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ABSTRACT 

Geothermal convection and sediment compaction drive large-scale flow in 

continental shelves. We suggest that this flow is an overlooked control on the major ion 

chemistry of the ocean. Conventional ocean chemical budgets are constructed using river 

discharge, axial mid-ocean ridge (MOR) convection and CaCO3 production, but these 

budgets are still poorly quantified. We synthesized data from 17 passive continental 

margin basins to calculate a range of estimated groundwater and chemical fluxes from 

continental shelves, considering five major ions (Ca2+, Na+, K+, Mg2+, and Cl-). When 

extrapolated globally, volumetric groundwater flux estimates were comparable to those 

for MOR axial circulation, and our maximum volumetric flux estimates exceeded MORs 

by ~an order of magnitude. Net chemical fluxes were calculated assuming seawater was 

the starting composition for groundwater discharging from the basins. Chemical 

compositions of four likely basinal fluid archetypes were synthesized from the literature. 

We estimated chemical and groundwater fluxes from passive margins required to close 

chemical budgets using a mass balance model which also included chemical input from 

rivers, MORs, and CaCO3 production. We found that passive continental margins have 

the potential to remove Mg2+ from the oceans in a quantity which balances input from the 

other chemical sources for three out of four considered fluid archetypes. We suggest that 

passive margins also contribute significant quantities of Ca2+ and K+ to the oceans, 

though not in a magnitude large enough to balance chemical budgets on their own. 
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CHAPTER 1 

 

INTRODUCTION 

Knowledge of major ion chemical budgets of the oceans is necessary for 

understanding the longevity of marine ecosystems, global carbon budgets, and how 

marine chemistry changes over geologic time. Despite decades of research, many of these 

budgets are still uncertain. Major ion budgets of the ocean are thought to be controlled by 

river discharge, mid-ocean ridge (MOR) hydrothermal convection, off-axis basalt 

alteration (Spencer and Hardie, 1990; Mottl and Wheat, 1994; Stein and Stein, 1994; 

Kadko et al., 1995; Schramm et. al., 2005), and production and accumulation of calcium 

carbonate (Milliman, 1993; Locklair and Lerman, 2005). Rivers contribute net-positive 

fluxes of cations (Ca2+, Mg2+, Na+, and K+) from weathered continental material in 

various quantities depending on sediment load and discharge rates. Thermally driven 

convection of seawater through MOR axes and flanks has been extensively studied for its 

potential to balance riverine chemical input on a global scale (Spencer and Hardie, 1990; 

Mottl and Wheat, 1994; Elderfield and Shultz, 1996; Hardie, 1996; Alt, 2003). MORs 

have been shown to contribute positive net fluxes of Ca2+ and K+ and remove Mg2+ from 

the oceans, but the magnitudes of these fluxes are difficult to estimate.  

The complexities of determining the rates of MOR heat flux, hydrothermal 

circulation, and chemical exchange between the different flow regimes have resulted in 

several different methods used to estimate fluxes, including chemical mass balance 

(Spencer and Hardie, 1990; Nielson et al., 2006) and thermal modeling (Stein and Stein, 
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1994), to name only a few of the hundreds of studies done in this field. The consensus is 

that MORs contribute to marine chemistry in a magnitude which has yet to be confidently 

constrained or proven to balance riverine input without accounting for one or more 

additional major sources of chemical input. Similarly, Milliman (1993) presented 

evidence that shallow and deep-water production of calcium carbonates removes Ca2+ 

from ocean water in quantities that exceed input by rivers and MORs, concluding that 

either the sources and sinks were inaccurate, the oceans were not at steady state, or that 

there were sources of chemical input not yet identified. 

The additional source of chemical input may be found in submarine groundwater 

discharge (SGD) (Wilson, 2003; Michael et al., 2016). SGD refers to the flow of fresh 

and saline groundwater into the ocean (Burnett et. al., 2002; Moore, 2010; Kwon et al., 

2014) in coastal areas, here interpreted to include large-scale groundwater flow through 

continental shelves.  

