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Surface chemical reactions profoundly influence the distribution of magnesium

between the solid and dissolved phases in the sediment-pore water system. These
reactions, in addition to bulk reactions such as mineral precipitation, replacement and
alteration of basalts, illustrate the diverse geochemical behavior of magnesium.
A radiotracer technique using 27Mg was developed in order to determine the
empirical parameters that govern the surface chemical reactions of magnesium in

seawater: notably, adsorption and ion-exchange equilibria. This new analytical
technique eliminates the experimental problems commonly associated with high

Mg-background of any seawater matrix.
Smectite, illite, opaline silica and humic acid readily undergo surface chemical

reactions with the magnesium ion; equilibrium is attained in less than 20 minutes.
Whole sediment samples from various hemipelagic settings behave similarly. The Mg
ions occupy approximately 40% of the total available exchange sites when these solids
are equilibrated in seawater.
The CEC of clay-humic acid mixtures strongly depends on the organic matter
content which suggests that 1) marine organic matter is a significant sink for

magnesium removal from seawater, and 2) oxidative removal of organic coatings from
clay-mineral surfaces during early diagenesis may cause an increase in the CEC of
marine sediments. Such a diagenetic increase in the CEC was measured in sediment
samples from hemipelagic environments, which causes a deficit of the dissolved Mg in

the pore waters.
The free Mg-ion concentration in pore fluids of hemipelagic anoxic environments

decreases significantly, mainly due to the formation of Mg.0O3 complexes resulting
from high levels of total dissolved carbon dioxide. An important consequence of this
lowering of the Mg-ion activity is the re-equilibration of the Mg-containing solid

surfaces with the dissolved species, resulting in a desorption of Mg. High levels of
dissolved ammonium ions also displace Mg from mineral surfaces by ion exchange.
A multi-component/multi-reaction model simulates all these inter-related

surface-solution reactions in a complex mixture of natural sediments and pore-fluids.
This model includes the equilibrium conditions for complex formation,

adsorption-desorption, and Mg-NH4 ion-exchange reactions. It predicts the
Mg-behavior during diagenesis by allowing the composition of the solution matrix

(pore water), as well as the CEC of the solid phases (sediment) to vary.
Important geochemical implications revealed by this multi-component simulation

concern 1) the negative anomaly in the dissolved Mg-distribution in anoxic pore fluids,

and 2) the desorption of Mg from solid phases to replenish Mg removed from pore
fluids by the formation of Mg-bearing authigenic minerals, such as dolomite. For the
specific example of diagenetic dolomitization in marine continental margins we show

that both dissolved and desorbed Mg contribute simultaneously and at approximately
the same magnitude to the growth of dolomite. The desorption of Mg from exchange

sites of aluminosiicates is the preferred mechanism for removal of adsorbed Mg, rather
than the NH4 exchange reaction.

MAGNESIUM IN HEMIPELAGIC ENVIRONMENTS:
SURFACE REACTIONS IN THE
SEDIMENT-PORE WATER SYSTEM

by
Marta T.von Breymann

A THESIS
submitted to

Oregon State University

in partial fufflilment of

the requirements for the

degree of

Doctor of Philosophy

Completed November 18, 1987
Commencement June 1988

APPROVED:

Redacted for privacy
Professor of Oceanography in charge of Major

Redacted for privacy
Dean of Co11e

of Oceanography

Redacted for privacy
Dean of Graduate

Date thesis is presented

November 18, 1987

To my Father,
who very early in my childhood taught me, through the wisdom of a
milk bottle, that a little extra effort at the right time can prove to be very

profitable in the long run.

ACKNOWLEDGEMENTS

As any graduate student is sure to find out, no thesis would ever be completed
without guidance, lab assistance and peer support. I was very lucky to have plenty of

"all of the above" so that my years at OSU were not only profitable but inmensely
enjoyable.

I particulately want to thank my advisor Erwin Suess for his unfailing
encouragement, advise, inspiration and friendship. The many opportunities he made
available to me expanded my knowledge through and beyond the thesis project. His
love for science is contagious.

The other committee members: Vern Kuim, Bob Collier, Jim Ingle and David
Rogge all contributed to the completion of this work. Their assistance in the field, and
through valuable discussions and comments is very much appreciated.

Andy Ungerer was extremely helpfull in the lab. He thought me the do's and
dont's of radiochemistry and endured long days at the Radiation Center, in intensive
hours of pressured work, with what felt like an extremely short-lived radionucleide.
Thanks so much. The OSU Radiation Center granted us access to the TRTGA reactor

and laboratory facilities through their unsupported research program. Mike Conrady,

T.V. Anderson, Bill Carpenter and Art Johnson were also very helpfull during the
radiotracer experiments.

I want to thank Amy Harrison for her help in the 'not-so-fun' aspects of lab
work, and for the liveness she always brought with herself. I also want to give my
most sincere word of thanks to Bill Rugh who always made time to bring back to life
any piece of lab equipment with his magical touch and a smile.

I wish to thank John Westall for the use of the computer program MINEQL.

Jons Gieskes kindly provided sediment samples from DSDP sites 478 and 479; and
Hans Schrader supplied samples from the Gulf of California (core E-17).

It is hard to begin to thank all the people who through their friendship and
support made grad-school seem great. Y'all know who you are, and thanks doesn't
quite seem enough. A few, though, deserve special mention:

Dave Murray, my office partner was always very helpful! with geological
wisdom and chocolate bars. Eloping to Portland with him was always fun.

Todd Thornburg, who survived with me a trip to the Bolivia highlands and the
Callao lowlands; not the mention an equatorial crossing!. For all the movies, dinners
and good rythms, thanks.
Bruce Finney, whose great spirits were always around, and who still owes me a
fishing trip.

Bob Collier who introduced me to Mac, MINEQL, graphite furnaces and other

wonders of science. For all the hours, after-hours, you patiently dedicated to me,
thanks so very much.

With Mitch Lyle I have shared coffee, bowling, and some adventures in skiing.
His advice has always been near and timely.

I have known Bill Rugh as a very good friend for so long, it is hard to remember

times when he was not around to give his most unselfish help and support. For all the
times, good and bad, thanks so much.
Mike Coolen has over the years though me so much about the non-scientific side

of life, that music is now very much a part of me. His unlimited enthusiasm was
always a good source of energy. I have grown a lot through his friendship.
Felipe Hartmann was around to make life nicer with his characteristic happiness,

energy and optimism. For all the good moments he provided he deserves special
thanks.

Balafon, that wonderful group of people who can brighten any Oregon day with

music, food and warmth, deserves special recognition. Playing with you was
inmensely enjoyable and some times very illuminating. Keep it up!

A very special acknowledgement to Alex, my husband, without whose optimism

and faith in me I would probably never have come this far. He has withstood the
separations, tensions and miscellaneous stresses of his eccentric wife's graduate days
with unfailing love. Thanks so much.

Thanks to all of you: Alex, Dave, Bill, Todd and Gina, Bob and Pat, Andy and

Bobby, Bruce, Mitch, Felipe, Ranann, Carey, Otto, Karen, Kathyrin, John, and
Consuelo. I'll always remember.

My most sincere "thank you" to my parents, whose belief in me has been
imposible to ignore. Their love, guidance and encouragement since early childhood has

meant much more than I can possible explain. Thanks to them and my sisters for
always being just a phone call away.

This work was made possible through the financial support of the National

Science Foundation (Grants OCE-8118006, OCE 8309387, DPP-8512395 and
DPP-8743473), the Office of Naval Research (Grant N00014-84-C-0218) and the

Ocean Drilling Project (Grant 78-21464). I also gratefully acknowledge financial
support from the Oregon State University Foundation

TABLE OF CONTENTS

GENERAL INTRODUCTION AND OUTLINE

1

CHAPTER 1: Mg/NHj EXCHANGE ON HUMIC ACID:
RADIO1RACER TECHNIQUE FOR CONDITIONAL
EXCHANGE CONSTANTS IN A SEAWATER MATRIX

20

ABSTRACT

21

INTRODUCTION

22

CONDITIONAL EQUILIBRIUM CONSTANT

23

MAGNESIUM ADSORPTION ON UNDISSOLVED HUMIC ACID

26

Materials

26

Experimental procedures

27

Results

29

TOTAL CATION EXCHANGE CAPACiTY

30

EXCHANGE EXPERIMENTS

33

DISCUSSION

35

ACKNOWLEDGEMENTS

41

CHAPTER II: MAGNESIUM IN THE MARINE SEDIMENTARY
ENVIRONMENT: Mg/NH4 ION EXCHANGE

42

ABSTRACT

43

INTRODUCTION

44

MATERIALS

45

EXPERIMENTAL PROCEDURES AND RESULTS

46

Magnesium/ammonium exchange

46

Ammonium adsorption isotherms

51

Natural sediment samples

53

DISCUSSION

53

Comparison between total ammonium adsorbed (NH4(SfC))T and ainmonium
adsorbed onto sites previously occupied by Mg ions (NH4(STC)}Mg
59

Partitioning of exchangeable magnesium among competing phases

59

Magnesium released by ammonium exchange

67

Experimental system
Natural system

67
68

Temperature effect

ACKNOWLEDGEMENTS

CHAPTER III: MAGNESIUM ADSORPTION AND ION EXCHANGE
IN MARINE SEDIMENTS: A MULTICOMPONENT
MODEL

73

76

77

ABSTRACT

78

INTRODUCTION

80

IMPACT OF EARLY DIAGENESIS ON THE SPECIATION OF MAJOR
CATIONS IN MARINE FLUIDS

81

Methods

82

Interstitial water metabolites

84

Results

85

MAGNESIUM ADSORPTION IN MARINE SEDIMENTS

104

Materials and methods

105

Results

108

MAGNESIUM-AMMONTUM EXCHANGE

117

A MULTI-COMPONENT MODEL

119

Mathematical description of the problem

Case 1: system free of ammo nium
Case 2: system with aininoniwn present

121

123
124

Description of the program

125

Application: Effect of early diagenesis on Mg adsorption and ion exchange
in marine sediments

128

MAGNESIUM MAXIMA IN ANOXIC INTERSTITIAL WATERS

135

ACKNOWLEDGEMENTS

144

CHAPTER IV: Mg UPTAKE FROM MARINE PORE FLUIDS BY
SEDIMENTS IN RESPONSE TO DIAGENETIC
CHANGES OF THE CATION EXCHANGE
CAPACITY

145

ABSTRACT

146

INTRODUCTION

147

MAGNESIUM PARTITIONING AMONG SEDIMENTARY PHASES

149

Procedure

149

Results

152

SEDIMENTARY ORGANIC CARBON AND CATION EXCHANGE
CAPACiTY

157

MAGNESIUM UPTAKE FROM PORE WATER

164

ACKNOWLEDGEMENTS

175

CHAPTER V:

MAGNESiUM ADSORPTION IN MARINE
SEDIMENTS AND ITS ROLE IN AUTHIGENIC
DOLOMITEFORMATION

176

ABSTRACT

177

INTRODUCTION

179

IS DOLOMITIZATION TAKING PLACE IN AN OPEN OR A CLOSED
SYSTEM?

181

Evidence for magnesium transport from pore water.

182

Diffussional contribution of Mg from seawater relative to the depth of
dolomitization

186

LABILE MAGNESIUM RESERVOIRS

192

Mechanisms for displacing adsorbed Mg

195

Downcore variations in Mg labile pools

196

Are sedimentary reservoirs large enough to account for the observed
dolomitization?

205

MAGNESIUM TRANSPORT MECHANISMS

208

ACKNOWLEDGEMENTS

209

BIBLIOGRAPHY

210

LIST OF FIGURES
INTRODUCTION
Figure
G- 1

Geochemical processes involving Mg in marine sediments.

G-2

Mg removal mechanisms

3

11

CHAFFER I

I-i

1-2

Re-equilibration of undissolved humic acid after the addition of 27Mg to
the modified artificial seawater-humic acid slurry.

32

Seawater-ammonium-hwnic acid exchange system.

34

CHAPTER II
11-1

Total cation exchange capacity (CEC) and total exchangeable magnesium
(TEM) for geochemical phases

11-2

54

Variation in the amount of surface adsorbed annnonium in sites previously

occupied by magnesium ions, for dissolved amnionium concentrations less
than 100mM.

56

Relationship between dissolved, and surface adsorbed ammonium on
smectite.

58

Total adsorbed ammonium and ammonium adsorbed onto sites previously
occupied by Mg ions as a function of dissolved axnmonium concentration.

60

11-5

Distribution of exchangeable magnesium among geochemical phases.

64

11-6

Temperature effect on adsorption isotherms.

75

11-3

11-4

CHAPTER III
111-I

Dissolved total carbon dioxide and ammonia.

86

ffl-2

Dissolved total carbon dioxide and sulfate.

87

111-3

Variation of the percent of major cations present as free ions with increasing

11I-4a

ffl-4a

metabolite concentrations.

90

Clanges in the speciation of Mg and Ca in pore fluids with
increasing metabolite concentrations.

92

Changes in the speciation of Na and K in pore fluids with
increasing metabolite concentrations.

11I-5a

Downcore distributions of total dissolved TCO2, NH4, SO4 and Mg;
Mg deviations from the seawater value <Mg>p; and free Mg ion
concentrations in the Peru margin, ODP Site 685.

rn-Sb

ffl-5c

93

94

Downcore distributions of total dissolved TCO2, NIH4, SO4 and Mg,

Mg deviations from the seawater value <Mg>p, and free Mg ion
concentrations in the in the Peru margin, ODP Site 688.

96

Downcore distributions of total dissolved TCO2, NH4, SO4 and Mg,
Mg deviations from the seawater value <Mg>p and free Mg ion
concentrations in the Gulf of California, DSDP Site 478.

98

ffl-5d Downcore distributions of total dissolved TCO2, NIH4, SO4 and Mg,
Mg deviations from the seawater value <óMg>p and free Mg ion
concentrations in the the Gulf of California, DSDP Site 479.

100

Downcore distributions of total dissolved TCO2, NH4, SO4 and Mg,
Mg deviations from the seawater value <zMg>p and free Mg ion
concentrations in the Bransfiels Strait, Core #8101-278.

102

ffl-6

Magnesium adsorption isotherms.

110

ffl-7

Langmuir-type plots for magnesium adsorption.

114

ffl-5e

111-8

111-9

111-10

Magnesium adsorption, ion exchange and complex formation for the
pore water-solid system.

120

Steps used in the iterative computation of the equilibrium conditions
for the multicomponent model.

126

Adsorbed magnesium as a funtion of metabolically-induced changes in the

concentration of TCO2, SO4 and NH4.
rn-il

130

Magnesium released from the solid surfaces by desorption and ammonium
exchange during diagenesis.

133

111-12

Amount of magnesium adsorbed to sediment surfaces versus depth.

136

ffl-13

Magnesium released from sediment surfaces versus depth.

139

ffl-i4 Downcore profiles for predicted Mg-distributions using the multi-component
model and actual measured Mg.

141

CHAPTER IV
IV-i

Downcore profiles of acetate leacheable Mg, Ca and TCO2, in Core 1327.

IV-2

Vertical distributions of Mg/ TCO2, molar ratios in sediment trap and sediment

151

samples in the Bransfield Strait basin.

153

1V-3

Downcore distribution of iN HC1 leacheable Ca, Mg and Fe in Core 1327.

156

1V-4

Variations in the cation exchange capacity (CEC) of clay-humic acid

mixtures as a function of organic matter content.

159

W-5

Hypothetical clay-organic matter interaction

162

IV-6

Downcore distibutions of dissolved SO4, <Mg>p, and (CEC) of the
sediments in Core 1327 from the Bransfield Strait basin.

W-7

165

Downcore distributions of dissolved SO4, <.Mg>p, and (CEC) of the
sediments in Core E- 17 from the Gulf of California.

167

P1-8

P1-9

Interdependent processes acting on the Mg-partitioning between solid

and dissolved phases.

169

Measured and predicted dissolved Mg-distributions.

172

CHAPTER V

V-la

Depth distribution of the magnesium deviation relative to the estimated

seawater value; DSDP sites selected with p maxima in the dissolved

V-lb

Mg-distribution.
Depth disthbution of the magnesium deviation relative to the estimated

184

seawater value; DSDP sites selected with no maxima in the dissolved
Mg-distribution.
V-2

185

Dissolved Mg and SO4 profiles, Zd and dolomite layers at selected DSDP
sites.

188

V.3

Labile magnesium reservoirs and displacement mechanisms.

197

V-4

Magnesium uptake from each reservoir during dolomitization.

203

V-5

Integrated magnesium contributions during authigenic dolomitization.

207

LIST OF TABLES

INTRODUCTION

Table

fll

G-1

Global estimates of biogenic material deposited on the seafloor

13

G-2

Mg removal by adsorption onto settling particles

14

G-3

Mg fluxes resulting from uptake via ion exchange reactions

16

CHAPTER I

I-i

Amount of salts per liter of modified artificial seawater used in the

radiotracer experiments, before the addition of 27MgSO4

28

1-2

Magnesium uptake by undissolved bumic acid

31

1-3

Data summary for the calculation of conditional equilibrium constant for
the Mg/NH4 exchange on undissolved humic acid

1-4

36

Nucied parameters and suggested experimental conditions for the use of
Na, 42K and 49Ca to determine ion exchange conditional equilibrium

constants.

40

CHAPTER II
11-1

Mg/NH4 exchange using 27Mg radiotracer (low ammonium exchange

system).

48

Mg/NH4 exchange using atomic adsorption spectroscopy (high ammonium
exchange system).

50

11-3

Animonium adsorption isotherm for smectite.

52

11-4

Empirically determined parameters for the magnesium-ammonium

11-2

exchange of four geochemical solid phases.
11-5

Characteristics of sediments used in the calculation of the distribution
diagrams for aminonium-exchangeable magnesium.

11-6

70

Sum of the contributions of the sedimentary geochemical phases to the
71

exchangeable magnesium.
11-9

69

Experimentally determined parameters for the magnesium-arnmonium

exchange on marine sediment samples.
11-8

66

Composition of the sediments used for the calculation of the magnesium

released by ammonium exchange.
11-7

52

Magnesium released by ammonium exchange: comparison between the
predicted model value and that calculated using the empirical parameters

determined on the actual sediment sample.
11-10

72

Ammonium adsorption isotherms on a pelagic clay at two different

74

temperatures

CHAPTER III
111-1

111-2

ffl-3

Changes in the speciation of major canons resulting from diagenetic
changes in the metabolite concentrations.

88

Location and description of sediment samples used in the Mg-adsoption
experiments.

106

Empirical adsorption parameters for hemipelagic whole sediments and a
109

smectite clay.
ffl..4

Mg" distribution during early diagenesis of organic matter.

CHAPTER IV
IV- 1

Acetate soluble fraction in sediments from the Bransfield Strait, and

129

acid-soluble fraction from sediment trap material.

150

IV-2

HC1-leachable fraction in sediments form the Bransfield Strait.

155

IV-3

Variation in the CEC of clay-humic acid mixtures with increasing organic

carbon content.

158

CHAPTER V

V-i

Location and data sources for DSDP sites used.

V-2

Maximum depth of diffussional communication of dissolved magnesium
with overlying seawater.

183

187

V-3

Estimates of total exchangeable magnesium available for dolomite formation. 194

V-4

Downcore variation in Mg-labile reservoirs for DSDP site 478.

200

V-S

Downcore variation in M- labile reservoirs for DSDP site 479.

201

V-6

Integrated values for magnesium contributions in a closed system.

206

LIST OF SYMBOLS AND NOTATIONS

A list of the more important symbols and notations used throughout the text is
given below. Due to the variety of the concentration units utilized, the generally
accepted symbols have been modified to avoid confusion.
Volume
L

volume in liters of wet sediment.

1

volume in liters of pore water.

Concentration
f

}

[ ]

<>

equivalents per 100 grams of solid
moles per liter of wet sediment.
moles per liter of pore water

Greek symbols
(X

empirical Langmuir-type adsorption parameter (mmolll).

7

empirical Langmuir-type adsorption parameter, unitless.
activity coefficient.

(1)

p

fractional porosity of the sediments.

dry bulk density of the sediments in g/ml.
concentration of a solid phase in grams per liter of wet sediment.

General symbols
A

alkalinity in meq/liter of pore water.

bj

slope of the regresion line from the adsorbed ammonium
INH4(SfC))Mg versus dissolved ammonium <NH4>D curves,
for a geochemical solid phase j.

B

slope of the regresion line from the adsorbed ammonium
{NH4(Sfc)Mg versus dissolved ammonium <NH4>D curves,
for a sediment sample.

CEC

cation exchange capacity.

CPS0

count rate of an irradiated sample at the end of bombardment.

D

coefficient for Mg diffussion in marine sediments.

f

isotope dilution equivalent factor, f=[Mg}/[27Mg}

aH
Ka

activity of the hydrogen ion.

empirical association constants for an ionic media of seawater
ionic strength (Millero and Schreiber, 1982).

Kai

first apparent dissociation constant for carbonic acid
(Milero and Schreiber, 1982).

Ka2

Kthem

Kcofldsw

Kcofld,pw

KcondJ

second apparent dissociation constant for carbonic acid
(Milero and Schreiber, 1982).
thermodynamic equilibrium constant.
ion exchange conditional selectivity constant in terms of total
dissoved ions for a system in equilibrium with a seawater matrix
of constant composition.

ion exchange conditional selectivity constant in terms of free
dissolved ions for a system in equilibrium with pore water
fluids.
conditional ammonium/magnesium exchange constant for a
geochemical solid phasej, in equilibrium with a seawater matrix.

any chemical species that acts as a ligand in a complex in
solution.
[Mg]

total reactive magnesium, it includes both adsorbed and dissolved
components, but excludes any Mg fixed in crystal lattices. Units

<Mg>

are moles per liter of wet sediment.
total amount of dissolved Mg in moles per liter of solution.

<Mg>p

total amount of dissolved Mg measured in the pore water in
moles per liter of pore water.

<Mg>p1

Mg concentration in the pore water estimatedby normalization to
the molar seawater Mg/Cl ratio.

amount of Mg present as free ions in solution in moles per liter of
6Mg

pore water.
difference in the Mg concentration estimated by two succesive
iterations in the multicomponent equilibrium model. Solution for
the equilibrium composition is achieved when 6Mg =0.
deviation of pore water magnesium from the seawater value in
moles per liter of pore water.

ammount of Mg released by desorption from the surfaces in
response to a reduction in the dissolved Mg concentration in

[AMg]

moles per liter of wet sediment.

[AMgJ4

concentration of magnesium released by aminonium exchange
in moles per liter of wet sediment.

concentration of magnesium released by ammonium exchange
from a geochemical solid phase j in moles per 100 grams of
solid.
concentration of magnesium released by ammonium exchange
from a geochemical solid phase j in moles per liter of pore water.

(Mg

}

m

concentration of 27Mg in a seawater matrix in meq/g.

<Mg:L>

concentration of Mg present as a complex in solution, in moles
per liter of pore water.

[Mg(Sfc)2]

number of moles of Mg covering surface sites per liter of
solution-carrier system.

(Mg(Sfc)2}

(Mg(Sfc)2)4..0
(AMg(Sfc)2}

number of moles of Mg covering surface sites per 100 grams of
solid exchanger.
number of moles of Mg covering surface sites per 100 grams of
solid exchanger, in a ammonium free system.
difference in the amount of Mg adsorbed between a sediment in
equilibrium with the pore water at any depth z, and the sediment

in equilibrium with a seawater matrix free of ammonium; in
equivalents per 100 grams of solid.
total amount of dissolved NH4 in moles per liter of pore water.
[NH4(Sfc)IMg

amount of NH4 present as free ions in solution.
number of moles of NH4 in the solid surface that resulted from
the Mg displacement per liter of solution-carrier system.

(NH4(Sfc)}T

number of moles of NH4 in the solid surface that resulted from
the Mg displacement per 100 grams of solid exchanger.
total ammonium adsorbed onto the exchanger surface in moles

SA

per 100 grams of solid.
specific activity of the 27Mg standard at the end of bombardment

(NH4(SfC))Mg

in cps/meq.
TEM

total exchangeable magnesium.

XJT

molar partitioning fraction of adsorbed magnesium among

X4(sfC)

various geochemical phases.
equivalent fraction of the total surface sites occupied by Mg ions.
equivalent fraction of the total surface sites occupied by NH4

0)

ions.
sedimentation rate.

Zd

depth at which the sediment becomes essentially closed to

XMg(sfc)2

diffussional communication with the overlying seawater.

Chemical species

SO4

dissolved carbonate (C032) ions.
dissolved calcium (Ca2) ions.
dissolved potasium (K+) ions
dissolved magnesium (Mg2) ions
dissolved sodium (Na+) ions.
dissolved ammonium (NH4) ions.
dissolved sulfate (SO4) ions.

TCO2

total dissolved carbonate, TCO2 = C032 + HCO3 + CO2

CO3

Ca

K
Mg
Na
NH4

MAGNESIUM IN HEMIPELAGIC ENVIRONMENTS: SURFACE

REACTIONS IN THE SEDIMENT-PORE WATER SYSTEM

GENERAL INTRODUCTION
AND OUTLINE

2

The geochemistry of magnesium in the marine environment is rather complex, as

it includes a multitude of reactions involving chemical equilibria and transfer between

reservoirs. A representation of some of these processes that determine the distribution

of magnesium between the solid and aqueous phases in marine systems is shown in
Figure 0-1. Magnesium is involved in the geochemistry of carbonate mineral phases
(Bathurst, 1975), including biogenic Mg-calcites and diagenetic dolomites in continental

margins (Shimmield and Price, 1984; Kulm et al, 1984; Kelts and McKenzie, 1982).

