
Geochimicn d Cosmochimica Ada Vol. 54, pp. 3295-3313 
Copyright Q 1990 F%rgamon F'rex plc. Printed in U.S.A. 

0016-7037/90/$3.00 + .OO 

Magnesium adsorption and ion exchange in marine sediments: A multi-component model 

MARTAT.VONBREYMANN,'ROBERTCOLLIER,' and ERWINSUE&*~ 

‘Ocean Drilling Program, Texas A&M University, College Station, TX 77840, USA 
vollege of Oceanography, Oregon State University, CorvaUis, OR 97331, USA 

‘GEOMAR Research Center, D23 Kiel 14, Gemxxny 

(Received November 22, 1988; accepted in revised form August 2 1, 1990) 

Abstract-The observed distribution of dissolved magnesium in the pore water of rapidly accumulating 
sediments shows significant deviations from the seawater value. We have shown that deviations during 
early diagenesis can be explained by reactions occurring at the surface of sediment particles. 

In anoxic pore water environments with high levels of dissolved total carbon dioxide the formation of 
Mg+2 -CO;’ complexes significantly reduces the concentration of the free Mg+’ ion. This decrease in 
the Mg+* activity results in desorption of magnesium from the solid surfaces due to the re-equilibration 
of the adsorbed Mg+’ with the dissolved species. The effect of increasing carbonate complexation of Mg+2 
in anoxic environments is initially compensated by the loss of sulfate, which is also a strong Mg+* l&and. 
Therefore, significant changes in free Mg+2 concentration and thus in the magnesium desorption from 
solid surfaces by ligand competition for Mgt2 are more pronounced in sulfatedepleted 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 accu- 
mulation of high levels of ammonium ions which also displace Mg+2 from sediment-particle surfaces by 
ion exchange. These equilibria in the pore water-sediment systems can be described by empirical param- 
eters, which were experimentally obtained. A computer model was used to determine the equilibrium 
conditions for solid-solution reactions as a function of changes in the pore-water composition in organic- 
rich hemipelagic environments. This model includes complex formation, competition for Mg+’ between 
dissolved ligands and exchange sites, and Mg*‘/NH: exchange reactions. The relative proportion of 
desorbed and displaced Mg+’ from the solid surface depends on the characteristics of the sediment and 
on the ZCOz:NH: regenerative ratio in the pore waters. 

In sediments from Bransfield Strait, the Gulf of California, and the Peru margin, both release mechanisms 
for Mg”-l&and competition and ion exchange with ammonium-were evaluated as part of the complex 
reaction system in order to explain the observed maxima in the dissolved magnesium profiles. Overlying 
the Mg+’ maxima, the Bransfield Strait and Gulf of California pore waters show minima in the dissolved 
magnesium concentration, concurrent with a measured increase in the cation exchange capacity (CEC) 
of the sediments. By including the observed CEC changes in the multi-component model we show that 
the negative anomaly in the dissolved Mg+’ profiles is a consequence of changes in the CEC of sediments 
during the very early stages of anoxic diagenesis. 

INTRODUCTION 

POREWATERSOFCONTINENTAL marginsedimentsshowsig- 
nificant deviations in the dissolved Mgi2 concentrations rel- 
ative to the seawater values. Depletions in the dissolved Mg+’ 
of pore water during early diagenesis have been reported from 
various marine environments. DREVER ( 197 la,b) observed 
Mg+2 removal from the anoxic interstitial waters of Banderas 
Bay, Mexico. He suggested that the uptake was the result of 
Mg-for-Fe replacement in the non-exchangeable positions of 
clay minerals. SHOLKOVITZ ( 1973) observed similar deple- 
tions of interstitial dissolved Mg+2 in the sediments of Santa 
Barbara basin and, on the basis of an alkalinity model, con- 
cluded that the Mg+’ removal was due to a diagenetic increase 
in the cation uptake capacity of the clay minerals. Below the 
zone of Mg+2 depletion, pore water profiles at various DSDP 
and ODP sites show maxima in the dissolved concentration 
ofthis cation.G1~s~setal.(1982),Moo~~ and GIESKES 
(1980),C~K(1974),andSu~etal.(1987)haveattributed 
these maxima to release. of magnesium by ammonium ex- 
change. 

Our objective is to determine the mechanisms leading to 

the observed Mg+2 minima and maxima in the pore water 
profiles. For this purpose we have previously determined 
conditional equilibrium constants for the Mg+‘-NH: ex- 
change reactions involving bulk sediments and several geo- 
chemical phases equilibrated in a Seawater matrix (VON 

BREYMANN and SUES& 1988). However, before empirical 
constants can be applied to model the sediment-pore water 
systems, we must evaluate the effect that a deviation of the 
pore water composition from seawater would have on the 
speciation of magnesium. 

Although in any electrolyte solution there is continual in- 
teraction of ions, in seawater and pore waters the high ionic 
strength and increase in the interaction potential between 
ions lead to the formation of particularly stable association 
complexes. The extent of these ion-associations significantly 
affects the overall solution properties, since chemical equi- 
libria, including adsorption and ion exchange, depend on the 
fraction of free ionic species (i.e., activity), rather than on 
the total concentration of a component. 

Extensive work has been done with models of multi-ionic 
interaction in seawater ( GARREL~ and THOMSON, 1962; 

MILLERO, ~~~~;MILLERO and S~~~~t~~~,1982).Thecon- 
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centrations of NH:, SO;*, and CO:* in interstitial waters, 
however, deviate considerably from the composition of the 
overlying seawater. Interstitial waters at Site 479 in the Gulf 
of California ( GIESKES et al., 1982) are depleted in sulfate 
and strongly enriched in ZC02 (alkalinity = 75 mM) and 
ammonium (20 mM). MURRAY et al. ( 1978) and MARTENS 
et al. ( 1978 ) have reported alkalinity levels as high as 50 mM 
from pore waters in Saanich Inlet and Long Island Sound 
sediments. WHITICAR ( 1978) has measured alkalinities 
greater than 100 mM in Baltic Sea sediments, and SUESS et 
al. ( 1982) have reported values greater than 60 mM in 
Bransfield Strait sediments. Pore fluid samples recovered from 
Peru margin sediments during ODP Leg 112 showed alkalin- 
ities as high as 200 mM and ammonium concentrations 
reaching >60 mM (SUESS et al., 1988). Such high levels of 
dissolved carbonate in sulfate-devoid environments have a 
major effect on the speciation of Ca+* and Mg+* in the pore 
waters, since both cations form strong complexes with 
CO;* and SO;* anions ( MILLERO, 1974; PYTKOWICZ and 
HAWLEY, 1974; KESTNER and PYTKOWICZ, 1969). Changes 
in the free Mg+* concentration, due to sediment diagenesis, 
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. 

