X-6, 16-18 438.26 Siderite 6.5 18.1 754
51X-3, 65-67 462.55 Dolomite 509 447 44
63X-1, 1-5 574.41 Siderite 6.7 13.9 79.4
150-903A-
11H-3, 145-150 (untreated)  99.45 Dolomite/calcite 59.6 26.5 14.0
24X-3, 145-150 (untreated) 196.35 Dolomite/calcite 59.3 274 13.3
41X-1, 89-94 356.59 Calcite 90.2 8.8 1.0
41X-1, 89-94* 356.59 Calcite 90.5 8.7 0.8
44X-5, 103-109 391.60 Siderite 19.7 12.4 67.9
45X-2, 12-19 (untreated) 395.92 Calcite/dolomite 69.8 22.0 8.2
47X-2, 56-62 (untreated) 415.76 Calcite/siderite 75.8 10.5 13.7
51X-3, 137-139 456.57 Calcite 89.2 9.6 1.2
63X-6, 148-150 576.78 Siderite 8.1 21.2 70.8
64X-4, 36-38 (treated) 582.36 Siderite 8.1 31.7 60.1
69X-5, 17-19 631.77 Siderite 8.0 234 68.6
70X-2, 76-78 637.46 Siderite 11.7 30.2 58.1
T1X-1, 103106 (untreated) 648.71 Calcite/siderite 76.8 14.1 9.1
150-903C-
10R-10, 97-98 593.07 Siderite 10.7 20.2 69.0
13R-3, 11-13 701.32 Calcite 924 6.7 0.9
13R-3, 12-16 701.33 Calcite 89.2 7.2 3.6
15R-2, 95-97 719.05 Siderite 13.2 16.3 70.6
I5R-2, 114-116 719.34 Siderite 9.71 6.7 73.6
16R-1, 129-131 728.29 Siderite 79 18.2 73.9
17R-3, 147-149 741.27 Siderite 73 16.3 76.4
17R-4, 97-99 742.27 Siderite 8.0 174 74.5
18R-3, 116-1197 49.79 Siderite 6.3 16.2 77.6
19R-1, 11-13 756.31 Siderite 7.3 28.5 64.2
29R-6, 27-29 (treated) 860.17 Dolomite 54.7 38.2 7.1
33R-6, 103-106 899.63 Calcite 88.4 6.7 4.9
37R-3, 70-72 (treated) 933.40 Dolomite 559 42.6 1.5
41R-5, 80-83 974.28 Calcite 90.5 6.0 35
H4R-1, 124-128 (treated) 997.74 Dolomite 59.5 36.0 4.5
44R-5, 131-133 (treated) 997.81 Dolomite 589 36.2 4.94
45R-1, 73-75 (treated) 1006.93 Dolomite 56.6 308 36
51R-7, 125-127 1063.37 Calcite 84.1 8.7 7.1
52R-1,9-12 1064.19 Dolomite 55.9 339 10.2
52R-1, 93-96 1065.03 Calcite 89.9 7.8 24
56R-6, 67-70 1109.81 Calcite 98.2 1.1 0.7
150-903D-
18R-1, 66-T1 939.06 Dolomite 54.4 43.8 1.9
21R-8, 4649 1005.92 Dolomite 58.6 38.7 27
150-905A-
64X-5, 65-68 574.90 Dolomite 532 450 1.8
150-906A-
5H-3, 145-150 (untreated) 41.97 Dolomite/calcite 68.6 18.2 13.2
8X-3, 53-55 66.03 Siderite 6.9 20.2 729
10X-7, 21-24 90.61 Dolomite 53.7 428 34
11X-5, 55-58 98.05 Siderite 6.9 18.9 74.2
29X-6, 17-20 272.77 Siderite 7.5 19.6 73.0
36X-2, 145-147 336.15 Dolomite 514 456 LN |
42X-2, 6-13 392.33 Dolomite 53.6 458 0.6
54X-5, 49-53 512.69 Siderite 10.6 24.1 65.3

Notes: treated = NaOAc removal of calcite;* = separate sample from 89-94-cm interval.

Mg + 2CaCO, = CaMg (CO), + Ca®*.

14 mbsf, remains fairly constant to a depth of 225 mbsf, and then
steadily increases with depth (Fig. 9). An initial decrease in Ca, asso-
ciated with an increase in alkalinity from sulfate reduction, is com-
monly observed in rapidly deposited, organic-rich sediments and is
generally related to carbonate precipitation (Gieskes, 1981). The
pore-water Mg ion concentration decreases to a minimum value of
27.8 mM at 176 mbsf. The decrease in pore-water Ca and Mg on the
New Jersey Margin may result from the direct precipitation of dolo-
mite,

Ca?* + Mg? + 2HCO,” = CaMg(COy), + 2H". (1)

The pore-water Mg/Ca ratio increases sharply in the uppermost 100
mbsf at the upper slope sites to maximum values of 11 to 18. The in-
creased Mg/Ca ratio favors dolomitization of calcite,
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The Mg/Ca pore-water ratio decreases asymptotically to a value of
approximately 1, a trend that is commonly observed in marine sedi-
ments where dolomite is precipitating. A Mg/Ca ratio equal to one is
predicted for pore water in thermodynamic equilibrium with dolo-
mite (Robbie et al., 1978; Compton, 1988b).