Dolomitization is the most prominent reaction consuming magnesium from the
interstitial water (Gieskes et al, 1982; Cook, 1974, Suess et al, 1987). Magnesium is an

important element in the diagenetic formation of Mg-rich smectites (Kastner and
Gieskes, 1976), and it is also incorporated into glauconites in continental margin
sediments (Birch et al., 1976; .Ponenga, 1967).
Besides the reactions in the sedimentary reservoir, magnesium is consumed at the
basalt-sediment interface (Staudigel et aL, 1979; Humphris et al., 1979; Donnelly et aL,

1979), and in the crustal portion of hydrothermal systems (Edmond et al., 1979).
McDuff and Gieskes (1976) have shown that the Mg-removal from pore waters in the
Clipperton Fracture zone area results from reactions near the basalt sediment interface,
followed by physical transport of ions through the interstitial water to the reaction site.

It is clear from these examples of reactions involving magnesium in the
sedimentary and crustal reservoirs that multiple solid-solution equilibria play an
important role in the distribution of dissolved magnesium. Combined, these processes

contribute to a larger or smaller extent to the overall mass balance of magnesium.
However, we lack a comprehensive understanding of the reaction mechanisms that

determine the distribution of magnesium between solid and dissolved species in
the natural sedimentary environment. Therefore, the main objectives of this research

3

FIGURE G. 1 Geochemical processes involving magnesium in marine sediments. The

river input is the major source for dissolved Mg in the world's oceans; the suspended
river load removes some of this dissolved Mg via ion exchange by re-equilibration of
terrigenous clays with seawater. The schematic representation of the sediment reservoir
is not intended to indicate a distribution of the various processes with depth, but mainly

to show the interdependent reactions that occurr within the sediments. The alteration of

basalts at the sediment-basement interface and in hydrothermal systems constitute a
major sink for dissolved Mg-ions.
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FIGURE G.1

are to delineate and quantify the reactions occurring between the solid surface of
sedimentary phases and the marine pore fluid, and evaluate their role in the overall
scheme of the magnesium geochemical behavior.

The significance of surface chemical reactions in natural aqueous systems is
directly related to the particle size and surface properties of the solid material. A large
proportion of marine sedimentary material is in the form of very small particles with a

large specific surface area. Certain solids -clays, humic acid, opaline silica, metal
oxides- have an electrically charged surface, which will be in equilibrium with a layer of

an equivalent number of counter-ions of opposite charge in the adjacent aqueous phase.

The dissolved counter-ions can readily undergo exchange with one another, whenever
the composition of the solution is changed, and thus, this electric double layer plays an

important role in the regulation of the water composition (Stumm and Morgan, 1981;
Sparnay, 1972; Parks, 1975). Reactions that involve only the surface of solid particles
are commonly very fast processes, and therefore can be treated as equilibrium reactions.

Furthermore, since these chemical processes are fast enough for equilibrium to be

maintained in the presence of advection and diffussion, it is possible to use a
thermodynamic approach to model diagenetic surface reactions (Bemer, 1980).

Diagenetic surface reactions have been considered in geochemical budgets
(Bischoff et al., 1975; Sayles and Mangelsdorff, 1977), dissolved ion anomalies in
interstitial water profiles (Gieskes et al., 1982; Moore and Gieskes, 1980), and in the

formation of authigenic minerals in recent and Pleistocene sediments (Suess, 1979;
Baker and Kastner, 1981; Baker and Burns, 1985). However, a quantitative evaluation

of the labile-Mg fraction contributed from solid surfaces has not been possible so far.

The reason for this is a lack of empirical parameters that govern the Mg solid surface
reactions in equilibrium with an aqueous phase of seawater composition. The seawater

matrix is difficult to study experimentally because of the very high concentration of

dissolved Mg. This poses a formidable background problem against which small
changes, caused by surface reactions, are exceedingly difficult to measure.

In Chapter I we describe a new analytical technique, employing 27Mg as a
radiotracer, to measure the Mg adsorbed to solid surfaces dispersed in a seawater
matrix. The advantage of this method is that it allows measurement of adsorbed Mg on
the solid surfaces themselves. This circumvents the analytical problem of measuring the

Mg released by desorption against the high concentration of this cation present in the

seawater matrix. In this manner we were able to make quantitative estimates of
adsorbed Mg in typical marine environments, which were not possible with the
techniques used previously. The new analytical tool allowed us to determine the

parameters needed to describe the surface reactions, specifically the conditional
constants for Mg/NH4 exchange reactions at the natural ammonium levels of marine

anoxic sediments. Also, we were able to ascertain that the Mg-adsorption in marine
sediments, as well as the Mg/NH4 ion-exchange are indeed very fast reactions, with
equilibrium being attained in less than 20 minutes.

In Chapter II we use the empirically derived parameters for the exchangeable Mg

on several important geochemical phases --smectite, illite, opaline silica and
undissolved humic acid-- to make estimates of the partitioning of exchangeable Mg
among these solids. In this manner, we show that, except for special cases were the
opal

or humic acid contents are very high, the clays are the dominant carriers of

surface-sorbed Mg.
Having established a methodology to monitor the surface reactions involving Mg
and its distribution among solid phases in seawater, the next logical step was to evaluate

the effect of these reactions on the distribution of dissolved Mg in pore fluids.
However, since the adsorption equilibria respond to changes in the concentration of the
free Mg-ion, rather than the total Mg concentration, the effect of pore waters of variable
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ligand composition on the speciation of the Mg ion needed first to be evaluated.
Second, it was necessary to quantify the relationship that governs the concentration of

adsorbed species as a function of the dissolved free Mg ion. This was done by
experimentally determining Mg-adsorption isotherms. Accordingly, in Chapter III we
use a computer model developed by Westall et al. (1987) to determine the speciation of

Mg in pore fluids, and the 27Mg radiotracer technique to obtain the Mg-adsorption
isotherms for natural sediments. The sediments were selected from various hemipelagic

settings with high sedimentation rates and high organic matter contents; the reasoning

being that these conditions amplify the effects of surface reactions in the pore water

record. Not the least important in this selection, was the realization that the anoxic

decomposition of organic matter in hemipelagic environments results in large
accumulations of dissolved metabolites in the pore water, notably TCO2 and NH4.
These metabolites act, respectively, as complexing ligands in pore water and competing

cations with Mg on surfaces, and thereby strongly affect the speciation of Mg. The

production of these metabolites result in a redistribution of this cation among the

adsorbed and dissolved phases. Finally, the diagenetic alteration of the surface
properties of the solid phases is more pronounced in anoxic hemipelagic sediments and
thus also affects the Mg distribution.

With the Mg-speciation program (Westall et al., 1987) which takes

into

account

the variations in free Mg-ions as a function of changing ligand concentrations, we then

developed a more comprehensive model including adsorption and ion exchange with

ammonium. It simulates the equilibrium composition of the system as a function of
varying pore water compositions. We were able to show that a maxima in the dissolved

Mg profiles, observed almost ubiquitously in hemipelagic environments, results from

the combined effect of surface reactions: namely, NH4-exchange and Mg-desorption
triggered by a decrease in the free ion concentration. Magnesium minima which have

also been reported from pore fluids of anoxic sediments and which are not related to
carbonate mineral diagenesis --Mg-consumption by dolomitization--, are shown to be
related to surface reactions during early diagenesis. In Chapter IV we document that the
negative anomaly in the dissolved Mg distribution is a direct result of an increase in the
cation exchange capacity of the sediments, due to the oxidative removal of organic (and

perhaps metal oxide) coatings. Finally, in Capter V we discuss the role of adsorbed Mg

on the mass balance and transport mechanisms during diagenetic dolomitization in
continental margin sediments.

The significance of the surface chemical reactions, the main objective of this
research, can best be demonstrated by a re-evaluating several removal processes of Mg

from seawater. The global Mg budget still contains input and output terms of only
poorly constrained accuracy. For most seawater ions, including Mg, the river input of
dissolved salts is by far the most important input term. The magnesium content of river

waters is the result of weathering of silicate and carbonate minerals, which supply Mg

to the ocean at a rate of 1.3 x iO'4g/yr (Drever, 1974; Holland, 1978). If the
present-day composition of seawater represents a steady state for the world's oceans,
Mg has to be removed at the same rate as it is supplied by the rivers. The removal rates

were first analyzed by Drever (1974), who showed that the combined sedimentary
sinks for this cation are not sufficient to balance the river input. Magnesium removal

through basalt alteration reactions was thoroughly established with the discovery of
hydrothermal circulation (Edmont et aL, 1979). The early estimates by these authors
suggested that removal of Mg by hydrothermal processes was enough to account for the

excess river input. However, revised estimates of Mg-removal from seawater by
rock-water interaction with the oceanic crust (Thompson, 1983) now indicate that

actually only 45% of the river influx may be consumed by these reactions. This
removal term results from combined effects of low and high temperature alteration

reactions. Based on experimental results as well as from observations from seafloor
rocks, the submarine alteration of basalts at low temperature results in Mg-release from

the rocks (Honnorez, 1981). Altered rocks, resulting from high temperature reactions

between seawater and oceanic basalts, have been recovered predominantly from the

axial valley of slower spreading mid-ocean ridges and the large fault scarps of
transform faults (Humphris and Thompson, 1978). The chemical changes that occur
result in uptake of Mg and loss of Ca on a mole-for-mole basis (Motti, 1982; Humphris

and Thompson, 1978). Several authors attempted to estimate the Mg-removal rate
corresponding to high temperature alteration reactions. Thompson (1983) has reviewed
these estimates and concluded that the rate is approximately 1 x 1014 g/yr. Magnesium

is added to seawater by low temperature basalt reactions at a rate of 0.4 x 1014 g/yr.
Thus the total removal rate at the ocean floor amounts to 0.6 x 1014 g/yr, or 45% of the

river input.

If indeed only 45% of the Mg is removed via oceanic basement reactions, a
considerable amount of Mg must be consumed in sediment water reactions, in order to

maintain steady state. We have reconsidered some of the sedimentary sinks proposed
by Drever (1974) in light of the new data established for surface reactions. Specifically,

we have revised the estimates of Mg-uptake by ion-exchange of clays, organic matter

and opaline silica which enter the ocean via suspended river run-off or -in the case of

organic matter- through fixation by primary producers. We have also revised the

estimates for Mg-uptake by early diagenetic ion-exchange reactions in anoxic
sediments. We have no new data on Mg-uptake by glauconite formation, chloritization,

and biogenic skeletal Mg-carbonate production beyond the estimates of Drever (1974)
and Holland (1978), nor any new estimates on the basalt alteration processes.

In the removal processes we consider four categories: (1) Mg-scavenging during

transport through the water column, (2) reactions at the sediment-water interface, (3)

iI,

removal reactions occuring within the sediments, as evidenced by negative dissolved
Mg-gradients in the pore fluids, and (4) reactions at the sediment-basalt interface. These

processes are summarized in Figure G.2. The last category has already been discussed,
the Mg-scavenging and the sedimentary reactions will be considered next.

The removal of Mg during transport through the water column involves
adsorption mechanisms. Bishop et al. (1977) have reported an uptake and transport of
Mg by particulate organic matter in the Atlantic Ocean. Acid-leachable Mg associated

with particles has also been reported in the deep water of the Gulf of Mexico (Feely,

1975). To estimate the Mg-scavenging by adsorption onto solid particles, we
considered the effects of clays, organic matter and opal as they settle and are buried in

the sediment. The suspended river load constitutes the main source of clays into the

ocean. As they are delivered, the change in aqueous matrix from river to seawater
composition results in a redistribution of the cations adsorbed onto the clay's surfaces.

In this process Ca is largely replaced by Mg, K and Na. Based on Russel's (1970)
results on the behavior of Rio Ameca clays, Drever (1974) estimated this mechanism to

remove an amount of Mg corresponding to 8% of the river input. Work by Sayles and
Mangelsdorff (1977) has since, shown this estimate to be too large. We use the change

in the amount of Mg adsorbed on clays as they re-equilibrate with the seawater matrix

according to Sayles and Mangelsdorff (1977) and revise the global removal rate of
dissolved Mg downward. We assume an average cation exchange capacity (CEC) for
the inorganic suspended load of 25 meq/100 g, a total river load of 183 x 1014 g/yr, and
conclude that this removal mechanism can account for only 4% of the river input.

Primary produced organic matter, as well as organic matter delivered in the
suspended river load, are excellent complexiometric agents for Mg, and thus will act as
efficient scavengers for this cation. We estimate an average value for total adsorbed Mg

of 20 meq/lOOg organic matter. Dissolved Mg may also be removed by adsorption on

clays
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FIGURE G.2 Magnesium removal mechanisms in the marine environment. The lightly shaded
areas indicate maximum estimates for Mg scavenging by organic matter and opal particles. See text
for explanation.
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opaline silica. In Chapter II we show that, when this geochemical phase is in
equilibrium with seawater, it has a total adsorbed Mg concentration of 6.4 meq/100 g
Si02. In estimating the maximum amount of Mg removed by adsorption onto organic
matter and opal, we consider the total amount of the biogenic phases that are deposited

on the seafloor (Table 0.1). A large proportion of the organic matter and opal that
reaches the ocean floor is recycled, and only a small fraction is buried in the sediments
(Romankevieb, 1984; Heath, 1974). The latter would yield a minimum estimate for Mg

removal. We have calculated this minimum amount of magnesium that is buried in
association with these phases, and call it the removal by "net burial". However, added
to this net burial rate there must be some of the Mg scavenged by biogenic matter which

remains in the sediments after the carriers are refluxed by regenerative reactions. In
essence, we assume a decoupling process at the seafloor between the biogenic carrier

phases and Mg during regeneration. Both dissolved silica and total

CO2 show a

positive gradient downcore, which is evidence for the regeneration of the organic matter

and opaline carrier phases in the sediments. A corresponding positive gradient for

dissolved Mg has not been observed. This suggests that magnesium might be
decoupled from organic matter and silica regeneration reactions, and might indeed
remain in the sediment. Uptake by alumino-silicates is a most likely mechanism. If that

were the case, we can then estimate the maximum possible amout of magnesium
removed by "decoupling" from the biogenic solid phases. The values utilized in the
calculations as well as the estimates of Mg-removal by adsorption to settling particles
are summarized in Table G.2.

Magnesium uptake by sediments is evident in the negative dissolved
Mg-gradients in the pore fluids. Several processes cause these gradients to develop:
Ion-exchange, diagenetic dolomitization, and alteration of oceanic basement underneath

a sediment cover. All processes operate either simultaneously, separately, or in any

Table G. 1 Global estimates of biogenic material deposited and buried on the
ocean floor.

ORGANIC MATIER
1014 g/yr

Amount reaching
the ocean floor

Amount buried

Amount recycled at
the seafloor

30
3
27

OPAL h

1O'

g/yr

25
1.2

24

Rornankevich (1984)
Heath (1974)

0)

Table G.2 Mg removal by adsorption onto particle settling to the ocean floor

CEC
meajlOOg

clays

organic matter

25
50

opal

16

zMg ads*
meal! OOg

2.5
20
6.4

Mg removal as % of river input
net burial
decoupling
total

-

1.2

0.6

4

9
2

10
3

* LMg ads = amount incorporated on solid surfaces. For the case of clays it represents the increase
in adsorbed Mg that resulted from change in the aqueous matrix from river to ocean composition.
Organic matter and opal values correspond to 40% of the CEC (Chapters II and ifi).
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combination depending on the environmental and tectonic settings. We will attempt to

evaluate the Mg-uptake by ion-exchange in anoxic sediments by chosing continental

margin areas where the hydrothermal effect if present, is very likely to result in an
insignificant contribution relative to the sedimentary sink. Furthermore, in most of the
areas studied the dissolved Mg profile shows an intermediate maximum that separates
the initial uptake by exchange reaction from any removal by any reactions at depth. The

samples were also chosen from areas where the Mg-uptake could be shown to be
independent of carbonate-related processes. In this way we can separate the Mg-sink
resulting from solid surface reactions from that due to authigenic dolomite formation.

Magnesium uptake from anoxic pore waters was first reported by Drever (1971)

in the Banderas Bay, Mexico. Subsequently, similar Mg-anomalies have been
observed in the pore waters of sediments from the Santa Barbara Basin (Sholkowitz,

1973; Bischoff et al., 1975) and the Timor Trough (Cook et al., 1974). Hartmann et
al. (1976) also showed that in pore fluids of sediments from the NW-African margin a

significant Mg-depletion occurs close to the sediment-water interface under strongly
reducing conditions, and that it does not continue at greater sediment depths. We have
used an alkalinity model to study these dliagenetic changes (von Breymann and Suess,

1988) and conclude that the Mg-uptake is not related to carbonate mineral diagenesis,

i.e. dolomitization. Instead, the Mg-deficit in the Bransfield Strait and in the Gulf of

California pore fluids are related to diagenetic changes in the CEC of the sediments
(Chapter IV). Accordingly, we think that this mechanism probably operates in most, if

not all, other reducing environments where Mg-removal has been observed.

In Table G.3 we summarize the gradients in the dissolved Mg-concentration
reported in these six anoxic continental margin environments. We assume an average

diffusive flux from the overlying seawater of 5 mol/cm2 M.y., and an average
sedimentation rate of 15 cmIK.y. in order to estimate the global Mg-removal by solid

Table 0.3. Mg fluxes resulting from uptake exclusively via exchange reactions on sediments in anoxic environments

Area

AMg

mmol/l

an

x108 mollcm4

Mg flux
mollcm2My

Depth interval

Mg gradient

Source

Bransfield Strait

4

300

1.3

1.7

This study

Gulf of California

3

250

1.2

1.5

Brumsack and Gieskes, 1983

Santa Barbara Basin

4

55

7.3

9.2

Sholkowitz, 1973

Rio Ameca

3

50

6.2

7.8

Drever, 1971

NW Africa

1

340

0.4

0.5

Hartmann et at., 1976

Timor Trough

8

1320

0.06

0.08

Cook et aL, 1972

0)
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surface reactions. Southam and Hay (1981) have estimated the area of the world's
continental margins to be 38 x 106

2.

If Mg-uptake by this mechanism occurrs in

only 10% of the continental margins, the removal rate would be 0.05 x 1014 g/yr, or

approximately 4% of the river input. If the area of the continental margins with Mg

removal were larger, naturally the global estimate would be larger as well. It will
however, unlikely exceed 20%. Drever's estimate for this process was 24%, although,
it is not clear if one or several removal processes were considered.

Since DSDP pore water data signaled Mg-removal with depth, Drever (1974)
concluded that reactions deep within the sediments were removing Mg, and calculated

that this mechanism removed 9% of the river input. McDuff and Gieskes (1976) have

since shown that Mg-removal is due to basalt alteration reactions at the oceanic
basement, and thus we have included this removal term with the hydrothermal reactions

in the basement reservoir (Figure G.2). As noted by Thompson (1983) Mg-removal by

basalt alteration reactions is localized in mid-ocean ridge axis and along transform
faults, thus a large proportion of the sediments is not influenced by this reaction. This

leads us to postulate a sink corresponding to static pore-water burial, where the
Mg-concentration is similar to the seawater value. If we use the average sedimentation

rate for the overall ocean of 200 x 1014 g/yr, as estimated by Drever (1974), and a
porosity of 50%, this mechanism can remove 6% of the Mg supplied by the rivers.
Authigenic dolomite formation in continental margins has been established since

Drever's Mg-budget in 1974, and this mineral could constitute a potential sink for Mg.

However, it should be noted here, that because of the way in which we have
approached the global budget, if a Mg-sink involves solely a redistribution of this cation

within the solids or buried pore fluids, and does not involve any further removal of Mg
from overlying seawater, it should not be included in the calculations. This is so for the

authigenic dolomite formation in continental margins, because the Mg buried with the

'U

pore fluids or in association with solid phases (clays, organic
already been included in the budget. If any mineral is formed by Mg-uptake from these

reservoirs, this represents only a reorganization of buried Mg, and not an independent

sink. We showed (Chapter V) that the Mg supplied by sedimentary reservoirs can
account for 30 to 100% of the dolomite present in continental margins, half of which

may come from labile Mg adsorbed to solid surfaces, and thus only the Mg fraction
removed by dolomitization via diffusion from the overlying seawater may be included
as a net Mg-sink.

The Mg-removal mechanisms discussed so far, excluding continental margin

dolomitization, are summarized in Figure G.2. This diagram shows that the
sedimentary/hydrothermal sinks, before considering dolomitization, can account for

85% of the river input. If we assume that the missing 15% would correspond to
Mg-uptake by dolomitization, then this amount of Mg would require 35% to7O% of
dolomite formed in continental margin sediments above the critical depth (Zd), where

diffusional communication with the ovelying seawater ceases. This number is
extremely high and quite unlikely. A more realistic upper maximum for a Mg-sink by
dolomitization would correspond to 3% dolomite, or a Mg-removal equivalent to 1% of

the river input. This is well within the error of the 85% estimate, therefore we
conclude that dolomitization in continental margins do not constitute a significant sink

for dissolved Mg.

In summary, the Mg-removal by particles settling to the seafloor can remove
from 6 to 14% of the Mg supplied by rivers, sediment-related processes can account

for 26%, and the hydrothermal alteration reactions for 45%. Given the uncertainties

involved in these calculations, this is probably a good balance. It is worth noting,

however, that by excluding the hydrothermal sink, the majority of the removal
mechanisms for Mg involve reactions occurring at the surface of particles prior, during
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and after burial. This realization emphasizes the importance of surface chemical
reactions in the geochemistry of Mg in the marine environment.
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CHAPTER I

Mg/NH4 EXCHANGE ON HUMIC ACID:

A RADIOTRACER TECHNIQUE FOR CONDITIONAL
EXCHANGE CONSTANTS IN A SEAWATER MATRIX.
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ABSTRACT

A radiotracer technique, employing 27Mg, is used to determine the magnesium
released by ammonium exchange on undissolved humic acid in a seawater medium.
This new method allows for the measurement of exchangeable magnesium on the solid

phase surface, which eliminates the problem caused by the high magnesium
background in the seawater matrix. The precision calculated from the counting statistics

is better than 2%; the reproducibility among repeated counts ranged from 1 to 3%. The
higher sensitivity of the method allows for monitoring the MgINH4-exchange at as low

as 30 mM NH4 This is a major improvement relative to the data obtained with the
analytical methods used so far, which allow detection of exchangeable Mg only at NH4

concentrations higher than 1M. The lower experimental concentrations are more in
accordance with the natural ammonium levels found in anoxic marine sediments. For

the undissolved humic acid used in this experiment, the amount of exchangeable
magnesium in apparent equilibrium with an ammonium free seawater matrix was found

to be 96.6 ± 0.4 meq/lOOg. The NH4/Mg-exchange on humic acid in seawater comes

to a steady state value in less than 18 minutes. The conditional equilibrium constant
obtained for this reaction, KcOfldsw = 0.039 ± 0.001 liter/mol. The technique can be
expanded to other geochemical solid phases in seawater and it can be modified to study

the behavior of the major cations by using

Na, 42K and 49Ca.
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INTRODUCTION

Ion exchange reactions significantly affect the distribution and transport of cations

in pore waters of marine sediments. This mechanism and its impact have been
evaluated for geochemical budgets (Bischoff et al., 1975; Sayles and Mangelsdorf,
1977), anomalies of dissolved ions in interstitial water profiles (Gieskes et al., 1982;
Moore and Gieskes, 1980; and Cook,1974), and the formation of authigenic minerals

in recent and Pleistocene sediments (Suess, 1979; Baker and Kastner, 1981). In
organic-rich sediments, ammonium is produced by microbial decomposition of organic

matter and accumulates in the pore waters; it plays an important role in ion-exchange

reactions. This has led to a series of studies and modeling of exchangeable NH4 in
marine sediments (Rosenfeld, 1979; Mackin and Aller, 1984; Boatman and Murray,
1982). Less attention, however, has been directed towards the exchange complements
of this reaction; i.e. the behavior of the competing and displaced ions during ammonium

adsorption. In this investigation we describe a radiotracer technique, using 27Mg, to
measure the magnesium released by ammonium exchange on undissolved humic acid in

a seawater medium. This technique can be easily modified to evaluate the behavior of
the other major seawater cations using

Na, 42K, and 49Ca.

The conceptual double-layer theory of ion-solid interaction (Stumm and Morgan,
1981; Sparnay, 1972) can be applied to understand solid-solution processes in natural

systems. This theory qualitatively predicts that the affinity of a solid exchanger for
bivalent ions is larger than that for monovalent ions and that this selectivity for ions of

higher valency decreases as the electrolyte concentration increases. Such selectivity
dependance on the solution's ionic strength has important implications on the analytical

procedures used to determine ion exchange complements. Sayles and Mangelsdorf

(1977) have shown that the rinsing of seawater-saturated sediment samples with
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distilled water shifts the exchange equilibrium away from seawater conditions due to
dilution and selective ion removal. Thus, for experimental ion exchange to be applicable

and meaningful to marine sediments, exchange experiments have to be carried out in a
seawater medium. This, however, presents an analytical problem because the levels of

the major cations (Na, Mg, K and Ca) in the seawater matrix are orders of magnitude
higher than those released during the ammonium exchange reaction, and are therefore
difficult to measure analytically.