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, the relative metabolite concentration in interstitial 
waters of strongly anoxic sediments deviates from those pre- 
dicted by the stoichiometric models (SUES& 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 de- 
composition ( HARTMANN et al., 1973; BALZER, 1984), ad- 

0 2 4 6 a 

NH; (mmol/l) 

FIG. 1. Dissolved total carbon dioxide versus ammonia in the pore 
water of several hemipelagic sediments. 
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FIG. 2. Dissolved total carbon dioxide versus sulfate in the pore 
water of several hemipelagic sediments. 

ditional release of phosphate from inorganic sources (SUES& 
198 1)) and preferential nitrogen uptake by nitrification and 
denitrification reactions within the sediments ( BALZER, 
1984). Furthermore, during advanced diagenesis in strongly 
anoxic settings, BC02 may be removed by microbial methane 
formation ( WHITKAR et al., 1986) and by the precipitation 
of authigenic solid phases ( SUESS, 1979; SUESS et al., 1982). 
Figures 1 and 2 show data for dissolved total carbon dioxide, 
ammonia, and sulfate from several hemipelagic environ- 
ments. From these values we have selected as typical the 
XOz:SO;*:NH: molar ratios given by Eqns. ( 1) and (2): 

[X02] = 2.33 + 0.0943 [NH:] (1) 

[ ZC02] = 48.6 - 1.59 [SO;*]. (2) 

We chose these equations to represent the regenerative ra- 
tios in organic-rich sediments, and not as a statistical fit to 
the data. In this investigation we evaluate the effect of met- 
abolically induced changes in the ZCOa, SO;*, and NH: 
concentrations on the activity of the major seawater cations. 
To model the chemical equilibria in pore water, we use the 
computer program MINEQL (WESTALL et al., 1987) and 
concentrations for the ZC02 and SO;* ligands characteristic 
of hemipelagic environments. We then extend the model to 
include 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**- 
NH: exchange (VON BREYMANN and SUE%, 1988), assum- 
ing for this first case a constant cation exchange capacity 
(CEC) through the sediment column. The empirical exchange 
parameters are based on adsorption isotherms for Mg+* on 
sediments that describe these equilibria in a seawater matrix. 
With this model, we can quantify the effect of adsorption 
and ion exchange reactions on the distribution of dissolved 
Mg+*, particularly with respect to the observed dissolved ion 
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maxima. By incorporating changes in the CEC of the sedi- 

ments in the model, we can test the hypothesis that the shallow 
minimum in the dissolved Mg+* distribution results from 
changes in the CEC of the sediments during the very early 
stages of anoxic diagenesis. 

This type of analysis is essential to understand the geo- 
chemical behavior of Mg+* in marine sediments, and it pro- 
vides the necessary tools for including transport of Mg+*, 
resulting from ion exchange reactions, in its overall geo- 
chemical balance. 

MATERIALS AND METHODS 

Dissolved Phase 

The ion-speciation model MINEQL ( WESTALL et al., 1987) was 
used to calculate the chemical composition of pore waters at equi- 
librium. This program was developed to find the equilibrium com- 
position of complex aqueous systems by minimizing the Gibbs free 
energy of the system subject to a set of mass balance constant. 

A large set of association constants for complex formation in sea- 
water is available in the literature ( PYTKOWICZ and KESTER, 1969; 
PYTKO~ICZ and HAWLEY, 1974; DRYSSEN and HANSSON, 1973; 
ATLAS et al., 1976; JOHANSON and WEDBORG, 1979); however, the 
~m~sition of the pore fluids in highly reducing environment ex- 
hibits gross departures from that of seawater. To evaluate the effect 
of the solution chemistry on the association constants we have cal- 
culated activity coefficients for the main species present in the pore 
fluids and in seawater, using both extended DEBYE-HUCKEL and 
l%TZZR (PITTER, 1973) equations. The results of this exercise show 
that the constants calculated by the various models differ more among 
themselves than those calculated using the same equation but varying 
the system from seawater to pore water compositions. Changes in 
the composition of the medium from seawater to highly altered pore 
water changes the values for the association constants by less than 
1%. This is probably because there is no major change in the ionic 
strength of the medium even when there are significant differences 
in the composition of the fluids. 

MKLLERO and SCHRIEBER ( 1982) have reviewed and compiled 
values for the conditional association coned determined by seveml 
workefs. We have used these values to calculate the speciation of 

major ions in pore waters since they represent an internally consistent 
set of constants. 

Soid Phase 

We selected one sample from the Bransfield Strait basin, three 
samples from the Gulf of California, and one from the Peru margin 
to determine the empirical parameters that govern the Mg+* adsorp- 
tion equilibria in hemipelagic sediments. The location and description 
of the samples are listed in Table 1. The Bransfield Strait sample was 
recovered during Ff S Meteor Cruise #65, the samples from DSDP 
Sites 475,478, and 479 were kindly provided by Dr. Joris Gieskes 
and the sample from ODP Site 685 was obtained by E. Suess during 
drilling of Leg 112. 

We have used a radiotracer technique described by VON BREYMANN 
et al. ( 1988) to measure the total exchangeable magnesium in these 
sediment samples as well as in a commercially available smectite clay 
(Wards Natural Science). The method is based on the measurement 
of adsorbed Mg+* that resulted from the equilibration of the solid 
phase with a seawater medium spiked with “Mg+*. The samples 
were filtered through 45 cm Mill&ore@ filters, and the 27Mg+z activity 
on the solid surface was counted using the 843.8 KeV gamma ray in 
the well of a 3 X 3” Nal-detector coupled to a multichannel analyzer. 
Using a similar technique, adsorption isotherms were obtained by 
equilibrating the samples in a series of 27Mg+2 spiked seawater ma- 
trices, where the total dissolved magnesium concentration ranged 
from 10 to 60 mM. During all these experiments the temperature of 
the samples was maintained at 20 + 1 “C. 