The range in 8"C values (—=15.0%¢ to +4.5%¢ PDB) of dolomite
from Leg 150 indicates that the carbon was primarily derived from
the dissolution of biogenic calcite and degradation of organic matter
throughout the sulfate-reduction zone and in the upper methanogen-
esis zone. The lack of large positive 8"*C values for the dolomite sam-
ples suggests that most of the dolomite did not form in the deeper por-
tions of the methanogenesis zone. Replacement of biogenic calcite by
dolomite is supported by SEM photomicrographs (Pl. 1), foramin-
iferal ghosts, and nannofossils partially replaced by rhombohedral
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Figure 3. Ternary diagram depicting the compositional fields of calcite, dolo-
mite, and siderite. There are a total of 52 samples consisting of 11 calcite, 14
dolomite, 20 siderite, 4 dolomite/calcite, 2 calcite/siderite, and 1 siderite/fran-
colite.

carbonates. The general lack of calcareous fossils in the middle and
upper Miocene sediments of these upper slope sites (Mountain, Mill-
er, Blum, et al., 1994) reflects their transformation to diagenetic car-
bonates. In fact, diagenetic carbonate formation was probably limited
in these sediments by the availability of precursor biogenic carbon-
ate. The 8"°0 values of the dolomite decrease with burial depth, indi-
cating that either dolomite formed at those depths or at shallow
depths (lower temperatures) and then recrystallized upon deeper
burial (Fig. 6). The similar §'®0 values of Site 906 dolomites to more
deeply buried Site 903 dolomites can be explained by rapid burial at
Site 903 since the Pleistocene with 350 m of Pleistocene sediment at
Site 903 compared to 50 m at Site 906 (Fig. 2). The dolomite §'*0
values of Site 903 have apparently not reequilibrated since their rapid
burial in the Pleistocene. The temperature of formation of dolomite is
estimated to range from 8°C to 30°C using the proto-dolomite-water
fractionation expression of Fritz and Smith (1970). This temperature
range is consistent with the present-day bottom-water temperatures
and a geothermal gradient of approximately 30° to 35°C/km. The un-
usually low §'*0 values of —7.8%¢ to —5.5%¢ of mixed dolomite/cal-
cite samples in the uppermost 200 mbsf yield formation temperatures
of 55 to 70°C. The same low §'®0 values were obtained for untreated
(dolomite and calcite) and treated (dolomite only) samples (Table 3).
Such high temperatures are inconsistent with the shallow burial
depths of these carbonates, which are currently forming at depth in
the sediment. Although negative §'%0 values can reflect a meteoric
water influence, a meteoric influence is not supported by the pore-
water chemistry. Therefore, these low 8'*0 values are enigmatic.
Some carbonate cemented samples contain a mixture of dolomite
and calcite (Fig. 3). The low iron content of the calcite samples (max-
imum of 7 mol% Fe) indicates that the dolomite/calcite samples ei-
ther contain dolomite with Fe contents of around 20 mol% Fe, signif-
icantly higher than the maximum Fe content of the dolomite field (10
mol% Fe), or that approximately 5% of the carbonate in these sam-
ples is siderite. Similarly, the Mg content (14.1 mol% Mg) of the cal-
cite/siderite Sample 150-903A-71X-1, 103—106 cm, requires that ei-
ther the siderite has a 40 mol% Mg content, higher than the maximum
of 30 mol% Mg in the defined siderite field, or that approximately 5%
of the carbonate fraction of this sample is dolomite. It is difficult to
determine unequivocally if these mixed samples contain minor
amounts of siderite or dolomite, because the siderite and dolomite
contents of the bulk samples are near the detection limit of the XRD

ORIGIN OF DIAGENETIC CARBONATE MINERALS

(0.5 wt%). An equilibrium mixture of calcite, ferroan dolomite, and
siderite in these samples would indicate an expansion of the three-
phase field at low sedimentary temperatures, consistent with expan-
sion of the three-phase field between 550° and 250°C in the thermo-
dynamically calculated phase diagrams of Anovitz and Essene
(1987).

Siderite

Siderite precipitation on the New Jersey Margin is enhanced by
(1) an increase in the degree of supersaturation attributed to an in-
crease in carbonate alkalinity, (2) high Fe pore-water concentrations
(Fig. 10), and (3) low sulfate concentrations (Mozley and Burns,
1993). Of these factors, the Fe content of the pore water is the most
important in promoting the precipitation of siderite. The source of Fe
for siderite is most likely the reduction of Fe oxyhydroxide coatings
on the abundant terrigenous material at these sites. At Site 903, where
the sulfate ion is largely depleted to near zero by 14 mbsf, pore-water
Fe concentrations initially increase to a maximum of 54 pM at 50
mbsf, then decrease and maintain an average concentration of 8 uM
between 110 and 540 mbsf. Another maximum of 72 pM at 588 mbsf
is associated with the siderite-rich interval from 550 to 775 mbsf (Fig.
10). Although similarly high Fe concentrations were confirmed, the
pore-water Fe profile at Site 903 below 500 mbsf was not reproduced
in shore-based analyses using DCP. Siderite appears to be forming
currently in the uppermost 100 mbsf within the methanogenesis zone
at Site 906 (Fig. 2). At Site 906, sulfate ion concentrations decrease
to near zero and pore-water Fe concentrations reach a local maximum
of 11 uM by 32 mbsf (Mountain, Miller, Blum, et al., 1994). Substi-
tution of Mg is favored over Ca in siderite because the ionic radius of
Mg is more similar to that of Fe, and Mg is more abundant than Ca in
these pore waters (Fig. 9). The pore-water Ca concentration is fairly
constant, increasing only slightly in the methanogenesis zone, where-
as the pore-water Mg/Fe ratio is more variable and probably contrib-
uted to the large variation in Mg content of the siderite samples (Fig.
3).

