
METHANE-RELATED AUTHIGENIC CARBONATE FORMATION ON THE 
CASCADIA ACCRETIONARY PRISM 

By 

MARY LINDSEY BATEMAN 

A THESIS PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF MASTER OF SCIENCE 

UNIVERSITY OF FLORIDA 

2002 



. 
LD 
1780 
20 D2 

B ~ ~ o J <.,./ ~..:..t D 



Copyright2002 

by 

Mary Lindsey Bateman 



For my parents and grandparents, whose support and love made this thesis possible 



ACKNOWLEDGMENTS 

I first want to thank Dr. John Jaeger for his constant input and help with the 

research and writing of this thesis. The other members of my committee, Drs. John 

Martin, Anthony Randazzo, and Kenneth Sassaman also have been invaluable for 

referrals and discussions. I would like to extend my appreciation to Kendall Fountain 

and iason Curtis for their help running samples and for their useful suggestions. 

I would also like to thank my parents and my grandparents, who have been my 

strongest support during my years at UF. Their guidance, patience, and unconditional 

love ultimately were the driving forces behind this thesis. Aleta Mitchell-Tapping and 

Timothy Gysan also played an integral part in supporting me and helping with 

proofreading and graphing. Thanks also to Marc Shook, Christy Gysan, Elena Miranda, 

and Mark Leidig, who were a valuable outlet for discussions during research and writing. 

Finally, I would like to thank all my close friends who have always given me support and 

love, and without whom my career would not be the same . 

. 
IV 

I 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS ........................... ....................................................................... iv 

AB~T~CT .......................... ............................................................................................. vi 

CHAPTER 

1 ~1r1Rt0Dl_TCTION ........................................................................ ...................... .............. 1 

2 SruDY AREA (SITE LOCATION) ......................... ......... ....... ...................... ........... .... 7 

3 LITE~ Tl_TRE Sl_TRVEY (BACKGROl_TND ~FORMATION) ........... ........... ............ 9 

~ ~1r1tiODS .................................................................................... ................................. 1~ 

~ RES~TS ....................................................................................................................... ~~ 

() J:>I~Cl_T~~I<:>l'l .............................................................. .................................. ................ ~5) 

~ C::<:>l'lC::Ll_T~I<:>l'l~ ........ .......................................... .... ....... ........ ............... ........................ 5)~ 

APPENDIX DATA FROM ~AM"_PLE~ ................... .............................. ........... .............. 97 

LI~T <:>14 RE~REl'lC::E~ .......................................................................................... ...... 1()~ 

BIOGRAPHICAL SKETCH .......................................................................................... 1()~ 

v 



Abstract of Thesis Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 

Requirements for the Degree of Master of Science 

METHANE-RELATED AUTHIGENIC CARBONATE FORMATION ON THE 
CASCADIA ACCRETIONARY PRISM 

By 

Mary Lindsey Bateman 

December 2002 

Chairman: John Jaeger 
Major Department: Geological Sciences 

Methane-related authigenic carbonate formation has been documented in the rock 

record as well as in modem oceans around the world. Knowledge about the unique 

conditions under which the carbonate forms is important to understanding fluid flow on 

continental margins and the fate of carbon. The examination of the processes influencing 

carbonate precipitat~on on Hydrate Ridge is the basis for a Masters thesis in geology. 

Hydrate Ridge, an elongated ndge on the accretionary prism located off the coast of 
\ 

Oregon, represents a SJ;Uall part of the subduction zone between the Juan de Fuca and 

North American plates. High organic carbon fluxes result in widespread methanogenesis 

in the prism sediments producing large stores of methane hydrates. Thrust faults cutting 

the accretionary prism serve as conduits for the methane to migrate upwards to the top of 

the seabed, where it is trapped as gas hydrates or is released into the water column. 

Three carbonate mineralogies are present on Hydrate Ridge: aragonite, high Mg 

calcite, and dolomite. This thesis presents a hypothesis on the depth of origin of the 
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different mineralogies based on a variety of influencing factors . Analyses performed on 

the samples to understand their origin included optical and scanning electron microscopy, 

X-ray diffraction, carbon and oxygen isotopic analyses, and determination of the total 

mass percent carbonate. These analyses were aimed at understanding the sedimentary 

conditions under which the carbonate precipitated, and included porosity, availability of 

oxygen and sulfate, and methane concentrations as either free gas or hydrates. 

The primary factor controlling the carbonate mineralogy promoted in this study is 

the amount of dissolved sulfate in the formation waters. Aragonite precipitates at the 

seabed surface where sulfate concentrations are high. High Mg calcite preferentially 

precipitates where sulfate is depleted, in the upper sediment column at 4-10 em depth. 

Dolomite precipitation is also inhibited by sulfate, and therefore its precipitation occurs 

in the sulfate-reduction zone in the upper couple of meters of the seabed, as shallow as 

4 em depth. The high concentration of dolomite present on Hydrate Ridge could be a 

result of recrystallization from high Mg calcite and precipitation in larger quantities in the 

past due to higher temperatures of migrating fluids (over 1 00°C), or a result of pockets of 

extremely depleted sulfate in the sediment column. Breccias are common on Hydrate 

Ridge, and can be composed of high Mg calcite and aragonite clasts. They are proposed 

to be the result of hydrate destabilization, which fractured carbonates that then were 

re-cemented. The presence of pockmarks on Hydrate Ridge is evidence of this 

destabilization. 



CHAPTER 1 
INTRODUCTION 

Authigenic carbonates play an important role in our understanding of overall fluid 

flow through convergent continental margins. Tectonic convergence on these margins 

leads to dewatering of sediments accompanied by active fluid flow along fractures and 

faults. This fluid flow has received much attention for its contribution to global 

geochemical fluxes, especially the global carbon cycle (Aharon 1994, Carson et al. 1994, 

Kastner et al. 2000). Methane is commonly produced on convergent margins by the 

burial of organic material from both biogenic and thermogenic methanogenisis. 

Methane within continental margin sediments can be found in three phases 

according to local temperature and pressure. At sufficiently high temperatures (9.5°C) 

and pressures deep in the sediments (20-2000 mbsf), methane is found as a free gas 

(Hyndman et al. 1995, Kvenvolden 1995). As pressures and temperatures drop with a 

rise toward the seafloor, methane gas binds with porewaters to form methane hydrates. 

The transition from free gas to gas hydrate deep in the sediments approximately coincides 

with the bottom simulating reflector (BSR). Methane gas can also migrate upward 

through faults and fractures and can mix with the seawater in the water column. 

Methane-oxidizing bacteria use free methane as an energy source, creating bicarbonate or 

C02 as a byproduct of the methane oxidation reaction depending on the oxidant used 

(sulfate or oxygen, respectively; specific equations discussed in Chapter 3). The pore 

water in the shallow sediment column and the near-bottom seawater becomes saturated 
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with bicarbonate, creating a favorable environment for the precipitation of carbonates 

(Ritger et al. 1987, Suess et al. 1998). 

Methane seeps and related authigenic carbonates occur around the world (in both 

deep and shallow water) including the Gulf of Mexico and North Sea, and off the coasts 

of Denmark, Florida, Cascadia, and Barbados (Jorgensen 1992, Kastner et al. 2000, 

Martin et al. 1996, Paull et al. 1992, Rad et al. 1996, Suess et al. 1998,). These methane 

seeps often occur in accretionary prisms associated with plate subduction, and therefore 

the presence of authigenic, methane-related carbonates may prove useful in identifying 

similar deposits in the rock record. Ancient suspected cold-seep carbonates have been 

recognized in the rock record across the world (Canada, Washington State, and the 

Apennines) (Beauchamp and Savard 1992, Cambell 1992, Terzi et al. 1994 ). Globally, 

methane-related authigenic carbonates are composed of surprisingly similar mineralogies 

that include aragonite, high Mg calcite, and dolomite, which all appear regardless of 

hydrate occurrence or water depth. This similarity in mineralogies suggests a simple, 

common set of ubiquitous processes control the precipitation of different mineralogies. 

To better define the conditions in which methane-related carbonates form, a 

systematic understanding of fluid flow and corresponding methane dynamics in prism 

sediments is necessary. One region where a basic understanding of these processes exists 

is on the Cascadia Margin. In a field site known as Hydrate Ridge (Figure 1-1) 

(Bohrmann et al. 1998), a series of studies were conducted to evaluate fluid flow along 

faults (Westbrook et al. 1994). Early work in this region by Kulm et al. (1986) 

recognized a connection between active methane seeps at the seafloor and the widespread 

occurrence of authigenic carbonates (Carson et al. 1994). Recent work on Hydrate Ridge 
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suggested a close relationship between gas hydrates and authigenic carbonate formation. 

The carbonates are concentrated where methane-saturated fluids seep from the seabed, 

and are hypothesized to form by the aforementioned reaction between methane and 

sulfate, mediated by microbial communities. Behrmann et al. (1998) recovered 

carbonates within gas hydrates, and proposed carbonate precipitation in and around the 

hydrates in the upper 50 em of the sediment surface. Yet, this connection cannot fully 

explain the global similarities in carbonate mineralogies (aragonite, high Mg calcite, and 

dolomite) and morphologies (chemoherms- discussed in Study Area section, crusts, 

slabs, boulders, and chimneys), especially in regions where gas hydrates are not present. 

Because of the global similarity of carbonate mineralogies and morphologies on 

continental margins, the processes leading to precipitation of the three mineralogies must 

be equally common. Simply, mineralogy is influenced by the kinetics of precipitation, 

whereby a particular phase is favored. Under most porewater conditions at ocean bottom 

temperatures, Mg calcite is the favored form; but when even minor amounts of sulfate are 

present (greater than 5% of seawater value), aragonite is favored (Baker and Kastner 

1981, Burton and Walter 1987) (Figure 1-2). Calcite is also inhibited by high 

concentrations of hydrated Mg2+ ions (present in ocean water), promoting aragonite 

precipitation instead of calcite (Ritger et al. 1987). In this setting on Hydrate Ridge, 

sulfate is most common in the seawater and shallow sediments, but is rapidly consumed 

at depth in the sediment column by methane oxidation. This system is likely common in 

methane-rich margin sediments. 

The goal of this thesis is to investigate the formation of authigenic carbonates 

related to methane seepage and possibly related to hydrate formation and dissassociation 
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on Hydrate Ridge by using carbonate samples and cores collected from the seabed by 

DSRV Alvin. More specifically, the hypothesis presented in this thesis is that aragonite 

is the favored form precipitated at or near the seabed where sulfate-rich waters are 

present. Other phases (high Mg calcite and dolomite) form deeper in the sediments 

(greater than 4 em depth) where sulfate is minimized through methane oxidation. By 

using proxy indicators of the sediment depth of formation and availability of sulfate, this 

hypothesis was tested. These proxy indicators include porosity, availability of oxygen 

and sulfate, and methane concentrations as either free gas or hydrates. Porosity estimates 

were determined through petrologic examination of samples (optical and scanning 

electron microscope) and estimates of porosity replacement were determined by 

carbonate cement. Proxy evidence of the availability of oxidants was determined through 

petrologic examination of reduced or oxidized mineral phases (i.e. pyrite, glauconite, and 

hematite). Finally, the influence of deep methane hydrates over seawater was established 

through stable isotopic measurements of o13C and o180. 
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Figure 1-1. Study area of Hydrate Ridge, located off the coast of Oregon. 
Carbonate Samples collected in this study came from the northern portion of 
Hydrate Ridge. Pockmarks (not shown) are located on the east side of the 
Ridge. 
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Figure 1-2. Precipitation rates of aragonite versus calcite at 5° C. Aragonite is 
slightly favored at these temperatures, as shown in this figure. However, the 
addition of sulfate inhibits the precipitation of calcite. (Modified from Burton, 
E., L. Walter. 1987. Relative Precipitation Rates of Aragonite and Mg Calcite 
from Seawater: Temperature or Carbonate Ion Control? Geology, v .15. 111-
114. Figure 1, pg.112) 



CHAPTER2 
HYDRATE RIDGE STUDY AREA 

Hydrate Ridge is an elongated anticline bisected by thrust faults associated with 

subduction. The study area is located 102 kilometers off the coast of Oregon ( 16 km 

from the Cascadia deformation front) on the accretionary prism, at which ODP borehole 

site 892B is located (Figure 1-1 ). High organic content in the sediment column has 

caused methane venting in this area for at least the past 21 to 24 ky (Kastner et al. 2000). 

Hydrate Ridge is named for the prolific hydrate formation in the prism sediments. 

Typical water temperatures on the sea floor of Hydrate Ridge are approximately 4.3°C 

(Kastner et al. in press). Estimated sedimentation rate of hemipelagic and terrigenous 

material is 2 cmlky, and sediments are general} y comprised of interbedded glauconitic 

quartz sands and silty clays (Ritger et al. 1987, Schluter et al. 1998, Westbrook et al. 

1994). . 

Extensive carbonates, often associated with fault expressions on the surface of the 

seabed, are scattered around Hydrate Ridge. Massive (3-5 meters high) aragonitic 

chemoherms, carbonate build-ups precipitating from chemical reactions between 

methane-rich fluids from depth and seawater, are outcropping at the seabed (Bohrmann et 

al. 1998). These chemoherms are frequently associated with fluid expulsion from faults, 

and can be identified through GLORIA side scan imagery (Carson et al. 1991 ). 

Chemoherms are often located at the top of the ridge, while muddy bottoms occur at the 

lower slopes of the ridge. Large boulder fields are located inside the pockmarks, and 
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occasionally on the lower slopes away from the ridge. Along with authigenic carbonates, 

methane-related clam communities, bacterial mats, and bubbles of methane gas confirm 

active venting on Hydrate Ridge (Westbrook et al. 1994). 