A similar technique was used to estimate conditional equilibrium 
exchange constants for the Mg+* -NH: exchange reactions at constant 
a magnesium concentration (VON BREYMANN et al., I988 )_ The 
total cation exchange capacity (CEC) in these samples wasdetermined 
separately by exchange with ammonium chloride and measurement 
of the adsorbed ammonium in the solid phases. 

RESULTS 

Interstitial Water Metabolites and Ligand Concentration 

Typical changes in metabolite concentrations represented 
by Eqns. ( 1) and (2) were used to obtain the speciation of 
major cations in the pore waters using the MINEQL program 

TABLE 1. Location and ~~c~~ion of ihe strdimem samples used in the magnesium adsorption experiments. 

8101-278 
bmhrl) 

DSDP 475 
(153 &&I 

DSDP 418 
(158 mlmfl 

DSDP 479 
(34 mbsO 

Location 

62”165’ S 1950 
sE8.8’ w 

Gulf of caiifomia ZO”O3.OT N 2631 
109003.19’ w 

Gulf of califomia 27415.81’N 1889 
111’30.45’ w 

Gulf of Calif0mia 27’50.76’ N 747 
11197.49’ w 

Puu Mar&~ 9VfiisB’ s 5070 
80%01’ W 

DWip!h 

Dialomaceous muds and silty tuniiditcs. 
Dolomitic siltstones and doleridc silt 
intmsions berueen 188 and 260.2 

Unifwm hcmipelagic squcncc of 
hemipclagic muddy diatomacoeus ooze 
to mudsxmb with inVnsllated thin hard 
dolomite layers. 2 

Dia#omacatw muds IO d&inn bearing 
muchtones. with small c0mx.nmdons 
of auligcnic cpkito and dolomilc. 3 

1 Han, 1987: H&la, 1985. 
2 Curray and Moors 19S2. 
3 sucss Cf al.. 1987. 
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CaSe ro2 Nti+ so4-2 

1 2.8 0.26 28.5 

2 8.8 0.83 25.0 

3 14.1 2.33 15.0 

4 46.6 3.83 5.0 

5 48.6 4.58 0.0 

6 100.0 9.43 0.0 

7 150.0 14.1 0.0 

8 200.0 18.9 0.0 

with the association constants reported by MILLERO and 
SCHREIBER ( 1982). The results listed in Table 2 show no 
significant changes in ion pairing for Na+ or K+ (Fig. 3), 
which is not surprising since these cations exist mainly as 
free species in seawater. Mg+’ and Ca+2, on the other hand, 
form strong complexes with both CO T2 and SO;’ ions. Dur- 
ing the initial stages of decomposition of organic matter by 
sulfate reduction, the removal of sulfate coupled with the 
release of carbonate has opposite effects on the free ion con- 
centrations, so that changes in the activity of Mg+2 and Ca+2 
are insignificant in the sulfate-reducing zone (Fig. 4). After 
sulfate depletion, however, complexation by CO;’ becomes 
important in reducing the concentration of the free ion. For 
example, a concentration of 60 mM ZC02 decreases the free 
ion concentrations ofCa+2 and Mgi2 by approximately 15%. 

To illustrate the free Mg+2 distribution in natural envi- 
ronments, we have used the pore water data reported by 
GIESKES et al. ( 1982) and BRUMSACK and GIESKES ( 1983) 
for the Gulf of California, SUESS et al. ( 1982) for the Brans- 
field Strait, and SUERS et al. ( 1988) for the Peru margin. The 

results are shown in Fig. 5, in which the ammonium, sulfate, 
and dissolved magnesium profiles were constructed from 
published data. The ZC02 ion distributions were calculated 
using the pH and alkalinity data for these cores, together with 
the apparent dissociation constants for carbonic acid reported 
by MILLERO and SCHREIBER ( 1982). The deviation of pore 
water Mg+2 from the seawater value [ AMg+2]r+v was obtained 
by subtracting the Mg+’ contribution of seawater at normal 
salinity from the measured total dissolved magnesium in the 
pore waters. The total dissolved magnesium includes both 
the free Mg +2 ion and the magnesium complexed by pore 
water ligands. The free Mg+’ shown in Fig. 5 as a percentage 
of the total dissolved Mg+2 was obtained using the program 
MINEQL. 

It is of particular relevance to the understanding of the 
geochemical behavior of magnesium that the minima in the 
percent free Mg+’ at depth always coincide with the ZC02 
maxima below the sulfate-reducing zone. These minima seem 
also coincident with a maximum in the total dissolved Mg+2, 
as emphasized by the “Mg+2 -deviation” plots. We postulate 

TABLE 2b: Changes in Ihe specialion of major cations in a mc&l pore fluid resulting from diinecic changes in the 

meclboli~~ EMlMplptiorwBs given in TaMc ?a. In all cases k pH has been assumed constant ~17.7 units. 

Except for the columns listing pucentage of Ike ions. all conanhations are millii. 

Case Mg+z free ion MgSO4 MgCO3 Mg+* free(%) C&z free ion &SO4 C&03 CP2 free(%) 

1 48.8 5.3 0 85.0 9.2 1.1 0 89.3 
2 48.4 4.9 0.9 84.3 9.0 0.9 0.4 87.4 
3 47.9 2.9 3.9 83.4 8.8 0.9 0.6 85.4 
4 47.2 0.9 6.4 82.2 8.6 0.2 1.5 83.5 

5 47.0 0.0 7.6 81.9 8.5 0.0 1.8 82.5 

6 40.5 0.0 14.0 70.5 7.1 0.0 3.2 68.9 
7 35.7 0.0 19.0 62.2 6.0 0.0 4.3 58.2 

8 31.7 0.0 26.7 55.2 5.3 0.0 5.0 51.4 

Case Na+freeion Na.S04 N&O3 Na+ flee (%) K+ free ion K.SO4 K+fnx(%) 

I 473 9.2 0 97.9 

2 473 9.2 0 97.9 
3 475 5.8 0 98.2 
4 478 2.9 2.9 98.8 
5 477 0 6.8 98.6 
6 471 0 9.2 97.4 

7 465 0 14.0 %.l 

8 458 0 25.1 94.8 

11.0 0.2 

11.0 0.2 

Il.0 0.2 
11.2 0 
11.2 0 

11.2 0 
11.2 0 
11.2 0 

98.3 

98.3 
98.3 

lixl 
loo 

loo 
104 
loo 
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that the decrease in the free Mg+2 plays an important role in 
re-adjusting the Mg+2 adsorption equilibria and also affects 
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 subsequent sec- 
tions. 