Mozley and Carothers (1992) found that siderite concretions
which formed early in association with glaucony-rich intervals have
higher Fe/Mg ratios than those that formed at greater burial depths in
the methanogenesis zone. In contrast to the results of Mozley and
Carothers (1992), New Jersey Margin siderites associated with glau-
cony-rich intervals have low Fe/Mg ratios which increase with in-
creasing stratigraphic distance from the glaucony-rich intervals. Sid-
erites that precipitate concurrently with glaucony during suboxic dia-
genesis are expected to have lower Fe/Mg ratios, because glaucony
formation should remove Fe and lower the pore-water Fe/Mg ratio.

Consistently positive 8'*C values indicate siderite precipitation in
the methanogenesis zone rather than in either the suboxic zone of mi-
crobial iron reduction associated with glaucony formation (McCrack-
en et al., this volume) or the sulfate-reduction zone (Fig. 11). Siderite
precipitation is possible in the suboxic zone of microbial iron reduc-
tion because Fe?* is released. Iron removal in the suboxic zone by sul-
fide minerals is limited. Suboxic conditions are necessary for glauco-
ny formation due to the presence of both Fe?* and Fe?* in the mineral
structure (Ireland et al., 1983; Odin and Matter, 1981). Siderite that
precipitates in the suboxic zone with glaucony should have depleted
6"C values compared to siderites that precipitate in the methanogen-
esis zone (Mozley and Carothers, 1992). Therefore, although Leg
150 siderites associated with glaucony-rich intervals have low Fe/Mg
ratios, they probably did not form concurrently with the glaucony in
the suboxic zone but rather formed later in the deeper methanogene-
sis zone. The positive 8'"°C values of the siderite are consistent with
the high sedimentation rates of Fe-rich terrigenous sediment and or-
ganic matter on the upper slope of the New Jersey Margin (Mozley
and Burns, 1993). Dolomite is favored over siderite in the sulfate-
reduction zone because the formation of monosulfides, and eventual-
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Figure 4. Concentrations of Al, Zn, K, Be, Mn, V, Ba, and Sr in the acid-soluble fraction of the bulk samples as a function of weight percent carbonate. The sid-
erite sample with the highest Sr content is a mixture of siderite and francolite.

ly pyrite, rapidly removes Fe** from the pore water (Berner, 1984).
Siderite precipitation can occur in the sulfate reduction zone only if
the reduction of iron exceeds the rate of sulfate-reduction (Pye et al.,

1990).

The trend of decreasing siderite 8'*0 values with depth at Sites
903 and 906 probably reflects siderite formation or recrystallization
at the higher temperatures of deeper burial (Fig. 6). The similar §'50
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values of Site 906 siderites with the more deeply buried Site 903 sid-
erites can be explained by the rapid burial at Site 903 since the Pleis-
tocene (350 m of Pleistocene sediment at Site 903 compared to 50 m

of Pleistocene at Site 906, Fig. 2). 8'%0 values of siderites from this

study are compatible with precipitation at shallow burial depths in a
temperature range of 15°-30°C. 8'*0 values of most Paleozoic and
Mesorzoic siderite concretionary cements are lower than expected for
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Table 3. Mineralogy and isotopic composition of diagenetic carbonate samples from Leg 150,