.... 



CHAPTER3 
LITERATURE SURVEY (BACKGROUND INFORMATION) 

The discovery of gas hydrates off the coast of Oregon was first noted by Kulm et 

al. (1986). Hydrates from Hydrate Ridge were then collected and described by Bohrmann 

et al. (1998). He noted the presence of carbonates near the surface on Hydrate Ridge, (700 

meters) and bottom temperature ( 4 °C). Kastner et al. ( 1998) noted floating hydrates and 

methane plumes in the water column over Hydrate Ridge caused by the significant 

amounts of gas hydrates expelled from the sediment column. 

Sediment geochemistry of Hydrate Ridge was analyzed in ODP logs and results 

( 1994 ). The logs documented high concentrations of H2S in the sediment column from 

near-surface to 60 meters depth. The results also concluded that bacterially-mediated 

methanogenisis occurs in the upper part of the sediment column (probably upper 

2 meters). In the upper 20 meters, pore water cr, Ca2+, Na+, and alkalinity varied slightly 

with the dissassociation of the methane hydrates. Below 20 meters, decreases in Cl, Na+, 

and Mg2+ concentrations and alkalinity are possibly the cause of advecting fluids 

(Westbrook et al. 1994 ). Schluter et al. ( 1998) sampled fluids from the borehole, and 

found that 02, N03-, Si+4, H2S, sol+, and cr are all compositionally close to bottom 

water. Methane was considerably atypical, ranging between 0.2-3.5 mM, which is 106 

times greater than seawater concentrations (Schulter et al. 1998). The sediments drilled 

from the borehole were classified as Pliocene terrigenous silty clays and clayey silts with 

some sand layers and Pliocene turbidites (West brook et al. 1994 ). 

9 
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Mineralogy 

Global observations of carbonates associated with methane consistently describe 

three mineralogies: aragonite, high Mg calcite, and dolomite (Jorgensen, 1990, Kastner et 

al. 2000, Martin et al. 1996, Paull et al. 1992, Rad et al.1996, Suess et al. 1999). Ritger et 

al. ( 1987) examined dredged and Alvin-collected samples from the lower Cascadia 

continental slope in thin section and SEM for mineralogies and crystal morphologies, 

which included radiating aragonite crystals and detritus-rich micritic calcite cement. 

Ritger et al. ( 1987) also found that all high Mg calcite and dolomite samples were 

comprised of microcrystalline cement. They found cubic or framboidal pyrite in every thin 

section they analyzed. In thin section, aragonite primarily formed as "elongate, radiating 

crystals" (Ritger et al. 1987). 

Kulm and Suess ( 1990) also observed samples from the Cascadia continental slope 

that contain patchy pure aragonite and a micritic cement mixture of silt and clay. They 

found carbonates that were comprised of well-sorted glauconitic grains, with some pyrite. 

This dark glauconitic matrix was cemented by a combination of aragonite and high 

magnesium calcite, or by pure aragonite (Kulm and Suess 1990). Bohrmann et al. (1998) 

noted the pure botryoidal and isopachous aragonite in samples collected from Hydrate 

Ridge, and hypothesized that the crystals grow in gas hydrate cavities. The aragonite 

needles were 2-10 Jlm thick, with botryoidal radii of 3-15 mm or layers of 40 to 600 Jlm 

thick (Bohrmann et al. 1998). 

Sample and Reid ( 1998) described high Mg calcite and dolomite samples collected 

by Alvin from the Cascadia accretionary wedge with multiple veins, and occasionally 

floating detrital grains located in the veins. They also noted minor amounts (0-5%) of 
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unbroken foraminifera tests, which could indicate a shallow cementation process (Sample 

and Reid 1998). 

Utilizing X-ray diffraction (XRD) to determine mineralogy, Ritger et al. (1987) 

found dominantly high magnesium calcite cement which contained 6-23 mol% MgC03, 

with an average of 12 mol% MgC03. This average was much higher than normal 

deepwater calcites, which contained less than 4 mol% MgC03. Ritger et al. suggested this 

could point to a precipitation at higher temperatures (Ritger et al. 1987). Greinert et al. 

(2001) used XRD analysis to classify carbonates from Hydrate Ridge into different phases 

based on amounts of magnesium: aragonite, low Mg calcite (less than 8 Mol% MgC03), 

high magnesium calcite (8-20 Mol% MgC03), protodolomite (30-40 Mol% MgC03), and 

dolomite (40-55 Mol% MgC03). In a study of gas hydrates in the sediment, Bohrmann et 

al. ( 1998) recognized two types of carbonates directly related to shallow methane hydrate 

deposits, including aragonite (most common) and high Mg calcite (14-19 Mol% MgC03). 

Kopf et al. ( 1995) found that 80% of their borehole, Resolution-collected samples from the 

Cascadia accretionary wedge were composed of high magnesium calcite, while the 

remaining 20% were aragonite and dolomite. Sample and Reid ( 1998) used XRD to 

identify minor constituents in fine-grained carbonate samples. Secondary minerals found 

in XRD analysis of authigenic carbonate samples from the Cascadia margin included 

quartz, plagioclase, clay minerals, pyrite, and glauconite (Sample and Reid 1998). 

Ritger et al. (1987) analyzed their Cascadia samples for the total mass percent 

carbonate through an acid-leach weight-loss procedure, and the samples grouped into two 

categories. The first were low-carbonate samples, with less than 20% CaC03, while the 

second had much higher amounts of carbonate, between 25% and 90% CaC03. Sample 
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and Kopf ( 1995) analyzed their high Mg calcite samples from off the coast of Oregon for 

total percent carbonate, and found a range between 1% and 10% CaC03. A second area 

analyzed had higher carbonate content (up to 25% CaC03). Total percent carbonate did 

not have any clear correlation with pore fluid chemistry, or Mg/Ca ratios (Sample and 

Kopf 1995). 

Morphologies 

On a global basis, the morphologies of authigenic carbonates are also similar. 

Carbonate chemoherms, crusts, slabs, boulders, and chimneys are common across the 

globe, and Hydrate Ridge is no exception (Kastner et al. 2000, Jorgensen 1990, Martinet 

al. 1996, Paull et al. 1992, Rad et al. 1996, Suess et al. 1999). Figures 3-6 show examples 

of chemoherms, crusts, slabs, and boulders derived through Alvin dives on Hydrate Ridge 

and in hand samples. Ritger et al. (1987) found Hydrate Ridge breccias that included 

mudstones, sandstones, and conglomerates and were often cemented by magnesian calcite. 

Greinert et al. (2000) petrographically categorized various authigenic carbonate phases 

from Hydrate Ridge as homogeneous mudstones, tectonized mudstones, bioturbated 

mudstones, mudclast breccias, intraformational breccias (clasts of intraclasts, extraclasts, 

shells, and mudclasts ), cemented bioturbation trails, and gas hydrate-associated 

carbonates. Mudstones in general were cemented by dolomite to protodolomite and were 

rich in pyrite. The mudclast breccias were grain to matrix supported, with areas of 

centimeter-thick bands of pure radial aragonite crystals. The irregularly shaped 

intraformational breccias included intraclasts (sometimes glauconitic), extraclasts, 

bioturbation casts, shells, and mudclasts. Both the clasts and the matrix contained pyrite, 

and the cement was primarily aragonite needles. Greinert et al. (2000) divided 
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gas-hydrate related carbonates into aragonitic collapse breccias and elongate pores (gas 

hydrate relic). The collapse breccias were grain supported and cemented by boytryoidal 

aragonite. The elongate-pore carbonates exhibited distinctive megapores, which resemble 

gas hydrate layers (Greinert et al. 2000). 

Factors Influencing Carbonate Precipitation 

Extensive research has been published on the factors influencing the precipitation 

of authigenic methane-related cold-water carbonates, particularly from the accretionary 

prism off Oregon. Ritger et al. ( 1987) presented hypotheses on cementation processes 

and the conditions that lead to carbonate precipitation based on samples collected from 

the lower continental slope of Cascadia. They believed that cementation was induced by 

increased alkalinity associated with sulfate reduction, abundant availability of Mg2
+ and 

Ca2
+ ions from seawater, and decreased C02 solubility due to a pressure decrease. In 

anoxic conditions, methane is oxidized and sulfate reduced by the reaction: 

C~ + S04-2 ~ HS- + HC03- + H20 (Ritger et al. 1987) 

At the oxic seabed surface, the methane is oxidized by the reaction: 

(Ritger et al. 1987) 

The calcium that combines with the C03 
2-to enable precipitation of carbonates is 

from seawater. Ritger et al. ( 1987) believed that the aragonite was younger than the calcite 

because aragonite needles crystallized on the calcite cement. 

One important question that many studies have addressed is how so many different 

types of carbonate (aragonite, high magnesium calcite, and dolomite) are found in the 

same area. To answer this question, an understanding the conditions under which 

aragonite and calcite precipitate is necessary. Burton and Walter ( 1987) demonstrated that 
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the primary controls on carbonate phase precipitated are temperature and carbonate 

saturation state of seawater (Figure 1-2). At 5°C (the average water temperature at 

Hydrate Ridge), rates of calcite precipitation are equivalent to those of aragonite 

regardless of saturation state, but as temperature increases, aragonite is the favored 

precipitate. However, an important control on the preferred phase is dissolved sulfate 

(Burton and Walter 1987). In the zone of sulfate reduction, high magnesium calcite is the 

favored phase, while in the sulfate-rich pore waters near the surface, aragonite is the 

favored form. In laboratory experiments, the presence of dissolved sulfate strongly inhibits 

the precipitation of calcite and dolomite. The reduction of S04 
2

- assists dolomitization by 

removing the S04
2

- inhibitor, increasing the alkalinity, and producing NHt that can 

exchange with Mg2
+ and free the magnesium for dolomitization (Baker and Kastner 1981 ). 

Morse et al. ( 1997) studied the importance of temperature and Mg:Ca ratio in pore 

water on precipitation of calcite and aragonite. They found that both factors influenced 

the type of precipitation, but that minor temperature changes dramatically effected the 

Mg:Ca ratios. Higher temperatures (+6°C) and normal seawater Mg:Ca ratios (5:1) 

favored aragonite precipitation, while low temperatures ( <6°C) and a Mg:Ca ratio less 

than 1 :5 favored calcite formation. Therefore, Morse et al. also suggested that 

paleoclimate/temperature could greatly effect carbonate phases precipitated, and should be 

taken into account. However, wide changes in temperatures are not likely to occur on 

Hydrate Ridge due to the depth and near-zero temperatures. 

Dolomite formation in methane-seep environments is more difficult to explain than 

aragonite and high Mg calcite. Some authors argue for direct dolomite precipitation, 

while other argue for a recrystallization of calcite to dolomite over time. Baker and 
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Kastner ( 1981) suggested the controls on dolomitization include not just the Mg/Ca ratio 

(as previously believed), but also the concentration of sulfate in the formational waters. 

Teal et al. (2000) also emphasized the importance of microbial sulfate reduction, along 

with methanogenisis. They suggested that dolomite precipitation was bacterially mediated 

at normal seawater salinity in anoxic conditions promoted by methanogenisis. They also 

found that the dolomitization was not obviously correlated with depth, location, sediment 

texture, porosity, or mol%MgC03• Dolomitization in this model would be accompanied 

by authigenic pyrite precipitation. They also supported a recrystallization theory (calcite 

to dolomite) through burial diagenisis under some conditions on the seafloor (Teal et al. 

2000). 

A paper by Baker and Bums (1985) covered the occurrence of dolomite on 

continental margins. In areas similar to Hydrate Ridge, they concluded that primary 

controls on dolomitization were the availability of calcium and the concentration of 

sulfate. Similar to other published papers, they promoted a theory of dolomitization in the 

upper 20-30 meters of the seabed in the zone of sulfate reduction. This depth of 

precipitation is also supported by the availability of magnesium, which decreases more 

slowly with depth than calcium. Therefore, dolomite can precipitate at sediment depths 

greater than calcite. The sources for magnesium are varied, and may include calcite, 

clays, and diffusion from seawater. Finally, Baker and Bums also proposed the primary 

input of magnesium was from diffusion, and therefore the dolomite must form in the upper 

few tens of meters of the seabed (in the zone of sulfate reduction) (Baker and Bums, 

1985). 
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Stable Isotopes 

Oxygen and carbon isotopic analyses have been powerful tools in the study of 

authigenic carbonates because o13C and 0180 values can reflect methane-related carbon 

source, and can constrain porewater compositions and temperature at formation, 

respectively. o13C values can reflect the methane source (biogenic or thermogenic), and 

the influence of seawater during precipitation. Typical 013C values for seawater are 

around O%o PDB, while biogenic sources are highly depleted, recording o13C values of 

-15%o to -90%o PDB, and thermogenic sources record o13C values of -30%o to -50%o PDB. 

However, mixing of seawater and biogenic methane can increase the o13C values to the 

thermogenic range. K venvolden ( 1995) suggested that when methane was the dominant 

gas hydrate, then the 013C values were most likely due to microbial methane. The 013C 

values of carbonates from Hydrate Ridge were analyzed for the influence of hydrates, 

methane gas, and seawater during precipitation (Kastner et al. 2000, Sues~ et al. 1999). 