Magneshrm Adsw@ion in Marine Sediments 

Cations adsorbed sohd surfaces are with 
their respective free concentrations, that 
changes the dissolved matrix will result 

the adsorbed ion 
can be parameterized 

STUMM and ~~ORGAN, 198 1; BERNER, 1980) In this section 
we report results obtained for an estimate of the total ex- 
changeable magnesium on various bulk sediments and the 
characteristic parameters of magnesium adsorption isotherms 
in equilihrium with a seawater matrix. This will allow us to 
quantify the response of the solid-solution system to changes 
in the free magnesium ion con~ntra~on. 

The total exchangeable rn~~~ (TEM) on the samr&s 

SO,-1 NH,+ X02 hnasion(%) 

tow (m (mM). 60 80 

F&i. 3. Variation of the percentage of major cations present as 
free ions resulting from changes in the pore water composition due 
to argauic matter diageneais. Carbonate and ammonia concentrations 
increase with progressive diagenesis, coupled with a depletion and 
eventual exhaustion sulfate ions. The depth ranges corresponding to 
these d&&v& cations vary significantly among hemipeiagk envi- 
ronments (Fig. 51, depending on the corresponding ~imen~tion 
rates and the organic carbon content of the sediments. 

rcoz Ca+t (mmoUl) su4*= NH4 

mf) 

28,5 

0 

xcu2 

OnM) 
- 0 

Mgrz (tomoUt) 
0 10 20 30 40 

SO,-' NH; IX202 Nn'(mmoU0 =OZ K* (mnmlil) 

hIhO0 2 4 6 8 10 12 (mM) mM) 
28.5 

20 40 60 80 
* . I ( 

4a*SO4 

free ion 

RG. 4. (a) Changes in the speeiation of Mg+’ and Ca+’ in pore fluids that resulted from diagenetic changes in the 
metabolite ~~n~~ons. fb) Changes in the speciation of Na’ and K’ in pore kids that resufted from diagenetic 
changes in the metabolite concentrations. 
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S04-2 (mM) 
0 15 30 

ml 

150 

dbolved Mg+g WI) 

Sod.2 (mM) NH4+ OnM) 

I 0 35 70 
0 

b 

dbdved Mg+2 (mM) AW2 @Ml 
a5 -20 0 20 40 M, 
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150 
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0 65 

!T 
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Fw. 5. (a) Downcore distributions of total dissolved CO2, NH:, SO;‘, and Mg”; Mg” deviations from the 
seawater value [ AMg l z Ipw; and bee Mg+* ion concentrations in the Peru margin, ODP Site 685. The dissolved Mg+* 
maxima coincides with very high CC02 values and with the corresponding decrease in free Mg” ions, as indicated by 
the arrows. Data for total dissolved constituents from Suess et al. ( 1988 ); free ion concentrations were calculated with 
MINEQL. (b) Same as(a)forODPSite 688(Peru margin). (c)Sameasabove for DSDP Site478 (GulfofCahfomia). 
Data for total dissolved constituents from Gieskes et al. ( 1982); free ion concentrations were calculated with MINEQL. 
(d) For DSDP Site 479 (Gulf of California). Data for total dissolved constituents from Gieskes et al. ( 1982); free ion 
concentrations were calculated with MINEQL. (e) For Bmnsfield Strait, Core #810 l-278. Data for total dissolved 
constituents from HAN ( 1987 1; free ion concentrations were calculated with MINEQL. 
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C X02 @Ml NH4+ (*I S04-2 (m&f) 
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dissolved Mg+2 (mM) AMp2 (mM) free Mg+’ (9b) 
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-2 
O 

100 
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ON 

100 

d x02 wa S04-2 (mM) NH4+ WW 
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100 

200 

depth 
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200 

0 

dissolved Mg+2 (mM) 

30 

mtF2 (mM) 

60 -20 -10 0 10 2( 

0 0 

depth 

(m) 

) 0 

freeMg+2(%) 

60 90 

0 

100 

200 n 

Fro. 5. (Continued) 

equilibrated in a seawater medium and their total cation ex- available exchange sites. This result was previously reported 
change capacity (CEC) are listed in Table 3. In all cases, for the kIg+2 adsorption on clays and undissolved humic 
when the sample has been equilibrated in a seawater matrix, acid (VON BREYMANN and SUESS, 1988), and implies that 
the magnesium occupies approximately 40% of the total samples with higher CEC will have a higher concentration 
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e DZ02 (mM) 

0 40 80 

0 

depth 
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depth 

(cm) 

diasoived Mg+s (mM) 
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500 

too0 

NH,+ (mM) SO,-2 (mM) 
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AMgz (mM) free MS;2 (‘k) 

0 80 
0 

500 

ii 

1000 l_!iz 

0 

Fro. 5. (Continued) 

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+’ concen- 
tration and the amount of adsorbed Mg+’ expressed as the 
fraction of the total cation exchange capacity (X,,) at con- 
stant temperature is plotted in a series of adsorption isotherms 
shown in Fig. 6. This approach is analogous to the theoretical 
Langmuir model that relates the activity of the dissolved spe- 
cies to the fraction of the total surface covered by this species 
( STUMM and MORC~AN, 1981; WERNER, 198O),so that 

a*IMg+21F 
XMg = @ + [Mg+‘]r (3) 

where [ Mg”]r represents the concentration of free dissolved 
magnesium in mol/L at equilibrium, and (Y and @ are em- 
pirical constants for a given temperature. X, represents the 
amount of adsorbed magnesium expressed as a fraction of 
the total cation exchange capacity. Plots of 1 /XD& versus I / 
[Mg”]r, shown in Fig. 7, were used to obtain the empirical 
constants (Y and /3. Values for these constants for each of the 
samples analyzed are listed in Table 3. 