Groundwater migration is widespread in continental shelves (Aharon et al., 1992; 

Garven, 1995; Sanford et al., 1998; Jones et al., 2000; Wilson, 2003, 2005; Joye, 2005; 

Michael et al., 2016). Fresh groundwater is similar to river water in major ion chemistry, 

and direct discharge of fresh groundwater to the ocean is less than 5% of river discharge 

over the same catchments (Befus et al., 2017). Saline groundwater in sedimentary basins, 

including continental shelves, is typically significantly altered compared to seawater 

(Hitchon and Friedman, 1969; Hitchon et al., 1971; Manheim and Paull, 1981; Hanor, 

1987; Fisher and Boles, 1990; Hardie, 1991; Land and Macpherson, 1992; Hanor and 

Macintosh, 2007). For example, brines in sedimentary basins are commonly enriched in 

Ca2+ and depleted in Mg2+ compared to seawater (Hardie, 1991). Given the potential 
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rates at which fluids may be discharging from continental margins (Kastner et al., 1991; 

Bekins and Dreiss, 1992; Saffer and Bekins, 2002; Wilson, 2003; 2005; Saffer, 2015), the 

chemical impact on the local and global environment may be very significant.



4 

CHAPTER 2 

SGD FROM CONTINENTAL MARGINS 

2.1 DRIVING FORCES 

Several different processes can cause large-scale groundwater migration. On 

continental land masses, topographic relief, and therefore gravity, is the primary driver of 

groundwater flow (Garven, 1995). In active continental margins, compaction-driven 

dewatering of accretionary prisms expels fluid from the sediments at rates dependent on 

sediment permeability and rates of subduction. Quantifying fluid flow in active margins 

systems is complex, and not fully understood (Saffer, 2015). Flow rates have been 

estimated globally (Kastner et al., 1991) and for individual margins (Saffer, 2003; Moore 

et al., 2011), although, as will be shown, the volumetric fluxes are negligible compared to 

our estimates for flow from passive margins. They also have a global length of coastline 

which is roughly half that of passive margins (Mann, 2014). For these reasons, active 

margins will not be considered in this study to contribute a significant quantity of saline 

fluids to the oceans. 

In passive continental margins, flow of saline groundwater is controlled primarily 

by pressure gradients and density gradients (Garven, 1995; Christiansen and Garven, 

2003). Sediment compaction and the concomitant decrease in pore volume create 

pressure gradients, which become the primary drivers of flow in lower permeability (k < 

10-15 m2) continental margins (Christiansen and Garven, 2003). Thick layers of 

compacting sediments often develop overpressures, which are pore pressures that exceed 
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the hydrostatic pressure at the same depth (Bethke and Corbet, 1988; Harrison and 

Summa, 1991; Garven, 1995; Osborne and Swarbrick, 1997; Yu and Hilterman, 2014; 

Zhao et al., 2018). Overpressures can be caused by sediment compaction (Bethke and 

Corbet, 1988) or by the release of excess fluids during conversion of smectite to illite 

(Bowers, 1995; Zhao et al., 2018; Qin et al., 2019) and the generation of hydrocarbons. 

(Okiongbo, 2014). Documented overpressures are a good indicator for flow because they 

indicate fluid being driven from the sediment, regardless of the origin of the 

overpressuring. Overpressured basins are common around the world, which suggests that 

fluid discharge from passive continental margins may contribute significant chemical 

fluxes to the oceans. 

 

 

Figure 2.1 Conceptual diagram of compaction driven flow. Modified from Garven 

(1995). 

 

Convection driven by density gradients is the primary mechanism for flow in 

systems that have a high permeability (k > 10-13 m2) (Christiansen and Garven, 2003). 

Density gradients are created in continental shelves by variations in temperature and 

salinity (Wilson, 2003; 2005). In the case of geothermal convection, density gradients 
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develop because temperature increases with depth in sedimentary basins, whereas 

seawater decreases in temperature with depth at a rate dependent on the depth of the 

thermocline (NOAA, 2019; Fig 2.2).  Although geothermal convection has been most-

often observed or simulated in carbonate platforms, where thermal evidence indicating 

geothermal convection has been observed (Kohout, 1960; Hardie, 1987; Sanford et al., 

1998; Jones et. al., 2000; Wilson et. al., 2000; Wilson et al., 2001), geothermal 

convection should develop in any setting with a sloping seafloor (Sanford et al., 1998; 

Wilson, 2003). 

 
Figure 2.2 Conceptual diagram of geothermal convection in continental shelves and 

carbonate platforms. Courtesy of A. M. Wilson. 