0180 values of carbonates are controlled primarily by mineralogy, temperature, and 

the oxygen isotopic values of the water from which the carbonate precipitated. It is 

important to note here that oxygen isotopic values can be effected by climatic changes 

during the Cenozoic (through temperature changes), but these changes are not significant 

on Hydrate Ridge in the past 20 kyrs (Hudson and Anderson 1989). Most 0180 values 

from Cascadia are primarily affected by the isotopically-heavy waters (with respect to 

seawater) which are produced by methane hydrates (+O.l%o to +7.9%o). Methane-rich 

waters are generally isotopically heavy, and will affect the 0180 values for precipitating 

carbonate (Matsumoto 1989). 
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Ritger et al. separated their isotopic analyses into low carbonate and high 

carbonate samples. The low carbonate samples (less than 20% CaC03) had carbon 

isotopic values of -0% PDB, but had unusually low o180 values (-1.6%o to -13%o PDB). 

The high carbonate (over 25% CaC03) samples reflected a methane influence as seen in 

o13C values that ranged from -66.1%o to -34.9%o PDB. Positive o180 values (+2.78%o to 

+8.27%o PDB) in the high carbonate samples reflected "a more complex signal than just 

temperature of formation" (Ritger et al. 1987). Ritger et al. believed in a biogenic 

methane source because the measured carbon isotopic values were fairly depleted in 13C. 

Sample et al. measured a range of -1%o to -25%o PDB for carbon isotopes from samples 

collected by Alvin along the frontal thrust in Cascadia, which were assumed to reflect a 

thermogenic source. The measured oxygen isotope values were extremely depleted (-4%o 

to -25%o PDB), indicating high temperatures (H>0°C) during precipitation (Sample et al. 

1993). The isotope data for the carbonate cements trended along a line from depleted in 

o180 and average in o13C to enriched in o180 and depleted in o13C. Sample et al. 

hypothesized that the isotope values were a direct result of warm, deep fluids ( 1 00°C) 

migrating up through faults and precipitating carbonates at shallow depths (Sample et al. 

1993). 

Greinert et ·al. (2000) reported the widest range for carbon isotopic data occurred in 

chemoherm samples (+26.2%o PDB to -56%o PDB). These samples were then divided into 

six groups based on lithology, minerology, and carbon isotopic data (see previous 

discussion for lithologies). The dolomite mudstones comprised the most positive o13C 

values, 10%o to 26%o PDB. Greinert et al. (2000) proposed these positive values were a 

result of the reduction of C02 in methanogenic zones. A second group, consisting of 
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mudclast breccias, mudstones, and cemented bioturbation trails, had carbon and oxygen 

values ranging from, -34.6%o to -46.7%o PDB and 6.3%o to 1.5%o PDB respectively. The 

high magnesium calcites from the next group had o13C values up to -29.2%o PDB and 0180 

values around 4.3%o PDB. The majority of the samples fell into the last category, 

composed primarily of intraformational breccias and mudclasts. Their carbon isotopic 

values ranged between -38.2%o and -55.2%o PDB. Aragonite from this group had 0180 

values between O%o and -0.3%o PDB (in equilibrium with ambient seawater), while the 

high magnesium calcite 0180 values fell between 4.9%o and 7.3%o PDB (in equilibrium 

with isotopically heavier water). They concluded that high magnesium calcite precipitated 

under different conditions than the aragonite, and were more influenced by gas hydrates 

reflected in the positive o180 values (Greinert et al. 2000). 

Bohnnann et al. ( 1998) found two isotopically distinct end members in a study of 

carbonates collected from Hydrate Ridge. These results, which are similar to Greinert et 

al. (2000), separated a hydrate-influenced high magnesium calcite and an ambient-pore

water-influenced aragonite. The recorded carbon isotope values for the high magnesium 

calcite and aragonite were between -40.6%o and -54.2%o PDB, reflecting a methane 

influence in both phases. The aragonite oxygen isotopes averaged 3.7%o +1- O.l%o PDB, 

while the magnesium calcite averaged 4.9%o +1- 0.1%o PDB. The aragonite oxygen 

isotope value differed from SMOW by only 0.1 %o, while the high magnesium calcite 

differed by 1 %o (Bohnnann et al. 1998). 



CHAPTER4 
METHODS 

Collection of samples and push cores took place over a period of three summers 

in 1998, 1999, and 2000. DSRV Alvin collected carbonate hand samples and push cores, 

which were then returned to Lehigh University and the University of Florida for analyses. 

At Lehigh, cobble- and boulder-sized samples were cut with a rock saw into hand-sized 

specimens for thin section preparation and to study macroscopic texture and mineralogy 

(Figures 7-11 ). A total of 59 thin sections were produced by Texas Petro graphics. These 

thin sections were analyzed and photographed through the use of a Zeiss photo-

microscope ill, primarily at x2.5 and x10 settings. 

X-ray diffraction analysis was run on 20 samples at the University of Florida, all 

from push cores taken by Alvin. The cores ranged in length (10 em and 18 em), and were 

subsampled in two centimeter intervals. The intervals were then sieved into 4 size 

fractions, <-10, -10~-1.750, -1.750~-2.750, >-2.750. The largest fraction, 

>-2. 7 50, was photographed and then ground to 200Jl. Some of the clasts had obvious 

zoning, and three were drilled for zones (6 samples). All two-centimeter-interval 

samples (14 samples) and zoned clasts (6 samples) from the cores were run on a Phillips 

APD 3600 XRG 3100 generator at 45kV/30mA. They were run with a step size of .02°, 

count time of 2 seconds, and 29 (peak angle range) of 24-38. The samples were mixed 

with an internal standard, corundum, at approximately 50/50 mass. Data were collected 

and interpreted using Jade 3.1+ software. XRD was also run at Lehigh University on 44 
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samples drilled from carbonate hand specimens. The generator and settings were the 

same as above. High Mg calcite samples were rerun ( 18 samples) to identify multiple 

peaks in the calcite-dolomite range (29.5°-31 o 2S), and qualitatively distinguish high Mg 

calcite from calcite and dolomite. The position of the peak in the calcite-dolomite range 

determined the mol% MgC03, based on Goldsmith et al. (1961). Poorly ordered 

dolomite peak was assumed to lie at 30.25° 2e. The software used at Lehigh was Phillips 

APD1700. 

Total mass percent carbonate was calculated using a model 5011 C02 coulometer 

at the University of Florida. The software used to analyze and interpret the percent carbon 

was WinCarb. Thirty-seven samples were drilled from carbonate hand samples using a 

Dremel hand drill, and were weighed and analyzed. The samples were chosen from a 

variety of different lithologies, colors, clasts, and mineralogies. Some transects along a 

hand sample were drilled in order to study changes from rims to interiors. Clasts sieved 

from the push cores were also selected to be analyzed for total mass percent carbonate. 

Five clasts (>-1.750) from two intervals, 2-4 em and 8-10 em, were chosen as a 

representative sample and photographed. These were then ground, weighed, and 

analyzed. The percent carbon calculated by the coulometer was then multiplied by the 

known standard value of 8.33 to find total percent carbonate. The total weight percent 

carbonate was then converted to volume percent carbonate through the equation: 

Vol% Carbonate= (wt.% carb./2.90g cm-3)/((wt.% carb./2.90g cm-3)+(wt.% 

noncarb./2.65 g cm-3
)) x 100 (after Scamman 1981) 

Carbon and oxygen isotopic values were measured at both the University of 

Florida and Lehigh University. The samples were ground by hand to a fine powder, and 
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then weighed. The isotopic values were measured by a Kiel III Carbonate Prep Device 

coupled to a Finnagan-MAT 252 isotope ratio mass spectrometer located at the 

University of Florida. A total of 101 samples were run at Florida, and 19 at Lehigh. 

XRD samples from the push cores were not run for isotopic values because the mixed 

mineralogy found by the XRD analysis would have greatly complicated the interpretation 

of the isotopic results. Each sample was evaluated for the 0180 value of formation waters 

given a temperature of 3.9°C using standard equations for their respective mineralogies 

(aragonite and calcite) through the following equations: for aragonite (PDB) ~A-s= 

(3.52(sqrt(3.522-(4*0.03*(19-T)))/(2*0.03) (Grossman and Ku 1981), and for Mg-calcite 

(PDB) ~A-s= 2.78(1Q6y2)-2.89+0.06 mol%MgC03 (Tarutani et al. 1969) 

Scanning electron microscope analysis (SEM) was performed on six samples that 

represented the mineralogies present on Hydrate Ridge. The samples were trimmed to the 

appropriate size, sanded on their base to provide a flat surface (tops were left with natural 

texture), and then mounted using silver glue to stubs. The samples were then coated with 

iron and analyzed by a Joel JSM 6400 scanning microscope. Photographs were digitally 

recorded as 200 dp TIFF images. Individual grain mineralogies of SEM samples were 

determined through EDS (energy dispersive spectrometry), using the presence ofMg, Ca, 

C, and 0 peaks as an indicator of calcite or dolomite, and Sr, Ca, C, and 0 peaks as an 

indicator of aragonite. 



CHAPTERS 
RESULTS 

Previous field studies of Hydrate Ridge over the past 15 years revealed that 

authigenic carbonates occurred in several different morphologies which have been 

discussed previously (Figures 5-1 through 5-9). Chemoherms are large, porous mounds 

of carbonate (typically acicular aragonite) which are located at and above the seabed 

(Sample et al. 1993). The crusts are thin (1-2 em) outcrops of carbonates jutting from the 

seabed, whereas the slabs are similar but thicker, (2-4 em) less porous, and often lie in 

stacks. Crusts are generally composed of aragonite, while slabs are typically high-Mg 

calcite (see below). 

Mineralogies 

The mineralogies of samples were measured with XRD analysis (Table A-1). The 

XRD was performed on sections of 20 hand samples to identify mineralogy. The hand 

samples measured included aragonitic chemoherm samples, dolomitic samples, high 

magnesium calcite samples, and breccia samples. In these hand samples, multiple 

carbonate mineralogies did not occur in any one sample except for in the breccias (see 

figure 5-10 for example ofXRD analyses). The different carbonates of chemoherm 

samples (Figure 5-5) were analyzed by XRD, and found to be aragonite and quartz (Table 

A-1). Ten samples from crusts (Figure 5-6) were tested with XRD and found also to 

contain aragonite and quartz (Table A-1). Carbonate slabs (Figure 5-7) collected from the 

seabed surface of Hydrate Ridge had been identified in the literature as containing high 
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Mg calcite. This observation was confirmed through XRD analysis of slabs from Hydrate 

Ridge (Appendix Table 1 ). Slab samples were composed of high Mg calcite, containing 

approximately 6 to 11 mol%Mg. The boulder samples were proto-dolomite and dolomite, 

and difficult to distinguish in XRD from very high Mg calcite (Figure 5-8, Appendix 

Table 1). Almost all dolomitic samples were disordered, with 39-42 mol%Mg. As stated 

in the methods section, this study considered any peak reflecting a spacing. over 3.25 

' 
angstroms (30.25° 28) to be highly disordered dolomite, and therefore these samples fell 

under protodolomite category (not high Mg calcite). 

The breccias were more complicated than the other carbonates collected at Hydrate 

Ridge (Figure 5-9). They contained multiple mineralogies and lithologies in their clasts 

and cements. From XRD analysis, clasts consisted of feldspar and quartz, pure calcite, 

high Mg calcite, dolomite, and, less commonly, aragonite. However, aragonite was the 

dominant cement (Figure 5-9) seen in the breccias as determined by XRD. Some of the 

breccias had very similar clasts with the same mineralogy, but others had a wide variety of 

clast sizes and mineralogies. The high Mg calcite clasts ranged between 9 and 

18 mol%MgC03. 

Finally, XRD was run on the largest, authigenic, hand-picked clasts from the bulk 

sediments sieved in the two push cores (sieved size -2.750). One sample from each 

two-centimeter interval was analyzed by XRD, and results can be seen in Figures 5-11 and 

5-12. The first core analyzed (B20) was 10 em long, and every interval has mixed 

mineralogies. Aragonite was present in all intervals except for 6-8 em. High Mg calcite 

was also present in all intervals, but the peaks were wide for all intervals, implying a range 

of mol%MgC03 in the calcite. Pure calcite was present only in the 4-6 em interval. 

. . .. . 
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Dolomite was also present in all intervals, and was all proto-dolomite, except for a double 

peak in the 4-6 em interval of 50% near-stoichiometric dolomite (31 o 28) and 50% 

proto-dolomite. The dolomite became more disordered with depth in the core, lying closer 

to 30° 28. 

The next core (CJ4) was longer, at 18 em (Figure 5-12). Aragonite was present in 

the top 14 centimeters, below which it disappeared. High Mg calcite was not present in 

the top two centimeters or the bottom 6 em, but was present from 2 to 12 em depth. The 

high-Mg calcite was concentrated in the center of the core. A small peak of low Mg 

calcite was noted in the upper two centimeters of CJ4. Dolomite was not present in the 

top two centimeters. The dolomite was primarily disordered, especially in the 6-8 em 

interval and was more disordered in the center of the core. Both cores analyzed contained 

a detrital quartz and feldspar component as seen in XRD. 