M~~esium-Ammonium Exchange 

The Mg+’ adsorption equilibria depend not only on the 
free Mg+’ but also on the concentration of other dissolved 
cations that compete for the sites on the solid surface. It is 

Sample depul CEC I-EM P kond 

(mbsfl (ma-U@&) (meqJlOOg> ~mtL/l~ ;IlteWUd) 

smectite 84.2 35.2 57.4 1.15 0.27 
DSDP 475 153 13.2 5.4 36.7 1.60 
DSDP 4% 150 24.8 9.6 68.9 I .03 
DSDP 479 34 20.8 8.0 34.1 I so 0. I 
ODP 685 265 20.9 8.4 68.9 I .os 0.22 
8101-278 9 18.3 7.2 56.1 1.50 Il.21 
Monmwillonite~ 0.18 
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8101-278 

FIG. 6. Magnesium adsorption isotherms for a smectite clay and five hemipelagic sediment samples. 

well established that large quantities of ammonium are re- 
leased 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). A conditional equilibrium ex- 
change constant for this equilibrium can be defined by 

K 
[Mg+21F &i.i 

cond 
=- 

X Mg ‘Ezz’ 
(4) 

As we have shown in the previous sections, the pore fluids 
in hemipelagic sediments show major deviations from the 
seawater composition, which significantly affects the free 
Mg+2 concentrations. Changes in the concentration of free 
Mg+’ will affect this equilibrium; for this reason, we have 
defined Z&,,,, in terms of their free ion contents, so as to make 
it applicable to systems with pore waters of varying compo- 
sition. Table 3 lists the Kwnd values used in this study which 

compare well with the value for the Mg+’ -NH: exchange 
constant estimated by LAUDELOT et al. ( 1967) for a mont- 
morillonite clay. 

Part of the magnesium released by ammonium exchange 
is also subject to re-adsorption on the surfaces following the 
isotherms described previously. 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 model, as shown in the next section. 

DISCUSSION 

A Multi-component Model 

The interdependent processes to be modeled are sche- 
matically represented in Fig. 8. The objective of this model 
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FIG. 7. Langmuir-type plots for the magnesium adsorption. 

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 

millimoles per liter of pore water, [ Mg+‘]o, the more com- 
monly used units for dissolved components if the porosity 
(a) of the sediments is known. 

the equilibrium composition of the system. Due to the nature 
of the experimental conditions used to determine the em- 
pirical parameters that govern the various equilibria, we can 
treat both magnesium adsorption and ion exchange as in- 
dependent “boxes” even when in natural systems both pro- 
cesses occur simultaneously. 

We have stated the multi-component model as a mass bal- 
ance for a closed system in terms of “reactive” magnesium. 
That is, it is limited only to the dissolved (Mg+*)n and ad- 
sorbed (Mg( Sfc)*) species and does not include any mag- 
nesium fixed in crystal lattices. Thus, the total reactive mag- 
nesium ( Mg+‘)ror will be 

( Mg+2)ror = (MgWc),) + (Mg+*)o (5) 
FIG. 8. Simultaneous reactions representing the Mg-adsorption, 

ion exchange, and complex formation in the solid-pore water system. 

where all concentrations are given in millimoles per liter of 
wet sediment. The dissolved component can be expressed in 

The competition for Mg+* between the pore water ligands 
(CO;*, SO;*) and the surface sites in the solid exchanger (s.e.) is 
indicated by the dotted line. 
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The amount of magnesium adsorbed to the solids at any 
depth, will be a function of both the free Mg+’ and any other 
competing cations; in our case, we want to evaluate the mag- 
nesium released by ammonium exchange. By the nature of 
our empirical parameters the equilibrium value for adsorbed 
magnesium can be estimated by 

(Mg(Sfc)& = ({Mg(Sfch}Nn4=0 

- {NH4(Sfc)}&.p,-5 (6) 

where pr represents the dry bulk density in units of grams 
per milliliter of sediment, and the dimensionless constant 5 
results from the conversion from millimoles to liters and 
equivalents to moles of magnesium. { Mg( Sfch }NH4=0 rep 
resents the amount of adsorbed magnesium in equilibrium 
with a given free Mg”, at zero ammonium. It can be esti- 
mated from Eqn. (3) and rewritten as 

The amount of Mg+2 released from the surface as a result 
of ammonium exchange, { NH4( Sfc)}Mgr can be estimated 
from Eqn. (4) and rewritten as 

{NHd(Sfc)}M, 

Case I: System free of ammonium 

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

[Mg+21m = ((Mtz+2)mT - (MgGfc),)z).6’ (9) 

or 

From Eqn. ( 10) we can see that a change in free magnesium 
ions will result in a redistribution of this cation between the 
solid and dissolved phases, affecting the total dissolved Mg+* 
concentration. This equation, however, does not provide the 
final value for the dissolved Mgc2, but an instantaneous one, 
since this new [ Mg+2]n,Z will in turn change the value of free 

Mg+‘, which then will vary the dissolved/adsorbed ratio, 
and so on. Therefore, we can arrive at the equilibrium con- 
ditions by a series of iterations defining 

6Mg+* = [Mg+210,n-, - [Mg+21D,n (11) 

where n 2 1 is the iteration number, and n = 0 represents 
the starting conditions. Then, 6Mg+* can be obtained from 

6Mgf2 = ({Mg(Sfc)2&, 

- {Mg(Sfc)z},).(lOp,/2~,) (12) 

and the iterative process can be continued until the equilib- 
rium conditions are attained, i.e., when bMg+’ x 0. 