Several geochemical phases can act as ion exchangers in natural marine sediments:

clays (Kalhe, 1965; Sayles and Mangelsdorf, 1977; Boatman and Murray, 1982),
undissolved humic material, specifically humic acids (Rashid, 1974; Mantoura et al.,

1978; Rosenfeld, 1979), and to a lesser extent opaline silica (Baker and Kastner,
1981). The ability of undissolved humic acid to adsorb cations from aqueous solutions

has been well documented (Jackson et al., 1978; Gamble et aL, 1983; Black and
Campbell, 1982). A relevant contribution is that of Bunzl et al. (1976), who showed

that the uptake mechanism of divalent cations by undis solved humic acids is a true
cation exchange process.

We describe here a radiotracer technique, employing 27Mg, to determine the
amount of magnesium released by ionic exchange at ammonium levels of 30 to 198 mM

in a seawater matrix previously equilibrated with undissolved humic acid. In this way
we obtained a conditional equilibrium constant for the ammoniunilmagnesium exchange

in seawater in order to develop partitioning models of exchangeable cations among
various geochemical phases.

CONDITIONAL EQUILIBRIUM CONSTANT

Although the double-layer theory qualitatively predicts the relative
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bivalent/monovalent affinities among competing ions, the quantification of the exchange

phenomena should be determined by applying the law of mass-action. Accordingly, the

displacement of divalent magnesium adsorbed on a given surface by monovalent
ammonium ions may be represented by:

K
Mg(Sfc)2 + 2NH4

2NH4(Sfc) + Mg2

(1)

A thermodynamic selectivity coefficient for the above reaction is defined by:

EMgJ YMg

[NH4(SfC)]Mg YNH4(Sfc)
*

Ktherm =
[Mg(Sfc)2] TMg(Sfc)2

2

(2)
[NH4]D INH4

where [Mg(Sfc)2] represents the number of moles of Mg covering surface sites per liter

of solution-exchanger system (slurry), [NH4(SfC)JMg represents the amount of
ammonium in the solid surface that resulted from the magnesium displacement in moles

per liter of slurry, [Mg] and [NH4]D are the molar concentrations of these cations per

liter of solution-exchanger system at equilibrium, and

s are the respective activity

coefficients.

The selectivity coefficients may be treated as mass action constants in describing
the ion exchange equilibrium; however, they are thermodynamically not well defined

when applied to solid exchangers with a mixture of binding sites in such poorly
characterized surfaces as humic acid, clay mineral mixtures or other natural exchangers

(Gamble et al., 1983; Stumm and Morgan,1981). To avoid these difficulties, several
workers have simplified the problem by ignoring activity coefficient variations, and

have relied on the use of "conditional" equilibrium constants (KCOfld,SW)when
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describing exchange equilibria in complex systems (Oakley et al., 1981; Boatman and

Murray, 1982). Instead of expressing the concentration of adsorbed cations in moles

per liter of solution-exchanger system, it is customary to use the fraction of the total

surface sites occupied by a given cation. In the case of the magnesium-ammonium
exchange, these fractions will be given by:

{Mg(Sfc)2}

(3)

XMg(sfc)2 =
{CEC)

and,
INH4(SfC))Mg

X4(sfC) =

(4)

{CEC}

where CEC) represents the total cation exchange capacity of the solid. Since this
quantity comprises a mixture of chemically different sites on the solid surface, it is
customarily expressed in terms of equivalents, rather than moles. So, {NR4(Sfc) }Mg'

{Mg(Sfc)2} and {CEC} all have the units of equivalents per 100 grams of solid
exchanger. If we express the dissolved ammonium and magnesium concentrations in

moles per liter, represented as <Mg> and <NH4>D, respectively, the magnesium
animonium exchange can then be described by:

Kcofldsw

*

=
XMg(sfc)2

X4(sfc)2

(5)

<NH4>D2

or,
KCofld,sw

tN114(SfC))Mg2
*
= ________ * _____________

{Mg(Sfc)2)

<NH4>D2

1

(6)

CEC
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MAGNESIUM ADSORPTION ON UNDISSOLVED HUMIC ACID

The half life of 27Mg is only

9.449

minutes, it was therefore necessary to

determine the minimum time required for the humic acid to reach equilibrium with a

27Mg spiked seawater solution, before carrying out any ammonium exchange
experiments. This was accomplished by using materials and procedures as described
below.

Materials

Labeled 27Mg was used as the radiotracer and was obtained by individually

irradiating vials containing 0.08549 g of MgSO4 (Spex reagent, TMI 10) in the

pneumatic terminal of the OSU TRIGA reactor at a flux of 1013n/cm2sec, for 3
minutes. Aliquots (0.75 ml) of a 32.0 mM MgSO4 used as the magnesium standard,
were irradiated under the same conditions every time an experiment was carried out. To

avoid the interference of 41Ar, the liquid standards were purged and sealed under a

nitrogen atmosphere just before irradiating. The 27Mg activity in the samples was
counted using the 843.8 KeY gamma ray in the well of a 3" x 3" Na-I detector coupled
to a multichannel analyzer and compared with the activity of the liquid standard.

The undissolved humic acid salt used was obtained by saturating a technical reagent
humic acid sodium salt from Aldrich® Chemical Co. (lot 41042687) in natural seawater.

The solid residue centrifuged at 13,000 rpm was washed repeatedly with natural
seawater, until the supematant solution appeared colorless, indicating that the soluble
humic fraction had been completely removed. Eight to ten rinses were usually required.

By equilibrating the soluble Na-humate in a seawater matrix, a mixture of insoluble

salts in equilibrium with natural seawater ions was obtained. The elemental
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composition of the humate salts did not change significantly during the treatment. The
carbon/hydrogen/nitrogen ratios of the humates before and after the seawater treatment

are respectively 40:3.7:0.8 and 40:4.0:1.1.

The humic acid material pre-treated in this manner was then re-equilibrated in a

"modified artificial seawater solution" which was initially just enough depleted in

MgSO4, so that by adding solid 27MgSO4 to this matrix, a normal seawater
composition was obtained (chiorosity = 19.43 g/l, Mg = 52 ± 1 mmol/1, SO4 = 28.5
mmol/l). The actual amounts of the salts used for this matrix are given in Table I-i.

Experimental procedures

A homogeneous slurry of modified artificial seawater/humic acid was maintained

by continuously stirring this suspension in a closed container. Aliquots of 3 ml were
drawn from the slurry and vacuum-filtered through 0.45 jxm pre-weighed Millipore®

filters. The filters were dried at 60 2C overnight and weighed to calibrate the
concentration of the sluny. The slurry was found to contain 0.0452 ± 0.0004 mg
undissolved humic acid per ml.

A series of samples from the homogeneous slurry were then placed into
pre-weighed centrifuge tubes and accurately weighed. The weight of the undissolved

humic acid and the volume of the water in each tube were determined using the

concentration of the solid in the slurry as previously calibrated. The amount of
undissolved humic acid thus transfered to each centrifuge tube ranged from 0.7 to 0.9

grams. Modified artificial seawater was added to each tube so as to obtain a final
volume of 25 ml.
Since the 27Mg radionudide has a short half-life, the experiments were carried out

successively one at a time. The solid 27MgSO4 spike was added to a centrifuge tube

containing the huxnic-acid slurry, and the resulting mixture was shaken for

Table I-i

Amount of salts per liter of the modifield artificial
seawater used in the radiotracer experiments, before
the addition of 27MgSO4.

Mgcl2

25.572g
2.522g

CaC12

l.123g

KC1

O.067g

KBr

O.098g

H3B03

O.027g

NaHCO3

O.196g

SrQ2

O.024g

NaC1
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approximately 1 minute with a vortex mixer, to allow the 27Mg to equilibrate with

the background seawater magnesium. The tube was kept in a 20 ± 1 2 C water bath

during shaking. A series of 3.5 ml aliquots were drawn from this slurry at
approximately 5 minute intervals for a period lasting from 3 to 60 minutes after the
27Mg addition. The time of each withdrawal was recorded to the nearest minute. Each

aliquot was filtered through a 0.45 im pre-weighed filter which subsequently was
transfered into a pre-weighed 2-dram polyvial for counting. After counting the 27Mg
activity the vials were accurately weighed.

The samples could not be rinsed with either distilled water or natural seawater
since this would have resulted in an unknown amount of 27Mg being back-exchanged.
Instead, the contribution of 27Mg from seawater contained in the filter was corrected for
by using the amount of moisture and

salt

in each filter and the 27Mg concentration of the

solution. For determining the 27Mg concentration an aliquot of the filtrate was collected

in a pre-weighed 2-dram polyvial and counted with the Nal-detector. Typically 3 to 5
ml were collected. All the counting was done in the well of the Nal-detector in order to
improve the count rate and minimize counting geometry errors.

Results

The amount of magnesium adsorbed in meq/lOOg of undissolved humic acid
{Mg(Sfc)2) was calculated using equation (7)

{Mg(Sfc)2} =

SA

where:

f

CPso

(W

f27Mg)) -. 100
W

(7)
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CPS0 = count rate of the sample at the end of neutron bombardment, calculated using

the half-life for 27Mg, tla = 4

fl;

SA = specific activity of the 27Mg standard at the end of bombardment in cps/meq;

W = weight of seawater in the moist filter in grams;
W = weight of dry humic acid in the filter in grams, salt corrected;
{27Mg}

= concentration of 27Mg in seawater matrix in meq/g, and

f = isotope dilution equivalent factor, f = [Mg]/{27Mg].

The data used for the calculation of the magnesium uptake by the undissolved
humic acid is given in Table 1-2. The 27Mg was measured with a precision better than
2% based on the counting statistics. Replicate measurements agreed to within 2% if the

samples were counted at a count rate higher than 400 cps, i.e. during the initial time
period of the experiment. With longer times, natural decay of 27Mg decreased the count

rate below 400 cps, which decreased the precision considerably.

The uptake of magnesium by the undissolved humic acid is shown in Figure I-i. In
this system, apparent equilibrium is attained approximately 18 minutes after the addition

of magnesium to the humic acid-seawater slurry, and remained constant for the next

hour. This saturation value (plateau) represents the total exchangeable magnesium
(TEM)

for undissolved humic acid in seawater, and it corresponds to 96.6 ± 0.4 meq of

Mg per 100 g of humic acid.

TOTAL CATION EXCHANGE CAPACITY

The total cation exchange capacity (CEC) for the undissolved humic acid was
determined by the same technique as described above for the magnesium adsorption,
except that a 27Mg-spiked 0.5 N MgC12 solution was used to saturate the solid-organic

Table 1-2 Magnesium uptake by undissolved humic acid from seawater

Time

CPS0

(miii.)

3

18191

7

26993
22910
27730
23642

13

20
23

25
35

40
50

60

31964
24814
27540
31627
27456

SA

W5

W

(cpslmeq)

(g)

(g)

333789
337611
333789
332410
333789
337611
333789
332410
227611
332410

0.1121
0.1457
0.1080
0.1277
0.1066
0.1519
0.1112
0. 1259

0.1510
0.1273

0.4052
0.4414
0.4223
0.4179
0.4115
0.4606
0.4287
0.4219
0.4437
0.4094

f

1.8715
1.9091

1.8715

1.8580
1.8715
1.9091
1.8715

1.8580
1.9091
1.8580

27Mg

{Mg(Sfc)2)

(meajg)

(meqIIOOg)

0.03945
0.03880
0.03945
0.04039
0.03945
0.03880
0.03945
0.04039
0.03880
0.04039

64.30
82.32
90.07
96.82
95.85
96.53
96.65
97.12
96.67
96.41

0,

0
60

4o

0

15

30

45

60

TIME (mm)

FIGURE I-i. Re-equilibration of undissolved humic acid after the addition of 27Mg to the
modified artificial seawater-humic acid slurry; total cation exchange capacity, CEC = 254
meq/lOOg.
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phase instead of the seawater matrix. The sorbed equivalents of magnesium on the solid

exchanger were measured in a NaT-well detector, 20 minutes after the addition of the

spike. The total adsorbed magnesium was calculated by using equation (7), and the
CEC was found to be 254 meq/lOOg humic acid.

EXCHANGE EXPERIMENTS

The phenomenon, described by Sayles and Mangelsdorf (1977), that the ion
complements of a solid exchanger in seawater are significantly affected by changes in

the concentration of the matrix solution, was of major consideration in designing the

experiments. Accordingly, the ion-exchange reactions were always performed in a
seawater matrix with only its dissolved ammonium content as variable parameter. To

accomplish this, a series of experiments were carried out in which various small
volumes of a concentrated NH4C1/NH4OH mixture (2.5 M, pH=7) in a seawater matrix

were added to the 27Mg-humic slurry. The final NH4 concentrations thus obtained

ranged from 30 to 198 mM. Aliquots of the slurries treated with ammonium were
filtered and counted at various time intervals following the same procedure as described

for the determination of magnesium adsorption by humic acids in the preceeding
section. The calculations included a correction for the amount of seawater magnesium

added with the ammonium solution. The results of these experiments are shown in
Figure 1-2; from this figure it is readily apparent that:

(a) the Mg/NH4 exchange on undissolved humic acid is a rapid process, with

apparent equilibrium being attained approximately 10 minutes after the addition of
ammonium, and
(b) the amount of magnesium released increases with the amount of ammonium

I

IOC

-

9C

-

I

NH4

mM

32mM
)

48mM
97mM

0
0
S...

a- 8C

-

149 mM

198mM

7C

6C

-

I
I

0

20

40
TIME (mm)

60

FIGURE 1-2. Seawater-ammonium-humic acid exchange system: magnesium levels in the solid
humic acid surface, at arnmonium levels ranging from 0 to 198 mM. The arrows indicate the
times when different amounts of aminonium were added to the Mg-humate seawater slurry.
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added, as expected. The ratio of these changes is governed by the conditional
equilibrium constant for the exchange reaction. To determine the equilibrium constant
described in equation (6), the concentration of total dissolved magnesium at equilibrium

was determined using atomic absorption spectroscopy. The dissolved ammonia
concentration was measured using the spectrophotometric technique described by
Solorzano (1969). Both analyses were carried out after removing the solid by filtration

through a 0.45 .Lm Millipore® filter. The amount of magnesium in the humic surface
sites and the CEC values used were those determined by the 27Mg-technique described

above. The amounts of ammonium in the organic solid that resulted from the ion

exchange were calculated by taking the differences between the equivalents of
magnesium in the humic acids before and after ammonium was added. The results of
these analyses are summarized in Table 1-3. The conditional equilibrium constant for the

magnesium/ammonium exchange calculated using equation (6) corresponds to
Kcondsw = 0.039 ± 0.001 liters per mol.

DISCUSSION

The ion interaction on undissolved solid humic acid surface in seawater, can be
considered a reversible ion exchange mechanism (Bunzl et al., 1976), and as such it
may be quantitatively described using a conditional equilibrium approach. Although the

specific ammonium exchange process with major seawater cations has been used to

explain natural anomalies in pore water profiles (Gieskes et al., 1982, Moore and

Gieskes, 1980) and authigenic mineral formation (Suess, 1979), no quantitative
evaluation of these mechanisms has been possible so far, due to the lack of values for

the equilibrium constants for the exchange reactions. Values for these constants are

Table 1-3 Data summary for the calculation of the conditional equilibrium constant for the
Mg/N}14 exchange on undissolved humic acid; total
cation exchange capacity

CEC = 254 meq/lOOg.

<NH4 >D

<Mg>D

{Mg(Sfc)2}

(mM)

(mM)

(meq/lOOg)

(NH.4(Sfc)}Mg
(meq/lOOg)

52.1
51.8
51.5
52.0
51.8
51.8

96.6
92.2
90.2
84.5
78.7
73.1

0
4.3
6.4
12.0
17.9
23.5

0
32.0
48.3
96.7
149.2
198.0
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also necessary to develop theoretical models of ammonium exchange in marine
sediments (Boatman and Murray, 1982) and in determining the partitioning of cations

among various geochemical phases (Oakley et al., 1981). This type of model has
successfully been applied to the study of the behavior of trace metals in natural systems
(Gamble et al., 1983; Oakley et al, 1981).

So far, the only values for selectivity coefficients of ion exchange processes
involving major seawater cations are those reported by Laudelout et al. (1967). Their
results for the ammonium exchange on montmorillonite clays, however, are based on

calculations using free energy changes from the exchange isotherms in very dilute
systems. The extrapolation of this limiting value of a selectivity coefficient calculated at

zero electrolyte concentration to marine systems can only be considered as a
semi-quantitative approach. The multiple ion exchange reactions that occurr in the
natural systems result in several orders of interaction, similar to those described by
Morel et al. (1973), which are not considered in the study by Laudelout et al. (1967).
A better approach is to experimentally determine a conditional selectivity coefficient

for the system of interest. The value for the Mg/NH4 exchange constant can be
determined using equation (6), as done here. The experimental requirements for its
calculation consist of the measurement of the ion exchange capacity of the solid, and of
the equilibrium distributions of cations between the dissolved and adsorbed phases.
Measurement of cations released by the ionic exchange against a seawater matrix is

fairly easy when dealing with trace metals. However, the standard methods used for
trace metal analysis are not sensitive enough to measure major seawater cations released

by ion exchange against a seawater background matrix at low ammonium
concentrations. At high ammonium levels, all the sites on the solid exchanger will be

occupied by ammonium (NH4-saturated), the value of XMg(sfc)2 will tend towards
zero, and the equilibrium constant (equation 6) will not be defined.

Sayles and Mangesdorf (1977) determined the exchange complements on seawater

equilibrated clays by a iN N}{4C1 displacement using difference chromatography.

Zaytzeva (1958, 1962) has also described a technique that avoids the problem of
dilution by correcting for interstitial salt based on the composition and water content of
the samples.

The problem with all the above techniques is the high background levels of the

major cations against which the "exchanged cations" must be measured. We have
determined exchange complements of a seawater equilibrated humic acid by measuring
changes in the seawater composition after addition of ammonium chloride, using atomic

absorption spectroscopy. However, due to the high concentration of magnesium in
seawater, the smallest difference in the seawater composition that could be measured

after the ammonium exchange, was that obtained at 198 mM ammonium, a
concentration rarely reached under natural conditions. This amount of ammonium
exchanges 19 meq of magnesium per 100 g of humic acid, with a 7% precision (von

Breymann, unpublished results). In general, methods that rely on differences in the
seawater composition as the basis for their analysis, can only be used at ammonium

levels higher than those where the equilibrium constant is defined. This analytical
hindrance, has resulted in a darth of values for the exchange equilibrium constants
involving major cations in marine systems.

The technique presented in this paper is based on measuring changes of
exchangable magnesium on the solid phase. This allows for measurements of
exchangeable complements at much lower ammonium concentrations, which can be
more safely extrapolated to natural pore water systems and permits the calculation of an

equilibrium constant for the reaction. The value for the exchangeable magnesium
released at 198 mM NH4, agrees well with the independently determined value using

the atomic absorption technique. The radiotracer determination of exchangeable
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magnesium described here, can be easily modified to evaluate the behavior of other
major seawater cations, using 24Na ,

K, and 49Ca. The experimental conditions must

be modified in response to the seawater cation concentrations and the physical constants

for each nuclide, in order to optimize the measured activity. A suggested set of
conditions for these analyses is summarized in Table 1-4.

Table 1-4 Nudide parameters, and suggested experimental conditions for the use of Na,
42K, and 49Ca to determine ion exchange conditional equilibrium constants in a
seawater matrix.

Na

Volume of sluny (ml.)
Quantity of nucide to irradiate (p.g-at)
Atom percent abundance

25.0
702

Neutron activation cross section (barns)
Length of irradiation (mm)
Neutron flux (n/cm2sec)

0.4
3.0

Half life
Activity atEOB

(DPS)

PeakEnergy(KeV)

49Ca

25.0
222
0.067

0.19

1.3

1.1

3.0

3.0

10

1013

1013

15.02 hr
3.9 x 106

12.36 hr
3.3 x105

8.72 mm
3.4 x 106

1369

1525

3084

1.0

125.0
1265

Physical constants obtained from the Chart of the Nuclides, (1972) General Electric, Nuclear
Energy Division.

C'
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CHAPTER II

MAGNESIUM IN THE MARINE SEDIMENTARY
ENVIRONMENT: MgINH4 ION EXCHANGE

Ic]

ABSTRACT

The release of exchangeable magnesium in marine sediments from displacement
by arnmonium ions was estimated by way of experimentally determined parameters that

govern this ion-exchange equilibrium on solid geochemical phases: smectite, bumic
acid, illite and opal. We showed that: (a) both the conditional selectivity constant as

well as the solid concentration are important parameters in determining the relative
contribution of ammonium exchangeable magnesium from smectite, organic matter,

illite and opal, and (b) that, except in the cases where opal or organic matter
concentrations are very high, the clays are the dominant carrier phases for labile
magnesium which is exchangeable by ammonium. A model, based on the sum of the

contributions from the major geochemical phases present in the sediment reliably
predicts the amount of magnesium released by exchange with ammonium in marine
sediments.
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INTRODUCTION

Dissolved magnesium takes part in a series of diagenetic reactions which are
reflected in the distribution of this second-most abundant seawater cation in interstitial
fluids. Kastner and Gieskes (1976) explained the dissolved Mg, Ca and K gradients in

sediments of the Bellingshausen abyssal plain by the formation of magnesium-rich
smectites, K-feldspars and opal-CT between 410 and 500 m of depth (DSDP Site 323).
McDuff and Gieskes (1976) have shown that alteration reactions at the basalt-sediment
interface cause steep dissolved magnesium gradients in the pore fluids at DSDP Sites 70

and 71 in the Clipperton Fracture zone area. Recent work on the formation of
authigenic dolomite in continental margins involves modeffing of transport and supply

of magnesium through the pore water medium (Compton and Siever, 1986; Baker and

Burns, 1985). Intermediate maxima of dissolved Mg, K and Sr in pore waters of
various DSDP sites are attributed to ionic release from ammonium exchange (Gieskes et

al., 1982; Moore and Gieskes, 1982 and Cook, 1974). It is generally agreed among

these authors that large quantities of ammonium are released from interstitial
decomposition of sedimentary organic matter which could mobilize cations from solid

phases by ionic exchange. However, an understanding of each of the reaction
mechanisms involved to accurately predict the observed dissolved magnesium
distributions is lacking. No quantitative evaluation has been possible so far, because of
the lack of values for the equilibrium constants for the exchangers reacting in a seawater

medium. Recently we described a radiotracer technique which employs 27Mg for
obtaining conditional equilibrium constants for the ammonium exchange with major

cations in seawater (Chapter I). We will now use this technique to expand our
knowledge of magnesium exchange behavior in the natural marine sedimentary
environment.
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The purpose of this work is to develop a model for quantification of the
magnesiun'ammonium exchange process based on experimentally obtained conditional
equilibrium constants for several geochemical phases. Among these, clays, humic acids

and opaline silica are normally present in hernipelagic sediments and have been
suggested as potential natural ion exchangers. With this approach we can evaluate the
magnesium partitioning among various solids in the sediment, and predict magnesium
release by animonium exchange.

MATERIALS

Clays (Kalhe, 1965; Sayles and Mangelsdorff, 1977; Boatman and Murray,
1982), humic acids (Rashid, 1969, 1974; Mantoura et aL, 1978; Rosenfeld, 1979), and

to a lesser extent opaline silica (Baker and Kastner, 1981) have been suggested as
possible ion exchangers that will influence the mobile magnesium reservoirs in marine

sediments. To evaluate the magnesium release from each of these phases, we have
used commercial technical grade undissolved humic acid, smectite (nontronite), illite,
and opaline silica, all of which were equilibrated in seawater.

The clay minerals were obtained from Wards Natural Science. The smectite
(nontronite) is originally from the green massive formation in Allentown, Penn; the illite

comes from a green shale composed of approximately 85% illite from Rochester, N.Y.
The samples were massive and were pulverized in a Spex mixer. Approximately 300 g

of each powdered sample was mixed with seawater and ground in a porcelain
autogrinder for 1/2 hour. The ground samples were washed in seawater through a 125

micron sieve to remove the coarse fraction. The <20 micron fraction was then

separated and stored in seawater. The seawater was decanted daily until the clays had

reached equilibrium with this matrix. This was determined by analysing the
concentration of the major seawater cations in the matrix by atomic absorption
spectroscopy.

Oriented mounts were prepared for X-ray diffraction analysis of the <20 micron
smectite fraction after Mg-saturation and exposure to ethylene glycol vapors (Biscaye,
1965). The diffractogram revealed the clay to be a relatively pure smectite, intennediate

in composition between the trioctahedral and dioctahedral form. Analytical data from
Ward's specified the lute sample to be only 85% illite clay. The remaining 15% which

is dominantly potassium feldspar, was confirmed by X-ray diffraction analysis. The
opaline silica was re-precipitated biogenic silica obtained by extracting siliceous ooze

with 5% Na2CO3 at 85°C. The sediment used for extraction was a light brown
diatomaceous ooze from the circuxn-Antarctic region (62°54.2'S, 174°44.8'E) at a water

depth of 4139 m. The undissolved humic acid salt was obtained by saturating a
technical grade humic acid sodium salt from Aldrich© Chemical Co. (lot # 042687) in
natural seawater (Chapter I).