Due to the mixed mineralogy results from XRD analysis of the cores, some of the 

other large clasts from the same intervals in the cores as the clasts analyzed in XRD were 

drilled from brecciated sections or concentric zonations (examples can be seen in Figures 

5-13 and 5-14 ). Two clasts with zones were chosen from CJ4 interval 12-14 em. One of 

the clasts analyzed resulted in no carbonate found by XRD in either zones. Only a quartz 

peak was present in the diffractogram for both zones, so the clast apparently was 

comprised entirely of detrital material. The second clast from CJ4 12-14 em had an 

interior zone consisting of dolomite with minor amounts of quartz. The exterior was also 

primarily dolomite, but had a peak of low Mg calcite. The final clast analyzed was taken 

from CJ4 interval 14-16 em. The interior and exterior zones were composed of dolomite 

and minor quartz, and no other types of carbonate appeared to be present. 
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Porosity 

The porosity of the carbonates collected from Hydrate Ridge was analyzed in thin 

section, SEM, and as total percent carbonate assuming complete filling of the pore spaces 

by authigenic carbonate. The mass percent calcium carbonate was calculated for many of 

the same samples also run for oxygen and carbon isotopes (Figure 5-15). Chemoherm 

samples had an average of 73% calcium carbonate, while the aragonitic crust samples had 

the highest average of 82% CaC03• High Mg calcite samples had an average of 

74% CaC03, and dolomitic samples averaged at 61% CaC03• Aragonitic samples had a 

much smaller range of percent carbonate values with a standard deviation of 9% than the 

high Mg calcite (standard deviation of 14%) or the dolomite (standard deviation of 28% ). 

All percent carbonate values are listed in Table A-2. Total percent carbonate by weight 

was also converted to volume percent carbonate, which estimates the minimum initial 

porosity in the sediments before precipitation and replacement of pore volume with 

carbonate cement. This calculation implied the same trends in porosity noted above, with 

the highest porosities in aragonite (55%-90%) and the lowest in dolomite samples 

(42%-84%) (Table 5-1). 

Volume percent calcium carbonate was also run on five small clasts from two 

intervals in two cores, B20 and CJ4 (Figure 5-16). Interval 0-2 em in B20 had an average 

of 75.6% CaC03, which then dropped to near-zero averages in the 2-4 em and 4-6 em 

intervals. The 6-8 em and 8-10 em intervals increased back to 70-80%. Core CJ4 

intervals primarily ranged between 65 and 83, with three exceptions. Intervals 6-8 em and 

10-12 em had lower volume percent CaC03 values at 46% and 51% respectively, while 

interval14-16 em dropped to 17%. 
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Finally, larger clasts from every interval in each core were analyzed for total 

percent calcium carbonate. The percent carbonate for core B20 was fairly consistent, with 

a range between 71% and 78% CaC03, except for interval 2-4 em which had almost no 

carbonate (0.1% CaC03). The second core, CJ4, had an average of 63% CaC03, with a 

range from 18% to 84% CaC03. No significant trends with depth were detected in the 

percent carbonate. 

Porosity can also be determined qualitatively through thin section and SEM 

analyses by visually approximating pore space. Petrologic examination of carbonate 

samples from Cascadia revealed great variability in fabric and can be seen in Figures 

19-42. The chemoherm samples had two distinctive colors in the matrix (dark grey and 

light tan- Figure 5-5), as well as white aragonite needles that grew into pore spaces. The 

chemoherm samples had the highest percentage of void spaces of all samples studied. 

These void spaces contained elongated acicular aragonite that often interlaced (Figures 

5-17, 5-18, and 5-19). Banding in the aragonite seemed to be a dissolution feature, where 

the needles had dissolved and then precipitation resumed (Figures 5-20 and 5-21). The 

needles tended to grow in fan shapes "rooted" in the darker micritic matrix; the boundary 

between the needles and the dark matrix was pronounced (Figure 5-17). Benthic 

foraminifera were plentiful in the chemoherm samples, and were usually whole. 

Aragonitic samples from crusts collected from the seafloor had a similar structure 

to chemoherm aragonite samples, but contained fewer, shorter aragonite needles and more 

micritic aragonite than the chemoherm samples in SEM analysis (Figure 5-22). 

Clamshells were often incorporated into the matrix (Figure 5-23), and dissolution features 

on the shells were present. These samples also had high amounts of porosity. Whole 
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forams and glauconite were common. The matrix was composed of distinct dark grey and 

light tan sections (Figure 5-24) which were the same basic mineralogy based on XRD 

analysis. Clay and detrital material was common in both colored matrixes, and could be 

seen in SEM (Figure 5-25). The boundary between these different matrixes varied 

between both distinct and diffuse, depending on the sample. Porosity decreased in the 

grey matrix when compared to the tan. Some structures such as veins (some infilled with 

aragonite) and voids that were parallel to shells were present in the crusts. One thin 

section had graded beds of clasts (similar to Figure 5-30). 

Samples from a high magnesium carbonate slab were analyzed in thin section and 

SEM (Figures 5-26 through 5-29). These samples were much less porous, with no 

acicular aragonite present (Figures 5-26 and 5-27). The slab matrix in hand sample was a 

homogenous, medium to well indurated, micritic calcite (light grey in color), and had a 

thin darker-colored rind. The high magnesium calcite was all micritic, and therefore was 

not easily analyzed in thin section (Figure 5-26). These samples had much more detrital 

material present than in the aragonite samples (Figures 5-28, 5-29, and 5-30). Forams 

were present in all the thin sections, usually with a 50/50 mix of fragmented and whole. 

One hand sample had only fragmented forams. 

Dolomite samples were collected from the surface in push cores and as boulders, 

often occurring in boulder fields. Their matrix was homogenous, typically light grey 

colored (similar to the high Mg samples), and highly indurated. As stated in the methods 

section, this study considered any 28 peak over 30.25° 28 to be highly disordered 

dolomite, and therefore these samples fell under the proto-dolomite category. The 

dolomite samples had very low porosity (Figure 5-31 through 5-33). Fragmented forams 
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were present in every thin section. Subparallel veins similar to the ones in the high Mg 

calcite (Figure 5-30) were present in these dolomite samples, and they were occasionally 

infilled with acicular aragonite. The veins with aragonite tended to be located near the 

edges of the samples, possibly indicating secondary precipitation. In SEM images, both 

veins and micritic dolomite looked identical, with similar mineralogy and grain size in 

both (Figure 5-33). These dolomite samples had larger forams compared to previously 

described thin sections of calcite and aragonite. 

Breccias are common on Hydrate Ridge, and twelve representative breccias were 

chosen for thin sectioning (Figures 5-34 through 5-36). Only two of the breccias analyzed 

contained more than a few forams, and those were primarily comprised of whole, large 

forams (Figure 5-36). These samples had various percentages of porosity, ranging 

generally from 10% to 60%, determined by estimation in thin section. Large fragments of 

bivalves (15 em in length) were common in breccias, and the cement between clasts was 

typically acicular aragonite. As stated previously, the breccias were a mixture of 

mineralogically-similar clasts and distinct, mixed-mineralogy clasts, typically matrix

supported. Some clast boundaries were diffuse, while others were sharp. The clasts were 

subrounded to subangular, a variety of sizes, and were a mix of detrital and carbonate. 

Structure was present in the breccias in the form of veins and elongated pores seen in the 

clasts. 

Oxidant Availability as Proxy for Depth in Sediments 

Oxidant availability in the carbonate samples from Hydrate Ridge also show wide 

variability. The presence of pyrite and glauconite indicate reducing conditions, while 

hematite staining implies oxidizing conditions. The chemoherm samples contained pyrite, 
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generally rounded (framboidal) in shape, and no visually-detected hematite staining 

present in any of the thin sections. Noticeably little glauconite (seen in thin section as 

clusters of nodules) was present in the thin sections. In crust samples, framboidal pyrite 

was common, and hematite staining was absent. 

The samples from high Mg calcite slabs contained pyrite that was present in larger 

amounts than in the aragonitic samples, primarily occurring as infilling veins or voids in 

the matrix (Figure 5-37), but also as framboidal clusters. A small amount of the pyrite and 

surrounding areas were stained with hematite in one sample, while the other had no 

evidence of staining. Very little glauconite was present in any of the thin sections. 

Structures such as parallel veins and cracks were common in these samples (Figure 5-38), 

with glauconite infilling veins in one thin section. Dissolution rinds were seen in many 

samples in thin sections (Figure 5-39). 

Dolomite had framboidal and infilling pyrite present in thin section and SEM 

(Figure 5-40). The framboidal pyrite was larger than any seen in previous samples 

(>5 mm). Hematite staining was common in these samples, and was concentrated near 

veins or cracks. The presence of glauconite was rare in these thin sections. The samples 

also commonly contained a dark red weathering rind (2-4 mm thick), possibly composed 

of iron and manganese. 

Every breccia had small amounts of pyrite present. The pyrite was present as both 

framboidal clusters and within veins, often in the same thin section. The amount of 

hematite staining varied with individual breccias, ranging from no stains to stains 

commonly occurring particularly concentrated in veins. The amount of glauconite was 
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highly varied in these thin sections. High amounts of glauconite and the presence of 

forams tended to correlate well in the breccias. 

Stable Isotopic Evaluation 

Stable isotope analysis was run on all hand samples used in thin section and XRD 

but not core samples (see Appendix Table 1). o13C values for chemoherm samples ranged 

between -40.9%o and -48.4%o PDB. The 3180 values for the chemoherm samples plotted 

between 3.8%o and 4.6%o PDB. The aragonitic crust samples were analyzed, and the 

carbon isotope ranged between -41.9%o and -49.9%o PDB (Figures 5-41 and 5-42). Four 

unusually high points also occurred in the carbon isotope data for these samples, falling 

between -9.8%o and -0.5%o PDB (Figure 5-42). The oxygen isotope values for aragonitic 

crusts plotted between 4.1%o and 5.1%o PDB, with no significant outliers. 

High Mg calcite o13C values ranged between -52.0%o and -30.0%o PDB, while the 

oxygen isotopic values were all positive (Figure 5-43). For two high Mg calcite slabs, 

samples from microdrill transects were analyzed (Figure 5-44), and the o13C values ranged 

between -30.5%o and -44.8%o PDB. The oxygen isotope values fell within 3.7%o and 

5.4%o PDB. Figure 5-44 transects depicts more depleted o13C values towards the bottom 

of the slab. The oxygen values have no clear trends along the transect. 

Dolomitic samples were analyzed, and the carbon isotope values ranged between 

-34.1%o and -39.6%o PDB (Figure 5-45). One o13C outlier of +4% was noted in one of the 

dolomitic samples. The 3180 values for the dolomite fell within 5.5%o and 7.2%o PDB, 

except for one outlier of -41.0%o PDB (Figure 5-45). These two carbon and oxygen 

isotopic outliers from the dolomites were from the same sample, drilled from the interior 

of a dolomite boulder. Four samples from a dolomite breccia produced a range of o13C 
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values that clustered in two areas, 21.6%o to 16.8%o PDB, and -21.2%o to -20.1 %o PDB. 

Similarly, the oxygen isotopic data clustered at 3.8%o to 4.0%o PDB, and 6.7%o to 7.0%o 

PDB (respectively with the carbon clusters: not pictured). 

The breccias contained a wide variety of isotopic compositions due to the mixed 

composition of the clasts (Figure 43 ). For cements, the broad range of carbon isotopic 

values fell between -34.4%o and -54.7%o PDB, with outliers at -22.5%o, -12.4%o, -1.2%o, 

and 15.0%o PDB. The oxygen isotopic values ranged between 2.9%o and 6.6%o PDB, with 

no notable outliers. The breccia clasts did not cluster together, with a broad range of 

carbon and oxygen isotopic values occurring in many samples ( -34.4%o to -45.0%o PDB 

and 3.0%o to 6.2%o PDB, respectively). One breccia contained all low Mg calcite clasts 

(determined through XRD), and the o13C and o180 for the clasts clustered around -35%o 

and 3%o PDB, respectively. 
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Figure 5-l . Alvin photograph of the top of an aragonitic chemoherm from 
Hydrate Ridge. Field of view is approximately 8 meters. 

• . s 
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Figure 5-2. Alvin photograph of aragonitic crusts from Hydrate Ridge. Field 
of view is approximately 5 meters. 
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Figure 5-3. Alvin photograph of high Mg calcite slabs from Hydrate Ridge. 
Field of view is approximately 4 meters. 
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Figure 5-4. Alvin photograph ofFe-Mn encrusted dolomite boulders (boulder 
field) from Hydrate Ridge. Field of view is approximately 10 meters. 
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Figure 5-5. Hand sample (MSOl) of chemoherm with multiple colors of dark 
grey and light tan carbonate and acicular aragonite. Upper box shows location 
of thin-section sample in Figure 19. Lower left box shows "banding" in 
acicular aragonite (see Figure 22). 
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Figure 5-6. Hand sample (MS03) of aragonitic crust with multiple colors of 
dark grey and tan cement. Lower box is location of thin section sample in 
Figure 26. 
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Figure 5-7. Hand sample (MS05) of high Mg calcite slab with thin weathering 
rind. Upper box indicates the location of thin section shown in Figure 28. 
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Figure 5-8. Hand sample (MS07) of dolomite boulder with Fe-Mn weathering 
rind. 
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Figure 5-9. Hand sample (MS15) of breccia from Hydrate Ridge. Notice the 
sorting in parallel bands and the angularity of the clasts. 
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Figure 5-10. Example ofXRD from drilled samples ofhand samples. Notice 
the presence of only one carbonate mineralogy (high Mg calcite). The 
sample was mixed with a reference mineral (corundum). Secondary detrital 
minerals include quartz and feldspar. The position of the high Mg calcite 
peak between 29° and 31° 29 was used to determine the mol % of MgC03• 
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Figure 5-11. XRD analysis performed on core B20. Two centimeter intervals 
begin at the top of the graph and continue downward .through the sediment 
column (0-2 em is represented by the top line while 8-10 em is represented by 
the bottom line). Large unlabeled. peaks are corundum,~the· mtemal standard 
used when running these sample~. The stoichiometric dolomite peak falls at 
31 degrees; most of these samples contain p~oto-dolomite, 'with minor 
amounts of stoichiometric dolomite. Notice all of these samples are 
comprised dominantly of dolomite and aragonite, with a Mg calcite 
constituent also present in every sample. The mixed mineralogy could be 
related to breccia clasts. 
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Figure 5-12. XRD results from core, CJ4. The top line represents the 
uppermost interval (0-2 em), and each line below is a consecutive two 
centimeter interval. This core has dolomite ·at all intervals, with the addition 
of at least one extra mineralogy (aragonite, calcite, or Mg calcite): Mg calcite 
and aragonite tended to decrease with depth, probably indicating the 
replacement of those minerals with dolomite. 
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Figure 5-13. Example of zoned clasts from core CJ4. These zones could be 
the reason for a variety of mineralogies present in one clast (as recorded by 
XRD). 
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Figure 5-14. Example of zoned clasts from core B20. The clasts recovered 
from the cores were commonly breccias, as pictured in this sample. 
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High Mg Calcite 

Sample# 

Figure 5-15. Percent carbonate values (see Figures 7 and 8 for examples) 
plotted by mineralogy. The aragonite is broken into dark grey, tan, and white 
(i.e. , acicular) colors, and they generally have the highest total percent 
carbonate. The high Mg calcite samples (see Figure 9) span the broadest 
range of values, but the limited dolomite samples measured also had wide 
variety. Every sample measured had at least 39% carbonate. 
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Table 5-l. Comparison of total mass percent carbonate with calculated 
volume percent carbonate. The calculated volume percent estimates the initial 
porosity present in the sediments. Notice that the aragonite samples have the 
highest initial porosity, and the dolomite samples have the widest variety in 
initial porosity. 