 

Salinity gradients can also drive flow in sedimentary basins, including at the 

freshwater-saltwater interface (Michael et al., 2016), surrounding salt domes (Hanor, 

1987), and in reflux systems (Jones and Xiao, 2005). However, salinity gradients will not 

be quantitatively considered in this study due to a lack of evidence for their influence on 

basin-wide scales. 
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2.2 CHEMISTRY OF DISCHARGING GROUNDWATER 

The chemical composition of groundwater in deep sedimentary basins is 

commonly significantly altered by chemical processes including mineral dissolution, 

reprecipitation, and ion exchange (Drever, 1997). This results in a chemical difference 

between the seawater that enters the sediments, whether during initial deposition or due 

to groundwater flow, and pore fluids that discharge from the basin later (Fisher and 

Boles, 1990; Land and Macpherson, 1992). The magnitude of change in chemical 

composition depends on the local rock type, fluid residence time, temperature, and the 

original composition of the fluid when it was buried or entered the basin. 

 

Table 2.1 Examples of water-rock reactions that impact the chemistry of groundwater. 

 

Reaction Formula 

 

Dolomitization 

 

 

2CaCO3 + Mg2+ → CaMg(CO3)2 + Ca2+ 

 

Albitization 

  

CaAl2Si2O8 + 4SiO2 + 2Na+ → 2NaAlSi3O8 + Ca2+ 

  

Illitization 

 

Smectite + K+ → illite + Si4+ + Fe2+ + Na+ + Mg2+ + nH2O 

 

Several varying chemical reactions may occur during sedimentary diagenesis. 

Dolomitization may occur if carbonates are present in the subsurface. This conversion of 

calcite to dolomite results in pore fluid that is enriched in Ca2+ and depleted in Mg2+. 

Clay mineral reactions, such as illitization, may occur in shale-rich sedimentary 

sequences. Illitization occurs around ~100°C – 150°C and causes the clay mineral 

smectite to release its interlayer water, altering to illite (Vrolijk, 1990). This dehydration 

reaction consumes available K+ while releasing Mg2+ and Na+ to groundwater. This 
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process is primarily a function of burial time and formation temperature (Swarbrick and 

Osborne, 1998; Qin et al, 2019). Albitization refers to the conversion of existing 

plagioclase or potassium feldspar to albite and may occur during MOR convection or 

diagenesis in sedimentary basins. This reaction consumes sodium and increases calcium 

(or potassium) concentrations in groundwater or hydrothermal fluids. These processes, in 

combination with the dissolution of evaporites in the subsurface, may result in altered 

brines that are enriched in Ca2+ and K+ and depleted in Mg2+, as shown in brines 

presented by Hardie (1991). Examples of brine fluid compositions may be found in 

Appendix A.
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CHAPTER 3 

CONCEPTUAL MODEL 

Given that groundwater flow is pervasive in passive margin sediments, it is likely 

that these basins can sustain a significant discharge of fluids with ion concentrations that 

are markedly different from rivers and ocean water. To assess this possibility, we 

independently estimated volumetric discharge from overpressured basins likely to 

generate compaction-driven flow and basins likely to host geothermal convection. We 

then estimated chemical mass fluxes from these basins assuming different archetypal 

chemical compositions for the discharging fluids. We then modified the method of 

Spencer and Hardie (1990) to develop a box model that describes the major ion 

chemistry of the ocean, using modern estimates of volumetric fluxes from axial MOR 

convection and published mass flux estimates of CaCO3 accumulation. This allowed us to 

estimate volumetric groundwater discharge from passive continental margins by closing 

the chemical budget. We then compared our independent volumetric estimates to those 

generated by the method of Spencer and Hardie (1990) to verify them. 

Much like previous global-scale studies on the chemical impact of seawater 

interaction with ocean crust (e.g. Hart, 1970; Thompson, 1983) this study is designed to 

provide a first-order estimate of the potential for chemical flux from a previously 

unexplored source which can be compared to those of the established contributors. The 

numerous assumptions that must be made to produce any average global-scale estimate 

create a concomitantly large uncertainty in the calculations. Thus, our results are not 
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intended to provide a final strictly defined marine chemical budget. Rather, they are 

meant to begin a discourse on the potential for chemical impact from a source not yet 

fully understood. 
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CHAPTER 4 

METHODS 

4.1 AREAS OF STUDY 

17 sedimentary basins in passive continental margins were considered for this 

study. Each was analyzed for potentially significant groundwater discharge to the oceans 

due to geothermal convection or compaction-driven flow. 