EXPERIMENTAL PROCEDURES AND RESULTS

Magnesium/ammonium exchange:

Conditional equilibrium constants for the magnesium/ammonium exchange
reaction on each of the geochemical phases, as well as their respective cation exchange

capacities, were measured using the radiotracer techniques described in Chapter I. The
total cation exchange capacity was determined by saturating the solid phase with 27Mg

spiked 0.5 N MgCl2 solution. The sorbed equivalents of activated magnesium on the
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sediment were measured in a NaT-well detector. The total adsorbed magnesium was
calculated from the total magnesium to 27Mg ratio in the sluny.

The analytical method for the determination of the conditional equilibrium
constant is based on changes in the 27Mg concentration on each solid phase after the
addition of a seawater matrix containing different levels of ammonium which ranged
from 30 to 200 mM. Particular consideration was given to the phenomenon described

by Sayles and Mangelsdorf (1977) that the exchangeable ion complement is
significantly affected by the matrix solution. Therefore, in no instance was the seawater

composition in contact with the solid phase allowed to change other than in its
dissolved ammonium content. The amount of ammonium in the solid that resulted from
the magnesium exchange was calculated from the difference between the equivalents of

magnesium on the solid exchanger before and after addition of ammonium. The results
of these experiments are summarized in Table I-i.

In addition, the ammonium/magnesium exchange on smectite at high dissolved

ammonium levels of> 200 mM was studied by directly measuring changes in the
Mg-content in the seawater matrix by atomic absorption spectrophotometry. Exchange

was accomplished by adding ammonium chloride, using the following procedure: A

homogeneous slurry of the clay was maintained by continuously stirring this
suspension in a closed container. Aliquots ranging from 1 to 5 ml in volume were
drawn from the slurry and vacuum-filtered through 0.45 xm pre-weighed Millipore©
filters. The filters were then washed salt-free, dryed at 60°C and weighed to calibrate

the concentration of the slurry. Each milliliter of slurry contained 107.9 ± 0.8 mg of
clay. The density of the slurry was then measured by accurately weighing 3 ml aliquots

in a closed container. It was found to be 1.101 g/ml. A series of samples from the
homogenous slurry were then placed into pre-weighed centrifuge tubes and accurately
weighed. The weight of the clay and the volume of water in each tube were determined

Table 11-1. Magnesium/ammonium exchange using 27Mg radiotracer (low ammonium

exchange system).

Solid phase

<NH4 >D

exchanger

mmol/1
o

Smectite
CEC: 84.2 meajlOOg

27.5
48.2
50.9
79.5
o

Humic Acid
CEC: 254 meq/lOOg

Opaline silica
CEC: 16 meq/lOOg

liThe

CEC: 12 meq/lOOg

<Mg>

{Mg(Sfc)2)

mmol/1

meq/lOOg

0
3.5
5.9
6.2
9.5

50.9
49.4
49.0
49.5
53.7

35.2
31.6
29.2
28.0
28.2

o

52.1
51.8
51.5
52.0
51.8
51.8

96.6
92.2
90.2
84.5
78.7

52.1

51.6
50.2

7.6
6.0
4.4

49.8
50.0
50.7

4.6
3.6
2.4

{NH4(Sfc) )Mg

meajlOOg

32.0
48.3
96.7
149.2
198.0

4.3
6.4
12.0
17.9
23.5

0
48.3

0
0.8

107.7

1.6

0
47.6

0
0.48

108.5

1.05

73.1

using the density and the concentration of the solid in the slurry as previously
calibrated. The amount of clay thus transferred to the centrifuge tubes ranged from 1 to

2 grams.

The samples were centrifuged at 13,000 rpm, at 20 ± 5°C. Aliquots of the
supernatant were removed so that the final volume of seawater in each tube was
approximately 3 ml. This was done to maximize the solid/solution ratio in order to

increase the sensitivity to which the exchangeable magnesium could be measured
against the normally high magnesium background of the seawater matrix. Magnesium

in the supematant liquid was measured by atomic absorption spectroscopy, with a 3%
precision. The slurries were spiked with different amounts of accurately weighed solid

ammonium chloride, so that the final ammonium concentration ranged from 0.15 to 3

M. The addition of solid ammonium chloride does not allow for pH buffering,
however this method was preferred over the addition of a buffered solution in order to
maximize the solid/solution ratio.

After at least 10 hours, the samples were centrifuged at 13,000 rpm, at 20±5°C.

The solutions were subsequently analyzed for Mg by atomic absorption, and for
ammonium by a spectrophotometric technique described by Solorzano (1969). The
amount of magnesium released in each case was calculated from the difference between

the initial and final Mg-concentration, the weights of the slurry, its density and the
amount of clay per volume of slurry. The precision was 6%, as calculated from the

reproducibility of a series of 3 samples. Hereby the exchangeable magnesium was
calculated from the release after exchange in a 1 M NH4C1 solution.

Similar experimental protocol was maintained for exchange on illite, opaline silica

and humic acid phases. In these experiments the final concentration of ammonium was

approximately 0.15 M. This is the lowest ammonium concentration at which the

magnesium released by the exchange can be directly measured against the high
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Table 11-2. Magnesium/ammonium exchange using atomic absorption spectromeiry

(high ammonium exchange system).

Solid phase

<NH4 >D

exchanger

mmolJl

tH4(SfC)}Mg
meq/lOOg

155

19

290
658
752
1530
3080

25
36
38
38
38

Humic acid
CEC: 254 meq/lOOg

198

19

Opaline silica
CEC: 16 meq/lOOg

153

illite
CEC: 12 meq/lOOg

190

Smectite
CEC: 84.2 meq/lOOg

2
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background of the seawater matrix.

Although this method does not allow for

controlling the pH of the solution, it provides an independent means by which to
compare the Mg/NH4 exchange results obtained using the radiotracer technique. The
results of these experiments are listed in Table 11-2.

Ammonium adsorption isotherms:

In order to compare the magnesium released from the solid surfaces due to
exchange with ammonium, an ammonium adsorption isotherm was obtained for the

smectite clay, using the following procedure: A series of smectite-seawater slurries
were spiked with a NH4Cl/NH4OH (pH=7) solution also prepared in a seawater matrix.

The final NH4 concentrations ranged from 5.3 to 36 mM, as determined by the
spectrophotometric technique described by Solorzano (1969). After at least 10 hours,
the smectite was separated from the seawater matrix by centrifugation at 13000 rpm, at

20± 5 2C. A subsample of the wet clay was taken to determine its water content and

the rest of the sample was twice suspended in 20 ml of 1 M LiC1 solution at room
temperature to back-exchange the sorbed ammonium for lithium ions. The ammonium

released by lithium exchange was measured by spectrophotometry (Solorzano, 1969).
The samples were then rinsed 4 times with double distilled water, dried and weighed.

The amount of ammonium sorbed by the smectite clay was calculated from the
difference between initial and final ammonium concentrations and the clay weight. The
results are listed in Table 11-3.
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Table 11-3: Ammonium adsorption isotherm for smectite

Dissolved NH4

Adsorbed NH4

(mM)

(meq/lOOg)

5.31

1.53

9.87
22.41
36.18

2.64
6.29
10.06

Table 11-4. Empirically determined parameters for the magnesium- ainmonium

exchange of four geochemical solid phases.

Solid phase

exchanger
Smectite

Humic acid

Opalinesilica

CEC
meq/lOOg

1/mol

84.2

0.31

(±0.8)

(±0.01)

254

0.039

(±4)

(±0.001)

16
(±2)

Jllite

KcOfldJ

12
(±1)

0.15
(±0.01)

b
mug

TEM
meq/lOOg

1.22

35.2

(±0.03)

(±0.5)

1.26

96.6

(±0.06)

(±0.4)

0.15

7.6

(±0.05)

(±0.7)

0.14

0.10

(±0.02)

(±0.02)

4.6
(±0.4)

Kcofldj = conditional ammonium magnesium exchange constant for each solid phase j.

b = slope of the regression line from the adsorbed ammonium {NH4(Sfc) 'Mg versus
dissolved ammonium <NH4> curves.
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Natural sediment samples:

The sediment samples utilized for experiments of magnesium release by
ammonium exchange were selected from various hemipelagic environments, and were
analyzed for their respective solid components. The clay minerals in the <2 p.m fraction
were quantitatively estimated by X-ray diffraction using the modification of the internal

standard method of Heath and Pisias (1979) as described in Murray (1987). The
oriented mounts of the clay fraction were prepared after Mg saturation and the addition
of a 10% boehmite internal standard; the clay/boehrnite aggregates were saturated with

ethylene glycol vapors prior to X-ray analysis. The organic carbon and calcium
carbonate contents were measured by the H3PO4/K2Cr2O7 LECO technique described in.

detail by Weliky et al. (1983). The opaline silica was determined by a modification of
the Na2CO3 extraction technique described by deMaster (1979); the samples were

shaken in a 2 M Na2CO3 solution at 80°C for 24 hours, the silica in the supernatant

solution was then measured by atomic spectrophotometry using matrix matched
standards.

DISCUSSION

The conditional equilibrium constants, total cation exchange capacities (CEC) and

total exchangeable magnesium ('rEM) for the four geochemical phases are summarized

in Table 11-4. Both the CEC and the TEM for these phases decrease in the order:
undissolved humic acid> smectite > opaline silica > ilhite, as also shown in Figure 11-1.

This is in agreement with the reported exchange behavior for these geochemical phases

(Rashid, 1969, 1974; Sayles and Mangelsdorf, 1977). It is interesting that for all of the
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FIGURE II- 1. Total cation exchange capacity (CEC) and total exchangeable
magnesium (TEM), shown in shaded area, for undissolved humic acid, smectite,
opaline silica, and illite.
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seawater equilibrated phases, approximately 40% of the equivalent fraction of the total

exchange sites is occupied by magnesium. This supports the idea that the ion-solid
interaction is governed by a true surface adsorption mechanism.

A conditional equilibrium constant can be defined to describe the Mg-NH4
exchange in marine sediments (Chapter I), so that, for the reaction:

K
Mg(Sfc)2

(1)

2NH4(Sfc) + Mg2

+ 2NH4 +

The conditional equilibrium constant will be:

*

KCOndSW

{ Mg(Sfc))

{NH4(SfC)Mg}2

<NH4>D2

(2)

*

CEC

where <Mg> and <NH4>D are the concentrations of magnesium and ammonium in

moles per liter of pore water, {Mg(Sfc)2) represents the number of moles of
magnesium covering surface sites per 100 grams of solid phase, (NH4(SfC)}Mg is the
amount of ammonium (moles per 100 grams of solid material) in the solid surface that

resulted from magnesium exchange, and (CEC) represents the total cation exchange
capacity of the solid, also in units of moles per 100 grams of exchanger.

Figure 11-2 shows the variation in the concentration of ammonium at the surface

of each solid phase (or sediment component), that resulted from exchange at different

ammonium concentrations of < 200 mM. The open symbols represent the data based
on the 27Mg radiotracer technique (low ammonium exchange system) and the closed

symbols represent the values obtained using atomic absorption spectroscopy (high
ammonium exchange system). It is important to note that both analytical methods agree
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FIGURE 11-2. Variation in the amount of surface adsorbed ammonium (NH4(Sfc) Mg
I

in sites previously occupied by magnesium ions, for dissolved ammonium
concentrations <NH4>D less than 200 mM. The four geochemical phases are: triangles

for illite; circles for opaline silica squares for smectite and diamonds for undissolved

humic acid. The open symbols represent the data based on the 27Mg radiotracer
technique and the closed symbols represent the values obtained using atomic absorption
spectrometry.
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quite well with each other, the small departures probably represent the contribution
from exchange with the hydrogen ions due to the lower pH at which the experiments
were carried out in the high ammonium-exchange system.

In the experiment using the 27Mg radiotracer, the (NH4(SfC))Mg was measured
at several time intervals ranging from 15 to 65 minutes after the addition of animonium.

This is in contrast to measurements after at least 10 hours in the experiments using

atomic absorption. The good agreement between the results obtained by the two
techniques also supports the idea that the ion exchange is a very fast process, as
suggested in Chapter I, i.e. the equilibrium reached at approximately 15 minutes after
the ammonium addition, does not change for at least the next 10 hours.

The relationship between dissolved and adsorbed ammonium at low ainmonium

concentrations is linear, and can therefore be safely extrapolated to the ammonium
levels found in sedimentary pore waters. At higher concentrations, the surface of the

solids begins to be saturated, reaching a plateau value that corresponds to the total
exchangeable magnesium, as shown for smectite in Figure ll-3A. In this figure are also
included the results for the sum of major cations released by this ammonium exchange
(Ecations = Na+, K+, Mg+2 and Ca+2); the plateau value in this case corresponds to the

total cation exchange capacity of smectite. Because of this approaching saturation
of the solid surfaces at high ainmnonium concentration the conditional equilibrium
constants for the exchange reactions cannot be determined in the normally practiced
experimental approach, nor can a safe extrapolation to pore water values be made. This

situation is circumvented by the use of the racliotracer technique (Chapter I). which
extends the experimental conditions to very low ammonium concentrations (Figure
II-3B).
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FIGURE 11-3. Relationship between dissolved<NH4>D and surface adsorbed.
ammonium (NH4(SfC))Mg that resulted from magnesium exchange on smectite solid
surface, for the high (A) and low (B) dissolved ammonium systems.
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Comparison between total ammonium adsorbed (NH4(Sfc) 1T and ammonium adsorbed

onto sites previously occupied by Mg ions 1NH(SfcIIMg:

Ammonium adsorption by marine sediments is a well studied process
(Rosenfeld, 1979; Boatman and Murray, 1982; Mackin and Aller, 1982) and its effect

on geochemical budgets has been well established (Berner, 1980). A series of
ammonium adsorption isotherms from various marine sedimentary environments from
these authors, as well as the one obtained for the smectite clay in this study are plotted
as solid lines in Figure 11-4. The ammonium adsorbed that resulted from Mg-exchange

on the smectite surface, is also plotted as a function of dissolved ammonium for
comparison (dashed line). It is interesting to note that the slope of the dashed line is
approximately 40% of that describing the total ammonium isotherm for smectite. This
indicates that over the dissolved ammonium range studied, the magnesium displaced by
ammonium exchange is approximately 40% of the total adsorbed ammonium. Since the

ammonium adsorption process in marine sediments is well studied, the relationship of
magnesium displacement by cation exchange established in this study can prove very

helpful in examining Mg geochemical budgets and transport mechanisms during
sediment diagenesis in anoxic environments.

Partitioning of exchangeable magnesium among competing solid phases:

The amount of magnesium released by exchange with ammonium among
competing phases in a sediment will be a function of their relative amounts and the
conditional selectivity constants for each exchanger. Oakley et al., (1981) developed a
simple equilibrium adsorption model to predict the partitioning of trace metals between
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different geochemical phases in aquatic sediments. In the present study we are
interested in an ionic exchange due to increases in the ammonium concentration, so we
have adapted their model to the magnesium/ammonium exchange on four solid phases
in seawater.

Equation (3) gives the concentration of magnesium in moles adsorbed to the
surface per lOOg of a solid phase j, at any ammonium concentration:

{N114(SfC)}Mg2

*

{Mg(Sfc)2) =

(3)

<4>D2

Kcofldj {CEC}J

We can express the concentration of magnesium in the solid in moles per liter of

wet sediment by introducing the content of the solid phase in grams per liter of wet
sediment (p'), a term which is related to porosity and the solid-water ratio, so that,

(4)

[Mg(Sfc)2] = {Mg(Sfc)2) * (v)

Thus, the total amount of magnesium adsorbed to j solid phases will be:

<Mg>
[Mg(Sfc)2]

("v)

=

KCOfld ICEC)

*

{NH4(Sfc) }Mg2

<4>D2

(5)

Changes in the content of any solid phase in a sediment will have an effect on the

magnesium partitioning among these phases. This effect can be quantified by
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expressing the magnesium adsorbed on each phase as a molar fraction of the total
adsorbed magnesium:

[Mg(Sfc)2]

XJT

(6)

[Mg(Sfc)2]

or,

('')

1

(NH4(SfC))Mg,J2

* ___________________

XJT=
KcofldJ { CEC}J

(w)

(7)

(NH4(Sfc) }Mgj2
{CEC}J

Figure 11-2 shows that for the system under consideration,

(8)

b <NH4>D

[NH4(Sfc)]Mg

were b is the slope of the regression line. Values for this parameter for the phases
investigated are listed in Table 11-3. In this context, equation (7) can be simplified to:

('tO

b2

XJT=

1

*

(9)

(W)j bf

Kcofldj {CEC}
j

Kconcij {CEC}

As the above equation shows, the XJT fraction is independent of the dissolved

magnesium and ammonium concentrations. This equation can be used to predict the
partitioning of exchangeable magnesium among various phases in a sediment if the
content of each solid exchanger in grams per liter of sediment is known. Since these

quantities are usually given on a weight percent basis, the following conversion is
necessary:

(w) = Wj

P 10

(10)

were w is the weight percent of the solid phase j, and p is the dry bulk density of the

total sediments in g/ml. This expression can be applied to show the contribution of

each geochemical phase to the total exchangeable magnesium in any sedimentary
environment.

As examples we have chosen surface sediments from the southwest Pacific, the
Peru margin and the Gulf of California with a wide range of organic carbon, opal and

clay contents to illustrate the response of the Xj,T values to the compositional
differences. The sediment composition and the location of the selected sites is listed in
Table 11-5. It is assumed that undissolved hurnic acid is represented by 10% of the

organic carbon content, which is a simplification based on the results of Reimers
(1983). The distribution of exchangeable magnesium among the various phases for the

sediments under consideration is represented in Figure 11-5. It is obvious that, except

for the cases where the

opal

or humic acid concentrations are very high, the clays

are the dominant carriers for the exchangeable magnesium. This results from the
combined effect of a high conditional exchange constant for smectfte and the high
content of clay minerals in marine sedimentary environments. These are the important

parameters determining the amount of magnesium subject to ammonium exchange
among competing phases.

FIGURE 11-5 Distribution diagrams showing the relative proportions of exchangeable
magnesium carried by each geochemical phase from various sedimentary environments.

For this representation the amount of undissolved humic acid is assumed to be 10% of
the organic carbon content.
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Table II- 5. Characteristics of sediments used in the calculation of the ammonium- exchangeable
magnesium distribution diagrams.

Site

Location

Smecthe

lute

Opal

Humic acid

p

wt-%

wt-%

wt-%

wt-%

g/mI

Refs.

0. Calif-3

23°N 109°W

17

36

3

0.2

1.0

(3-4-5)

0. Calif-2

25°N 1 10°W

13

29

3

1

1.0

(3-4-5)

C. Calif-i

27°N ii low

10

23

40

0.5

1.1

(3-4-5)

Peru-I

12°S 77°W

3.5

40

3

1.7

1.2

(1-2)

SW Pacific

63°S 169°W

1.2

4

0.06

1.3

(6)

p =

dry bulk density.

Sediment composition was estimated using the following sources: (1) Rosato and KuIm, 1981; (2) Reimers, 1981;
(3) Donegan and Schrader, 1982; (4) Calvert, 1966a; (5) Calvert, 1966b; (6) this study.
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Magnesium released by ammonium exchange;

Experimental

stem:

The concentration of magnesium released by ammonium exchange from each

solid phase in moles of magnesium per 100 grams of solid j, at a given ammonium

concentration may be represented by {AMg)4J. At equilibrium this value is
equivalent to half the number of moles of ammonium adsorbed on the solid surface due

to magnesium exchange, i.e.:

{zMg}4 = Z 0.5 {NH4(Sfc))Mg,r4j

(11)

In terms of the conditional equilibrium constant,

=Z

KcofldJ {CEC) {Mg(Sfc)2}

112

(12)

<Mg>

Figure 11-2 shows that for the cases were the animonium concentration is less

than 0.2 M, thetiMg}4 value can be obtained directly from the dissolved
ammonium concentration, according to the following relationship:

= O.SbJ<NH4>D

(13)

Hereby b represents the slope of the regression line. Values for this parameter in all
the phases studied are listed in Table 11-3. The total magnesium released by ammonium
exchange on j solid phases in units of moles per liter of wet sediment will then be:

[IMg]4

= 0.5 <T4>D E b

(v)

(14)

or, if expressed in terms of moles per liter of pore water:

=

<4>D Z b

('v)

(15)

Natural system:

Three samples were selected for experiments of magnesium release by
ammonium exchange; they are from hemipelagic environments where a subsurface
maxima in the dissolved pore water magnesium was observed. The objective was to
experimentally determine the magnesium ammonium exchange parameters in the same

manner as they were obtained for the geochemical phases of clays, organic matter and

amorphous silica. These marine sediment samples were therefore also analyzed for

these respective solid phases as described under experimental procedures. The
location, composition and empirical exchange parameters for these sediments are listed
in Tables 11-6 and 11-7.

Based on these sediment compositions, it is possible to determine if the
magnesium released by ammonium exchange as estimated by the model agrees with that

calculated from empirical exchange parameters obtained directly on the sediment

sample. In the model, the sum of the contributions from each of the geochemical
phases (equation

15)

are utilized, as shown in Table 11-8. In the experimental approach

the magnesium released can be calculated from:

= 0.5 <NH4> B

(16)

Table 11-6: Composition of the sediments used for the calculation of the magnesium released by ammonium exchange.

Sample

Location

Smectite

lute

Opal

m

wt-%

wt-%

wt-%

Humic acid
(organic matter)
wt-%

Depth

Bransfield Strait

62°16.5'S
57°38.8'W

9

14.3

6.0

18.6

0.41

G.Calif-4
(DSDP 478)

27°05.81'N

150

10.9

1.5

9.7

0.58

G.Calif-5
(DSDP 479)

27°50.76'N

34

18.2

3.2

23.9

1.40

11 1°30.45'W

11 1°37.49'W

Table II-? Experimentally determined parameters for the magnesium ammonium exchange on marine sediment
samples.

Sample

Depth
m

CEC
meq/lOOg

TEM
meq/lOOg

B

mug

9

18.3

7.2

0.24

0. CaliI-4 (DSDP 478)

150

24.8

9.6

0.18

0. Calif-S (DSDP 479)

34

20.8

8.0

0.29

Bransfield Strait

CEC = Total cation exchange capacity
TEM = Total exchangeable magnesium

0

71

Table H8 Calculated contributions of the sedimentary geochemical phases to the

total exchangeable magnesium, !(Sfc)f b. for three marine sediment
samples.

(A) SAMPLE: BRANSFIELD S11AIT

(Sfc)

(Sfc)fb3

Humic acid
(organic matter)

illite

Smectite

Opal

Sum

1g./i]

2.13

31.2

74.4

96.7

-

[mug]

1.26

0.10

1.22

0.15

(ilL]

2.69

3.12

90.8

14.5

111

lute

Smectite

Opal

Sum

(B) SAMPLE: 0. CALIF-4

Humic acid

(organic matter)
(Sfc)3

(Sfc)th1

(gIl]

3.51

9.1

66.0

58.6

-

[mug]

1.26

0.10

1.22

0.15

-

(1/LI

4.43

0.91

80.5

8.79

95

lute

Smectite

Opal

Sum

(C) SAMPLE: 0. CALIF-S

Humic acid

(organic matter)

(Sfc)

(Sfc)b

Ig/lI

7.28

16.6

94.6

124

-

[mug]

1.26

0.10

1.22

0.15

-

[ilL]

9.17

1.7

115

18.6

144

Table 11-9

Comparison of the magnesium released by ammonium exchange as predicted by the model that sums the
contributions from the dominant geochemical phases, XSfc)çbJ with that calculated using the empirical
parameters determined on the actual sediment sample (B). See equations (15) and (16), respectively.

Sample

<1Mg>

<NH4>D

4'

p

(Sfc)Zb

mmol/l

%

g/ml

mi/L

mmol/l

mUg

mmolJl

Bransfield Strait

3.8

75

0.52

111

0.30

0.24

0.33

G.Calif-4

9

78

0.61

95

0.55

0.18

0.63

G. Calif-S

9.6

76

0.52

144

0.91

0.29

0.95

B

Note: Data for the pore water ammonium and for the sediment physical properties in the Gulf of California samples is that
reported by Gieskes et aL, 1982 and Keltz and McKenzie, 1982.

N)
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The results for the magnesium released from exchange sites at the pore water
animonium concentrations using the model calculations and the experimental approach

(equations (15) and (16)) are summarized in Table 11-9. Both estimates (columns 6
and 8) agree very well with each other and confirm the applicability of the ion-exchange

model.