Carbonate Type Total Mass Percent Carbonate Volume 
Percent 
Carbonate 

Dark Grey Aragonite 57 55 
Dark Grey Aragonite 79 77 
Dark Grey Aragonite 86 85 
Dark Grey Aragonite 79 77 
Dark Grey Aragonite 76 75 
Dark Grey Aragonite 77 75 
Tan Aragonite 69 67 
Tan Aragonite 78 76 
Tan Aragonite 67 65 
White Aragonite 91 90 
White Aragonite 70 68 
High Mg Calcite 72 70 
High Mg Calcite 63 60 
High Mg Calcite 69 67 
High Mg Calcite 94 94 
High Mg Calcite 88 87 
High Mg Calcite 73 71 
High Mg Calcite 54 52 
High Mg Calcite 39 37 
High Mg Calcite 83 82 
High Mg Calcite 69 •.;, , 67 
High Mg Calcite 70 68 
High Mg Calcite ' 84 82 
High Mg Calcite 

. , , ·. ;.·· '79 _!. 78 
High Mg Calcite 84 83 
High Mg Calcite ' 44 t ' 42 •.. •• !fl , 

High Mg Calcite 54 51 
High Mg Calcite . 58 y 56 
High Mg Calcite 70 68 
High Mg Calcite 73 71 
High Mg Calcite 76 74 
Dolomite 85 84 
Dolomite 45 42 

Cores 
B2-4-1 62 Single Clasts 60 
82-4-3 70 From Two 68 
82-4-4 94 Intervals 94 
82-4-5 76 75 
BS-10-1 73 72 
88-10-2 81 79 
BS-10-3 80 78 
88-10-4 73 72 
88-10-5 63 61 



Table 5-1-continued 
Carbonate Type 

CJ2-4-1 
CJ2-4-2 
CJ2-4-3 
CJ2-4-4 
CJ2-4-5 
CJ8-1 0-1 
CJS-10-2 
CJ8-l 0-3 
CJS-10-4 
CJS-10-5 
820-0-2 
820-2-4 
820-4-6 
820-6-8 
820-8-10 
CJ4-0-2 
CJ4-2-4 
CJ4-4-6 
CJ4-6-8 
CJ4-8-10 
CJ-10-12 
CJ-12-14 
CJ-14-16 
CJ-16-18 
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Total Mass 
Percent 
Carbonate 

58 
-t- 0 
. 4 

0 
81" 
0 

55 
77 
0 
0 

75 
0 
0 

71 
71 
77 
67 
71 
48 
73 
54 
73 
18 
84 

·. ... 

Large Clasts 
From Two 
Centimeter 
Intervals 

Volume 
Percent 
Carbonate 

55 
0 

. ' 3 
0 

80 
0 

53 
75 
0 
0 

74 
0 
0 

69 
69 
76 
65 
69 
46 
71 
51 
71 
17 
83 
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Figure 5-16. Estimated carbonate volume percentage versus depth in core for 
two cores, measured from large, sieved clasts. The estimated porosity 
fluctuates with depth, and no clear patterns can be distinguished. Error bars 
are included on the two intervals with 6 data points. 
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Figure 5-17. Transmitted-light photomicrograph of large acicular aragonite 
fans radiating from micritic aragonite. This photo taken from a chemoherm 
sample (box in Figure 7). Notice the large amounts of pore space which 
enables the growth of long aragonite needles. 
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Figure 5-18. Aragonite clasts cemented by aragonite needles observed in 
chemoherm and crust samples (transmitted light photomicrograph). These 
clasts are angular and poorly sorted, pointing to in situ cementation. 
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Figure 5-19. Radiating fan-like aragonite needles with blunt ends. SEM image 
taken from a chemoherm sample in the white aragonite zone. Notice the purity 
of the aragonite and the large pore spaces, supporting an origin above the 
seabed surface. 
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Figure 5-20. Transmitted light photomicrograph of a band in aragonite 
needles in box from Figure 7. These structures seem to be a result of 
dissolution and reprecipitation, creating darker bands where less aragonite is 
present. 
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Figure 5-21. SEM image of a band in aragonite needles from chemoherm 
sample. The band formed during a time of dissolution and reprecipitation, 
which appears as a darker line along the needles (black arrow). 
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Figure 5-22. Small aragonite crystals growing from a micritic aragonite in a 
transmitted light photomicrograph of a crust. The change is fairly abrupt 
between the elongated needles and the smaller micritic aragonite, possibly 
caused by a change in water chemistry and carbonate supersaturation. Micritic 
carbonate was determined to be aragonite and not high-Mg calcite based on 
EDS sampling that revealed Sr and no Mg. 
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Figure 5-23. Boundary of aragonite matrix and clamshell (lower right) in an 
SEM photomicrograph. The aragonite is primarily micritic, but some radiating 
fans are present. The boundary is poorly defined, and the aragonite is 
consistent in texture both proximal and distal from the clamshell. 
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Figure 5-24. Thin section photomicrograph of light tan and dark grey micritic 
aragonite commonly seen in chemoherm and crust samples (see Figure 8 for 
location). Whole and fragmented forams are commonly included in all the 
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Figure 5-25. SEM image of detrital material is common in the tan and grey 
aragonite cement. Clays and quartz are the most common detrital material 
included in the carbonates. 
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Figure 5-26. Typical cement of a high Mg calcite sample seen in a 
transmitted light photomicrograph with broken forams, glauconite nodules, 
and low porosity. 
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Figure 5-27. Example of micritic high Mg calcite in SEM photomicrograph. 
The crystals are all extremely small and poorly formed. This evidence 
supports an origin in an area with limited amount of room to grow (the 
sediment column). 
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Figure 5-28. Detrital material cemented by high Mg calcite seen in SEM. This 
quartz grain is cemented by poorly formed high Mg calcite. 



62 

Figure 5-29. This high Mg calcite sample (MS13) had the highest percentage 
of detrital material in any sample analyzed by SEM. Diatom frustules and 
clays are the most common detrital material in this image. 
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Figure 5-30. Banded micritic high Mg calcite and small clasts of pyrite, 
glauconite, and detrital material. The small clast zones include glauconite, 
and pyrite is present in both the micrite and the clast zones. This structure 
could be related to bands in the sediment during precipitation. 
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Figure 5-31 . Dolomite sample with multiple veins. The micritic dolomite 
appears to be fractured and then reprecipitation occurs in the open spaces. 
Notice the very low percentage of pore space present in the thin section. 
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Figure 5-32. Dolomite crystals highly magnified under SEM. The crystals 
are similar shapes and size, with some detrital material present. 
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Figure 5-33. SEM image of the boundary between a dolomite clast (upper left) 
and a dolomite vein (lower right). The two matrices are indistinguishable, 
implying a similar precipitation environment for both. Notice the small 
percentage of pore space in the cement. 
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Figure 5-34. Transmitted-light photomicrograph of a representative breccia 
commonly found on Hydrate Ridge. The clasts are subangular, and 
comprised of high Mg calcite. The cement is acicular aragonite. High 
amounts of pore space allow for acicular aragonite growth and suggest an 
origin at or near the seabed surface . 

• 
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Figure 5-35. Breccia with large subrounded clasts, glauconite nodules, and 
shell fragments seen in transmitted-light photomicrograph. Aragonite 
needles cement the clasts and shells. Notice the large percentage of pore 
space. 
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Figure 5-36. Transmitted-light photomicrograph of breccia with large 
clamshell, clasts, glauconite, and forams. Further support for an origin of 
breccias at the seabed surface is the large whole forams present in thin 
section. These also support an in situ formation as opposed to a mass wasting 
event because the forams are unbroken. 
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Figure 5-37. Pyrite infilling pore space in a high Mg calcite sample 
(transmitted-light photomicrograph). These samples are much less porous and 
include more pyrite than the aragonitic samples. 
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Figure 5-38. High Mg calcite sample with different colored vein seen in 
transmitted-light photomicrograph. The different colors are generally the 
same material with common forams and pyrite. Changes in color could 
be caused by differences in the amount of detrital material. Notice the 
low amount of pore space in the micritic cement, supporting precipitation 
in the sediment column. 

~ '. 
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Figure 5-39. Edge ofhigh Mg calcite sample (located at the top of the photo) 
with large glauconite nodules as seen in transmitted-light photomicrograph. 
Dissolution of the glauconite from water flowing through the carbonate creates 
the brown hematite staining seen in this slide. 
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Figure 5-40. SEM image offramboidal pyrite (as identified by SEM EDS) seen in 
a dolomite from Hydrate Ridge. Pyrite is common in dolomite and high Mg 
calcite samples, as seen in thin sections. 

• 
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Figure 5-41 . Stable isotopic values for aragonitic samples and breccias. 
Acicular aragonite has less positive 8180 values than other cements. Dark 
grey cement trends from more negative o13C and lower 8180 to less negative 
o13C and higher 8180. Chemoherm dark grey cement is relatively negative 
compared to other samples. The light grey and mixed cements have the 
highest 8180 values. The breccia cements are extremely random, with no 
obvious trends. 
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Figure 5-42. Authigenic aragonite and clamshell isotopic compositions. The 
pure acicular aragonite has more depleted o 180 values than the darker grey 
aragonite, implying a greater influence of seawater during the pure aragonitic 
precipitation. Notice that the grey and pure aragonite samples trend toward a 
common value (near 4 ppt PDB) with more negative o 13C values. The less 
negative o13C values for the pure and grey aragonite show a wide separation 
between o 180 values for each. Clamshells were plotted as a point of reference 
and as an example of typical isotopic signatures of seawater at 4 °C. 
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Figure 5-43. Isotopic signatures for high Mg calcite samples. The o180 
values are all positive, reflecting a complicated signature possibly associated 
with high temperature fluids during precipitation. The o13C reflects the 
influence of methane-rich waters during precipitation. The o 13C has a 
relatively wide range of values, which probably reflects; a mixing of diagenetic 
marine water with biogenic methane waters. The isotopic values fall into 
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Transect 1 

Transect 2 del C-13 del 0-18 
PDB PDB 

MDS086 Exterior -44.8 4.46 
MDS087 -43.72 4.42 
MDS088 -40.19 4.34 
MDS089 -41.89 4.43 
MDS090 -34.93 3.66 
MDS091 Interior -39.94 4.10 

Figure 5-44. Shows table of high Mg calcite samples from cross sections for 
isotopic compositions. These samples were drilled across two calcite slabs 
(only one slab is shown). Transect 1 cross section depicts a clear trend in 813C 
values that decrease to the base of the slab. The 8180 values for the cross 
section are generally consistent, with a slight positive trend toward the base of 
the slab. Transect 2 813C values generally become less negative toward the 
base of the slab. The 8180 values decrease slightly toward the base of the slab. 
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Figure 5-45. Isotopic signatures for dolomite samples. The o13C is less 
negative than values from aragonite or high Mg calcite samples. All 8180 
values are positive, with the majority of the points falling between 5 and 7 ppt 
PDB, and one outlier at -41 %o PDB (not shown). 



CHAPTER6 
DISCUSSION 

Published Models of Carbonate Precipitation 

One general model has been suggested for the precipitation of authigenic 

carbonates by several authors. Beauchamp et al. (1989) proposed that North Sea 

authigenic carbonates formed in the sulfate reduction zone. They also presented an in situ 

origin for the brecciation of carbonate crusts caused by high gas pressure (also causing the 

pockmarks seen in association with active venting). The pyrite found in most samples was 

attributed to occasional hydrogen sulfide seepage from deep in the sediment column 

(Beauchamp 1989). All three mineralogies (aragonite, high Mg calcite, and dolomite) 

present in carbonates from the Gulf of Mexico were studied by Roberts and Aharon 

(1994). They offered a model of formation for all precipitates through bacterially-

mediated reactions in the sulfate reduction zone or at the seabed surface (Roberts and 

Aharon 1994 ). Authigenic carbonates from the Florida escarpment are composed 

primarily of high Mg calcite, but aragonite and dolomite are present. Paull et al. ( 1992) 

suggested a general theory of formation similar to Roberts and Aharon ( 1994) where 

oxidation of methane and resulting sulfate reduction and increasing alkalinity promoted 

carbonate precipitation (Paull et al. 1994). These general models mentioned above 

provide an explanation for carbonate precipitation; however, they do not offer 

explanations for the presence of multiple mineralogies as seen on the Cascadia margin. 