§'%0 80
Core, section, Depth 9C (% PDB) (%e PDB)
interval (cm) (mbsf) Mineralogy (% PDB)  (uncorr.) {corr.)
150-902D-
21X-3, 121-126 174.24  Calcite =22.1 1.9 1.9
30X-6, 13-17 265.33  Dolomite -15.0 38 3.0
48X-3,7-9 433,67  Siderite/francolite 2.2 22 0.7
48X-4, 102-104 436.12  Siderite 29 2.9 1.4
51X-3, 65-67 462.55  Dolomite -8.8 2.7 1.9
63X-1, 1-5 574.41 Siderite -1.1 4.5 3.1
150-903A-
11H-3, 145-150 (treated) 99.45  Dolomite -13 =70 -7.8
11H-3 | 145-150 (untreated) 99.45  Dolomite/calcite -1.5 -7.3 -8.1
24X-3, 145-150 (treated) 196.35  Dolomite 0.3 —4.7 =55
24X-3, 145-150 (untreated)  196.35  Dolomite/calcite 0.3 -4.6 -5.4
41X-1, 89-94 356.59  Calcite -22.9 32 32
41X-1, 89-94° 356.59  Calcite -21.6 43 4.3
48X-5, 20-22* 428.51 Calcite -16.7 4.0 4.0
48X-5, 95-97* 42925  Calcite/siderite -18.7 43 29
51X-3, 137-139 45636  Calcite -19.5 2.6 2.6
51X-3, 137-139° 456.36  Calcite -18.5 3.8 38
63X-6, 148-150 576.78  Siderite 59 5.0 36
64X-4, 136-138* 582.86 Calcite 0.9 54 54
69X-5, 17-19 631.77  Siderite 54 54 4.0
70X-2, 76-78 637.46  Siderite 8.8 5.0 3.6
13R-3, 12-16 70133 Calcite -37.3 0.8 0.8
15R-2, 95-97 719.05  Siderite 74 36 22
150-903C-
10R-10, 97-98" 593.07  Siderite 2.7 6.6 52
15R-2, 114-116* 719.34  Siderite 73 54 4.0
16R-1, 129-131 728.29  Siderite 45 35 2.1
17R-3, 147149 741.29  Siderite 23 3.8 24
18R-3, 116-119 749.79  Siderite 3.1 45 3.1
19R-1, 11-13 756.31 Siderite 42 45 3.1
29R-6, 27-29 (treated) 860.17  Dolomite 0.1 0.2 0.6
29R-6, 27-29° 860.17  Dolomite -1.8 2.1 1.3
37R-3, T0-72 933.40  Dolomite —-4.8 0.5 =03
37R-3, T0-72% 93340  Dolomite 4.4 1.8 1.0
41R-5, 80-83* 97430  Calcite 0.6 ~0.4 -0.4
44R-5, 131-133 (treated) 997.81  Dolomite -0.5 -0.9 -1.7
S51R-6, 145-147" 1062.07  Calcite 0.8 0.1 -0.1
51R-7, 125-127 1063.37  Calcite -1.8 -0.3 -0.3
5IR-7, 125-127* 1063.37  Calcite -2.8 0.4 04
52R-1, 9-12* 1064.19  Dolomite -1.8 0.9 -1.7
56R-6, 67-70° 1109.81  Calcite 0.4 ~-1.4 -1.4
150-903D-
18R-1, 66-71 939.06  Dolomite -3.5 0.5 -03
21R-8, 46-49 1005.92  Dolomite -2.2 0.6 -1.4
150-905A-
64X-5, 65-68 (treated) 57490 Dolomite 4.5 5.4 4.6
64X-5, 65-68° 57490  Dolomite 35 59 5.1
150-906A -
5H-3, 145-150 (treated) 41.97  Dolomite =21 —6.4 -1.2
5H-3, 145-150 (untreated) 41.97  Dolomite/calcite =20 —6.8 -7.6
8X-3, 53-55 66.03  Siderite 5.0 53 39
10X-7, 21-24 90.61 Dolomite -11.4 4.4 3.6
11X-5, 55-58 98.05  Siderite 23 7.5 6.1
29X-6, 17-20 27277  Siderite 11.3 3.4 2.0
36X-2, 145-147 336.15  Dolomite -10.3 0.5 0.3
42X-2, 6-13 39233 Dolomite -12.0 0.1 -0.7
54X-5, 49-63 512.69  Siderite -1.0 0.1 -14

Note: Uncorrected §'%0 values were calculated using a caleite fractionation factor of 1.01020. The §'%0 values of siderite and dolomite were corrected by subtracting 1.45%.
(Carothers et al., 1988) and 0.8%s (Sharma and Clayton, 1965), respectively. uncorr, = uncorrected 8'30; corr. = corrected 5'°0; treated = NaOAc removal of calcite.

*Isotopic compositions measured at the Univerity of Tasmania.

an early burial origin or than can be explained by recrystallization at
the higher temperatures of deeper burial (Mozley and Burns, 1993).
The source of these anomalously low 80 values is uncertain but
may include the introduction of meteoric water (Sass and Kolodny,
1972) or alteration of pore-water 8'*0 during burial diagenesis.

Calcite

Most diagenetic carbonates that form in the sulfate-reduction
zone have 8'*C values that range from —20%¢ to 0%c (PDB) (Baker
and Burns, 1985). The extreme negative 8 C values of some of the
calcite cements (—37%e to —22%¢ PDB) indicate that they may have
derived some of their carbonate from the oxidation of methane.
Methane has highly depleted carbon isotopic compositions of —=70%¢

to —40%e (PDB) (Claypool and Kaplan, 1974) and the New Jersey
Margin sediments contain abundant methane (Mountain, Miller,
Blum, et al., 1994). Oxidation of methane is thought to occur when it
migrates into the overlying sulfate-reduction zone and oxic environ-
ments (Iversen and Jergensen, 1985; Paull et al., 1992). For example,
&"C values as light as —32%o have been reported for diagenetic car-
bonates at the base of the sulfate-reduction zone (Claypool and
Threlkeld, 1983) where the anaerobic oxidation of methane,

SO + CH, = HCO;™ + HS" + H,0, (3)
may have been an important source of isotopically light bicarbonate.

The above reaction results in an increase in carbonate alkalinity and
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Figure 5. Plot of oxygen and carbon isotopic compositions of diagenetic car-
bonates from Leg 150. Siderite and dolomite oxygen isotopic values were
determined using a fractionation factor of 1.01165 and 1.01100, respectively
(Carothers et al., 1988; Sharma and Clayton, 1965).

has been suggested as a driving mechanism for precipitation of car-
bonate cements found in association with methane-rich seeps in ac-
cretionary prisms (e.g., Ritger et al., 1987; Paull et al., 1992). With
extensive local anaerobic methane oxidation, the 8"*C values of both
precipitated carbonate and pore-water CO, can be very low (<-28%¢
PDB) (Paull et al., 1992).