Temperature effect:

The conditional exchange constants for the Mg/NH4 exchange were obtained at

20±1°C. The applicability of such values to the natural environment involves an
assumption for the dependance of these constants with temperature. In this section we

include results of ammonium adsorption experiments performed by Suess and Muller

(unpublished data) on a pelagic clay (CEC = 45±3 meq/lOOg) at 22±1°C and at
4±1°C. Their data, reproduced in Table 11-10 and Figure 11-6, clearly show the
temperature effect to be very small, becoming insignificant at the ammonium levels
characteristic of anoxic environments (<NH4> <20mM). It is likely then, that the Mg

replaced by

N}14

adsorption will also have a very small temperature dependance. Our

experiments, on the other hand, show the Mg/NIH4 exchange reaction to be very
strongly dependent on the composition of the solid phases. Therefore, we conclude that
in a natural environment the extent of the exchange reaction would be determined by the

diagenetic alteration of the sediments (i.e. changes in the characteristics of the solid
surfaces) much more significantly than by any temperature effect.
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Table 11-10. Ammonium adsorption isotherms on a pelagic clay (CEC = 45±3
meq/lOOg), at two different temperatures. Suess and Muller, unpublished data.

4±2°C

22±2°C
Dissolved NH4
(mM)

Adsorbed NH4
(meq/lOOg)

Dissolved NH4
(mM)

Adsorbed NH4
(meq/lOOg)

3.76

1.33

3.69

1.26

8.75

2.50
4.50
4.72
6.96
9.52
20.2
21.5

8.47

2.69
4.86

18.0

19.2

30.4
49.3
126
147

17.49

18.0

29.7

48.0
73.3
143

4.89
7.41
10.62
16.1

24.6

75

3C

20

0

100

200

<NH4>D mmol/1

FIGURE 11-6. Ammonium adsorption isotherms for smectite at 20±1°C (this study),
and for a pelagic clay at 22±2°C and 4±2°C (Suess and Muller, unpublished results).
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CHAPTER ifi

MAGNESIUM ADSORPTION AND ION EXCHANGE IN
MARINE SEDIMENTS: A MULTI-COMPONENT MODEL.

ABSTRACT

Formation of Mg CO3 complexes significantly reduces th Mg ion concentration

in anoxic pore water environments with high levels of dissolved total carbon dioxide.

Desorption of magnesium is an important consequence of this change in the
Mg-activity. It results from the re-equilibration of Mg adsorbed onto solid surfaces with

the dissolved species. Empirical parameters, based on adsorption isotherms,
quantitatively describe these equilibria in the pore water-sediment systems. The effects

of increasing carbonate complexation of Mg in anoxic environments is initially
compensated by the loss of sulfate, which is also a strong Mg ligand. Therefore,
significant changes in free Mg-ion concentration, and thus in the Mg-desorption from

solid surfaces is more pronounced in sulfate-depleted systems undergoing
methanogenesis. Such conditions are characteristic of most continental margin
sediments.

Another consequence of the decomposition of organic matter in hemipelagic
sediments is the accumulation of high levels of ammonium ions which also displace

Mg-ions from sediment-particle surfaces by ion exchange. Conditional selectivity

constants for this reactions were obtained in previous chapters. In this chapter, a
multi-component/multi-reaction computer model was used to determine the equilibrium

conditions for solid-solution reactions as a function of changing pore-water
composition in organic-rich hemipelagic environments, notably in total carbon dioxide

and sulfate contents. This model includes complex formation, adsorption-desorption
and Mg-NH4 exchange reactions. The relative proportion of desorbed and displaced

Mg from the solid surface depends on the characteristics of the sediment and on the
TCO2:NH4 regenerative ratio in the pore waters.

The magnesium released from the surfaces of sediments, as estimated by the
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multi-component model, can satisfactorily explain the dissolved Mg-maxima observed
in the pore water of anoxic sediments of the Bransfield Strait. For the Gulf of California
and the Peru margin the model predicts an excess of dissolved Mg which is higher than

that measured in the pore waters. The discrepancy is due to Mg-removal from the pore
water of these sediments by precipitation of diagenetic dolomite (Keltz and McKenzie,

1982; Suess et aL, 1984).

It is clear, however, that in all cases, both release

mechanisms for Mg --surface desorption and ion exchange with animonium-- should be

evaluated as part of the complex reaction system in order to explain the distribution of
dissolved magnesium in pore waters.

INTRODUCTION

Maxima in the dissolved Mg concentration have been observed in the pore water
profiles at intermediate sub-bottom depths at various DSDP sites. Gieskes et al (1982),

Moore and Gieskes (1982), Cook (1974) and Suess et al. (1987) have attributed these

maxima to ionic release by ammonium exchange. We have previously determined
conditional equilibrium constants for the NH4/Mg exchange reactions involving several

geochemical phases --clays, humic acids, opaline silica-- as well as whole sediments
equilibriated in a seawater matrix (Chapter II) in order to better understand the surface

reactions in the pore water-sediment systems. The objective of this chapter is to apply
these conditional parameters to anoxic environments and evaluate/quantify the role of

ion exchange in the enrichment of dissolved Mg as is observed in certain pore water

profiles. Before these empirical constants can be applied to the sediment-pore water
systems, we have to evaluate the effect which a deviation of the matrix composition

from seawater would have on the behavior of the Mg ions. The concentration of the
preferential Mg ligands -carbonate and sulfate (Mifiero and Schreiber, 1982)- in anoxic
pore waters is significantly different from that of normal seawater (Gieskes et al., 1982;

Suess et al, 1982; Murray et al., 1978). The activity of the Mg-ion (free Mg-ion
concentration) in these environments should therefore be determined before evaluating

any ion exchange equilibria. Furthermore, any diagenetic change in the free
Mg-concentration (i.e its activity) will result in a re-equilibration of the adsorbed Mg
relative to the dissolved species. This re-adjustment involves a transfer of magnesium
from the solid to the dissolved reservoir and therefore plays a significant role in shaping
the total Mg-transport.

In this chapter, we evaluate the effect of metabolically-induced changes on the

pore water composition (i.e. the change in ligand concentration) on the free

concentration of major seawater cations with emphasis on Mg. We use the computer
program MINEQL (Westall, 1987), and realistic ligand concentrations of TCO2 and SO4.

Then we develop a model for the distribution of free, complexed and adsorbed Mg,

based on a mass balance for the dissolved and adsorbed Mg components in the
sediments. For this model we use empirical parameters for the magnesium adsorption
equilibria and the previously determined constants for the Mg/NH4 exchange (Chapter
II) in a multi-component/multi-reaction system. The empirical exchange parameters are

based on adsorption isotherms for Mg on various whole-sediments that describe this
equilibria in a seawater matrix, i.e. at constant ligand concentrations.
This type of analysis is essential to understand the geochemical behavior of Mg in

marine sediments, and it provides the necessary tools for including Mg-transport in
response to ion exchange into the geochemical balance.

IMPACT OF EARLY DIAGENESIS ON THE SPECIATION OF MAJOR
CATIONS IN MARINE PORE FLUIDS

The general ionic interactions in the multi-component electrolyte pore water
medium govern the chemical processes during sedimentary diagenesis. Although in

any electrolyte solution there is continual interchange of ions, in seawater and pore
waters, the high ionic strength and increase in the interaction potential between ions lead

to the formation of a particularly stable association complexes. Nancollas and Purdie

(1964) defined these complexes as those capable of persisting through a number of

collisions with water molecules. The extent of these ion-associations significantly
affects the overall solution properties, since chemical equilibria, including adsorption
and ion exchange, depend on the fraction of free ionic species (i.e. activity), rather than

on complexed species. Extensive work was done in applying multi-ionic interaction

models to seawater (Garrels and Thomson, 1962; Millero, 1974; Millero and
Schreiber, 1982).

Interstitial waters, however, deviate considerably from the overlying seawater,
particularly in SO4 and CO3 concentrations. Interstitial waters at Site 479 in the Gulf of

California are depleted in sulfate, and strongly enriched in TCO2 (alkalinity =75 mM)

and animonium (20 mM). Muffay et al. (1978) and Martens et al. (1978) have also
reported alkalinity levels as high as 50 meqll for pore waters of Saanich Inlet and Long
Island Sound sediments. Whiticar (1978) has measured alkalinities over a 100 meqll in

Baltic Sea sediments, and Suess et al. (1982) have reported values greater than 60
meq/l in Bransfield Strait sediments. Veiy recently, pore fluid samples recovered from
Peru margin sediments during ODP Leg 112, showed alkalinities as high as 200mM and

ammonium concentrations reaching >60 mM (Suess et al., 1987). Such high levels of

dissolved carbonate, in sulfate depleted environments has a major effect in the
speciation of Ca and Mg in the pore waters, since both these cations form strong
complexes with CO3 and SO4 anions (Millero, 1974; Pytkowicz and Hawley, 1974;

Kester and Pytkowicz, 1969). In this chapter we will evaluate the effect of
metabolically induced changes in the CO3 and SO4 concentrations in pore waters on the

free concentration of the major seawater cations. Then we will discuss the effect of
such changes in the ammonium ionic exchange and surface adsorption reactions for
magnesium in marine sediments.

Methods

The ion-speciation model MINEQL (Westall et al., 1987) was used to calculate the

chemical equilibrium composition in pore waters. This program was developed to find

the equilibrium composition and speciation of complex aqueous systems by minimizing

the Gibbs free energy of the system with a set of mass balance constraints. The
flexibility of the MINEQL subroutines allowed the program to be easily modified to solve

the specific problem of chemical speciation in a marine pore water medium during
organic matter diagenesis i.e. during imposed changes in ligand concentration.
The ionic interactions in seawater can be generalized by:

ML 4-4ML0

(1)

where the extent of the association is given by the thermodynamic constant

Kthe

=

<ML°> IML

(2)

<M> <L> 'YM YL

where 'y,, YM and TL' the activity coefficients for the free ions and ion pairs, are a
function of the ionic strenght of the medium. The chemical speciation calculated by

MINEQL is based on thermodynamic equilibrium constants (Ktherm) obtained for
solutions at infinite dilution. MINEQL calculates the ionic strenght of the natural media,

and estimates the activity coefficients using Davies' equation. This formalism is easily
applied in dilute solutions where the equilibrium thermodynamic constants are normally

well determined, and reasonable estimates can be made for the activity coefficients. At

the high ionic strenght of seawater (1=0.7), however, the Davies equation is not
appropiate to estimate the activity coefficients; instead, more complex ion-pairing
models have been successfully used for this purpose (Millero and Schreiber, 1982).

Another approach used to determine the speciation of ions in seawater is to use
conditional association constants (Ka) determined in seawater or in an ionic medium at

the same ionic strength as seawater.
Kthe

Ka

YM YL

=
?ML

<M4> <L>

(3)

Due to this operational definition, this method does not require an independent

estimate for the activity coefficients. A large set of association constants for ion-pair

formation in seawater is available in the literature (Pytkowicz and Kester, 1969;
Pytkowicz and Hawley, 1974; Dryssen and Hansson, 1973; Atlas, Culberson and
Pytkowicz, 1976; Johanson and Wedborg, 1979). Millero and Schrieber (1982) have

reviewed values for the association constants determined by several workers, and

selected an internally consistent set of constants, after examinig the various
experimental procedures to tty to rectify differences among authors.

We will use conditional association constants to calculate the speciation of major

ions in pore waters. Correspondingly, we modified MINEQL by replacing the
thermodynamic equilibrium constants (Kerm) with the set of association constants
(Ka) selected by Millero and Schrieber (1982) and by deleting from the program the
subroutine that calculates the ionic strenght of the media and the values for the activity
coefficients of free ions and ion pairs.

Interstitial water metabolites and ligand concentration

Nutrient regeneration by organic matter decomposition has often been described by

reactions based on the classical models of Redfield et al. (1963) and Richards (1965).

However, interstitial waters in strongly anoxic sediments deviate in the relative
metabolite concentration from those predicted by the stoichiometric models (Suess,
1976). These deviations have been attributed to changes in the organic matter substrate,

preferential removal of organic nitrogen and organic phosphorous relative to organic
carbon during decomposition (Hartmann et aL, 1973; Baltzer, 1984), additional release

of phosphate from inorganic sources (Suess, 1981), and preferential nitrogen uptake

by nitrification and dinitrification reactions within the sediments (Baltzer, 1984).
Furthermore, during advanced diagenesis in strongly anoxic settings, TCO2 may be
removed by microbial methane formation (Whiticar et al., 1987) and by precipitation of

authigenic solid phases (Suess, 1979; Suess et al., 1986). Figures

rn-i

and ffl-2 show

data for dissolved total carbon dioxide, ammonia and sulfate from several hemipelagic
environments. From these values we have selected the TCO2:SO4:NH4 molar ratios be
given by equations (4) and (5):

<TCO2> = 2.33 + 0.0943 <NH4>

(4)

<TCO2> = 48.6 - 1.59 <SO4>

(5)

as characteristic of metabolite regenerative ratios in organic-rich sedimentary
environments.

Results

Typical changes in metabolite concentrations represented by equations (4) and (5)
were used to obtain the speciation of major cations in the pore waters using the MINEQL

program with the association constants reported by Milero and Schreiber (1982). The

results are listed in Table ffl-1. No significant ion pairing occur between anions and
Na or K (Figure ffl-3), which is not surprising since these cations exist mainly as free

species in seawater. Mg and Ca, on the other hand, form strong complexes with

carbonate reduction
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FIGURE UL1: Dissolved total carbon dioxide versus ammonia in the pore water of
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Table ifi- 1: Changes in the speciation of major canons in pore fluids resulting from diagenetic
changes in the metabolite concentrations; the range of metabolite concentrations is

typical for strongly anoxic sediments, several tens to hundreds of meters below the
seafloor. Except for the percent free ion columns, all concentrations are millimolar.

Case

3

4

1

2
3
4
5

6
7
8

0.26
0.83
2.33
3.83
4.58
9.43

2.8
8.8
24.7
46.6

1

2

Case

NH4

TCO2

5

48.6

6
7

100.0
150.0

8

200.0

14.1
18.9

SO4

28.5
25.0
15.0
5.0
0.0
0.0
0.0
0.0

MgCO3

Mg free ion

MgSO4

48.8
48.4
47.9
47.2
47.0
40.5
35.7
31.7

5.3
4.9
2.9
0.9
0.0
0.0

0
0.9
3.9
6.4
7.6
14.0

0.0
0.0

19.0
26.7

Mg free (%)

85.0
84.3
83.4
82.2
81.9
70.5
62.2
55.2

Table m. 1 (continued)
Case

1

2
3
4
5

6
7
8

Case

1

2
3

4
5

6.
7
8

Case

1

2
3

4
5
6
7
8

Ca free ion

9.2
9.0
8.8
8.6
8.5
7.1

6.0
5.3

Na free ion

473
473
475
478
477
471
465
458

K free ion

110
11.1
11.2
11.2
11.2
11.2
11.2
11.2

CaSO4

1.1

0.9
0.9
0.2
0.0
0.0
0.0
0.0

NaSO4

9.2
9.2
5.8
2.9
0

0
0
0

KSO4

0.2
0.2
0
0
0
0
0
0

CaCO3

0
0.4
0.6
1.5
1.8

3.2
4.3
5.0

NaCO3

0
0
0
2.9
6.8

9.2
14.0
25.1

Ca free (%)

89.3
87.4
85.4
83.5
82.5
68.9
58.2

51.4

Na free (%)

97.9
97.9
98.2
98.8
98.6
97.4
96.1
94.8

K free (%)

98.3
98.9
100
100
100
100
100
100

SO4

NH4

TCO2

(mM)

(mM)

(mM)
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FIGURE ffl-3: Variation of the percent of major cations present as free ions
resulting from changes in the pore water composition due to organic matter
diagenesis. Carbonate and ammonia concentrations increase with progressive
diagenesis, coupled with a depletion and eventual exhaustion sulfate ions.
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both CO3 and SO4 ions. Figure ffl-4 shows that during initial stages of decomposition

of organic matter by sulfate reduction, the removal of sulfate coupled with the release

of carbonate have opposite effects on the free ion concentrations, so that changes are

insignificant in the sulfate reducing zone.

After sulfate exhaustion, however,

complexation by CO3 becomes important in reducing the concentration of free ion, for

example, a concentration of 60 mM TCO2 decreases the free ion concentrations of Ca
and Mg by approximately 15%.

We have used the pore water data reported by Gieskes et al (1982), and by
Brumsack and Gieskes (1982) for the Gulf of California, Suess et al. (1982) for the

Bransfield Strait, and Suess et al. (1987) for the Peru margin to illustrate the free
Mg-Ion distribution in these natural environments. The results are shown in Figure
ffl-5. In this figure, the ammoniurn, sulfate, and dissolved magnesium profiles were

constructed from published data. The CO3 ion distributions were calculated using the
pH and alkalinity data for these cores, together with the apparent dissociation constants

for carbonic acid reported by Milero and Schreiber (1982) for a seawater media
according to the following equation.

TCO2 = (A + aH- K/aH) *

aH + aH Kai + KaiKa2

(6)

aH+ Ka + 2KaiKa2
where TCO2 is the total dissolved carbonate concentration, A represents the alkalinity,

a}P is the activity of hydrogen ion and Kai and Ka2 are the first and second apparent
dissociation constants for carbonic acid.

The deviation of pore water Mg from the seawater value <Mg>p was obtained
by substracting the Mg contribution of seawater at normal salinity from the measured
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(0

Na (mM)

so4
(mM)
28.5

NH4

TCO2

(mM)

0

(mM)

- 0.0+

0

K (mM)

TCO2
0

20

40

60

80

(mM) 0

2

4

6

8

10

12

0

Na*SO4

18.5

100

K*SO4

8.5
1.5

100
10.0

free ion

free ion

Na*CO3

200

200

300

300

20.0

FIGURE HI-4b: Changes in the speciation of Na and K in pore fluids that resulted
from diagenetic changes in the metabolite concentrations.
(0

FIGURE ffl-5a: Downcore distributions of total dissolved TCO2, NH4, SO4 and Mg;

Mg deviations from the seawater value <iMg>; and free Mg ion concentrations in
the Peru margin, ODP Site 685. The dissolved Mg maxima coincide with very high
TCO2 values and with the corresponding decrease in free Mg ions, as indicated by the

arrows.

TCO2 (mM)
0

100

NH4 (mM)
200

0

0

20

0

SO4 (mM)
40

0

15

I

30

0

I

depth
Cm)

150

150

150

300

300

300

dissolved Mg (mM)
30

0

50

free Mg (%)

Mg (mM)
70

-20

0

0

20

0

depth

4

(m)

150

150

150

300

300

300

FIGURE JII-5a:

Co
(31
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Mg deviations from the seawater value <Mg>; and free Mg ion concentrations in
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TCO2 values and with the corresponding decrease in free Mg ions, as indicated by the

arrows.
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FIGURE ffl-5c: Downcore distributions of total dissolved TCO2, NH4, SO4 and Mg;

Mg deviations from the seawater value <tiMg>; and free Mg ion concentrations in
the Gulf of California, DSDP Site 478. The dissolved Mg maxima coincide with very
high TCO2 values and with the corresponding decrease in free Mg ions, as indicated by

the arrows.
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FIGURE ffl-5d: Downcore distributions of total dissolved TCO2, NH4, SO4 and Mg;

Mg deviations from the seawater value <AMg>p; and free Mg ion concentrations in
the Gulf of California, DSDP Site 479. The dissolved Mg maxima coincide with very
high TCO2 values and with the corresponding decrease in free Mg ions, as indicated by

the arrows.
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FIGURE ffl-5e: Downcore distributions of total dissolved TCO2, NH4, SO4 and Mg;

Mg deviations from the seawater value <LIMg>; and free Mg ion concentrations in
the Bransfield Strait basin, Core #8101-278. The dissolved Mg maxima coincide with
high TCO2 values and with the corresponding decrease in free Mg ions, as indicated by

the arrows.
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1 04
Mg in the pore waters. The seawater Mg was estimated using chiorosity values and the
oceanic Mg/Cl molar ratio of 0.0968 (Millero, 1974), i.e:

<1g>pw = <Mg> - Cl * 0.0968

(7)

The free Mg shown in Figure ffl-5 as a percent of the total dissolved Mg, was
obtained using the program MINEQL. It is of particular relevance to the understanding of

the geochemical behavior of Mg that the minima in the percent free Mg-ion at depth
always coincide with TCO2 maxima below the sulfate reducing zone. These minima

seem also coincident with a maxima in the total dissolved Mg, as emphasized by the

"Mg-deviation" plots. We postulate that the decrease in the free Mg ion plays an
important role in re-adjusting the Mg-adsorption equilibria as well as affecting the
exchange of the competing ammonium ion. Combined, these two effects may well be

responsible for the maxima in total magnesium, as will be discussed in the next
sections.

MAGNESIUM ADSORPTION IN MARINE SEDIMENTS

Cations adsorbed to solid surfaces are in equilibrium with their respective
dissolved free ion concentrations, so that changes in the dissolved matrix will result in

predictable changes of the adsorbed ion fractions. These equilibrium processes can be
investigated by adsorption isotherms (Stumm and Morgan, 1981; Bemer, 1980). In this

section we report results obtained for an estimate of the total exchangeable magnesium
on various bulk sediments, and the characteristic parameters of magnesium adsorption
isotherms for these sediments in equilibrium with a seawater matrix. This will allow us

105
to quantify the response of the solid-solution system to changes in the free magnesium
ion concentration. The free magnesium in solution was calculated using MINEQL and the
chemical composition of the matrix was normal seawater.

Materials and Methods:

Whole sediment samples from hemipelagic environments were used to determine
the empirical parameters that govern the Mg adsorption equilibria in marine sytems. We

chose a sample from the Bransfield Strait basin, three samples from the Gulf of
California, and one from the Peru margin. The DSDP/ODP samples from the Gulf of

California and the Peru margin are mainly organic-rich diatomaceous muds, the
sediments from the Bransfield basin are organic-rich turbidite deposits. The location of

the samples is listed in Table ffl-2; the Bransfield Strait sample was recovered during

F/S Meteor Cruise #8 101, the samples from DSDP Sites 475, 478 and 479 (Gulf of
California) were kindly provided by Dr. Joris Gieskes and the ODP sample from Site
685

(Peru margin) was obtained by E. Suess during drilling of Leg 112.

We have used the radiotracer technique described in Chapter I to measure the

total exchangeable magnesium (TEM) in these sediment samples as well as in a
commercially available smectite clay (Wards Natural Science). The method is based on
measurement of adsorbed Mg that resulted from the equilibration of the solid phase with

a 27Mg spiked seawater. The samples were filtered through 45 xm Millipore® filters,
and the 27Mg activity on the solid surface was counted using the 843.8 KeV gamma ray
in the well of a 3"x3" NaT-detector coupled to a multichannel analyzer. Using a similar

technique, adsorption isotherms were obtained by equilibrating the samples in a series

of 27Mg spiked seawater matrices, with varying the total dissolved magnesium
concentration from 10 to 60 mM. During all these experiments the temperature of the

TABLE 111.2. Location and description of the sediment samples used in the

Sample

Location

Water depth

magnesium adsorption experiments.

Description

(m)

8101-278

Bransfield Strait

(9 msb)

62°16.5' S

1950

57°38.8' W

Glacial marine deposits, characterized
by terrestrial and volcanogenic turbidite

Calcium hexahydrates at 7m.1
DSDP 475

Gulf of California

(153 msb)

20003.03t N

2631

109°03.19' W

Diatomaceous hemipelagic with mud

turbidites. Dolostone at 150m
depth. Metavolcanic, metasedimentray

rocks below l6Om.2
DSDP 478
(158 msb)

Gulf of California

27°05.81' N
11 1°30.45' W

1889

Diatomaceous muds and silty turdidites

Dolomitic siltstones and doleritic silt

intrusions between 188 and 260. 2

0
0)

Table 111.2 (continued)

Sample

Location

Water depth

Description

(m)

DSDP 479

Gulf of California

(34 msb)

27°50.76' N

747

11 1°37.49' W

Uniform hemipelagic sequence of
hemipelagic muddy diatomacocus ooze

to mudstone, with intercalated thin hard

dolomite layers.

ODP 685

Peru Margin

(265 msb)

9°06.78' S

80°35.01' W

5070

Diatomaceous muds to diatom bearing

mudstones with small concentrations
of authigcnic calcite and dolomite.

Han, 1987; Holler, 1985, Suess et al., 1987.
Cwray Ct al., 1982.

Suess et al, 1987.

0
4

samples was kept constant at 20 ± 1 2C.

The total cation exchange capacity (CEC) in these samples was determined
separately by exchange with ammonium chloride, and measurement of adsorbed
ammonium in the solid phases. For this procedure approximately 4 grams of wet
sediment were suspended at room temperature in 25 ml of 1M NH4C1/NH4OH solution

(pH=7) to exchange all sorbed ions for ammonium. The samples were then rinsed with
double distilled water, and the ammonium in the solid samples was measured using the

standard Kjeldahl technique. The results of this method agree to within 3 meq/l00 g
with those obtained using the 27Mg spiked 0.5 N MgC12 technique.

Results

The total exchangeable magnesium

(TEM)

on the samples equilibrated in a

seawater medium, their total cation exchange capacity (CEC), as well as values for the
empirical parameters a and J that describe their adsorption equilibria are listed in Table

111-3. In all cases, when the sample has been equilibrated in a seawater matrix, the
magnesium occupies approximately 40% of the total available exchange sites. This was

also previously reported for the Mg-behavior with clays and undis solved humic acid
(Chapter I) and implies that samples with higher CEC will have a higher concentration

of surface adsorbed Mg, and furthermore, that this TEM level can be approximated by
simply estimating 40% of the CEC of any sample.