Greinert et al. (2000) focused specifically on types and origin of the carbonates on 

Hydrate Ridge, and proposed precipitation in the near surface, slightly reducing conditions 

79 
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in the top few centimeters or on the seabed, or from in situ brecciation of the mudclast and 

intraformational brecchias through slumping or venting. Aragonite precipitation requires 

near sediment-water interface conditions where high sulfate concentrations are present, 

while high Mg calcite precipitates where sulfate is reduced (sulfate reduction zone, >3 em 

depth). Calcite is the-favored phase at temperatures found on Hydrate Ridge, but the 

presence of sulfate greatly inhibits calcite precipitation and favors aragonite (see 

Literature Survey section). Greinert et al. (2000) suggested that the dolomite mudstones 

originate at the deepest depths, in the lower methanogenic zone and below (10-220 mbst). 

They suggested this depth based on oxygen isotopic values that are highly negative 

(-3.5%o SMOW), and likely to occur at deeper depths where temperatures are higher 

(minimum 15.3°C). 

Kulm et al. ( 1986) proposed a general origin for all carbonate cements at a shallow 

to surficial (upper 3 meters) depth based on <5180 values. Positive 0180 values indicate 

low temperature waters, which would occur at shallow depths (Kulm et al. 1986). 

Behrmann et al. ( 1998) suggested that aragonite collected from chemoherms reflect recent 

seabed surface conditions, based on positive 0180 values (3.68%o PDB). However, they 

indicated that the high Mg calcite precipitated as a result of gas hydrate destabilization 

that occurred some time in the past, possibly caused by sea level lowering or an increase 

in temperature of the ocean. This conclusion was based on <5180 values which indicated 

high Mg calcite precipitated from porewater equilibrated with isotopically heavier (+3%o, 

from Behrmann et al. 1998) water derived from the release of cage waters during 

dissociation. The oxygen isotopic values for high Mg calcite in their study were 4.86%o 

PDB which is enriched compared to average seawater ( +.95%o SMOW). Borhrnann et al. 



81 

( 1998) suggested that the 0180 enrichment was caused by the influence of hydrate-rich 

pore fluids (+3.0%o SMOW). 

Previous investigators have promoted a variety of explanations for the different 

types of carbonates found on the Cascadia margin. Most papers agree that the carbonates 

are forming in the upper few tens of meters from the seafloor surface. However, they 

disagree on precisely where, and when the precipitation occurs. Morse et al. (1997) and 

Bohrmann et al. ( 1998) proposed a fluctuating system of high Mg calcite precipitation or 

aragonite precipitation based on climate and gas hydrate changes (Bohrmann et al. 1998, 

Morse et al. 1997). This explanation could only be applied to precipitation at the sediment 

surface because aragonite is unlikely to be the favored precipitate in the sulfate reduction 

zone due to the low temperatures and depleted sulfate (Burton and Walter 1987). A more 

likely explanation is high Mg calcite precipitating at depth while aragonite precipitates at 

the surface. The few authors that dealt with breccia formation on the Cascadia margin 

support a similar origin as presented herein, which suggests that gas hydrate 

destabilization causes either in situ brecciation or a massive gas discharge in the shallow 

seabed (Beauchamp et al. 1989, Greinert et al. 2000). This theory is based on the presence 

of pockmarks, observations of floating gas hydrates, and analysis of the clasts and cements 

of the breccias (Bohrmann et al. 1998). The dolomite is often believed to precipitate at 

greater depths, up to 40 mbsf (Greinert et al. 2000). If precipitation occurs at this great of 

depth, exposure of the many large boulders on the seafloor surface of Hydrate Ridge 

would be difficult to explain through currents or gas hydrate destabilization which only 

involves the upper few meters of the seabed. 
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Conceptual Model of Carbonate Precipitation 

The processes leading to the precipitation of carbonate phases on Hydrate Ridge 

are complicated, and involve multiple influencing factors including sulfate concentrations, 

temperatures, methane concentrations, and carbonate saturation state. The primary 

controls on formation of aragonite versus high Mg calcite promoted in this study are 

temperature of water during precipitation, porewater sulfate concentrations, and carbonate 

saturation state. The sulfate conditions are particularly important, because sulfate-rich or 

depleted zones can indicate depth of precipitation (Baker and Kastner 1981, Burton and 

Walter 1987). Aragonite can only precipitate at the temperatures measured on Hydrate 

Ridge ( 4 °C) if the precipitation occurs in the sulfate-rich sea waters, or if precipitation 

occurs in conjunction with warm-temperature migrating fluids seeping up from depth 

(Burton and Walter 1987). Even slightly higher than average temperatures (+0.32°C) 

have only been recorded in a few places on the Cascadia margin because the high 

temperatures of migrating fluids are hard to maintain (Kulm et al. 1986). The warm 

waters quickly equilibrate with the surrounding colder porewaters through diffusion in a 

matter of days. Aragonite is usually found at the sediment water interface or in the water 

column as a chemoherm, and therefore the influence of sulfate is probably greater than 

migrating warm waters. The zone of sulfate reduction generally occurs below the upper 

few centimeters of the seabed, so the aragonite precipitation is not favored in this region 

(Greinert et al. 2000), and high Mg calcite, which is the favored phase at these 

temperatures, should precipitate in this zone (Figure 6-1 ). 

Dolomite precipitation is more difficult to understand where and how it occurs, or 

if the dolomite is authigenic (direct precipitation from seawater) or diagenetic (alteration 
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from calcite). Because sulfate greatly inhibits the dolomitization process, precipitation 

must occur somewhere in the sulfate reduction zone in the upper tens of meters from the 

seabed surface or below that where no sulfate is left. Baker and Kastner ( 1981) 

experimentally found that even minor amounts (0.00 1 M) of sulfate greatly reduced the 

precipitation of dolomite. Minor sulfate has been found at depths as great at 60 mbsl on 

Hydrate Ridge (Westbrook et al. 1994). Baker and Bums (1985) also promoted a shallow 

sediment depth for dolomite precipitation, based on high magnesium and low sulfate 

porewater concentrations. Overall, the literature generally suggests that dolomitization 

can occur through replacement or authigenic precipitation, which can take place at depths 

up to a few tens of meters (Baker and Bums 1985, Baker and Kastner 1981). 

Aragonite Phase 

The thin section and SEM work are particularly important in understanding where 

mineralogies form. Aragonitic chemoherm samples have the largest amount of voids and 

the longest needles, which indicates high amounts of pore space and therefore 

precipitation at or above the seabed. They also have the largest percentage of carbonate 

(indicating the highest porosity), and a significant portion of pure aragonite (determined 

through XRD analysis). The presence of pure aragonite and absence of detrital material 

can only be achieved at or above the seabed surface. The different colored carbonates 

seen in chemoherm samples were composed of the same microcrystalline aragonitic and 

detrital mixture. This is important in establishing that no significant formational changes 

occurred to produce a mineralogy other than aragonite. Instead, the darker cement could 

indicate a higher percentage of detrital material, or reduced porosity due to dissolution and 
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reprecipitation of microcrystalline aragonite (the percent carbonate analyses in this study 

were inconclusive). Micritic aragonite could form by recrystallization even if 

precipitation occurs at or above the seabed where space is available for large crystals to 

grow. Reid and Macintyre ( 1998) suggested that micritic aragonite could precipitate in 

pore spaces or by recrystallization. The aragonitic needles seen in SEM and thin section 

seem to have banding, but on closer inspection the "bands" are gaps in the needles, 

probably indicative of periods of dissolution and then regrowth. SEM images also reveal 

the relative amounts of detrital material in the aragonite (less detrital) versus other phases. 

The low-detrital aragonite suggests precipitation at the seabed surface or above it. The 

highest percentage of whole forams is present in the aragonite samples, which indicates 

very little post-depositional compaction. All of these factors support a formation at or 

above the sediment water interface. One line of evidence that could support precipitation 

of aragonite at the sediment water interface is the absence of hematite staining and 

glauconite. If aragonite is forming at or slightly below the seafloor surface, then these 

samples should have the highest percentage of hematite staining due to the diffusion of 

seawater. Instead, the aragonite samples have almost no hematite stains present. This 

could imply a formation within a highly oxygenated zone, but recent precipitation has not 

allowed the oxidation of the pyrite and glauconite. 

The carbon isotopic data for the aragonite samples shows the strong influence of 

methane-rich waters during precipitation, implying that precipitation occurs near vents 

without too much mixing with seawater. The oxygen isotopic values of the aragonitic 

samples suggest the influence of seawater, with one sample averaging at a low 

4.06%o PDB while the highest averaging at 4.89%o PDB. The o180 values of the 



85 

formation water are calculated values of the 0180 during precipitation using standard 

equations discussed in the Methods section. Formation water o180 values from the 

chemoherm samples and the aragonitic samples ranges between -1.1 and O%o PDB and 

-0.3 and 0.8%o PDB respectively (recording the lowest 0180 formation water values), 

implying precipitation influenced primarily by seawater (Grossman and Ku 1981). 

The modes of aragonite precipitation presented here are similar to the observations 

of others. Ritger et al. ( 1987) proposed a theory of aragonitic needles forming after the 

micritic calcite cement, which is only observed in this study amongst breccias. The 

micritic aragonite implies either recrystallization occurred or during precipitation there 

was little room for growth. The aragonite needles imply large open pore spaces and an 

origin above the seabed. The distinct boundary between the cement and needles could 

also point to a change in conditions during formation, or the inclusion of different amounts 

of detrital material (Ritger et al. 1987, this study). Bohrmann et al. (1998) and Greinert et 

al. (2000) proposed that the aragonitic needles grow into gas hydrate cavities. This theory 

could not be tested in this study, but is supported by the highly depleted carbon isotopic 

signature of the aragonite and the large cavities seen in thin section. Kulm et al. ( 1986) 

found well-sorted glauconite associated with the aragonite cement. However, the 

glauconite in the samples studied here is poorly sorted, and sometimes infrequent, and 

could indicate recent precipitation. 

This study also supports Ritger et al.' s ( 1987) correlation between higher 

induration and higher total carbonate percentage, which includes all three carbonate 

mineralogies. Ritger et al. ( 1987) noted two groups of samples, one with high mass 

percent CaC03 (25-30%) and the other with minimal carbonate (less than 20% CaC03). 
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This bimodal pattern in Ritger's samples does not occur in the samples in this study, with 

the possible exception of clasts from the cores. Several clasts from cores contain 

practically no carbonate, while the remainders have a high CaC03 percentage (Figure 

5-45). Ritger' s association between high induration and high carbonate content is also 

recorded in this study, and is important in determining where the carbonate precipitated, as 

high detrital content reflects precipitation in the sediment column. Sample and Kopf 

( 1995) reported much lower total carbonate percentages than Ritger or this study, with the 

highest values at 25% CaC03. 

Kulm et al. ( 1986) noted a difference in carbon and oxygen isotopic values of 

aragonitic cements versus aragonitic crusts. These trends are not seen in the data from this 

study, and could indicate a similar formation process for both the cements and the crusts 

(Kulm et al. 1986). Greinert et al. (2000) also recorded positive carbon isotopic values for 

chemoherm samples, where the chemoherm samples from this study center around 

-45%o PDB, with no outliers. Greinert et al. ' s positive carbon isotopic values could reflect 

the influence of seawater or higher temperatures on chemoherm samples, while this 

study's negative o13C values imply some influence of methane-rich waters. 

High Mg Calcite Phase 

High Mg calcite is favored for precipitation at 4-10 em depth in the zone of sulfate 

reduction. This depth of precipitation is based on the calculated porosity at the time of 

precipitation ( <10 em) and the location of the top of the sulfate reduction zone·(>4 em). 

High Mg calcite is considered to be the dominant carbonate mineralogy present on the 

Cascadia margin, but some carbonates could have a high enough mol%Mg (>30 
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mol%Mg) to be considered proto-dolomite. As stated previously, the Greinert 

classification system will be used in this paper since it is commonly used with carbonates 

from the Cascadia margin (high Mg calcite- 8-20%; proto dolomite- 30-40%). Ritger et 

al. (1987) had a broader range of values for high Mg calcite (6-20 mol%Mg) than this 

study (6-11 mol%Mg), which could indicate a continual range of mol%Mg from high Mg 

calcite to dolomite. Sample and Reid' s (1998) findings supported the minor constituents 

identified in this study in high-Mg calcites, which include clays, feldspars, and quartz. 

They identified the dominant cements as high Mg calcite and dolomite, partially 

concurring with this study. The same authors concluded that high Mg calcite was the 

primary cement, with a mol%Mg of 3 to 12. However, these conclusions were based on a 

small population size (35 samples) that was not sampled in a statistically random fashion 

(Sample and Reid 1998). 