Case 2: System with ammonium present 

In this case the total dissolved magnesium can be calculated 
from Eqns. (6) and (9) as 

Wg+21m = (( Mg+‘)ToT - ({ Mg(Sfc)z}Nii.+=c, 

- {NH.@c)Mg})5&-‘) (13) 

and the equilibrium conditions may be obtained iteratively 
by minimizing 6Mg+2 For system with 

Effect 

1 J 
(MINEQL) 

L -. , 

Em. 9. Iterative computation of the equilibrium conditions for 
the multi-component model involving Mg speciation, adsorption, 
and ion exchange reactions. The data set entered in step 1 corresponds 
to the measured concentrations of all relevant constituents (Na+, 
K+,Ca~Z,CO;Z,SOi2,NH~,PO;3,Cl-,F-,andpH)atthedepth 
of interest. To estimate the concentration of total dissolved Mg+* in 
equilibrium with the sediment-pore water system at the depth of 
interest, we use the seawater concentration for this cation (55.2 mM) 
as the starting point. Step 2 calculates the concentration of free Mg+* 
using the program MINEQL and the pore water composition given 
in step I. Step 3 calculates the Mg+* adsorbed to or released from 
solid surfaces, and the corresponding total dissolved Mg+* in the 
system, using the free Mg+2 concentration obtained in step 2. Step 
4 calculates the difference between the Ma+’ concentration obtained 
in step 3 and the Mg+* concentration entered in step 1 during the 
previous iteration. If this value is greater than 1% of the total dissolved 
Mg+* (step 5)) the process is repeated using the new total dissolved 
Mg+’ value calculated in step 3. 
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TABLE 4: The “reactive Mg” distribution in B hemipelagic pore water-solid sediment system during early 

d&en&s of organic matter. The muhicompce.nt model include3 ccmpkx formation. ion exchange 

with tittttnoni~m and SI&X. ~-MI nraicns Ccq, , NHq+ snd Sq2 are ~alcuiakd 

km the metatetite fegenaahn eqtmtiw15 (I) and (7.). The porixity and dzy bulk density vaturs are 

Empirical parameters: 

CEC = 20.8 meq/lOOg a = 54.1 mmotlliter Kd = 0.17 titer/mat 
TEM = 8.0 me~/loO g p= I.50 

=% 
mM 

2.8 

8.9 

24.7 

40.6 

48.6 

100 

150 

200 

0.26 
0.83 

2.33 

3.83 

4.58 

9.43 

14.1 

18.9 

28.5 0.05 49.0 

25.0 0.07 48.8 

15.0 0.09 48.5 

5.0 0.12 48.0 

0 0.13 41.9 

0.51 42.6 

0.92 38.0 

0 1.23 34.9 

55.1 7.99 0.01 7.98 

55.1 7.91 0.02 1.95 

55.4 7.95 0.05 7.90 
55.5 1.92 0.09 7.83 
55.7 7.91 0.10 7.80 
57.3 7.51 0.23 7.28 
58.1 7.12 0.36 6.76 
59.8 6.81 0.49 6.33 

result in considerable changes in the adsorption and ion ex- 
change reactions involving magnesium. We have chosen a 
hemipelagic sediment sample from the Gulf of California 
(DSDP site 479) for an exemplary evaluation of the Mg+’ 
surface reactions during organic matter diagenesis. The em- 
pirical parameters for ion exchange behavior were those ex- 
perimentally obtained and described in the preceding sections 
f Table 3 ) . The metabolite composition is that obtained from 
Eqns. ( 1) and ( 2). Porosity and density were chosen to remain 
constant (p = 0.5 g/cc and #J = 80%). This allows us, in a 
very general way, to monitor the ‘Yeactive Mg+’ ” distribution 
with increasing organic matter diagenesis. The results from 
the multi-component model calculations are summarized in 
Table 4. 

Figure 10 shows the increase in the Mgi2 released from 
solid surfaces as a function of increasing ZC02 and NH:, 
and the corresponding consumption of SO;‘. The amount 
of Mg’2 released from 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 s&ace properties of the 
solid. As the adsorption isotherm for this sample indicates 
(Fig. 6), the adsorbed Mgf2 will decrease with a decrease in 
the concentration of the free ion; furthermore, the free ion 
concentration will change as the concentrations of ZC02 and 
SOz2 vary with depth (Fig. 3). As a point of illustration, 
assuming no addition of NH :, the Mg+2 released by surface 
desorption due exclusively to ligand competition is shown 
by the black area in Fig. 10. This Mg+’ desorption is due to 
a decrease in the free Mg+’ with increasing ZCOs levels. The 
shaded area in Fig. 10 shows the Mg+2 released after including 
both the Mgf2 ammonium exchange and ligand competition. 

The relative importance of these two m~h~isms (ligand 
competition and ammonium exchange) for releasing Mgi2 
from solid surfaces depends on the surtace characteristics of 
the sediment, and on the ZC02:NH: regeneration ratio in 
the pore waters. This ratio may change because of 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 higher amount of 
Mg+2 released by ammonium exchange relative to that de- 
sorbed in response to increased Mg+’ -COi2 ion-pan for- 
mation in the pore water. Another obvious consequence of 
this multi-component equilibrium is that removal of Mg+2 
from solution by dolomitization (or any other process in- 
volving permanent uptake of rn~e~urn in a mineral lattice) 
will desorb more Mg+2 horn the surrounding solid-phase ex- 
changers. This may happen via both NH: exchange and 
equilibrium redistribution between free and adsorbed Mg+’ . 

FIG. 10. Mg+’ released from the solid surfaces by ligand competition 
and ammonium exchange during diagenesis, as a function of meta- 
bolically induced changes in the concentration of LCOz , SO;*, and 
NH:. The metabolite ratios are those given by Eqns. ( 1) and (2), 
and the porosity and dry bulk density were assumed constant at d, 
= 80% and p = 0.5 g/cc. 



Magnesium adsorption in marine sediment 3307 

The effect of the diagenetic increase in ZCOz on the free 
Mg+’ concentration is compensated by the concurrent de- 
crease in the sulfate ligand concentration (Fig. 3). Since the 
free Mgt2 concentration is buffered by these competing pro- 
cesses, we predict very small overall changes in the adsorbed 
Mg+2 within the sulfate reduction zone (Fig. 10). However, 
after SO;’ depletion, the adsorbed Mg+’ will decrease sig- 
nificantly as the COs2 concentration continues to increase. 
This effect will be more pronounced in sulfate depleted sys- 
tems, with high X02 and NH: concentrations such as in 
rapidly depositing continental margin sediments. 

Magnesium Distribution in Pore Fluids 

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+2 has only been observed at depth intervals of 
high ammonium levels, it was generally attributed to ion ex- 
change with NH:. However, no quantitative evaluation of 
this proposed mechanism for Mg+2 release has 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 (Fig. 5 ). In addition, the decrease in free Mg+2 will 
also result in a desorption of Mg+2 according to the charac- 
teristic isotherms for each sediment (Fig. 6). 