The relationship between the dissolved free Mg concentration and the amount of
adsorbed Mg expressed as the equivalent fraction of the total cation exchange capacity
(XMg(sfc)2) at constant temperature is plotted in a series of adsorption isotherms shown

in Figure 111-6. The equivalent fraction is defined as the ratio of exchangeable
equivalents of magnesium to the total cation exchange capacity. This approach isTable

TABLE 111.3: Cation exchange capacity (cEc), total exchangeable magnesium

(TEM) and empirical
adsorption paramenters a and 3 for hemipelagic whole-sediments, and a smectite
clay.

Sample

depth
(mbsf)

Smectite

CEC
(meq/lOOg)

TEM
(meq/lOOg)

a
(mmoIJl)

84.2

35.2

57.4

1.15

DSDP 475

153

13.2

5.4

36.7

1.60

DSDP 478

150

24.8

9.6

68.9

1.03

DSDP 479

34

20.8

8.0

54.1

1.50

OD? 685

265

20.9

8.4

68.9

1.05

8101-278

9

18.3

7.2

56.1

1.50

0
(0

110

FIGURE 111-6 Magnesium adsorption isotherms for a smectite clay and five
hemipelagic sediment samples

111

50

-I ----------------------

40

('.4

30

C)
Cl)

20

10
smectite

0

10

20

40

30

50

50

40

csi

30

C)
S.-.

Cl)

o

20

x
10

DSDP 478
0
0

10

20

30

40

50

50

- - - I

40
0".'

30
C1

0

1$-.

Cl)
'...-

20

><
10

DSDP 475

0

10

20

30

<Mg> (mM)

40

50
FIGURE 111-6

112

50

40

3o
C)

1C')

20

10

DSDP 479
0
0

50

40

30

20

10

50

40

0

a- ------------------------

30

C,)

20

10

ODP 685
0

0

10

20

40

30

50

60

50

0'
30
Cl)

20

10
8101-278

0
0

10

20

30

40

50

<Mg> (mM)
FIGURE 111-6 (continued)

113
analogous to the theoretical Langmuir model that relates the activity of the dissolved
species to the fraction of the total surface covered by this species (Stumm and Morgan,

1981; Bemer, 1980). However, this theoretical treatment cannot be strictly applied to

solid exchangers with non-homogeneous surface sites, such as poorly characterized

surfaces of clays and humic acids in marine sediments. Therefore, the empirical
constants obtained by the treatment of our samples are only applicable within the same

Using this conditional approach, we can obtain a

experimental conditions.

Langmuir-type equation for the isotherms shown in Figure ffi-6.

a*
(8)

XMg(sfc)2 =

+

or
1

1

XMg(sfc)2

where

(9)

+

=

a * <Mg>

XMg(sfc)2 represents

a

the equivalent fraction of the adsorbed magnesium, <Mg>

the concentration of dissolved magnesium in moles/i at equilibrium, and a and

empirical constants for a given temperature. Plots of

l/XMg(sfc)2

f

are

versus 1/<Mg>,

shown in Figure ffl-7 , were used to obtain the empirical constants a and
for these constants for each of the samples analyzed are listed in Table ffl-3.

Values
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FIGURE ffl-7 Langmuir-type plots for the magnesium adsorption by a smectite clay
and five hemipelagic sediment samples.
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MAGNESIUM-AMMONIUM EXCHANGE

The Mg solid-solution equilibria depends not only on the free Mg ion, but also on
the concentration of other dissolved cations that compete for the solid-surface sites. It is
well established that large quantities of ammonium are released by the decomposition of

sedimentary organic matter which in turn could mobilize Mg from solid phases by ion

exchange (Boatman and Murray, 1982; Gieskes et al., 1982; Rosenfeld, 1979). In
previous chapters we discussed extensively the Mg-NH4 ion-exchange reaction; here
we briefly summarize those results, since they will be used in this chapter in relation to

the overall scope of Mg-reactions. A 27Mg method was used to estimate conditional
equilibrium exchange constants for the Mg-NH4 ion-exchange reactions by changing

the ammonium concentration in the experimental media, but keeping the magnesium

constant at near-seawater values. This approach was designed to eliminate any
interferences from sorption/desorption reactions (i.e.-re-adjustment of ion exchange
equilibria) of the type described in the inmediately preceeding section. The Mg-NH4
exchange reaction can be described by:

Mg(Sfc)2 + 2N}{4

2NH4(Sfc)

+ Mg2

(10)

and a conditional equilibrium exchange constant for a solid in equilibrium with a
seawater medium can be defmed as:

Kcofld,sw

*

=

{ Mg(Sfc))

(NH4(Sfc) I 2Mg
<NH4>D2

1

*

(11)

CEC

iIII
where <Mg> and <NH4>D are the molar concentrations magnesium and ammonium
ions in the seawater matrix, (Mg(Sfc)2} represent the number of moles of magnesium

covering surface sites per 100 grams of solid phase, tNH4(SfC))Mg is the amount of
ammonium (moles per 100 grams of solid material) in the solid surface that has resulted

from magnesium exchange, and (CEC) represents the total cation exchange capacity of
the solid, also in units of moles per 100 grams of solid exchanger.

Equation (8a) describes the Mg-NH4 equilibria in a system where the seawater
matrix composition was allowed to vary only in its dissolved NH4 concentration. As
we have shown in the previous sections, the pore fluids in hemipelagic sediments show

major deviations from the seawater composition, particularly in TCO2 and SO4 ligands

which significantly affect the free Mg ion concentrations. Therefore, in the case of
solids in equilibrium with pore waters of varying composition, we may define a more
general constant KfldyW:

K0j,pir =

___________ *

{ Mg(Sfc)2)

{NH4(Sfc)}2Mg
<NH4>F2

*

1

(12)

CEC

where the dissolved ion contents are expressed in terms of their free ion contents. It is

clear from equation (12), that changes in the concentration of free Mg will affect this

equilibrium, so that even if the total magnesium concentration remains constant, a
decrease in the free Mg ion (due to an increase in the concentration of complexing ions)

will favor the magnesium displacement by ammonium ions.

Part of the magnesium released by ammonium exchange, is also subject to

re-adsorption on the surfaces following the isotherms described in the preceding

section. The extent of the solid surface and complexation reactions in the pore
fluid-solid sediment system can only be fully quantified by a multi-component reaction
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model, as shown in the next section.

A MULTI-COMPONENT MODEL

The interdependent processes to be modelled are schematically represented in
Figure 111-8. The objective of the multi-component model is to allow a quantitative

determination of the equilibrium conditions for the solid-pore water system as a
function of the pore water composition. We have used a mass balance approach for the

mathematical description of the problem, and an iterative computer program for the
computation of the equilibrium composition of the system. Due to the nature of the
experimental conditions used to determine the empirical parameters that govern the

various equilibria, we can treat both magnesium adsorption and ion exchange as
independent "boxes" in a multi-component/multi-reaction system, although in natural
systems both processes occurr simultaneosly.

It is also important to note that in both cases the empirical parameters were
obtained for deep ocean conditions (SO4 = 28.5 mM, TCO2 = 2.33 mM), and in the

case of ammonium exchange the total magnesium concentration was kept constant at

55± 1 mM. We have used MINEQL to calculate the corresponding free Mg ion
concentrations for all experimental conditions. However, even when the model will

allow us to compensate for changes in the free magnesium as a result of pore water
alterations, it cannot be modified to include changes in the surface chemistry of Mg

which result from changes in the concentration of the other seawater cations. This
effect is probably only significant in the case of the variations in the free calcium-ion

concentration, since as we have shown, the Na and K free-ion concentrations are not
affected by the diagentic changes in the pore water composition (Figure ffl-3). As

FIGURE 111-8: Simultaneous reactions representing representing the Mg-adsorption,
ion exchange and complex formation in the solid-pore water system.
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shown for the Mg behavior, changes in the calcium activity will affect the extent to
which this cation is adsorbed. This results in a different distribution of cations on the
solid surface, and consequently alter the amount of Mg adsorbed. This is a limitation of
the model, which arises from the fact that we do not have any experimental information
on the behavior of Ca with respect to surface reactions, and its effect on the magnesium
chemistry has only been evaluated in the context of a seawater matrix.

Mathematical description of the problem:

We have stated the multi-component model as a mass balance for a closed
system in terms of "reactive" magnesium. That is, it is limited only to the dissolved and
adsorbed species and does not include any magnesium fixed in crystal lattices. Thus the

total reactive magnesium [Mg10 will be:

[Mg]

= [Mg(Sfc)2] + [Mg]

(13)

where all concentrations are given in millimoles per liter of wet sediment. The dissolved

component can be expressed in millimoles per liter of pore water, <Mg>, the more
commonly used units for dissolved components, with the relation:

[Mg}

where

= <Mg>

*

(14)

is the porosity fraction of the sediments. The total dissolved magnesium

includes the free ion, <Mg>, plus the magnesium present as complexes in solution,

1 22
= <Mg>F + E<Mg:L>

(15)

where :L represent dissolved ligands.

The adsorbed Mg can be written in terms of milliequivalents of Mg per 100
grams of sediment:

{Mg(Sfc)2] = (Mg(Sfc)2) * p * 5

(16)

where p represents the dry bulk density in units of grams per milliliter of sediment.

Now we can define the total exchangeable magnesium (TEM) as the adsorbed
magnesium at the sediment water interface, so that,

TEM

{Mg(Sfc)2)

(17)

z=O

The amount of magnesium adsorbed to the solids at any depth, will be a function

of both the free magnesium ion and any other competing cations; in our case, we want

to evaluate the magnesium released by ammonium exchange. By the nature of our
empirical parameters the equilibrium value for adsorbed magnesium can be estimated
by:

[Mg(Sfc)2]

= ((Mg(Sfc)2)4...,

{NH4(SfC)}Mg) * Pz * 5

(18)

where {Mg(Sfc)2}4....0 represents the amount of adsorbed magnesium in equilibium

with a given free Mg ion, at zero ammonium. It can be estimated from equation (9),
and rewritten as;

1 23

CEC <Mg>
(19)
(cc +

The amount of Mg released from the surface as a result of ammonium exchange,
{NH4(SfC)}Mg can be estimated from equation (12), and rewritten as:

(Mg(Sfc)2}
{NH4(SfC))Mg

<NH4> *

Kcofld,pw

* CEC *

1/2

(20)

Since [Mg(Sfc)2] is a function of the dissolved free ion, a change in the
composition of the pore water that alters the free ion conceniration, will also affect the

amount adsorbed onto the surface, and consequently the total dissolved magnesium

[Mg]0, within the constraint of equation (13).

Case 1: system

free of ammonium

At any given instance , we will have in the pore water an amount of dissolved
magnesium given by:

=

([Mg}

- {Mg(Sfc)2])

*

(21)
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or,

=

CEC <Mg>

[Mg]

a

+

* -p *

<Mg>

10

(22)

2

From equation (22) we can see that a change in free magnesium ions will result in
a re-distribution of this cation between the solid and dissolved phases, affecting the total

dissolved Mg concentration. Equation (22), however, does not give the final value for

the dissoved Mg, but an instantaneous one, since this new <Mg>, will in turn

change the value of free Mg (equation (15)) which then will vary the
dissolved/adsorbed ratio, and so on. Therefore we can arrive at the equilibrium
conditions by a series of iterations defining:

Mg =

where n

<Mg>fl.

-

<Mg>n

(23)

1 is the iteration number, and n =0 represent the starting conditions. Then

Mg can be obtained from:

öMg = {Mg(Sfc)2}1 - {Mg(Sfc)2)) * (10 pt2

(24)

and the iterative process be continued until the equilibrium conditions are attained, i.e.,

when Mg 0.

In this case the total dissolved magnesium can be calculated from equations (18)
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and (21), as:
=

- ((Mg(Sfc)2)4_0 tNH4(SfC)Mg)) 5 p 4]

(25)

and the equilibrium conditions may be obtained iteratively by minimizing 8Mg. For the
system with ammonium present:

6Mg = [({Mg(Sfc)2} - {NH4(Sfc)})_1 -

((Mg(Sfc)2) - {NH4(Sfc)})n] *

(26)

pz 4Z

Description of the program:

The program used for the iterative calculations of the equilibrium conditions is a
simple routine that incorporates the free ion concentrations calculated by MINEQL, used

as a subroutine, to the surface reactions stated above. A flow diagram for the program

is given in Figure ffl-9. The data for the concentration of the dissoved species is
entered into the file SAMP.DAT, in the same format as required by the MINEQL
subroutine. The program will then ask for the necessary sediment parameters:
CEC, TEM,

a,

,

afld Kfld,pw; it will perform the iterative calculations, using MINEQL

to calculate the free ion concentrations in every ioop. When 6Mg
equilibrium conditions are stored in an OUTPUT file.

0, the estimated

126

FIGURE 111-9 Iterative computation of the equilibrium conditions for the
multi-component model involving Mg-speciation, adsorption and ion exchange
reactions. The Mg-speciation is calculated using the program MINEQL (Westall et al.,
1987), and the partitioning between solid and dissolved phases due to surface reactions
is calculated using equations in the text.
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Apçlication: Effect of early diagenesis on Mg adsorption and ion exchange in marine
sediments:

The decomposition of organic matter in hemipelagic sediments results in the
depletion of SO4, and in the accumulation of high levels of metabolites: NH4 and CO3

in the pore fluids. As shown previously these compositional changes have significant
effects on the speciation of Mg and consequently results in considerable changes in the

adsorption and ion exchange reactions involving magnesium. We have chosen a
hemipelagic sediment sample from the Gulf of California (DSDP site 479) to evaluate the

Mg surface reactions during organic matter diagenesis. The empirical parameters for

ion exchange behavior were those experimentally obtained and described in the
preceding sections (Table ffi-3). The metabolite composition, coupled to NH4 and
TCO2 increase and with SO4-reduction, is that obtained from equations (4) and (5).

Porosity and density remain constant (p = 0.5 g/cc and

4)

= 80%). This allows us,

in a very general way, to monitor the "reactive Mg" distribution with increasing organic

matter diagenesis. The boundary conditions and the results from the multi-component
model calculations are summarized in Table 111-4.

Figure 111-10 shows the decrease in adsorbed Mg as a function of increasing

TCO2 and NH4, with the corresponding SO4 consumption. The amount of Mg
adsorbed to the solids is a function of the activity of the free ion, the composition of the

pore water matrix (which includes the competition for exchange sites from the other
seawater cations), and the surface properties of the solid. As the adsorption isotherm
for this sample indicates (Figure 111-6), the adsorbed Mg will decrease with a decrease

in the concentration of the free ion; furthermore, the free ion concentration will change
as the concentration of TCO2 and SO4 vary with depth (Figure ffl-3). As a point of

Table 111-4. The "reactive Mg" distribution in a hemipelagic
pore water-solid sediment system during early
diagenesis of organic matter. The mukicoinponent model includes
complex formation, ion exchange
with aininonium and surface adsorption-desorption reactions. SO4,
TCO2 and N}14 are calculated
from the metabolite regeneration equations (1) and (2). The porosity
and dry bulk density values are
constant at 4) = 80% and p = 0.5 g/cc. The empirical
parameters for the surface reactions are those
obtained for the DSDP 479 whole-sediment sample; these
are asswned to be characteristic of other
hemipelagic sediments.

Empirical parameters:

CEC 20.8 meqIlOOg
TEM = 8,0 meq/100 g
TCO2

NH4

SO4

mM

mM

mM

a = 54.1 mmol/liter
= 1.50

Mg(Sfc)2
meqllOOg

<Mg>

mM

<Mg>1 (Mg(Sfc)2)
mM

K,fldpw = 0.165 liter/mol

(NH4(Sfc))

(Mg(Sfc)2)

meqIlOOg

meq/lOOg

meq/lOOg

2.8

0.26

28.5

0.05

49.0

55.1

7.99

0.01

8.9

0.83

25.0

7.98

0.07

48.8

55.1

7.97

0.02

24.7

2.33

7.95

15.0

0.09

48.5

55.4

7.95

40.6

0.05

3.83

5,0

7.90

0.12

48.0

55.5

7.92

48.6

0.09

4.58

0

7.83

0.13

47.9

55.7

7.91

0.10

100

9.43

0

7.80

0.51

42.6

57.3

7.51

0.23

150

14.1

0

7.28

0.92

380

58.1

7.12

200

0.36

18.9

0

6.76

1.23

34.9

59.8

6.81

0.49

6.33
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FIGURE ifi-lO: Adsorbed Mg as a funtion of metabolically-induced changes in the
concentration of TCO2, SO4 and NH4. The open symbols represent the changes in
adsorbed Mg that resulted from surface desorption only, the closed symbols include

both Mg released by ammonium exchange and surface desorption. The metabolite
ratios are those given by equations (4) and (5), and the porosity and dry bulk density
were assumed to be constant at

= 80% and p = 0.5 g/cc.
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illustration, assuming no addition of NH4, the changes in adsorbed Mg which result

from surface desorption only are shown by the open symbols in Figure 111-10. This
Mg-desorption is due to a decrease in the free Mg ion with increasing TCO2 levels. The

closed symbols in Figure 111-10 show the adsorbed Mg alter including both the Mg
released by ammonium exchange and by surface desorption.

The relative importance of these two mechanisms, -desorption and ammonium

exchange-, for releasing Mg from solid surfaces depends on the

surface

characteristics of the sediment, and on the TCO2:NH4 regeneration ratio in the pore
waters. This ratio may change due to differences in the C:N ratio of the organic matter

substrate, by carbonate removal through precipitation of diagenetic carbonates, or by
microbial carbonate consumption during methanogenesis. A decrease in this ratio will

result in a higer amounts of Mg released by ammonium exchange relative to those

desorbed in response to increased MgCO3 ion-pair formation in the pore water.
Another obvious consequence of this multi-component equilibrium is that removal of
Mg from solution by dolomitization (or any other process involving permanent uptake

of magnesium in a mineral lattice) will desorb more Mg from the surrounding
solid-phase exchangers. This may happen via both NH4-exchange and equilibrium
re-distribution between free and adsorbed Mg.

As might be expected from the free Mg-ion distribution (Figure ffl-3), it is also
clear from Figure 111-10 that as long as there is dissolved sulfate present in the pore

waters, compensating the increasing TCO2 concentration there will be very small
overall changes in the adsorbed Mg. However, after SO4-depletion, the adsorbed Mg
will decrease significantly as the rising level of CO3 is the only remaining major ligand.

This effect will be more pronounced in sulfate depleted systems, with high CO3 and

NH4 concentrations such as in most continental margin sediments with
methanogenesis.
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FIGURE 111.11: Mg released from the solid surfaces by desorption and ammonium
exchange during diagenesis. The metabolite ratios are those given by equations (4) and

(5), and the porosity and dry bulk density were assumed constant at
0.5 g/cc. This represents the complement of Figure 111.10.
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The Mg released from the solid surface sites, in the closed sediment-pore water

system, by desorption and ammonium exchange during progressive diagenesis is

shown in Figure Ill-li. These quantities are complementary to those remaining
adsorbed at the solid sediment phases (Figure

rn-b).

MAGNESIUM MAXIMA IN ANOXIC INTERSTITIAL WATER

Maxima in the dissolved Mg profiles have been reported in a number of anoxic

sedimentary environments (Cook, 1974; Gieskes et al., 1982; Suess et al., 1987).
Since this excess Mg has only been observed at depth intervals of high ammonium
levels, it was generally attributed to ion exchange with NH4. However, no quantitative

evaluation of this proposed mechanism for Mg release had been possible because of
lack of values for the equilibrium constants of the solid exchanger reacting in a seawater

medium. Previously we have shown this apparent positive anomaly of the pore water
Mg to be coincident with a decrease in the free ion content (Figure ffl-5). In addition,

the decrease in free Mg will also result in a desorption of Mg according to the
characteristic isotherms for each sediment (Figure ffl-6).
We now apply the multi-component model incorporating desorption and ammonium

exchange to determine the relative extent of each mechanism in the solid-pore water

system of the Gulf of California

(DSDP

Site 479), Bransfield Strait (Core 8 101-278)

and Peru margin (0DP Site 685). From the output of this model calculation we can
evaluate the amount of Mg released to the pore water at the given density and porosity
of each particular setting, and compare it to the respective Mg excess measured at these

sites. The magnesium adsorbed onto sediment surfaces should decrease with depth due
to the combination of pore water ligand competition and ammonium exchange reactions.

Figure ffl-12 shows this combined effect in the sediments of Bransfield Strait, Gulf of

1 36

FIGURE ffl.12: Amount of Mg adsorbed to sediment surfaces versus depth for the
three selected hemipelagic sediments.
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California and Peru Margin. The strongest depletion in adsorbed Mg is calculated for
the Peru margin sediment. This result from the record high concentrations of TCO2 and

NH4 in the pore waters (Figure 111-5). In all cores, the TCO2 concentration shows a

decrease at depth (Figure 111-5), probably related to the diagenetic formation of
carbonate minerals. This is reflected in an increase in the adsorbed Mg in the deeper
sections of the cores, which is especially pronounced at the ODP site from the Peru
margin.

As stated previously, the relative TCO2:NH4 concentrations generated during
organic matter diagenesis will determine the relative magnitude of the two mechanisms

releasing Mg from the solid surfaces. The pore waters in Bransfield Strait show a very

high C/N ratio (Figure

rn-i),

thus the Mg-release from the solid surfaces in this

environment is predominantly driven by surface desorption, with ammonium exchange
playing a smaller role near the top sections of the core (Figure 111-13). As the dissolved

carbonate is depleted relative to nitrogen, exchange with ammonium becomes more
important in releasing Mg from the sediment surface.

The other extreme case is represented by the ODP 685 sediments from the Peru
margin. In this case, TCO2 is depleted relative to the C/N Redfield ratio to begin with

in the top sections of the hole (Figure ffl-i). TCO2 depletion increases with depth
probably due to diagenetic carbonate mineral formation. This results in the release of

Mg from the surfaces being dominated by ammonium exchange. The
surface-desorption processes are almost insignificant in the deepest sections of the hole.

In all cases, however, it is clear that an explanation of the pore-water maxima in the

dissolved Mg profiles must consider both mechanisms simultaneously: surface
desorption and ammonium exchange reactions.
To evaluate the validity of this model in predicting the dissolved Mg distributions
in pore fluids, we have plotted the depth distribution of the predicted Mg concentrations

1 39

FIGURE 111.13: Mg released from sediment surfaces versus depth for the three
selected hemipelagic sediments.
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FIGURE 111-14 Downcore profiles for predicted Mg distributions using the
multicomponent model (closed symbols), assuming constant exchange capacity with

depth, and actual measured values for this cation (open symbols) for the three
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(closed symbols) and the actually measured values for this cation (open symbols) for
the three model sediments (Figure 111-14). The Mg-released from the solid surfaces, as

estimated by the multi-component model does explain only partially the excess of Mg
measured in the pore fluids of the sediments. In the Gulf of California and Peru margin
sediments, the model predictions first agree fairly well, but at greater depths in the core

the predicted Mg-excess is higher than that measured in the pore waters. This
discrepancy results from Mg-removal from the pore water by the precipitation of
diagenetic dolomite (Keltz and McKenzie, 1982; Suess et al, 1984), a process not yet
included in our consideration. In the Bransfield Strait there is an initial decrease in the

amount of dissolved Mg which cannot be explained by the model (Figures ffl-5 and
111-14), whereas at greater depths predicted and measured values agree very well. This

initial negative Mg-nomaly has been reported from various other anoxic environments

(Sholkowitz, 1973; Cook, 1974), and explained in terms of an increase in the CEC of

the sediments during early diagenesis (Sholkowitz, 1973), most likely from the
unbiocking of CEC sites by dissolution of iron oxide-hydroxide coatings. In the
multi-component exchange/desorption model used in this chapter we have assumed a

constant CEC throughout the sediment column, and therefore it fails to predict this
pronounced initial Mg-depletion.

In summary, we have shown that Mg released from solid-surfaces by desorption

and displacement reactions result in a significant excess of dissolved Mg, which can
account for the observed Mg-maxima in the interstitial water profiles. Other processes

which are not considered in the model are acting on the natural sediment-pore water
systems concurrent with the solid-surface chemical reactions discussed so far. These

processes, namely diagenetic incorporation of magnesium into mineral lattices and
changes in the cation exchange capacity of the sediments result in Mg-uptake from the

pore water, and thus are responsible for the observed discrepancies in the Mg-profiles
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predicted by the model relative to the actual measured values. In Chapter IV we will
show that an increase in the CEC of the sediments in the Bransfield Strait and also in

the Gulf of California sediments is actually observed, which can readily explain the
initial dissolved Mg-negative anomaly at this sites.
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CHAPTER IV
Mg UPTAKE FROM MARINE PORE FLUIDS BY SEDIMENTS IN
RESPONSE TO DIAGENETJC CHANGES OF THE CATION
EXCHANGE CAPACITY
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ABSTRACT

A diagenetic change in the cation exchange capacity (CEC) of anoxic sediments is

responsible for a pronounced Mg-depletion in their pore fluids. This was established
on the basis of a fractional leach extraction of sediment samples from the Bransfield
Strait basin, to ascertain that there is no other mechanisms operable, such as formation
of authigenic Mg-bearing minerals. The CEC dependance on the organic matter content

as experimentaly established for clay-humic acid mixtures, suggest that an oxidative
removal of organic coatings from clay mineral surfaces during early diagenesis would
result in an increase in the CEC. Such an increase in the CEC was measured downcore
in Bransfield Strait and Gulf of California sediment samples. It coincides with the depth

at which the largest deficit in the dissolved Mg was observed suggesting that the newly
unblocked exchange sites remove cations from the pore fluids.