This zone of precipitation ( 4-10 em depth) is supported by reduced carbonate mass 

percentages (implying less porosity), higher detrital material seen in thin section and 

SEM, and much less void space than aragonitic samples. Sediment porosities determined 

by gravimetric analyses of Alvin push core subsamples are 0.5-0.7 (50%-70% carbonate 

by mass) in the range of 4-10 em below the seafloor (Kastner pers. comm.). The presence 

of micritic calcite implies little room for crystal growth, and is cited as a support for high 

Mg calcite precipitation in the upper sediment column where little pore space inhibits 

crystal growth (Kopf et al. 1995). A much higher percentage of high Mg calcite thin 

sections include broken forams than seen in aragonitic samples. The lack of hematite 

stains and glauconite in the high-Mg calcite samples supports a shallow burial, where 

water advects less than at the seafloor where water moves freely. Carbon isotopic values 
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also show the importance of methane-rich waters during precipitation, with a range from 

-52%o PDB to -30%o PDB. The o180 values from high Mg calcite samples fall between 

5.18%o PDB and 4.13%o PDB. These very positive oxygen isotopic values reflect the 

importance of hydrate-rich waters during precipitation, and imply precipitation at some 

depth in the sediment column where seawater is not as influential. For example, the water 

in which the high Mg calcite formed has a calculated 0180 value of +0.7 to 2.7%o PDB at 

3.9°C (Tarutani et al. 1969). When methane hydrates dissociate, they release cage waters 

with o180 of 2.7%o SMOW and therefore have a significant influence over the o180 values 

of the high Mg calcites. 

The high Mg calcite and dolomite observed in this study are similar to those 

described by given by Ritger et al. (1987). The cement is primarily microcrystalline 

calcite and dolomite, with less pore space. Sample and Reid ( 1998) found that the calcite 

cement often included unbroken forams, bivalves, and veins, all of which are seen in this 

study. The veins have detrital grains accumulating in them, implying precipitation in the 

sediment column where grains can move into the veins. Most authors studying Cascadia 

carbonates. did not report any hematite staining in their thin sections, and dolomite 

descriptions and formation were rarely discussed. Our study found multiple hematite 

stains in a variety of carbonate types (high Mg calcite and dolomite). This could indicate 

fluid flow and the presence of oxygen, and therefore whether the hematite formed at depth 

or at the seabed surface. Unfortunately, hematite staining could occur during formation or 

after exposure to the shallow sediment column, and cannot conclusively indicate depth of 

formation. 
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Ritger et al.' s ( 1987) group of high-Mg calcite samples all reflected a methane 

influence (highly depleted o13C values). Their values are similar to the ones from this 

study, except the range is larger and includes much lower values (as depleted as 

-66.7%o PDB, while this study's lowest sample is -53.2%o PDB). The Ritger et al. study 

also recorded relatively high oxygen isotopic values, similar to this study, with a range 

between +3.66 and +7.22%o PDB. The high oxygen isotopic values could be due to 

temperature changes or multiple events of hydrate formation and dissociation. Kulm and 

Suess ( 1990) also observed a broad range of negative o13C values in high Mg calcites 

(down to -66.7%o PDB). The positive oxygen isotopic values seen in Ritger et al., Kulm 

and Suess, and this study are probably indicative of a series of hydrate formation and 

dissociation, and dolomitization (Kastner, pers. comm., Kulm and Suess 1990, Sample and 

Reid 1998). 

Dolomite Phase 

Dolomitic samples are common in this study, and are the dominant carbonate type 

in the cores. This result is surprising because authigenic dolomite precipitation is difficult 

to explain because experimental studies indicate that precipitation occurs in small amounts 

(Baker and Kastner 1981), and is not the dominant carbonate in Alvin-collected hand 

samples. Malone et al. ( 1996) suggested that authigenic dolomite in the Monterey 

Formation of California precipitated at times when migrating fluids in the shallow 

sediments reached temperatures over 1 00°C. This theory could be applied to the Cascadia 

margin if periodic fluxes of warm fluids migrated to the seabed in the past 1-24 ky (dates 

from Kastner et al. 2000). The possibility of large amounts of authigenic dolomite 
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precipitating under modern conditions is difficult to explain because of colder 

temperatures; however, replacement dolomite could be a viable explanation of the large 

amounts of dolomite seen on Hydrate Ridge because high Mg calcite and aragonite will be 

replaced by dolomite. Unfortunately, replacement dolomite is impossible to distinguish 

from authigenic dolomite, and cannot be confirmed in this study. Because sulfate inhibits 

dolomitization, dolomite must form in the zone of sulfate reduction (where pockets of 

complete sulfate depletion are present) or below it (where sulfate is not present), in the 

upper tens of meters of the sediment column. Microenvironments of sulfate 

concentrations near zero can occur in the upper meters, and could be zones of dolomite 

precipitation. 

This study proposes a dolomite origin within the upper couple of meters of the 

sediment column, possibly at the same level as the high Mg calcite samples (>3 em depth). 

This relatively shallow depth of formation is based on the amount of dolomite seen on the 

seabed surface and the availability of magnesium and calcium which is greatest in the 

upper couple of meters. Dolomites from Hydrate Ridge have an average of 61 mass 

percent CaC03, which indicates less porosity than aragonite or high Mg calcite samples. 

The low p~rosity, fragmented forams, and micritic cement support precipitation in the 

sediment column (1-10 em depth). The presence of hematite staining and iron-manganese 

coating on many of the dolomite samples could attest to the old age of the dolomite and 

the movement of water through the dolomites since exposure to oxic seawater for a long 

period of time creates these rinds. Studies on iron-manganese crusts on the continental 

shelf off Tasmania suggest that these grow at rates of approximately 1 OJ.Lm/200,000 years 

(Exon 1997). The growth rates must be greater on the Cascadia margin since active 
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venting has only occurred for the past 21-24 ky, but still point to an old age for the 

dolomite boulders (dates from Kastner et al. 2000). The carbon isotope values from 

dolomitic samples range between -34.1%o and -39.6%o PDB, which reflect some influence 

of methane-rich waters. The o180 values for the dolomite fall within 5.5%o and 7.2%o 

PDB. Formation water o180 values of dolomite samples fall between 1.1 and 2.8%o PDB, 

respectively. 

Sample and Reid (1998) reported isotopically similar dolomite samples to the ones 

in this study, as well as a group with slightly negative carbon isotope values (-1%o to 

-25%o) and negative oxygen isotope values (-4%o to -13%o). They attribute the differences 

in the isotopic values to changes in migrating fluids in different areas. This explanation 

could result in different samples with unique isotopic signatures dependent upon where 

the samples precipitated, which could explain some of the outlying carbon and oxygen 

isotopic values in their data and data presented in this study. Unfortunately, no systematic 

differences in the outliers exist and cannot directly support different locations of 

precipitation. 

Some aberrations exist within the data that does not fit with the model presented 

in this paper. These include no hematite staining in aragonite samples, and common 

hematite staining in dolomite samples. Also there are no clear trends in o13C volume 

percent carbonate values to suggest great influences of methane with depth. Finally, the 

presence of dolomite in all intervals of cores also does not fit the model of dolomite 

precipitating at depth as presented above. 
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Breccias 

Authigenic carbonate breccias have been separated into a wide variety of 

categories by previous authors, including mudclast breccias, intraformational breccias, 

sandstones, and mudstones (Greinert et al. 2000, Kopf et al. 1995). The breccias collected 

for this study primarily fall into mudclast and intraformational breccias. Intraformational 

breccias are the most common in this study, as many contain multiple types of clasts and 

shells, and are cemented by aragonite. The majority of the breccias analyzed are composed 

of detrital and high Mg calcite clasts with acicular aragonite cement. 

The breccias could be related to destabilized gas hydrates originating in the 

sediment column. The primary factors that support this conclusion come from 

observations in thin section and hand specimens. The breccias are composed of 

subangular to subrounded clasts, which are very poorly indurated. These observations are 

important because any transportation of these clasts would have rounded them or 

destroyed them completely. The matrix also commonly includes whole forams, which 

would have been crushed with any mass movement, such as a slump or turbidite flow. 

The high percentage of voids in breccia samples and the dominance of aragonitic cement 

in the breccias suggest cementation at or near the sediment water interface. Destabilized 

gas hydrates could break apart weakly cemented clasts, possibly sending material up into 

the water column and creating the pockmarks seen on Hydrate Ridge. The breccias seen 

on Hydrate Ridge could also have formed in situ through faulting or fracturing, which 

requires no transportation of clasts. Another possibility suggested by Suess et al. ( 1999) is 

that floating hydrates can carry sediments and clasts with them and then release them as 

the hydrate dissociates. This material settles down to the seafloor, where it is eventually 
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cemented by aragonite. This theory can explain the angular shape of the clasts, variety of 

types, and the graded bedding occasionally seen in the breccias (Figure 5-9). 

·. 
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Large Chemoherm Complexes 
Aragonite Sui tate rich waters 

Dolomite precipitation in the upper two meters 
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Unstable Gas Hydrates 

1 Methane-rich waters 1 migrating upwards 

Figure 6-1. Schematic of the ocean bottom and sediment column showing 
precipitation areas of the carbonates. The aragonite forms at and above the 
seabed surface, where sulfate rich water promote precipitation in the form of 
chemoherm complexes and crusts. In the zone of sulfate reduction located 
below 4 em depth, Mg calcite is the favored precipitate. Dolomite is also 
inhibited by the presence of sulfate, and therefore must precipitate in the 
sediment column, probably in the upper two meters. The gas hydrate stability 
zone is located at depths of approximately 100 meters. Pockmarks are also 
common on Hydrate Ridge. 



. CHAPTER 7 
CONCLUSIONS 

The conclusions of this study include the following: 

• Three carbonate mineral phases are present on Hydrate Ridge and include aragonite, 
high-Mg calcite, and dolomite 

• The conditions under which these phases precipitate can be studied in thin section and 
SEM. These analyses reveal high porosity in aragonite samples with large acicular 
crystal growth, while the high-Mg calcite and dolomite samples reflect lower porosity 
and microcrystalline cement. Redox conditions are observed in thin section by the 
presence of pyrite and glauconite (reducing conditions), and hematite staining 
(oxidizing conditions). The aragonite and high-Mg calcite samples have little pyrite 
or glauconite and little to no hematite staining. The dolomite samples have high 
amounts of pyrite and hematite staining indicative of redox disequilibrium. 

• Stable isotopic analyses reflects the strong influence of methane-rich waters during 
all phases of carbonate precipitation in highly negative o13C values. The o180 values 
for aragonite samples are the closest to seawater values, implying a precipitation with 
the greatest influence of seawater. High Mg calcite and dolomite samples have very 
positive 0180 values, implying strong influence during precipitation of isotopically 
heavy cage waters released from gas hydrates 

• Each of the three mineral phases is precipitating primarily in response to the 
concentration of dissolved sulfate in the upper two meters of the seabed (aragonite at 
and above the seabed surface, high Mg calcite at 4-8 em depth, and dolomite at 4 em 
to 2 meters depth) 

• Oxidation of methane seeping from deep in the sediment column is the catalyst for 
carbonate production. Gas hydrate dissociation is a possible cause for breccia 
formation through gas hydrate destabilization 

The formation of authigenic carbonates off the coast of Cascadia is the product of 

methane released by tectonic and oceanographic processes. This type of methane-rich 

environment is more common on continental margins than previously believed, occurring 

in many oceans around the world. Future studies on authigenic, methane-related 

95 
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carbonates will be important to refine the myriad influences on precipitation, and will 

help to understand the interactions between gas hydrates and the carbonates. These 

studies could include an in-depth analysis of the dolomites present on Hydrate Ridge, 

~ 

radiometric age dating of the carbonates using U-Th isotopes, more detailed study of the 

extent of carbonates, and experimental studies on carbonate precipitation under similar 

conditions as those occurring on Hydrate Ridge. A wide range of studies could be 

conducted on Hydrate Ridge which would help geologists to understand the formation of 

authigenic carbonates in modem ocean waters and in the rock record, and therefore help 

increase our understanding of tectonically-induced fluid flow on continental margins and 

the global carbon cycle. 



APPENDIX 
DATA FROM SAMPLES 

Table A-1. List of the total percent carbonate for drilled samples from 
carbonates, five single clasts from two intervals, and larger clasts from each 
interval. The clasts are from two cores, and intervals were taken every two 
centimeters. 