Methane can also be oxidized in oxic environments near the sed-
iment/seawater interface. Calcite precipitation is favored over dolo-
mite at or near the sediment/seawater interface where the Mg/Ca
pore-water ratio is low and the sulfate concentration is high. Meth-
ane-derived carbonate from the Florida escarpment is low-Mg calcite
(Paull et al., 1992). However, methane-derived carbonates from the
North Sea are composed of aragonite and Mg calcite (Hovland et al.,
1987). Therefore, calcite cements from this study may have originally
been low-Mg calcite or were later recrystallized to low-Mg calcite.
Not all calcite nodules of the New Jersey continental slope have low
8'C isotopic values (Fig. 7). For example, calcite cemented samples
from the upper Oligocene sediment at Site 903 recovered from be-
tween 974 and 1110 mbsf have §'"°C values that range from 0.6%o to
—2.8%¢ (PDB). Why calcite formed rather than dolomite or siderite in
these sediments is unclear. The 8'®0 values of the calcite from Site
903 indicate formation at normal bottom-water and burial tempera-
tures (Fig. 6).

¥Sr/“Sr-DERIVED AGES
OF THE DIAGENETIC CARBONATES

The ¥7Sr/*Sr ratio of seawater is thought to be uniform throughout
the ocean because the residence time of Sris longer than the oceanic
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Figure 6. Oxygen isotopic compositions of diagenetic carbonates as a func-
tion of sediment depth for Sites 902, 903, and 906. Siderite and dolomite
oxygen isotopic values were determined using a fractionation factor of
1.01165 and 1.01100, respectively (Carothers et al., 1988; Sharma and Clay-
ton, 1965). The anomalously high 8'*O values of diagenetic carbonate sam-
ples from below approximately 550 mbsf reflects the 150-300 m greater
thickness of upper Pleistocene sediment at Site 903 (Fig. 2).

mixing time (Broecker and Peng, 1982). The large increase in the sea-
water *’Sr/Sr ratio (~0.0013) from the late Eocene to Holocene
makes it possible to use Sr-isotope stratigraphy for correlation and
age dating of Sr-bearing marine minerals (Burke et al., 1982; DePa-
olo and Ingram, 1985; Hess et al., 1986). The *'Sr/*Sr-derived ages
of diagenetic carbonates will depend on the source of the Sr. The
most significant Sr sources are Sr in precursor carbonate and Sr in
pore water originally buried with the sediment. These two Sr sources
should have similar ¥Sr/*Sr ratios if the precursor carbonate fossils
and the sediment are the same age (Richter and DePaolo, 1987). The
Sr content of diagenetic carbonates is expected to be less than the Sr
content of the precursor carbonate. No isotopic fractionation is ex-
pected during formation of the diagenetic carbonates because of the
small difference in mass between %’Sr and %Sr. Therefore, we antici-
pate that the ¥’Sr/%Sr ratio of the diagenetic carbonate should reflect
the ratio of the sediment in which it formed.

The Sr-derived ages of diagenetic carbonates are highly variable
but generally become younger upsection at Sites 902, 903, and 906
(Table 5; Fig. 12). The unreasonably young ages at Sites 902 and 903
may be explained by leaching of radiogenic #Sr from terrigenous de-
trital material either during sample processing or during burial dia-
genesis. The presence of Al and K in the elemental analyses of the
acid-soluble fraction (Table 1) indicates that minor solution of non-
carbonate minerals generally increases with decreasing carbonate
content of the bulk samples (Table 1; Fig. 4). Therefore, reaction with
similar strength acid (1.5N HCI) for Sr-isotopic analysis may have
leached Sr from #’Sr-rich detrital clay minerals. The low Sr contents
of the diagenetic carbonates, especially the siderites, require only mi-
nor amounts of leached terrigenous Sr to impact the 3’Sr/*Sr ratio.
For example, the unreasonably young age of the calcite cement from
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Figure 7. Carbon isotopic composition as a function of sediment depth for
Sites 902, 903, and 906.

Sample 150-903C-41R-5, 80—83 cm, is probably a result of the low
calcite content of the bulk sample (7.5 wt%) and the low Sr content
of the calcite cement of 170 ppm.

At Sites 902, 903, and 906, most of the carbonates are older than
the surrounding sediment. A possible explanation is that older diage-
netic carbonate or, more likely, their biogenic precursors, as the nod-
ules and cements appear to have formed in place, were reworked and
transported by way of debris flows into younger sediment. Numerous
debris flows and reworked shallow-water benthic foraminifers indi-
cate increased deposition of reworked sediment in the middle and up-
per Miocene sediments at these sites (Mountain, Miller, Blum, et al.,
1994). Another possible mechanism to explain carbonate cements
older than the surrounding sediments is diffusion of Sr from older un-
derlying sediments. Pore-water Sr concentrations increase with depth
at these sites (Fig. 9) and indicate that Sr is currently diffusing up-
ward from the underlying Eocene carbonates. Upward diffusion of Sr
should cause age differences between carbonate cements and sedi-
ment to decrease upsection. The fact that this trend was not observed
may indicate that deeply buried carbonates were formed at shallow
burial depths and have not recrystallized (Table 5). Therefore, diage-
netic carbonates from Sites 902, 903, and 906 apparently do not yield
reliable ¥'Sr/*Sr-derived ages.