We now apply the multi-component model incorporating 
Mg+’ desorption by ligand competition and ammonium ex- 
change 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 8101-278), and 
Peru margin (ODP Site 685). From the output of this model 
calculation we can evaluate the amount of Mg+2 released to 
the pore water at the given sediment 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 

adserbed Mgi2 (medlW) 

combination of ligand competition in the pore water and 
ammonium exchange reactions. Figure 11 shows this com- 
bined effect in the sediments of Bransfield Strait, Gulf of 
California, and Peru margin. The strongest depletion in ad- 
sorbed M+I+~ is calculated for the Peru margin sediment. This 
results from the extremely high concentrations of ZC02 and 
Na in the pore waters (Fig. 5 ) . In all cores, the ZC02 con- 
centration shows a decrease with depth (Fig. 5), probably 
related to the diagenetic formation of carbonate minerals. 
This is reflected in an increase in the adsorbed Mg+2 in the 
deeper sections of the cores, which is especially pronounced 
at the ODP site from the Peru margin. 

The relative ZC02 :NH: concentrations generated during 
organic matter diagenesis will determine the relative mag- 
nitude of the two mechanisms releasing Mg+’ from the solid 
surfaces. The pore waters in Bransfield Strait show a very 
high C/N ratio (Fig. 1); thus, the Mg+2 release from the solid 
surfaces in this environment is predominantly driven by an 
increase. in the Mg+2 bound to pore water ligands relative to 
the Mg+’ adsorbed to surface sites, i.e., a ligand competition 
mechanism, with ammonium exchange playing a smaller role 
near the top sections of the core (Fig. 12). As the dissolved 
carbonate is depleted relative to nitrogen, exchange with am- 
monium becomes more important in releasing Mg+2 from 
the sediment surface. 

The other extreme case is represented by the ODP 685 
sediments from the Peru margin. In this case, X02 is de- 
pleted relative to the C/N Redfield ratio to begin with in the 
top sections of the hole (Fig. 1). X02 depletion increases 
with depth probably due to diagenetic carbonate mineral for- 
mation. This results in the release of Mg+2 from the surfaces 
being dominated by ammonium exchange. The ligand com- 
petition mechanism is almost insignificant in the deepest sec- 
tions of the hole. In all cases, however, it is clear that an 
explanation of the pore-water maxima in the dissolved Mg+2 
profiles must consider both mechanisms simultaneously: li- 
gand competition and ammonium exchange reactions. 

To evaluate the validity of this model in predicting the 
dissolved Mg+2 distributions in pore fluids, we have plotted 
the depth distribution of the predicted Mg+’ concentrations 

OOP 605 

DC. Il. Amount of Mg+* adsorbed to sediment surfaces calculated by the multi-component model versus depth 
for the three selected hemipelagic sediments. 
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FIG. 12. Mg+* released from sediment surfaces calculated by the multi-component model versus depth for the three 
selected hemipelagic sediments. 

(closed symbols) and the actually measured values for this 
cation (open symbols) for the three model sediments used 
(Fig. 13). The Mgf2 released from the solid surfaces, as es- 
timated by the multi~om~nent model, only partially ex- 
plains the excess of Mg+’ measured in the pore fluids of the 
sediments. In the Gulf of California and Peru margin sedi- 
ments, the model predicts the magnesium distribution near 
the surface fairly well; however, 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 dolo- 
mite (KELTS and MCKENZIE, 1982; SUE% et al., 1987), a 
process not included in our model. In the Bransfield Strait 
there is an initial decrease in the amount of dissolved Mg+2 
which cannot be explained by the model (Figs. 5 and 13 ), 
whereas at greater depths predicted and measured values agree 
very well. 
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ETC. 13. Downcore profiles for predicted Mg+’ distributions using the multi-component model (closed symbols), 
assuming constant exchange capacity with depth, and actual measured values for this cation (open symbols) for the 
three hemipelagic sediments under study. 

dissolved Mg+z (mM) 

An initial decease in the concentration of dissolved Mg+2 
has been reported from various anoxic environments ( SHOL- 

KOVITZ, 1973; COOK, 1974 ) and has been explained in terms 
of an increase in the CEC of the sediments during early dia- 
genesis ( SHOLKOVITZ, 1973). The removal of iron-oxide 
coatings under reducing conditions is thought to expose pre- 
viously unavailable sites on the surface of the clays to the 
magnesium ions. In the model used so far, we have assumed 
a constant CEC throughout the sediment column, and there- 
fore it fails to predict an initial Mg+2 depletion driven by 
diagenetic changes in the CEC of the sediment. 

BISCHOFF et al. ( 1975) evaluated the Mg+2 uptake in 
strongly reducing environments caused by changes in the 
CEC 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 
MANGE~~~F ( 1977) have since shown that altering the 

dissolved Mg+* (mM) 
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FIG. 14. Downcore distributions of dissolved SOT’, deviations of dissolved Mg+2 from the seawater value [ Mg +* lpw, 
and cation exchange capacity (CEC) of the sediments in core 1327 from the Bransfield Strait basin. 
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composition of the interstitial matrix solution by dilution 
with distilled water results in a significant shift in the 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 compo- 
sition changes. Our 27Mg+2 radiotracer technique (VON 
BREYMANN et al., 1988) for determining the adsorbed Mg+2 
on sediment surfaces in equilibrium with a seawater matrix 
now allows a more accurate estimation of the Mg+’ uptake 
in marine sediments. 