The quantitative effect of these CEC changes in the dissolved Mg profiles was

simulated using a multi-component computer model. This model includes
complex-formation and solution-solid surface reactions for a system where the
composition of the solution matrix (pore water) as well as the CEC of the sediment was

allowed to vary with depth in core. With this approach we were able to show that the
negative anomaly in the dissolved Mg profiles is indeed a consequence of changes in
the CEC of the sediments during the very early stages of anoxic diagenesis.
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INTRODUCTION

Depletions in the dissolved Mg of pore water during early diagenesis have been

reported from various marine environments. Drever (1971a) observed Mg removal
from the anoxic interstitial waters of Banderas Bay, Mexico. He explained such an
uptake as the result of Mg-for-Fe replacement in the non-exchangeable positions of clay

minerals. Sholkovitz (1973) observed similar depletions of interstitial dissolved Mg in

the sediments of Santa Barbara basin, and, on the basis of an alkalinity model,
concluded that the mechanism leading to such an anomaly, had to be different from the

one proposed by Drever (1971b), since the Mg-for-Fe replacement would consume
alkalinity. Instead, he explained the Mg removal by a diagenetic increase in the cation

uptake capacity of the clay minerals due to removal of iron oxide coatings under
reducing conditions. In this manner, previously blocked sites on the clay's surface
become available to the Mg ions. Bemer et al. (1970) found no evidence for Mg-for-Fe

replacement reaction in either intertidal muds from Long Island Sound or organic-rich
sediments from the coast of Maine. Since that time, laboratory experiments performed

by Heller-Kallai and Rozenson (1978) have shown that Fe is not removed from
smectite clays by sulfide solutions (up to 0.5 M), indicating that the direct Mg-for Fe
replacement reaction proposed by Drever (1971) is improbable, even in highly reducing

environments.

Previously, Bischoff et al. (1975) had evaluated the Mg uptake in strongly
reducing environments caused by changes in the cation exchange capacity of the
sediments. However, as part of their experimental procedure these authors washed the

sediments with distilled water prior to determining the adsorbed Mg. Sayles and
Mangelsdorff (1977) have since shown that altering the composition of the interstitial

matrix solution by dilution with distilled water, results in a significant shift in the
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relative proportions of adsorbed ions on a solid exchanger. This shift is explained as a
selective uptake of cations of higher valence relative to those of lower valence when the

matrix composition changes. Our 27Mg radiotracer technique (Chapter I) for
determining the adsorbed Mg on sediment surfaces in equilibrium with a seawater
matrix, now allows a more accurate estimation of the Mg-uptake in marine sediments
and hence testing of Sholkovitz's (1973) proposed mechanism or of other proceses that
might cause diagenetic changes in the CEC of sediments.

The objective of this study is therefore to reconsider the role of
diagenesis-induced changes in the CEC of anoxic sediments and in the Mg-uptake of
these environments. For this purpose we have available sediment and pore water data

from anoxic basins in the Bransfield Strait (Antarctic Peninsula) and the Gulf of
California (Guaymas basin) (Gieskes et al., 1982; Brumsack and Gieskes, 1982). All
the pore water data show a significant Mg-depletion relative the seawater. The study is

divided in three parts. First, we carried out a sequential acid-leach of sediments from
the Bran sfield Strait basin to determine if the Mg-uptake from the pore water matrix

might be due to the formation of authigenic Mg-bearing phases, such as Mg-calcites,
dolomites and/or struvite. Second, we investigated the relationship between the CEC
and the organic matter content using artificial mixtures of clays and humic acids in order

to establish a potential mechanism for diagenetic changes in the total CEC. Finally, we

used a multi-component solid-solution interaction model to simulate if diagenetic
changes in the CEC could explain the observed depletions in the dissolved Mg. The
model, developed in Chapter III, considers chemical speciation of the Mg-ion and the
surface properties of the sediment as determined by the 27Mg radiotracer method.

MAGNESIUM PARTITIONING AMONG SEDIMENTARY PHASES

A fractional extraction procedure was used to determine if the observed Mg
depletion in the interstitial water may be due to the formation of Mg-bearing authigenic

phases in Core 1327 from the Bransfield Strait basin, Antarctica. These sediments are

glacial marine deposits, characterized by terresttial and volcanogenic turbidites with
varying levels of organic carbon. Their sedimentology has been described elsewhere
(Holler,1985; Suess et al., 1987; Han and Suess, 1987).

Procedure:

Squeeze-cake samples from which the interstitial fluids had been removed by
pressure filtration were subsampled to determine their residual water content at the time

of analysis in order to express the CEC per dry weight of sediment as is conventionally

done. A wet fraction of sediment was first washed with 2M NaC1 to remove all Mg

from the pore water and the adsorbed sites. The sediments were then sequentially
washed with a HOAcINaOAc-pH 5 buffer and a 1M HC1-acid. In both cases, the
washing, extractions, vortex mixing, centrifugation (10 minutes at 27500 rpm), and
removal of supernatant were repeated and the aliquots combined. Extractable phosphate

and ammonium were determined by the standard spectrophotometric techniques
described for seawater by Grasshoff (1976) and Solorzano (1969). In both cases the
acetate matrix was neutralized with a NaOH/NaHCO3 solution, and all analysis were

done using an internal standard. Extractable Mg and Ca were analyzed by atomic
adsorption spectroscopy. The carbonate mineral content of the samples was measured

on a desalted/freeze-dried split using the H3PO4-acidification/ LECO-combustion
technique described in detail by Weliky et al. (1983). The acetate buffer was used for

Table IV-1: Acetate soluble fraction in sediments from Core

1327 of the Bransfield Strait basin.
Acid soluble fractions from sediment trap material (Wefer et al., 1982) of Station 279
in the same basin are included for comparison.

Site

Depth

Mg

Ca

PO4

NH4

CO3

Mg/CO3

11.7

27.5
45.8

0.49
0.11
0.09

1.13
1.21
1.16
1.29
1.19
1.21
1.13

0.13
0.18
0.02
0.12
0.23
0.18
0.26

(mmolIlOOg)

Sediment trap material

279

38m
965 in
2540 in

5.8
3.0
3.9

4.9
18.4
34.5

Sediment core
1327

0cm
49 cm

110cm
200cm
365 cm
410 cm
465 cm

0.15
0.22
0.03
0.16
0.27
0.22
0.30

1.27

0.97
1.03
1.43
1.06
1.18

0.14
0.10
0.11
0.13
0.10
0.20
0.19

0.13
0.18
0.43
0.98
0.99
0.90
0.94

01

0
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FIGURE TV-i : Downcore profiles of acetate (pH 5)
leacheable Mg, Ca and total CO3 in cot 1327.
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the dissolution of carbonate minerals (Robbins et aj., 1984). The results are listed in

Table IV-1 and Figure IV-1. A sediment trap mooring had been deployed at this
location (Site 279) during a previous cruise. Results for a dilute hydrochloric acid leach

obtained by Wefer et al. (1982) on the sediment trap samples are also included in this
table for comparison. The complete composition of the sediment trap material has been

reported by Wefer et al. (1982).

Results:

The leachable Mg/CO3 molar ratio of the sediment trap material shows a marked

decrease with depth in the water column (Figure IV-2). This might result from
preferential dissolution of magnesium carbonate relative to the calcium carbonates, or

by a decrease in the amount of the leachable Mg associated with organic molecules.
The sediments of the Bransfield Strait basin have essentially the same Mg/CO3 ratio as

the one observed in the deepest trap. The variation in the sediment and the slight
increase in Mg/CO3 are probably due to the incorporation of varying ammounts of
benthic organisms with calcite skeletons containing Mg (Bathurst, 1971). The relative

variance in the Mg/CO3 ratio in the sediments indicates that the Mg present in the
carbonate phases is non-authigenic, and thus cannot be responsible for the variations in

the dissolved Mg distributions at this location. Crystals of calcium carbonate
hexahydrate (CaCO36H2O) have been recovered by Suess et al. (1982, 1987) from

this basin., however, there is no Mg in the crystal structure of these authigenic
carbonates which further confirms that the Mg-uptake at this site is not related to
carbonate mineral phases.

The HC1 extract was performed to remove Mg attached to and contained in

phosphate minerals, as well as to mobilize Mg and Fe from partial destruction of
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FIGURE 1V-2 Vertical distributions of leachable-Mg/CO3 molar ratios in sediment trap

(279) and sediment (1327) samples in the Bransfield Strait basin. Sediment trap data
from Wefer et al. (1982).
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Table 1V.2: Composition of HC1-leacheable fraction in
sediments from Core 1327 of the Bransfield

Strait basin.

Depth

Mg

Ca

PO4

Fe

(mmo]/lOOg)

(cm)

1.51

20.9
22.4

1.79

20.7

1.85

21.9

4.37

1.73

18.0

3.25

1.44

17.2

1.55

19.1

4.05
3.62
4.21
4.44

16.1

16.4

0
49

17.9
17.4

110

19.0

200
365
465
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aluminosilicates (Suess, 1979). The results of this treatment are listed in Table IV-2,
and the downcore variation of this acid labile Mg in these fractions is shown in Figure

IV-3. The results indicate that there is no major change in the HC1-leachable Mg
downcore, and from the variance of the Fe/Mg ratio it is evident that no significant
Mg-forFe replacement occurs.

These fractional leach results show that the Mg uptake from anoxic pore fluids is

not related to the formation of authigenic Mg-bearing phases in the sediments. Below
we will evaluate changes in the CEC of sediments during diagenesis and the possibility
of these changes affecting the dissolved Mg distribution.

SEDIMENTARY ORGANIC CARBON AND CEC

Various components of the total sedimentary organic matter have been shown to

form stable complexes with aluminosilicate minerals (Theng, 1979; Sorensen, 1972;

Stul et al., 1979 Weliky, 1982). Studies on soils (Greenland, 1971; Theng, 1973)
have shown that a large proportion of the organic matter is represented by humic and
fulvic acids adsorbed onto clay mineral surfaces. These associations are likely to result

from interactions between negatively charged sites in the humic molecules and
positively charged sites in the clays' surfaces (Theng, 1974; Greenland, 1971). In a
study of clay-organic matter associations in marine sediments, Weliky (1982) showed

that approximately 90% of the organic matter in hemipelagic environments and in a
pelagic red clay sample is complexed in some manner to clay surfaces . Furthermore,

she has shown that the adsorbed organic matter in the hemipelagic sediments is
composed largely of humic substances.
The clay-organic matter associations affect the total CEC of the sediments. These
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Table W-3 Variation in the cation exchange capacity of clay-humic acid

mixtures with increasing organic carbon content.

Smectite-humic acid

Corg (%)

0.0
0.15
0.17
0.21

0.26
0.45

0.46
0.51

0.62

CEC (meq/lOOg)

84.4
80.0

79.4
77.8
76.5
81.7
82.7
82.0
84.2

flhite-humic acid

Corg (%)

0.0
0.10

CEC (meq/lOOg)

12.9

12.6

0.16
0.20

12.4

0.23

11.3

0.28

11.7

0.34
0.46

12.0

11.8

12.6
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FIGURE IV-4: Variations in the cation exchange capacity (CEC) of clay-humic acid

mixtures as a function of organic matter content. The initial decrease is caused by
blocking of clay-exchange sites by sorption of organic matter, the subsequent increase
reflects the added ion exchange sites of the organic matter itself.
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effects were experimentally determined using mixtures of technical grade humic acid
with comercially available smectite and illite clays. The experimental procedures used

in the determination of the total cation exchange capacity in the solid mixtures and their
organic matter content have been described in Chapter II. The results are summarized in

Table IV-3 and Figure IV-4.
The relationship between CEC and organic matter content in the clay-humic acid
mixtures (Figure IV-4) shows that the addition of low levels of bumic acids is effective

in blocking sites in the clays' surfaces, which results in a significant decrease in the
CEC of the mixture. Inversely, the addition of higher amounts of organic matter results

in a positive relationship between the organic carbon content and the CEC of the
mixture, indicating an increase in the total cation exchange capacity. Humic matter has

a very high CEC (Chapter I), thus, as the organic carbon concentration increases, the
humic acid itself contributes to the CEC, thus compensating for the negative effect due to

blockage of clay sites. This mechanism explains the positive organic matter-CEC
correlation at higher organic carbon levels as shown in Figure IV-4.
The observed initial decrease in the CEC of the mixture by addition of an organic

matrix which has a larger CEC than the clay matrix may be hard to visualize. It might

be partially explained by the fact that the organic matter, in the process of becoming

attached to the clay's surface also looses a considerable portion of its own exchange
sites. Another, more important consideration lies in the observation that clays in contact

with an organic matrix will tend to form aggregates, as schematically shown in Figure

IV-5. The aggregation of particles by organic molecules has been well established by

soil science research (Finch et al., 1971; Foth and Turk, 1972; Lynch, 1979). This
process results in a loss of a very high number of surface exchange sites from both
mineral and organic phases by effectively reducing the amount of surface area available
for exchange reactions with the dissolved phase.
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FIGURE VI-5 Hypothetical interaction between clay and organic matter, modified
from Lynch (1979).
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Our experimental results agree with the findings of the comprehensive work by

Chan and Chen (unpublished manuscript). They have shown that the effect of the
organic matter on the distribution of trace metals adsorbed to the solids depends on the

organic matter concentration, with the association of the metal-ion and the solid being
favored at low organic matter concentrations. Furthermore, there is extensive evidence
for a strong correlation between the CEC and the organic matter content of soils (Curtin

and Smillie, 1976, Martel et al., 1978; Drake and Motto, 1982), concurrent with the
experimental work of Burford et al. (1964) who show that in soils organic compounds
associated with clays (in a clay-mineral complex) are apparently able to prevent access
of other ions to many of the clay-surface sites.

There is also field evidence from marine environments that support this
interpretation. Sediments of the Hudson River estuaiy (McCrone, 1967) show a direct
correlation between the CEC and the organic matter content. However, the author also

notes that organic coatings on clay surfaces interfere with the exchangeability of
dissolved cations. Boatman and Murray (1982) observed an increase in the CEC of
sediments from Saanich Inlet, B.C., after treatment with KOBr and Na-dithionite which
would remove both organic matter and metal oxide coatings.

Our data also indicate that in both systems, smectite-humic acid and ilitie-humic

acid, the changes in the cation exchange capacity due to the addition of organic matter

over the range studied (Corg <0.6%), is very small relative to the total contribution
from the clay minerals. This was expected from the results of the model discussed in

Chapter II. However, these variations in the CEC may be responsible for significant
changes in the distribution of exchangeable cations. These effects on the behavior of
Mg are analyzed in the following section.

.4

MAGNESIUM UPTAKE FROM POREWATER

In the preceding sections we established that for the Bransfield Strait sediments
there is no mineral sink for Mg; and that early diagenetic removal of organic matter in
sediments may increase the CEC causing the observed Mg uptake from the pore water.

In order to demonstrate the mechanism of CEC changes in the dissolved Mg
distribution, data from two cores, one from the Bransfield Strait basin, and the other

from the Guaymas Basin in the Gulf of California, (Brumsack and Gieskes, 1982)
were selected. The high sediment accumulation rates and inherent anoxic decomposition

of organic matter in these environments provide conditions that amplify the effects of
diagenetic reactions on the pore water record.

The interstitial water data for the Gulf of Caiifornia were published by Brumsack

and Gieskes (1983) and by Gieskes et al. (1982). The pore water from the Bransfield
Strait core is described elsewhere (Han, 1987).

The changes in the CEC downcore in the sediments of the Bransfield Strait and

Gulf of California are shown in Figures P1-6 and P1-7. The dissolved sulfate in the
respective cores, also included in Figures P1-6 and P1-7, indicates a rapid removal by
microbial sulfate reduction at shallow depths. The resulting hydrogen sulfide, plus the
presence of iron sulfides, observed in the sediments of Bransfield Strait would support

the mechanism proposed by Sholkovitz (1973) to explain the Mg-uptake from pore
waters by a diagenetic increase in the CEC via removal of iron-oxide coatings on clay
surfaces. The oxidative decomposition of organic matter would also expose previously

blocked sites in the clay's surface where Mg could be incorporated. Whichever the

mechanism, the observed increase in CEC coincides with the largest deficit in the
dissolved Mg, suggesting that the newly unblocked sites do indeed remove cations
from the pore fluids.
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FIGURE IV-6: Downcore distibutions of dissolved SO4, deviations of dissolved Mg

from the seawater value <Mg>, and cation exchange capacity (CEC) of the
sediments in core 1327 from the Bransfield Strait basin.
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FIGURE IV-7: Downcore distibutions of dissolved SO4, deviations of dissolved Mg

from the seawater value <Mg>, and cation exchange capacity (CEC) of the
sediments in core E-17 from the Gulf of California.
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FIGURE IV-8: Simplified representation of the effect of organic matter degradation on
partitioning of Mg between solid and dissolved phases in natural sedimentaiy systems.

During the very early stages of diagenesis, the oxidative removal of organic (and
perhaps metal oxide) coatings from the clays' surfaces results in an increase in the CEC

of the sedimentary material, with the consequent increase in adsorbed Mg. Increase in
the CO3, and NH4 concentrations results in a removal of Mg from the solid surfaces by
desorption. and ion exchange reactions. Athough, the effects of these metabolites on the

Mg partitioning become more important during latter diagenetic stages, any change in
the composition of the matrix affects the solution-solid surface reactions. Therefore, all

these processes were considered simultaneously in the multi-component model used in

this study.
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To test the effect of the CEC changes on the dissolved Mg distribution we have to
include any changes in the free Mg-ion concentration caused by sulfate removal and
carbonate addition during organic matter decomposition. In Chapter ifi we have shown
that these variations in the free-ion concentration are instrumental in the distribution of

total reactive Mg between the solid surfaces and the pore fluids, and ought to be
included in any solid-solution model were the matrix composition does not remain
constant. Here we follow this suggestion by adapting the multi-component model to
include changes in the CEC. The interdependent processes are schematically shown in
Figure IV-8.

The amount of Mg adsorbed to the solids at any depth is a function of the free
Mg-ion, and the empirical parameters that govern the adsorption equilibria. We have
shown (Chapter III) that, using a conditional approach, a Langmuir-type equation for
the adsorption isotherms may be expressed as:
{Mg(Sfc)2}

a+

<Mg>1;

(1)

(CEC)

+

where {Mg(Sfc)2} represent the number of moles of Mg covering surface sites per 100

grams of solid phase, {CEC} is the total cation exchange capacity, also in moles per

100 grams, a and

are empirical adsorption constants, and <Mg> is the free

dissolved Mg concentration in mmol/liter in equilibrium with the solid phases. The free

Mg-ion concentration for each particular pore water composition may be calculated
using the M]NEQL program developed by Westall et al. (1976). Equation 1 shows that
an increase in the CEC of the sediments will result in a higher level of Mg adsorbed onto

the combined surfaces of the solid sediment particles. The total dissolved Mg, <Mg>,
in equilibrium with the system may be calculated by an iterative approach to the
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FIGURE IV-9: Downcore distibutions of dissolved Mg measured in the pore water

(open symbols) and predicted by the model that includes desorption of Mg due to
changes in the CEC of the sediments (closed symbols).
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equation (2), as described in Chapter III.

= ([Mg]0 - {Mg(Sfc)2} p 5)
In this equation [Mg]

-1

(2)

represents the "total reactive magnesium", i.e. the

dissolved and adsorbed species, and it does not include any Mg fixed in mineral
phases.

Figure IV-9 shows the depth distributions of the predicted dissolved Mg
concentrations as closed symbols using the multi-component model with the actual pore

water compositions --particularly TCO2 and SO4-- and the measured CEC of the
sediment at each depth. The measured Mg values are indicated by open symbols; the
agreement between simulated and measured Mg-distributions is quite good. Previously

we had shown (Chapter III) that ion-exchange and sorption/desorption reactions
responding to changes in the free Mg concentration may explain the excess of total

dissolved Mg observed in various sedimentary environments. However, since that
model assumed a constant CEC downcore, it failed to predict the Mg-deficit. As a
refmement, incorporating the diagenetic increase in the CEC of the sediments into the

model (Figure IV-9), it now readily explains the negative anomaly in the dissolved
magnesium profiles evident during the very early stages of anoxic diagenesis.
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CHAPTER V
MAGNESIUM ADSORPTION IN MARINE SEDIMENTS AND
ITS ROLE IN AUTHIGENIC DOLOMITE FORMATION
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ABSTRACT

Dolomitization in organic-rich continental margin sediments experiences an initial

stage during which Mg transport is by direct diffusional flux from the overlying
seawater, followed by further crystal growth via Mg-uptake from labile sedimentary

pools. The latter process is important below a critical depth Zd, where diffussional

communication with bottom water ceases. The sedimentary pool comprises the
dissolved Mg resulting from seawater burial, as well as the exchangeable Mg adsorbed
onto surfaces of clays and oganic matter. The potential contribution from adsorbed Mg

varies from 30 to 100% of the total amount necessary to account for the dolomite now
present in the Monterey Formation, the Gulf of California and the Lima Basin rocks and

sediments. The magnesium removal from solid surfaces occurs via two mechanisms:
desorption in response to a reduction in the dissolved Mg concentration, and exchange

with aminonjum ions. For the sediments of DSDP Sites 478 and 479 in the Gulf of
California, we show that the Mg contribution to the newly formed dolomite from tail the
surface reactions is similar in magnitude to the Mg removed from the dissolved Mg pool

buried in pore waters. Furthermore, our results demonstrate that the desorption of Mg
from exchange sites is the prefered mechanism for removal, rather than the previously
suggested NH4-exchange reaction.

Integrated values for the Mg contribution show that while at DSDP Site 478
dolomitization occurs in a closed system with respect to the overlying seawater, and
thus Mg is largely mobilized from within the sediment reservoir, at DSDP Site 479 the

Mg supplied by the sediment reservoirs can account for only 50% of that tied up in the
dolomite present. Therefore, at this site the remaining 50% must have been supplied by

diffussion from the overlying seawater. Dolomitization at this site was apparently an
early diagenetic process occurring near the sediment/water interface.

iw'

The combination of sources for Mg from seawater and the sediment reservoirs
for the dolomitization in organic-rich continental margins, agrees better with the field

evidence for the depth distribution of dolomite, than the previous models which
restricted Mg-supply to seawater only.
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INTRODUCTION

Dolomite formation has traditionally been one of the least understood problems
in the geochemistry of carbonate sediments. The work of Baker and Kastner (1981) is

an important breacktrough in this area as it presents evidence on chemical controls of

the dolomitization reaction. Their findings on the effective inhibition of calcite
dolomitization by sulfate ions, explains why dolomite is rare in deep sea calcareous
environments, even though this mineral has been shown to be the thermodynamically

stable phase in seawater (Bathurst, 1975, Wigley and Plummer, 1976, Carpenter,
1980). In organic-rich marine sediments, microbial sulfate reduction results in an
environment depleted in sulfate, and thus favorable for dolomitization.

In anaerobic environments devoid of sulfate, but containing organic matter,
methane production becomes the dominant mechanism for the degradation of organic

carbon (Kaplan, 1974; Reeburg and Heggie, 1977; Whiticar et al., 1987). Recently it

was shown that oxidation of methane by sulfate reduction occurs at the base of the
sulfate reduction zone in various anoxic environments (Martens and Berner, 1974,
Iversen and Jorgensen, 1985, Devol, 1983). Methane oxidation effects the alkalinity
(von Breymann and Suess, 1987) and this reaction results in an increase in the pH of
the pore water. This will enhance carbonate precipitation, particularly at the base of the

sulfate reduction zone. Thus, organic rich sediments devoid of sulfate and with
dissolved high alkalinity levels are an optimal environment for dolomite formation.

Baker and Burns (1985) have compiled a review of the sedimentary
environments from DSDP sites where early diagenetic dolomite has been reported. The

most common environment for the formation of this mineral seems to be an
organic-rich, calcareous continental margin setting. These authors also concluded that

authigenic precipitation in young sediments presently occurrs via an intermediate

:0

stoichiomeiric reaction whereby about half of the carbonate is supplied by dissolution

of precursor calcium carbonate, and the other by the TCO2 from organic carbon
oxidation.
Isotope studies have been used to trace the origin of the carbonates of dolomites
and calcite cements to an organic sources as in the Kimmeridge Clay of Dorset (Irwin,

1980), the Monterey Formation (Garrison et al., 1984), the Gulf of California (Keltz

and McKenzie, 1982), the Peru Margin (Suess et al, 1987) and the Oregon margin
(Kuim et al., 1986). All of these occurrences are associated with typical hemipelagic

sediments rich in organic carbon. According to Irwin et al. (1977), two microbial
processes degrade organic matter in sediments, each operating at different depths:
bacterial sulfate at shallow burial reduction produces an isotopically light TCO2, while
methanogenesis at deep burial depths results in a heavy isotope signal of the carbonate

ions.
There remains however, the question of the source and transport mechanisms for
the magnesium ions during dolomitization. Compton and Siever (1986) have concluded

that diffussion from bottom water can account for the necessary magnesium of a large

amount of dolomite, such as in the Monterey Formation, if it formed rapidly in the

uppermost 100 m of sediment. On the other hand, Friedman and Murata (1979)
concluded that in a closed system dissolved magnesium could account for only 33% of

the dolomite present in the Monterey Formation by consuming buried pore water
magnesium. Based on Mg pore water data from DSDP sites Baker and Burns (1985)
confirmed that burial of seawater during sediment accumulation, and diffussion from
overlying seawater are likely the major sources of magnesium, however they noted that

adsorbed magnesium may potentially be important. Compton and Siever (1986) also
recognize the possibility of a contribution of magnesium from the exchange positions of

the clay surfaces by exchange with ammonium ions. The release of magnesium from
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exchange sites had also been suggested earlier as a source for this cation in authigenic
dolomite formation by Kalhe (1965), McHarge and Price (1982) and Baker and Kastner

(1981). However, since exchange parameters for a quantitative assesment of the
magnesium behavior were not yet available at this time, ion exchange has not seriously
been considered in any of the dolomitization models so far.