 

Figure 4.1 Areas of study. 

1 – The Gulf of Mexico, 2 –North Sea, 3 – Bengal Basin, *4 – Yinggehai Basin, Nam 

Con Son Basin, Cuu Long Basin, *5 – N. American East Coast, 6,7 – S. American East 

Coast, 8 – Celtic Sea, 9,10 – African West Coast, 11 – Great Australian Bight, 12 – N.W. 

Australian shelf. 

* Basins were broken into separate sections and analyzed independently from each other
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We assumed that basins whose seafloor geometries resembled those in previous 

investigations of geothermal convection (Wilson, 2003) and were dominated by coarse 

clastics and carbonates, including carbonate platforms, were subject to geothermal 

convection (Table 4.1). We chose six basins with literature-verified overpressures (Table 

4.2) to estimate compaction-driven flow. These basins are almost entirely composed of 

clastics, some with shale constituents greater than 90%.  

There are 105,000 km of passive margins on earth (Mann, 2014). Based on 

estimates by Mouchet and Mitchell (1989) and our own measurements using Google 

Earth, there are approximately 7.0E+6 km2 of overpressured submarine sediments along 

passive margins which account for ~24,000 km of coastline worldwide. We assumed that 

the remaining ~81,000 km of passive margins had the potential to host geothermal 

convection. The six basins chosen to estimate compaction-driven flow in this study 

account for ~23% of the earth’s overpressured passive margin area. The 10 margins 

chosen to estimate geothermal convection in this study represent ~17% of the 81,000 km. 

Therefore, calculated groundwater fluxes were divided by a factor of .2 to provide an 

estimate for global groundwater flux, assuming that volumetric fluxes from active 

continental margins were negligible. 
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Table 4.1 Basins likely to host geothermal convection. 

BASIN SEDIMENT TYPE COASTLINE SOURCE 

NW Shelf Australia Fine Carbonates 2500 km Exon et al. (1982); 

Keep et al. (2007) 

Australian Bight Med. Carbonates 1100 km Krassay and 

Totterdell (2003) 

Celtic Sea  Med. Carbonates 800 km Reynaud et al (1999) 

N. America: A[1] 
 Coarse Clastics 700 km Olsson et al. (1988) 

N. America: B[2]  Coarse Clastics 800 km Gohn (1988) 

N. America: Florida  Med. Carbonates 600 km Scott (1992) 

Africa: A[3]  Fine Carbonates 2100 km Leyden et al. (1972) 

Africa: B[4] Coarse Clastics 1300 km Seibold and Hinz, 

(1974) 

Africa: C[5] Fine Carbonates 890 km Seibold and Hinz 

(1974) 

S. America: A[6]  Fine Carbonates 1700 km Stoakes et al.(1991); 

Sachse et al. (2016) 

S. America: B[7] Fine Carbonates 1600 km Pattier et al. (2011) 
[1] Long Island – Virginia; [2] North Carolina – Georgia; [3] 2°N-17°S; [4] 16°N - 26°N; 
[5] 31°S-37°S; [6] 33°S - 46°S; [7] 49°W - 59°W 

 

 

Table 4.2 Basins likely to host compaction-driven flow. 

 

BASIN AGE (My) AREA (km2) SOURCE 

GoM 180 4.4E+5 Sharp and Domenico, 1976; Harrison and 

Summa, 1991; Mello and Karner, 1996 

North Sea 

 

250 5.8E+5 Mudge and Bujak, 1994; Barry et al., 2016  

Bengal 

 

66 3.2E+4 Moore et al., 1974; Roy et al., 2010;  

Yinggehai 65 2.2E+5 Hao et al., 1996; Xinong et al., 1999;  

Luo et al., 2003 

Cuu Long 25 8.4E+4 Matthews et al., 1997; Lee et al., 2001; 

Binh et al., 2007;  

Nam Con 

Son 

28 2.5E+5 Lee et al., 2001; Binh et al., 2007 
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4.2 GROUNDWATER DISCHARGE FROM COMPACTING BASINS 