RELATION OF CARBONATE CEMENTS
TO SEA LEVEL

The sedimentation rate on the New Jersey Margin was highly
variable and dependent on sea-level fluctuations and sediment supply
(Mountain, Miller, Blum, et al., 1994). The highly variable sedimen-
tation rates of the New Jersey Margin were a major controlling factor
in the precipitation of carbonate minerals. The presence of diagenetic
carbonate nodules below the lower boundaries of unconformities
suggests that sufficiently long periods of slow or nondeposition en-

ORIGIN OF DIAGENETIC CARBONATE MINERALS

hanced diagenetic carbonate cementation (McCracken et al., this vol-
ume). During periods of slow sedimentation rates, perhaps associated
with maximum rate of sea-level rise, dolomite is expected to form in
the sulfate-reduction zone (Pisciotto and Mahoney, 1981; Burns and
Baker, 1987). Calcite and dolomite from the upper Eocene to lower
Miocene of the New Jersey Margin formed in the sulfate-reduction
zone and are associated with periods of relatively slow deposition.
Middle to late Miocene dolomite precipitated predominantly in the
upper portions of the methanogenesis zone in response to generally
higher sedimentation rates. Dolomite currently forming in the upper-
most 200 mbsf at Site 903 is in the upper portion of the methanogen-
esis zone of rapidly deposited, organic-rich Pleistocene sediments.
These samples have 6'*C values of about 0% and are associated with
high sedimentation rates of approximately 700 m/m.y. (Mountain,
Miller, Blum, et al., 1994). The increased burial flux of Fe-rich ter-
rigenous material during the middle to late Miocene resulted in abun-
dant siderite formation along with ferroan dolomite. Abundant pre-
cipitation of siderite is associated with increased sedimentation rates
during the middle to late Miocene as the shelf/slope break migrated
seaward and the rate of organic matter and Fe-rich terrigenous sedi-
mentation increased and shoaled the sediment depth to the transition
from the sulfate-reduction to the methanogenesis zone.

CONCLUSIONS

Diagenetic carbonate minerals from the upper slope of the New
Jersey Margin are a byproduct of organic matter degradation and the
dissolution of precursor biogenic calcite, mostly foraminifers and
nannofossils. Pore-water chemistry, biogenic calcite precursors, rate
of organic-carbon degradation and sedimentation rate are important
factors that control the mineralogy and abundance of the diagenetic
carbonates. Dolomite formation within the sulfate-reduction zone
and upper methanogenesis zone was favored by high alkalinity, low
sulfate ion concentrations, and high Mg/Ca ratios. Dolomite that
formed in the methanogenesis zone contains more Fe than dolomite
that formed in the overlying sulfate-reduction zone, because Fe was
no longer preferentially removed by pyrite. The high Fe content of
the terrigenous-rich sediment increased the pore-water Fe/Mg ratio
and favored siderite precipitation over dolomite in the zone of meth-
anogenesis. Diagenetic calcite formed in the sulfate-reduction zone,
and as cements where methane seeps intersected overlying sulfate-
reduction or suboxic/oxic zones.

Highly variable sedimentation rates on the New Jersey Margin ap-
pear to have had a large influence on the abundance and mineralogy
of diagenetic minerals precipitated. During periods of slow sedimen-
tation rates, perhaps associated with maximum rates of sea-level rise,
dolomite precipitation was favored in the sulfate-reduction zone.
More extensive cementation was possible due to the longer residence
time near the sediment/seawater interface. During periods of high
sedimentation rates, dolomite and siderite precipitation occurred pre-
dominantly in the zone of methanogenesis as less tightly cemented
nodules and layers.

The Sr-derived ages of diagenetic carbonates from Sites 902, 903,
and 906 are highly variable and generally become younger upsection.
Possible reasons for discrepancies between the age of carbonate ce-
ments and the surrounding sediment include leaching of ¥’Sr from
noncarbonate minerals during acid digestion, diffusion of Sr from un-
derlying Eocene limestones, and reworking of older biogenic precur-
sors or diagenetic carbonate into younger sediments.
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Table 4. Interstitial water data for Site 903.