Number Name %CaC0J Type of Carbonate 

6 mds002 71 .73 High Mg Calcite 

7 mds003 62.60 High Mg Calcite 

8 mds004 68.76 High Mg Calcite 

9 mds005 94.44 High Mg Calcite 

10 mds006 87.67 High Mg Calcite 

11 mds007 72.67 High Mg Calcite 

12 mdsOIO 54.32 High Mg Calcite 

13 mdsOll 38.99 High Mg Calcite 

14 mds019 83.36 High Mg Calcite 

15 mds021 68.70 High Mg Calcite 

16 mds023 70.23 High Mg Calcite 

18 mds025 83.64 High Mg Calcite 

19 mds026 79.10 High Mg Calcite 

20 mds027 84.41 High Mg Calcite 

21 mds028 44.08 High Mg Calcite 

24 mds030 53.66 High Mg Calcite 

25 mds031 57.95 High Mg Calcite 

26 mds032 70.17 High Mg Calcite 

27 mds034 73.21 High Mg Calcite 

28 mds035 75.99 High Mg Calcite 

29 mds038 72.99 Breccia 

30 mdsOOl 57.49 Aragonite 

31 mds039 78.54 Aragonite 

32 mds042 86.02 Aragonite 

33 mds044 69.33 Aragonite 

34 mds045 78.72 Aragonite 

35 mds046 66.84 Aragonite 

36 mds047 9l.l6 Aragonite 

37 mds048 77.81 Aragonite 

38 mfd049 76.30 Aragonite 

39 mds050 69.55 Aragonite 

40 mds049 76.67 Aragonite 

41 mds026 84.83 Dolomite 

42 mds028 44.62 Dolomite 
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Core Sample Name %CaC03 Core Number 

Cores 82-4-1 62.20 Single Clasts Core 1 

82-4-3 69.62 From Two Core 1 

82-4-4 94.36 Intervals Core I 

82-4-5 76.34 Core I 

88-J0-1 73.31 Core I 

88-10-2 80.51 Core I 

88-10-3 79.93 Core I 

88-10-4 73.34 Core I 

88-10-5 63.34 Core I 

CJ2-4-1 57.67 Core2 

CJ2-4-2 0.40 Core2 

CJ2-4-3 3.76 Core2 

CJ2-4-4 0.16 Core2 

CJ2-4-5 81 .07 Core2 

CJ8-JO-I 0.44 Core2 

CJ8-I0-2 55.34 Core2 

CJ8-J0-3 76.84 Core2 

CJ8-J0-4 0.17 Core2 

CJ8-10-5 0.30 Core2 

820-0-2 75.41 Large Clasts Core 1 

820-2-4 0.12 From Two Core I 

820-4-6 0.01 Centimeter Core I 

820-6-8 70.90 Intervals Core 1 

820-8-10 70.69 Core 1 

CJ4-0-2 77.33 Core2 

CJ4-2-4 67.42 Core2 

CJ4-4-6 70.99 Core2 

CJ4-6-8 48.49 Core2 

CJ4-8-JO 72.99 Core2 

CJ- J0-12 53.65 Core2 

CJ-12-14 73.24 Core2 

CJ-14-16 18.14 Core2 

CJ-16-18 84.39 Core2 



Sample# 

MDSOOl 

MDS002 

MDS003 

MDSOIO 

MDSOll 

MDS023 

MDS024 

MDS028 

MDS029 

MDS030 

MDS031 

MDS032 

MDS034 

MDS035 

MDS038 

MDS039 

MDS042 

MDS044 

MDS045 

MDS046 

MDS047 

MDS048 

MDS049 

MDS050 

MDS051 

MDS052 

MDS053 

MDS054 

MDS055 

MDS056 

MDS057 

MDS058 

MDS059 

MDS060 

MDS061 

MDS063 

MDS064 

MDS065 

MDS066 

MDS067 

MDS068 

MDS069 

MDS070 
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Table A-2. Carbon and oxygen isotopic values for microdrilled carbonate 
samples from Hydrate Ridge. The formation water water o180 values are 
calculated as well. 

Microdrill del C-13 

Sample PDB 

MDS001 

MDS002 

MDS003 

MDS 010 

MDS 011 

MDS023 

MDS024 

MDS 028 

MDS029 

MDS 030 

MDS 031 

MDS032 

MDS034 

MDS035 

MDS038 

MDS 039 

MDS042 

MDS044 

MDS045 

MDS046 

MDS047 

MDS048 

MDS049 

MDS050 

MDS 051 

MDS052 

MDS053 

MDS054 

MDS055 

MDS056 

MDS057 

MDS058 

MDS059 

MDS060 

MDS061 

MDS063 

MDS064 

MDS065 

MDS066 

MDS067 

MDS068 

MDS069 

MDS070 

-53.2 

-41.4 

-42.2 

-50.2 

-51.4 

-30.7 

-35.0 

-39.6 

-37.6 

-44.6 

-44.6 

-43.2 

-47.8 

-42.3 

-40.0 

-45.0 

-47.4 

-43.4 

-43.7 

-41.9 

-42.1 

-39.1 

-42.3 

-44.6 

-45.22 

-40.85 

-45.28 

-44.61 

-46.19 

-43.58 

-45.2 

-47.72 

-47.68 

-48.44 

-47.49 

-49.91 

-49.22 

-45.03 

-44.77 

-46.04 

-9.77 

-5.58 

-44.14 

mean values · del 0-18 of 

del 0 -18 del 0-18 Water Mol % Big Delta formation 

PDB SMOW Temp(0 C} MgC03 (SMOW) water SMOW 

4.0 

4.6 

4.5 

5.7 

5.1 

5.4 

5.2 

5.8 

5.5 

5.2 

5.7 

5.4 

5.6 
5.8 

3.4 

4.9 

4.6 

5.1 

5.1 

5.2 

5.1 

4.9 

5.0 

5.0 

3.92 

3.81 

3.88 

3.88 

3.8 

3.99 

3.83 

4.01 

4.4 

4.42 

4.29 

4.12 

4.15 

4.8 

4.8 

4.64 

4.41 

4.64 

4.78 

35.0 

35.6 

35.6 

36.7 

36.2 

36.4 

36.2 

36.9 

36.6 

36.3 

36.8 

36.5 

36.7 

36.9 

34.4 

36.0 

35.6 

36.2 

36.1 

36.3 

36.1 

36.0 

36.1 

36.1 

35.0 

34.8 

34.9 

34.9 

34.8 

35.0 

34.9 

35.0 

35.4 

35.5 

35.3 

35.2 

35.2 

35.9 

35.9 

35.7 

35.5 

35.7 

35.8 

3.9 Aragonite 

3.9 8 

3.9 11 

3.9 12 

3.9 12 

3.9 6 

3.9 7 

3.9 40 

3.9 8 

3.9 9 

3.9 9 

3.9 18 

3.9 13 

3.9 16 

3.9 0 
3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Clamshell 

3.9 Clamshell 

3.9 Aragonite 

4.5 

33.8 

34.0 

34.0 

34.0 

33.7 

33.7 

35.7 

33.8 

33.9 

33.9 

34.4 

34.1 

34.3 

33.3 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

4.5 

-0.5 

1.8 

1.6 

2.7 

2.2 

2.7 

2.5 

1.1 

2.8 

2.4 

2.9 

2.1 

2.6 

2.6 

1.1 

0.4 

0.1 

0.7 

0.6 

0.8 

0.6 

0.5 

0.6 

0.6 

-0.5 

-0.6 

-0.6 

-0.6 

-0.7 

-0.5 

-0.6 

-0.4 

-0.1 

0.0 

-0.2 

-0.3 

-0.3 

0.3 

0.3 

0.2 

0.0 

0.2 

0.3 



Sample# 

MDS071 

MDS072 

MDS073 

MDS074 

MDS075 

MDS076 

MDS077 

MDS078 

MDS079 

MDS080 

MDS081 

MDS082 

MDS083 

MDS084 

MDS085 

MDS086 

MDS087 

MDS088 

MDS089 

MDS090 

MDS091 

MDS092 

MDS093 

MDS094 

MDS095 

MDS096 

MDS097 

MDS098 

MDS099 

MDS100 

MDS101 

MDS102 

MDS103 

MDS104 

MDS105 

MDS106 

MDS107 

MDS108 

MDS109 

MDS110 

MDS111 

MDS112 

MDS113 

MDS114 

MDS115 

MDS116 

MDS117 

MDS118 

Microdrill 

Sample 

MDS071 

MDS072 

MDS073 

MDS074 

MDS075 

MDS076 

MDS077 

MDS078 

MDS079 

MDS080 

MDS 081 

MDS082 

MDS083 

MDS084 

MDS085 

MDS086 

MDS087 

MDS088 

MDS089 

MDS090 

MDS091 

MDS092 

MDS093 

del C-13 

PDB 

-45:14 

-43.94 

-4.27 

-0.48 

-44.71 

-44.77 

-43.33 

-30.69 

-30.54 

-30.74 

-30.62 

-31.01 

-31.44 

-32.82 

-36.19 

-44.8 

-43.72 

-40.19 

-41.89 

-34.93 

-39.94 

-34.40 

-39.77 

MDS 094 did not run 

MDS 095 did not run 

MDS 096 -46.22 

MDS097 

MDS098 

MDS099 

MDS 100 

MDS 101 

MDS 102 

MDS 103 

MDS 104 

MDS 105 

MDS 106 

MDS 107 

MDS 108 

MDS 109 

MDS 110 

MDS 111 

MDS 112 

MDS 113 

MDS 114 

MDS 115 

MDS 116 

MDS 117 

MDS 118 

-38.17 

-39.53 

-48.64 

-1.16 

-42.81 

-46.25 

-48.51 

15.01 

-38.30 

-35.97 

-12.35 

-36.37 

-43.68 

-44.95 

-42.13 

-46.30 

-51.57 

-51.54 

-51.61 

-51.09 

-44.44 

-47.84 

100 

mean vatues 

del 0-18 del 0-18 

PDB SMOW 

4.73 35.8 

4.95 36.0 

4.49 35.5 

4.4n 

4.61 

4.61 

4.9 

5.36 

5.03 

5.29 

5.05 

5.11 

5.16 

5.14 

5.12 

4.46 

4.42 

4.34 

4.43 

3.66 

4.10 

3.59 

3.01 

4.77 

5.31 

5.20 

5.42 

3.51 

6.29 

5.66 

5.98 

4.45 

3.45 

3.22 

2.84 

3.96 

5.07 

6.24 

5.27 

6.57 

5.47 

5.22 

4.93 

5.41 

3.72 

3.77 

35.5 

35.7 

35.7 

36.0 

36.4 

36.1 

36.4 

36.1 

36.2 

36.2 

36.2 

36.2 

35.5 

35.5 

35.4 

35.5 

34.7 

35.1 

34.6 

34.0 

35.8 

36.4 

36.3 

36.5 

34.5 

37.4 

36.7 

37.1 

35.5 

34.5 

34.2 

33.8 

35.0 

36.1 

37.3 

36.3 

37.7 

36.5 

36.3 

36.0 

36.5 

34.7 

34.8 

Water Mol % Big Delta 

Temp(0 C) 

3.9 

3.9 

3.9 

MgC03 (SMOW) 

Aragonite 4.5 

Aragonite 4.5 

Aragonite 4.5 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 Aragonite 

3.9 7 

3.9 7 

3.9 7 
3.9 7 

3.9 7 

3.9 7 

3.9 7 

3.9 7 

3.9 11 

3.9 11 

3.9 II 

3.9 11 

3.9 11 

3.9 11 

3.9 Breccia 

3.9 Breccia 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

Breccia 

Breccia 

10 

10 

15 

15 . 

15 

13,46 

13,46 
13,46 
13,46 

Breccia 

Breccia 

Breccia 

Breccia 

Breccia 

Breccia 

Breccia 

Breccia 

12 

12 

12 

12 

Aragonite 

Aragonite 

4.5 

4.5 

4.5 

4.5 

33.7 

33.7 

33.7 

33.7 

33.7 

33.7 

33.7 

33.7 

34.0 

34.0 

34.0 

34.0 

34.0 

34.0 

33.9 

33.9 

34.2 

34.2 

34.2 

34.1 

34.1 

34.1 

34.1 

34.0 

34.0 

34.0 

34.0 

4.5 

4.5 

del 0-18 of 

formation 

waterSMOW 

0.3 

0.5 

0.0 

0.0 

0.2 

0.2 

0.4 

2.7 

2.3 

2.6 

2.4 

2.4 

2.5 

2.5 

2.4 

1.5 

1.5 

1.4 

1.5 

0.7 

1.1 

1.9 

2.5 

2.0 

2.3 

0.3 

3.3 

2.6 

3.0 

1.4 

2.5 

2.2 

1.9 

2.4 
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mean values del 0-18 of 

Microdrill del C-13 del 0-18 del 0-18 Water Mol% Big Delta formation 

Sample# Sample PDB PDB SMOW Temp(0 C) MgC03 (SMOW) waterSMOW 

MDSII9 MDS 119 -43.53 3.73 34.8 3.9 Aragonite 4.5 

MDSI20 MDS 120 -47.47 3.83 34.9 3.9 Aragonite 4.5 

MDSI21 MDS 121 -46.63 3.83 34.9 3.9 Aragonite 4.5 

MDSI22 MDS 122 -45.60 3.65 34.7 3.9 Aragonite 4.5 

MDSI23 MDS 123 -42.05 4.68 35.7 3.9 Breccia 

MDSI24 MDS 124 -39.43 4.52 35.6 3.9 Breccia 

MDSI25 MDS 125 -40.22 4.72 35.8 3.9 Breccia 

MDSI26 MDS 126 -38.36 4.74 35.8 3.9 Breccia 

MDSI27 MDS 127 -35.49 3.38 34.4 3.9 Breccia 

MDSI28 MDS 128 -36.21 3.30 34.3 3.9 Breccia 

C2 C2 -46.71 14.01 34.7 Aragonite 

C3 C3 -49.68 14.10 34.8 Aragonite 

C5 C5 -2.44 14.87 35.5 Clamshell 

C7 C7 -46.55 13.86 34.5 Aragonite 

C8 C8 -49.00 14.59 35.2 Aragonite 

C9 C9 -46.24 14.70 35.4 Aragonite 

ClO CIO -53.87 14.00 34.6 Aragonite 5.7 -2.0 

Cll Cll -54.65 15.34 36.0 3.9 8 33.8 2.2 

MS07 Cl2 -35.72 17.45 38.2 4 42 35.8 2.3 

MSll Cl3 -32.26 15.33 36.0 4 11 34.0 2.0 

MSil Cl4 -42.45 15.29 36.0 4 7 33.7 2.2 

MS05 Cl5 -31.75 15.52 36.2 4 6 33.7 2.5 

MSI7 Cl6 -22.51 13.32 33.9 4 8 33.8 0.2 

MSI7 Cl7 -38.95 13.23 33.9 9 2.9 -0.1 

MSI3 CIS -46.72 15.57 36.3 4 14 34.1 2.1 

MSI3 Cl9 -43.49 14.67 35.3 4 4.4 -0.1 

MS15 C20 -44.86 14.94 35.6 4 13 34.1 1.5 

MS15 C21 -44.51 14.73 35.4 4 4.4 -0.1 
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