To test the effect of these CEC changes on the dissolved 
Mg+2 distribution we modified the multi-component model, 
so that both the composition of the solution matrix (pore 
water) and the CEC of the solid phase (sediment) were al- 

200 

bpth 

(cm) 

300 

SO,** (mM) 

lowed to vary with depth in the core. The measured downcore 
values of the CEC for the Bransfield Strait and Gulf of Cal- 
ifornia sediments are shown in Figs. 14 and 15. The dissolved 
sulfate in the respective cores, also included in Figs. 14 and 
15, 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 Brans- 
field Strait would support a mechanism proposed by SHOL- 
KOVITZ ( 1973) whereby the Mg+2 uptake from pore waters 
results from a diagenetic increase in the CEC via removal of 
iron-oxide coatings on clay surfaces. The oxidative decom- 
position of organic matter would also expose previously 
blocked sites in the surface of the clay where Mgi2 could be 
incorporated. The increase in CEC via oxidative removal of 
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FIG. 15. Downcore distributions of dissolved SOT2, deviations of dissolved Mg+2 from the seawater value [ Mg+‘lPw, 
and cation exchange capacity (CEC) of the sediments in core E- 17 from the Gulf of California. 
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FIG. 16. Downcore distributions of dissolved Mg+2 measured in the pore water (open symbols) and predicted by 
the model that includes desorption of Iv&** due to changes in the CEC of the sediments (closed symbols). 

iron-oxide and/or organic coatings coincides with the largest 
deficit in the dissolved Mg+2, suggesting that the newly ex- 
posed sites do indeed remove cations from the pore fluids. 

We have used actual pore water commotions and the 
measured CEC of the sediment at each depth to predict the 
dissolved Mg+* concentrations. These are indicated by closed 
symbols in Fig. 16 and show good agreement with the mea- 
sured Mg+2 values shown by the open symbols. Previously 
we had shown that ion-exchange and sorptionidesorption 
reactions corresponding to changes in the free Mg+2 concen- 
tration may explain the excess of total dissolved Mg+2 ob- 
served in various sedimentary environments. However, since 
that model assumed a constant CEC downcore, it f&led to 
predict the Mg+2 deficit. Incorporating the diagenetic increase 
in the CEC of the sediments into the model (Fig. 16) now 
readily explains the negative anomaly in the dissolved mag- 
nesium profiles evident during the very early stages of anoxic 
diagenesis. 

Effect of Changes in Dissolved Calcium 

In the model discussed so far, we have not included the 
effects of other cations in the overall surface ~uilib~um bal- 
ance. Among the major cations in pore fluids, calcium shows 
the largest deviations from seawater values, therefore, we have 
used the dissolved calcium in the three sites considered in 
the previous section (Fig. 17) to evaluate the effects that these 
changes have in the magnesium equilibria. For this purpose, 
we have added a third “box” to our model which includes 
the Mg+2-Ca+2 exchange, a reaction that was quantified by 
using the NH$-Mg+2 and NH:-Ca+* equilibrium constants 
on montmorillonite calculated by LAUDELOT et al. ( 1967). 
We consider these to be appropriate as a first-order approx- 
imation since the value for NH:-Mg” exchange constant 
they report is consistent with the ones we determined exper- 
imentally (Table 3 ) . 

In ah cases the model predicts that less magnesium will be 
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FIG. 17. Downcore distributions of total dissolved calcium in core 8 108-278 (HAN, 1987), DSDP Site 479 (GIESKES 
et al., 1982), and ODP Site 685 (SUE&S et al., 1988). 
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FIG. 18. Effect of calcium concentration changes on the magnesium profiles estimated by the multi-component 
model. The predicted Mg+* distributions at a constant calcium value of lO/mM are shown by closed squares; the 
Mg+’ estimates using actual measured values for dissolved calcium am represented by closed triangles, and the Mg+’ 
concentrations measured in the pore fluids arc designated by open squares. 

released into the pore fluids when the calcium concentration 

is lower than that of seawater (Fig. 18). This observation is 
not surprising since a ~~uilib~tion of the surface of the 
solid with the composition of the dissolved phase results in 
desorption of calcium with a consequent increase in the mag- 
nesium adsorbed on the solid particles. To illustrate the mag- 
nitude of this effect Fig. 19 shows the change in the amount 
of magnesium adsorbed that results from the variations in 
dissolved calcium in the pore fluids at Site 685. 

Although the predicted concentration of Mg” in the pore 
fluids is lower than that estimated when no calcium-mag- 
nesium exchange was considered (Fig. 18), the predicted 
concentrations are of similar magnitude to those measured 

Ah@@ adsorbed (meq/lOOg) 

400+ 
ODP 833 

FIG. 19. Change in adsorbed Mg+* versus depth at Site 685 cal- 
culated by the multi-component model. The shaded area represents 
the estimated change in the Mg+’ bound to the surface of the solid 
when a constant calcium concentration is assumed the dark area 
represents the change in the estimated Mg+* adsorbed by incorpo- 
rating in the model the changes in the calcium concentration measured 
in the pore water. 

in the pore fluids. Therefore, by in&ding deviations in dis- 
solved calcium ~n~ntmtion from seawater values in our 
model we do not change our main conclusion that magne- 
sium desorption from the solid surfaces by ~monium ex- 
change and ligand competition reactions results in a mag- 
nesium release to the pore water of a magnitude comparable 
to the values actually measured. 

SUMMARY 

The observed distributions of dissolved Mg+* in the pore 
water of rapidly accumulating hemipelagic sediments 
(Bransfield Strait, Gulf of California, Peru margin) can be 
represented by the diagram shown in Fig. 20. These profiles 
typically show an initial decrease in the Mg+* ~on~ntmtion 
relative to seawater, followed by an excess at mid-depths. We 
have shown that these two anomalies are the result of chem- 

50 

75 

10 
I 

FIG. 20. Schematic protile for the dissolved magnesium in pore 
waters of rapidly accumulating pelagic sediments expressed as the 
deviation relative to seawater. 
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ical reactions occurring at the surface of solid sediment par- 

ticles, and are driven by changes in the composition of the 
pore water and in the surface characteristics of the solids. 

Other processes concurrent with the surface chemical reac- 

tions, particularly the diagenetic incorporation of magnesium 
into mineral lattices (dolomitization ), are responsible for the 

observed Mg+’ decrease at greater depths. These processes 
are responsible for the observed discrepancies in the profiles 
predicted by the model relative to the actual measured values. 

The maximum in the dissolved profiles, observed almost 
ubiquitously in hemipelagic environments, results from the 
Mg+’ desorption from surface sites by the combined effect 
of ligand competition and displacement reactions. The Mg+2 
minima which are not related to carbonate mineral diagenesis 
are related to surface reactions during early diagenesis. We 
have documented that the negative anomaly in the dissolved 
Mg+* distribution in the Bransfield Strait and the Gulf of 
California regions is a result of an increase in the cation ex- 
change capacity of these sediments. 
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