Here we examine the dolomitzation process in Holocene cores recovered by the

Deep Sea Drilling Project (DSDP) primarly because we have obtained the exchange

parameters which had been lacking (Chapters I, II and Ill). First we will address the
question of whether dolomitization of hemipelagic sediments occurs in an open or in a

closed system with respect to the overlying seawater. Then, we will determine the

extent of the magnesium adsorbed to the solid particle surfaces as a possible
complementary source to the dissolved magnesium pool normally buried with the

sediment. We will proceed by quantifying the adsorbed magnesium pooi and the

magnesium desorption mechanisms, and by comparing the magnitude of the
labile-adsorbed reservoir with the dissolved magnesium pool and with the total Mg
necessary to account for the observed dolomite distribution in these eight DSDP holes.

IS DOLOMITIZATION TAKING PLACE IN AN OPEN OR A
CLOSED SYSTEM?

Two approaches may be taken to determine whether diffussion from the
overlying seawater is the major mechanism suppling magnesium to the dolomitization
sites: (a) by analyzing the dissolved magnesium distribution in the pore water, and (b)

by comparing the shallowest depth in the sediments at which dolomite crystals have

been reported, with the maximum depth to which there could possibly be any
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diffussional transport from the overlying seawater. In this section we analyze the open

vs. closed dolomitization question via these two approaches and using available
sediment and pore water data from various DSDP sites.

Evidence for magnesium transport from pore water distributions

The dissolved magnesium distribution may be used to evaluate the mechanisms
for the mobilization of this cation in any given sedimentary environment. It is important

to note that depletions in the dissolved Mg may arise from various reactions besides
dolomitization, as it has been accepted that reactions at the sediment-basalt interface

(McDuff and Gieskes, 1976; Thompson, 1978), as well as early diagenetic reactions
(Chapter IV) consume Mg. The DSDP sites used in this study were selected in areas

where dolomitzation is known to be occur, and thus we assume this to be the main
process consuming Mg in the deep sections of the cores. The selected sites, as well as
the data sources utilized for such an evaluation are summarized in Table V-i. At these

sites, the anomaly of pore water magnesium from that of normal seawater has been
calculated using chiorosity values and the oceanic seawater Mg/Cl molar ratio of 0.0968

(Millero, 1974). The difference between this value and the measured Mg in the pore

water , <Mg>

for the selected DSDP sites is shown in Figures V-la and V-lb.

The type of distribution shown in Figure Ia for DSDP Sites 262, 478 and 479, indicates
that at these sites a reactive transfer of magnesium involving internal sources and sinks

must have taken place because ionic diffussion from the overlying seawater cannot
transport Mg past the maxima. These maxima act as barriers to any diffussional Mg
transport from above, and thus below this depth, the dolomite crystal must grow in a

system closed relative to seawater Mg. The mechanisms leading to the positive and

Table V-i Location and data sources for the DSDP sites used to evaluate Mg-transfer

DSDP site

Location

Sources

147

Cariaco Basin

Hay and Beaudry, 1973; Edgaret al, 1973; Gieskes, 1973
Fan et al., 1973; Sayles et a!, 1973.

262

Timor Trough

Cook, 1974; Veevers, 1974; Robinson et al., 1974

467

California Borderland

Burky, 1981; Gieskes etal., 1981; Yeats et al.,1981;
Pisciotto and Mahoney, 1981.

475

Gulf of California

478

Gulf of California

479

Gulf of California

532

Angola Basin

Gieskes et aL, 1984; Hay et aL, 1984; Gardner et al., 1984

533

Blake Ridge

Moullade, 1983; Matsumoto, 1983; Lancellot and Ewing,
1982; Claypool and Threlkeld, 1983.

Keltz and McKenzie, 1982; Gieskes et al., 1982;
Einsele and Keltz, 1982.
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FIGURE V-la: Depth distribution of the dissolved magnesium anomaly relative to
seawater, for selected DSDP sites with an intermediate magnesium maxima.
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negative Mg-anomalies have been thoroughly discussed in the previous chapters, where

we have shown there exists magnesium transfer to and from the solid phases via

ion-exchange equilibria, in the following sections we evaluate the extent of this

isochemical transfer (i.e. within a closed system) of magnesium relative to the
diffussional transport of the dissolved ion from seawater.

Diffussional transport of Mg from seawater relative to the depth of dolomitization

The depths into the sediment to which a diffussional communication with the
overlying seawater exists is related to the rate at which the sediment-water interface

moves upward. Gieskes (1975) showed how to calculate this depth at which the
sediment becomes essentially closed to diffussional communication with seawater (Zd),

by comparing the path across which any original concentration gradient would be
eliminated by more than 90%, with the thickness of an accumulated layer in a given
time.

Zd =

D5/O)

(1)

where D5 is the coefficient for magnesium diffussion in marine sediments, and 0) is the

sedimentation rate. Using the results of McDuff and Gieskes (1976), Compton and

Siever (1986) showed the diffussional constant for magnesium D5, to be a linear
function of sediment depth, with an average value of 3 x 10-6 cm2/s. We have used this

value to calculate the depth Zd in various sedimentary environments where authigenic
dolomites have been reported (Table V-2). This calculation does not consider the effect

of upward advection, and thus gives the maximum depths at which dolomite may form

Table V-2: Maximum sediment depth (Zd) to which diffussional communication is possible with
overlying seawater, using a value for the magnesium diffussion constant of 35 * 10-6
cm2/s.

DSDP Site

Sedimentation rate
(cm/Kyr)

Zd
(m)

100

11

190

50
40

22

88

27

15

262
467

15

60

260

8

137

148

533

8

137

2

532
475

5

220
220

100
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479
147

5

Shallowest dolomitization

observed (m)

160

-.1

11:1:]

FIGURE V-2. Dissolved magnesium (solid lines) and sulfate (dashed lines) profiles for

selected DSDP sites. For each site the maximum depth to which there is diffussional
communication with the overlying seawater (Zd) is represented by a horizontal line. The
depths at which dolomite has been reported are also indicated.
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consuming magnesium supplied by direct diffussional flux from seawater. When the
dolomite horizon "sinks" below this level, due to the upward moving sediment-water
interface, it will be shut off from the magnesium supply of the overlying seawater. At

this point any further crystal growth will consume magnesium available in reservoirs
within the sediments.

Figure V-2 shows the results of such calculation and the occurrence of dolomite
for the eight DSDP sites. It allows us to decide whether the dolomite is being formed in

an open or a closed system at each site. When the magnesium concentration reaches its
asymptotic value above the critical communication depth Zd, it can safely be stated that

all the magnesium consumed in dolomitization (or other reactions) is provided by the

seawater reservoir. A very good example for this case is DSDP Site 532, where the
shallowest reported dolomite lies well above the critical Zd cut-off depth and there is no

barrier in the form of a dissolved Mg-maximum, against diffusional transport. On the
other hand, DSDP Site 478 is an example of dolomite formation where Mg consumption
appears totally at the expense of magnesium supplied by the sedimentary reservoirs. At

this site the upper boundary for diffussive magnesium flux is at approximately 11 m

sub-bottom (Table V-2), clearly above the zone of dolomite formation and a
Mg-maximum at depths >100 mbsf hinders downward flux. The dissolved magnesium

remains constant and close to normal seawater content down to this depth and well
below the Zd-depth. Additional magnesium released from the sediment solid surfaces,
responding to changes in the composition of the pore water matrix (Chapter ifi), acts as

a barrier against downward diffussion. Thus, if the calcium and carbonate ions are not
limiting the dolomite growth, the extent of doloniitization at this site will depend entirely

on the magnesium mobilized from the sedimentary reservoir. The relative contribution
of magnesium from each pool will be evaluated in the next section. DSDP Sites 479 and

262 are two other cases were the dissolved magnesium maxima at intermediate depths
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act as barriers to diffussion from seawater. In these cases, the maxima lie near the Zd
depth, suggesting that current dolomite growth -- if any -- is supported by magnesium

from the sediment reservoir. This is consistent with the observations of Compton and
Siever (1986), who concluded that the low pore water Mg-gradient at DSDP Site 479
reflects lack of dolomite precipitation at shallow burial depths at the present time.

In summary, then, it appears that at these three sites the dolomite growth
experiences two stages and consumes Mg from two sources: an early stage of growth

with an initial flux of magnesium from seawater, followed by a continuation of the
crystal growth below Zd with uptake of magnesium from the labile sedimentary pools.

Perhaps this is a general phenomenon in the dolomitization process of organic-rich
continental margin sediments.

LABILE MAGNESIUM RESERVOIRS

Potential magnesium sources for diagenetic dolomites have been evaluated by
Compton and Siever (1986), and Baker and Burns (1985) who concluded that, except

for the unassesed contribution from ionic exchange on clay surfaces, diffussion from
overlying seawater is the only major source of this cation. In this section we compare

the magnesium fraction adsorbed to solid sediment surfaces

(TEM)

to the total

magnesium required for dolomite formation in several environments, represented by

examples from the Monterey Formation, the Lima Basin and the Gulf of California.
Then we evaluate the mechanisms leading to the displacement of magnesium from solid

surfaces, and compare the magnitude of this labile magnesium pool to the dissolved
magnesium buried in the pore water reservoir during sediment accumulation.

From a study of porosity, grain density, weight percent dolomite, and mole
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percent of magnesium in dolomite samples of lithologies from the Monterey Formation,

Compton and Siever (1986) estimated that approximately 8050 moles of magnesium

are required to form an average 1-rn3 of uncompacted dolostone. Our results from
previous investigations (Chapters II and III) indicate that for sedimentary solid surfaces

in equilibrium with a seawater matrix, the amount of adsorbed magnesium

(TEM)

conesponds to 40% of the sediments' total cation exchange capacity (CEC) expressed in

meq/lOOg. Typical values for the CEC of sediments in the Lima Basin, the Gulf of

California (Chapter ifi) and the Monterey Formation (Compton and Siever, 1986)
range from 20 to 25 mmol/ 100 g. Thus, a total exchangeable magnesium

(TEM)

value

of approximately 5 mmol per 100 g can be used in a general mass balance for the
sediments of these areas. This implies that in order to obtain the estimated 8 mmol of

Mg per cubic centimeter of dolostone, the adsorbed magnesium of a volume of

uncompacted would have to had been released. The approximate volume of
uncompacted shale (Vs) is given by:

Vs=

x

x
cc dolostone

icc shale

lOOg dry sediment

8.05 mrnolMg

5mmol Mg

= 322

(2)

0.5 g /cc shale

This estimate implies that for a sediment with a CEC of 20-25 meq/lOOg, the adsorbed
Mg can account for only 0.3 cc of dolomite per 100 cc of shale.

We have used the mass balance approach of Compton and Siever (1986) for the

Monterey Formation to compare the extent of the adsorbed Mg reservoir to the total
magnesium required to account for the reported dolomite in these areas. The data used
for the Gulf of California was that reported by Keltz and McKenzie (1982). Based on a
velocity analysis of the multichanel seismic data compared to the carbonate velocities of

dredged samples, Kuim et al. (1984) estimate the present volume of dolostone in the

Table V-3: Estimates of total exchangeable magnesium available for dolomite formation

Location

Non-compacted'

% Mg available

vol % dolostone

in TEM reservoir

Source

Sisquoc/ Mt.Pedernales

0.35

77

1

Sisquoc/ Sweeney Rd
Gulf of California 479
Gulf of California 478
Lima Basin

1.0

25

1

1.0

30

2

0.05

100

2

0.5

28

3

'calculated by normalizing to sediment with 85% porosity (Compton and Siever, 1986)
k TEM = total exchangeable magnesium

Sources 1) Compton and Siever, 1986
2) Keltz and McKenzie, 1982
3) Kuim et al., 1984.
-&
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Lima basin to be 1 to 2% of the entire section; which is equivalent to a non-compacted
volume percent of dolostone of approximately 0.5%.

By comparing the total volume of non-compacted dolomite in the Monterey
Formation, the Gulf of California and the Lima Basin, with the potential contribution of

Mg from the TEM reservoir (Table V-3) we observe that it may account from 30 to
100% of the total Mg needed for dolomitization.

Mechanisms for displacing adsorbed Mg

Exchange with bacterially-produced ammonium has been suggested as a possible

mechanism for the release of labile magnesium from surface sites of marine sediments

in anoxic environments (Baker and Kastner, 1981; Compton and Siever, 1986; Baker

and Burns, 1985). Many estimates have been made on the importance of this
mechanism for dolomitization in the overall magnesium budget, however, no
quantitative evaluation of this process has been possible so far due to the lack of
appropiate constants for the magnesiun/ammonium exchange reactions. Recently, we
have developed a radiotracer technique usind 27Mg to empirically determine constants

for this reaction (Chapters I and II). By using these constants we can now evaluate the
contribution of the ion exchange process in the overall Mg budget.

Another mechanism whereby magnesium is released from the solid phases is that

triggered by a decrease in the dissolved magnesium concentration of the pore fluid and
concurent re-adjustment with the Mg adsorbed onto solid surfaces. These equilibria can

be described by adsorption isotherms (Stumm and Morgan, 19781; Bemer, 1980). In
our previous work (Chapter ifi) we have obtained adsorption isotherms for Mg using
sediments from various environments in equilibrium with a seawater matrix.
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Furthermore, we have shown this process to be rapid and reversible (Chapters I and
II). Thus, removal of dissolved magnesium from pore water during dolomitization will
trigger a rapid release of adsorbed Mg from the surface sites of solids.

Downcore variations in M labile pools

The magnesium available for dolomitization in a closed system consists of the
dissolved Mg from burial of seawater during sedimentation and the exchangeable Mg

adsorbed to the surfaces of solid sediment particles. The reactions among these
reservoirs are shown schematically in Figure V-3. The amount of magnesium which
may potentially be incorporated into dolomite from each of these reservoirs changes

continually with depth due to compaction -resulting from loss of water- and due to
diagenetic alteration of the sediments. For the purpose of comparing the burial effect on

these reservoirs, we will assume a sediment layer whose composition remains constant
with depth, except for changes in its net bulk density and porosity.

We have chosen two sediment samples from DSDP Sites 478 and 479 within

which dolomite is known to occur, to study their behavior with respect to Mg
adsorption/desorption and NH4-exchange equilibria. The methods employed to obtain

the empirical parameters from adsorption isotherms and ion exchange reactions are
described in Chapters I, II and ifi. The samples used were kindly provided by Dr. Joris

Gieskes, S.I.O. The downcore porosity and density changes for these DSDP sites were
described by Einsele and Keltz (1982), and the interstitial water distributions used were

those reported by Gieskes et al. (1982).

To compare the downcore variations of the Mg reservoirs shown in Figure V-3,

it is necessary to express the concentrations in terms of moles per volume of wet
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LABILE MAGNESIUM RESERVOIRS

MAGNESIUM IN SOLUTION 1

1

ADSORBED MAGNESIUM
[TEMJ

[Mg]p

ION EXchANGE REACTIONS

[Mg]4

Mg + 2 NR4

+ Mg2

SORPTION/DESORPTION REAC11ONS

[Mg]5
xMg +

MgMg depLedporewaLer

FIGURE V-3: Labile magnesium reservoirs within the sediment column, and the
possible mechanisms for displacing adsorbed magnesium.

sediment. For this comparison we have defined the two Mg labile pools in the sediment
colunm as follows:

a) [iMgjp

as the dissolved magnesium contributed from the pore water, and

b) [TEM}, the total exchangeable magnesium potentially released by one or both

of the two mechanisms:

b1) desorption from the surfaces in response to a reduction in the
dissolved Mg concentration; this will be represented by [AMg],
and,

b2) by exchange with ammonium, which will be represented by

[AMg]4
The amount of Mg removed from the dissolved pool <AMg>p
estimated by substrating the measured Mg in the porewater <Mg>p

may be

from the normal

seawater magnesium, calculated from the chiorosity values (Figure V-i). The sediment

porosity () is then used to convert the changes in millimolar concentration to units of
mmol per liter of wet sediment, i.e.,

[AMg]p

= <AMg>p

*

(3)

The total amount of Mg adsorbed to the sediment surface at any depth, will be a

function of both the free Mg ions in solution and any other ions thay might be
competing for surface sites, namely NH4 in anoxic sediments. In our previous studies
(Chapter III) we have shown that the amount of adsorbed Mg in equilibrium with the
free Mg-ion concentration, at zero ammonium is:

f

CEC }

<Mg>

(Mg(Sfc)2)4..0 =

(4)

a+
The free ion concentration <Mg> for each particular pore water composition
was calculated using the program MINEQL (Westall et al., 1976) as described in Chapter

ifi. The cation exchange capacity (cEc) and the empirical adsorption parameters (a and
were determined for selected samples using the methods described in Chapters I and

ilL These values are listed in Tables V-4 and V-S. The amonut of Mg removed from

the solid surfaces at each depth, can be estimated from comparison with the total
exchangeable magnesium (TEM) according to the next equation:

[Mg]

= (TEM (Mg(Sfc)2}4) * p *

(5)

where p is the dry bulk density in g/cc.

The contribution of adsorbed Mg that could be released by ammonium exchange
can be calculated using the relationship obtained in Chapter flI:

[AMg]4 = <NH4>F (Kcofld,JW {CEC ){Mg(Sfc)2) / (2 <Mg>)) 1t2

where <NH4>F is the free ammonium concentration and

(6)

is the conditional

exchange constant for the Mg/NH4 exchange equilibria.

The results of these calculations are summarized in Tables V-4 and V-5. Figure
V-4 is a schematic representation of the downcore variation in the Mg labile reservoirs

for DSDP Sites 478 and 479. There is an excess in the observed dissolved magnesium

Table V-4: Labile reservoirs of magnesium and their downcore variation in a closed
system for DSDP Site 478.

Depth

Porosity

m

g/cc

3

100
178
187
248
253

0.89
0.80
0.68
0.67
0.65
0.65

Depth

m

<Mg>
mM

<Mg>
mM

0.40
0.53

52.4
52.4
48.0
41.4
23.7

0.81

0.86
0.93
0.93

18.7

<NH4>D

mM

mmol/L

9.7

0.0
0.2

9.6
9.3

1.5

8.5

5.2
16.4
20.7

6.2
5.3

[.Mg]

4}j4

[L\Mg]

mM

mmol/L

mmol/L

0.03
0.46
0.86
0.91
0.59
0.54

0.2
0.5
-3.2
-6.1
-18.7
-22.1

100
178
187

0.9
8.9

0.02
0.17

10.8
10.5

248
253

5.9
5.3

0.21
0.21
0.13

3

mmol/L

45.1
44.5
42.3
36.5
23.1
18.7

{NH4(Sfc))

[EMg]

(Mg(Sfc)2}4

0.12

0
0

Table Y-5 : Labile reservoirs of magnesium and their downcore variation ma closed
system for DSDP Site 479

Depth

Porosity

m

1

14

34
55
110
188

245
330
360
395

<Mg>
mM

meq/lOOg

[1"Ig]DEs
mmol/L

0.36
0.54
0.63
0.72
0.98

52.2
53.8
54.9
39.6
28.0

7.8

0.4

1.14
1.14
1.14
1.14
1.14

17.4
16.7
14.5
12.7
12.5

46.1
41.9
41.5
33.7
23.8
15.7
15.5
13.7
12.0
12.0

3.8
3.5
3.5

gfcc

0.89
0.84
0.78
0.73
0.68
0.68
0.68
0.68
0.68
0.68

(Mg(Sfc)2)4...0

<Mg>
mM

P dry

7.4
7.4

1.5
1.8

6.7
5.5

4.7
12.2

4.2
4.2

21.6
21.8
23.8
25.9
25.9

I')

0

Table V-5 (continued)

(NH4(Sfc)}

[Mg1 N}i4

mM

meq/lOOg

mmol/L

1.3

0.03
0.25
0.24
0.38
0.59
0.79
0.78
0.69
0.74
0.58

0.06
0.67
0.75

0

1.36
2.89

-8.3

Depth

m
1

14

34
55
110
188

245
330
360
395

10.0
9.6
14.5
20.9
26.0
25.6
22.4
23.6
18.6

4.49
4.43
3.95
4.23
3.33

[tMgJ p
mmol/L

1.7

2.2
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FIGURE V-4. Downcore variation in the magnesium consumed form two reservoirs
(buried pore water and sorbed magnesium) during dolomitization at two DSDP sites,
assuming a closed system. Any Mg removed, from either the buried pore water or from
solid surfaces is represented as a negative value.
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concentration [LMg

at shallower depths. This dissolved Mg has been released from

the solid sediment surfaces in response to an increase in the total ligand concentration,

which diminishes the fraction of Mg present as the free ions. The effect of this

desorption has been simulated by the model and is listed in the columns under

and [AMg]4. Downcore, below this positive Mg anomaly, Mg is
consumed by dolomitization or basalt alteration processes. The Mg contributed from

each reservoir to the newly formed dolomite is represented by the heights of the

respective columns in Figure V-4. It is evident that for a closed system, the Mg
contributed from surface reactions ([AMg}

+ {AMg]4) is comparable in

magnitude to that removed from the dissolved pore water pool and, furthermore,

desorption of Mg from exchange sites, [AMg], --triggered by the decrease in
dissolved Mg concentration-- is the main mechanism removing the adsorbed Mg, rather
than the previously suggested NH4-exchange reaction.

Are the sedimentary Mg reservoirs large enough to account for the observed dolomite
formation?

The magnitude of the Mg consumed by dolomitization in a closed system may be
compared with the total Mg needed to account for all the dolomite present in DSDP Sites

478 and 479. Table V-6 shows the integrated values for the Mg contribution from the
sediment reservoir at each site. We have used the value of 8 mmol per cc of dolostone
calculated by Compton and Siever (1986) for the Monterey Formation, and the data of

Keltz and McKenzie (1982) for the volume of non-compacted (4=0.85) dolostone at

these sites

.

These results show that in the case of DSDP Site 478, the Mg in the

sediment column is more than sufficient to account for all of the observed dolomite.
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Table V-6. Integrated values for Mg contributions in a closed system, normalized to an
unconsolidated sediment (4 = 0.85).

[AMg]4
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mmol/L
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This, plus the pore water Mg distribution, and the lack of diffussional Mg supply from
the bottom water, stated above (Figures V-i and V-2), give strong evidence that for this

site dolomitization occurs in a closed system, consuming Mg exclusively from the
sediment reservoirs. For DSDP 479, however, the Mg supplied by the sediment
reservoirs constitute only 50% of the Mg needed, suggesting that in this case, diffusion

of Mg from the overlying seawater provided the other hail during the early stages of

crystal growth (Figure V-5). Even when present-day conditions at this site indicate
absence of dolomite precipitation at shallow depths (Figure V-2, and Compton and

Siever, 1986), our mass-balance calculations imply that conditions in the past
required that dolomite formed near the sediment/water interface.

MAGNESIUM TRANSPORT MECHANISMS

Compton and Siever (1986) have used a general diagenetic equation to calculate
values for the dolomite growth rate in various environments. They claim, however, that

the Mg is supplied to the growing crystal exclusively by a flux from the sediment
seawater interface, and so concluded that the dolomite must be forming within the first
100 m below the seafloor. This might be the cases in some continental margin settings,

for example DSDP Site 532 (Figure V-2) however, pore water profiles with a
subsurface Mg maximum (Figure V-i) indicate that the Mg-flux may originate in some
instances at an upper boundary different than the sediment-water interface. Diffussion is

still operating, as dolomitization results in concentration gradients, and it is still the rate

determining step for crystal growth; however we have shown that the Mg source is not

exclusively the overlying seawater, but a considerable fraction of the Mg originates
from within the sedimentary reservoir. Both dissolved and adsorbed Mg will contribute

simultaneously to the dolomite growth, since any decrease in the dissolved Mg will
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result in a release of the adsorbed fraction. This combination of seawater/sedimentary
Mg sources agrees better with the field evidence for the depth distribution of dolomite,

than the previous models which restricted dolomite formation to the upper sediment
layers where communication with bottom water is possible. Even when the formation

of individual dolomite crystals may begin very early during diagenesis, the isotopic
evidence suggests that most of the disseminated dolomite, beds and concretions form at

depths from tens to hundreds of meters below the seafloor (Garrison et al., 1984).

Such a scenario can easily be accomodated by the mobilization of the reactive
Mg-reservoir as shown by our simulation of the surface reactions: desorption and ion
exchange.
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