Core, section, Depth Alk. Sal. Cl(tit) SO, NH, PO, Sr Ca(tit) Mg (tit) Fe (AA) Mn (AA)
interval (cm) (mbsf) pH (mM) (%6e) (mM) (mM) (mM) (mM) (uM) (mM)  (mM) Mg/Ca (uM)  (uM)
150-903A-
1H-1, 145-150 1.5 75 7.9 355 564 255 03 36 78 9.7 52.7 5.4 6 4
2H-1, 145-150 14.0 74 16.0 33.5 565 0.2 35 115 65 36 39.6 11.0 27 2
3H-3, 145-150 235 74 12.1 332 560 0.0 4.6 62 67 4.0 376 9.5 NM 2
4H-4, 145-150 34.5 74 103 338 562 03 47 24 71 44 7.1 8.4 49 3
5H-3, 145-150 42.5 7.5 7.7 33.0 565 0.4 6.5 29 72 4.3 35.3 8.2 50 3
6H-3, 145-150 52.0 7.5 7.6 335 566 0.2 5.2 24 72 43 33.9 7.9 54 3
TH-3, 145-150 61.5 7.5 7.8 335 563 0.1 49 19 72 44 34.4 7.8 45 3
8H-3, 145-150 71.0 75 6.3 33.0 564 0.0 43 10 72 47 33.5 7.1 44 3
9H-3, 145-150 80.5 75 6.6 335 560 02 4.5 13 70 4.8 334 6.9 44 3
10H-3, 150155 90.0 7.5 6.9 33.0 559 0.5 5.2 13 67 43 322 7.5 37 3
11H-3, 145-150 99.5 7.6 10.6 33.0 557 0.3 7.3 37 62 4.0 313 79 14 3
12H-3, 145-150 109.0 75 13.1 33,0 558 0.7 94 62 60 38 31.3 8.3 24 2
14H-3, 143-150 128.0 1.7 18.0 33.5 558 0.3 11.3 36 58 4.1 325 8.0 ) NM
17H-2, 140-150 152.0 7.8 18.0 33.0 565 0.3 8.7 23 52 33 28.6 8.8 3 1
21X-2, 145-150 172.5 7.6 12.3 330 556 0.4 10.4 50 59 3.7 278 7.6 10 2
24X-3, 145-150 196.4 7.6 31.8 34.5 556 1.0 10.3 125 68 44 328 7.5 5 3
27X-3, 140-150 225.1 7.8 16.5 34.0 564 0.0 8.7 18 59 39 30.1 7.6 8 2
30X-2, 140-150 252.7 7.7 7.5 335 575 0.7 8.0 8 67 5.1 29.1 5.7 NM 2
33X-3, 140-150 283.0 7.6 14.4 35.0 581 0.3 6.8 26 86 6.6 310 4.7 9 5
36X-3, 140-150 312.0 7.8 102 355 598 0.3 75 6 104 6.3 311 5.0 6 2
39X-3, 140-150 340.9 1.7 12.8 36.2 618 0.0 86 16 124 72 33.7 47 NM NM
42X-3, 140-150 369.9 73 27.9 40.0 658 0.1 6.3 24 149 9.4 399 42 6 NM
45X-2, 140-150 397.3 7.1 325 42.0 687 0.1 5.3 10 154 10.7 422 39 9 3
48X-3,140-150  427.8 7.7 344 44.0 727 0.3 7.1 5 154 10.0 41.7 42 NM 2
51X-3, 140-150 456.7 7.0 34.6 46.0 753 0.5 7.3 11 166 10.1 445 44 14 2
54X-3, 140-150 485.8 6.9 38.6 46.5 815 0.2 9.5 6 203 11.8 45.7 3.9 15 2
57X-2, 140-150 513.2 7.0 356 50.0 826 0.3 132 25 222 10.8 452 4.2 16 3
60X-3, 140-150  543.7 76 363 51.0 830 0.1 10.2 3 236 13.4 455 34 NM 3
63X-3, 140-150  572.3 7.5 36.0 49.0 836 0.0 10.9 17 253 14.4 48.0 33 NM 3
67X-3, 140-150 6108 7.7 37.7 50.0 876 0.0 16.6 7 253 15.2 46.9 3.1 NM 3
70X-3, 140-150  639.7 6.8 35.0 53.8 883 0.0 12.3 19 282 16.5 48.4 29 NM 4
73X-3, 140-150 668.6 6.8 36.7 545 908 0.0 13.2 3 297 17.2 494 29 21 3
76X-3, 140-150  697.6 6.8 36.4 54.5 908 0.0 12.8 21 274 17.3 48.4 28 31 3
150-903C-

5R-1, 140-150 507.1 6.9 38.0 50.0 847 0.0 113 17 216 14.1 47.2 33 NM NM
9R-1, 140-150 588.0 6.9 37.0 50.5 848 0.2 11.5 5 248 15.1 48.5 3.2 72 2
12R-3, 140-150  693.1 6.7 35.2 54.0 885 25 125 15 310 17.8 48.9 2.7 NM 3
15R-2, 140-150 7202 6.8 34.2 54.5 897 29 15.5 0 329 18.4 479 2.6 75 2
18R-1, 53-63 747.1 6.7 32.7 542 896 0.8 15.8 0 276 17.8 46.3 2.6 32 2
2IR-1, 98-108 776.5 6.8 317 54.0 886 1.7 13.0 5 347 19.1 47.8 25 23 3
25R-2, 140-150 816.8 6.8 30.3 56.0 933 0.5 12.1 5 433 21.4 47.5 22 50 3
29R-3, 140-150 856.9 6.6 27.0 56.5 941 0.0 12.8 5 519 224 456 20 24 2
32R-1, 140-150 882.9 6.7 27.7 57.8 963 0.3 14.9 0 607 247 45.8 1.8 12 2
35R-3, 140-150 914.9 6.6 25.9 57.8 956 0.4 124 5 695 26.9 457 1.7 59 2
38R-1, 105-115 940.1 6.6 22.79 57.8 975 0.1 13.7 5 763 273 43.0 1.6 21 1
41R-3, 140-150 972.0 6.6 22.8 57.8 958 0.9 126 3 778 28.4 447 1.6 32 2
47R-2, 142-152 1028.5 6.7 19.3 56.2 945 1.0 10.9 0 849 28.5 446 1.6 NM 2
51R-3, 140-150 1058.9 NM NM NM 947 NM 0.0 NM NM NM NM NM NM NM
54R-4, 140-150  1089.4 NM NM NM 986 0.0 0.0 0 NM 333 472 1.4 NM NM
57R-1,140-150  1113.0 NM NM 55.8 935 NM 6.4 0 1138 27.7 48.4 1.7 NM NM

Note: NM = not measured, tit = titration, and AA = atomic absorption.
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Figure 8. Pore-water alkalinity, sulfate, and pH as a 1000; ~d ° B 1
function of sediment depth at Site 903. The high pH val-
ues below 450 mbsf are probably an artifact of CO, i
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Figure 10. Pore-water Fe concentration as a function of sediment depth at Site
903. The generally high Fe values but not the exact profile below 500 mbsf

were reproducible using DCP,

Figure 11. Schematic for the sequence of diagenetic carbonate formation on

the New Jersey Margin. The solid line represents generalized pore-water 8'*C
of bicarbonate in organic-rich sediment with increasing burial depth (Clay-

pool and Kaplan, 1974). The 8'*0 axis is for dolomite and calcite; siderite
samples that form at equivalent depths will have more negative 80 values.
Methane-derived calcite cements may form within the sulfate-reduction zone
or near the sediment/seawater interface. Uptake of Fe by glaucony and pyrite
restrict most siderite formation to the methanogenesis zone.

Table 5. Sr isotopic results of diagenetic carbonate samples from Leg 150.

Core, section, Depth Sr Sr age (Ma) Sr age (Ma) Sediment age
interval (cm) (mbsf) Mineralogy (ppm) 815805y Error (HCl) (acetic acid) (Ma)
150-902D-
21X-3, 121-126 174.24 Calcite 820 0.708870 0.000021 119+1.4 NA 8.28.9
30X-6, 13-17 265.33 Dolomite 350 0.708905 0.000017 10314 NA 8.5-9.0
48X-3,7-9 433.67 Siderite/francolite 1010 0.708701 0.000056 19.5+£0.7 14.3 13
48X-6, 16-18 438.26 Siderite 80 0.708874 0.000014 11.7+14 NA 12-12.5
51X-3, 65-67 462.55 Dolomite 101 0.708968 0.000025 1.5 4.0 12.5-13
63X-1, 1-5 57441 Siderite 144 0.708635 0.000012 18.1£0.7 NA 19-20
150-903A-
24X-3, 145-150 196.35 Dolomite/calcite 76 0.709154 0.000011 NA ~0.8 0.5
41X-1, 89-94 356.59 Calcite 306 0.708742 0.000007 16,6 £0.7 13.5 5
51X-3, 137-139 456.57 Calcite 769 0.708456 0.000011 NA 207 NA
63X-6, 148-150  576.78 Siderite 67 0.708729 0.000018 16.8+0.7 NA 11
70X-2, 76-78 637.46 Siderite 87.5 0.708756 0.000011 16.3+£0.7 NA 13-11
150-903C-
10R-1, 97-98 593.07 Siderite 145 0.708915 0.000009 NA 9.9 NA
13R-3, 11-13 701.33 Calcite 522 0.708829 0.000007 13.7+14 NA 15-17
17R-4, 97-99 742.27 Siderite 152 0.709017 0.000007 NA 53 NA
19R-1, 11-13 756.31 Siderite 125 0.708783 0.000014 NA 15.2 13
41R-5, 80-83 974.30 Calcite 170 0.708836 0.000013 134+ 1.4 NA <22
44R-1, 124-128 997.81 Dolomite 276 0.708204 0.000007 244+1.0 NA 22
45R-1, 73-75 1006.93 Dolomitefcalcite 276 0.708203 0.000008 257+1.0 NA ~22
52R-1, 93-96 1065.03 Calcite/dolomite 754 0.707902 0.000007 344+1.0 NA NA
150-903D-
18R-1, 66-T71 939.06 Dolomite 333 0.708348 0.000008 223110 21.6 18
150-906A-
10X-7, 21-24 90.61 Dolomite 664 0.709007 0.000007 6.0 NA 10-11.5
11X-5, 55-58 98.05 Siderite 108 0.708903 0.000018 104+1.4 NA 10-11.5
20X-6, 17-20 27277 Siderite 42.1 0.708727 0.000020 16.8 £ 0.7 16.0 12
36X-2, 145-147 336.15 Dolomite 150 0.708928 0.000008 93+14 NA NA
42X-2, 6-13 392.33 Dolomite 214 0,708549 0.000008 19407 19.1 13
54X-5, 49-53 512.69 Siderite 589 0.708147 0.000013 27310 NA 29

Notes: HCI = dissolved in 1.5N HCI. Acetic acid = dissolved in buffered acetic acid. Sediment age = biostraligraphic ages based on foraminifer assemblages according to Mountain,
Miller, Blum, et al. (1994). NA = not analyzed.
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Figure 12. Sr-derived isotopic ages of the diagenetic carbonates as a function
of sediment depth for Sites 902, 903, and 906,
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Plate 1. SEM photomicrographs of dolomite rhombs. 1, 2. Sample 150-903D-21R-8, 4649 cm (1005.95 mbsf). Single, euhedral dolomite rhomb and associated biogenic calcite. Scale bars = 10 pm. 3. Cluster
of dolomite rhombs from Sample 150-903D-21R-8, 46—49 ¢cm (1005.92 mbsf). Scale bar = 10 pm. 4. Sample 150-903A-11H-3, 145-150 cm. Shallow-burial dolomite/calcite mixture forming in the zone of
methanogenesis at 99.45 mbsf. Scale bar = 5 pm.
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Plate 2. SEM photomicrographs of siderite rhombs. 1. Sample 150-903C-19R-1, 11-13 em (701.33 mbsf). Cluster of euhedral siderite rhombs. Scale bar = 2.5 ym. 2. Sample 150-903C-16R-1, 129131 ¢m
(728.29 mbsf). Euhedral siderite rhombs. Scale bar = 1 pm. 3. Sample 150-903C-19R-1, 11-13 em (701.33 mbsf). Siderite thombs infilling the pores of biogenic precursor. Scale bar = 1 ym. 4. Sample 150-
902D-63X-1, 1-5 cm (574.41 mbsf). Siderite associated with biogenic calcite. Scale bar = 5 pm.
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