Total pore-volume loss from the compacting basins was estimated by 

decompacting the layers in the stratigraphic columns of the six continental shelf 

complexes in Table 4.2. Decompaction calculations were based on the basins’ current 

thickness, age, and composition.  Compaction curves for sand and shale (Baldwin and 

Butler, 1985) (Table 4.3) were applied to each stratigraphic layer, weighted based on the 

layer’s percentage of each component (Eq. 4). The current porosity of each layer at depth 

was estimated using the equations in Table 4.3. That porosity was “decompacted” to a 

reasonable initial porosity for each sediment type (60% for shale, 35% for sand), then 

multiplied by the basin’s area to calculate the total volume lost during compaction. This 

value was divided by the age of the basin, thereby giving a flux of groundwater since 

initial deposition. Basin areas were estimated using measurements from previous studies 

(Table 4.2), where only the offshore areas were considered for contributary relevance. A 

range of possible fluid discharges was produced for each continental shelf complex by 

performing separate calculations using upper and lower bound values for the shale 

fraction in each layer. We believe estimating the area and the porosity at depth introduce 

uncertainties of a factor of two each. Therefore, the upper and lower bound fluxes for 

each basin were averaged, then multiplied and divided by a factor of four to generate 

minimum and maximum flux values. Calculating the discharge this way results in an 

average flux over time, so basins that were compacting more rapidly in the geologic past 

overestimate current annual volumetric fluxes.  
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Although this introduces some additional uncertainty into our calculations, the annual 

flux from geothermal convection proved to be much more significant to the global 

chemical budget, reducing the impact of this assumption on our results. 

 

Table 4.3 Compaction curves based on Baldwin and Butler (1985)a 

 

Lithology Porosity 

Shale > 200 m 
ϕ = 1 − √𝑑/6.02

6.35
 

 Shale < 200 m 
ϕ = 1 −  √𝑑/15

8
 

Sandstone 
ϕ = 0.49

𝑒(
𝑑

3.7
)⁄
 

a Curves were modified to solve for porosity (ϕ) as a function of burial depth (d) in 

stratigraphic sequences of known compositions. 

 

The original thickness (m) was calculated according to: 

 

𝑏𝑜 = 𝑋𝑠ℎ
ϕ𝑠ℎ(z)∗b

ϕ𝑠ℎ(𝑜)
 + 𝑋𝑠

ϕ𝑠(z)∗b

ϕ𝑠(𝑜)
     (1) 

 

where bo is the original thickness of the layer, 𝑿𝒔𝒉 is the percent shale composition of the 

layer, 𝝓𝒔𝒉(𝒛) is the porosity of shale at the depth of the layer, b is the current thickness of 

the layer, 𝛟𝒔𝒉(𝒐) is the original porosity of shale at deposition, 𝑿𝒔 is the percent sand 

composition of the layer, 𝝓𝒔(𝒛) is the porosity of sand at the depth of the layer, and 𝛟𝒔(𝒐) 

is the original porosity of sand.  
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This process was repeated for every layer in the stratigraphic column and summed to get 

the total original thickness. Fracturing in the sediment column was not mathematically 

considered because it does not affect the volume of the sediment. Cases of basin 

inversion and unconformities in the sedimentary record were also not considered in the 

calculations because sediments would not be compacting during times of uplift, so they 

would not be discharging fluids in quantities relevant to our study. The total annual flux 

of discharging groundwater (𝑸𝒕) for each basin can be calculated by the following 

equation: 

 

 𝑸𝒕  =  
(𝒃𝒐 − 𝒃) ∗ 𝑨

𝒅𝒕
      (2) 

 

where 𝑨 is the basin’s area and 𝒅𝒕 is the basin’s age. 

4.3 COMPILATION OF GROUNDWATER FLUXES CAUSED BY GEOTHERMAL 

CONVECTION 

 Density-driven fluxes were estimated based on Wilson (2003), who used 

numerical models to estimate a range of possible groundwater fluxes due to geothermal 

convection using the bathymetry of North American continental shelves. Wilson used 

realistic seafloor geometries for seven cross sections and reported a range of fluxes 

representative of five composite rock types. The range of values for each representative 

lithology were averaged by taking a geometric mean. The dominant lithology of each 

shelf complex considered in this study was estimated from published cross sections, and 

the averaged representative flux value from Wilson (2003) was assigned to each basin 

and multiplied by the length of the coastline. This value was multiplied and divided by a 
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factor of five to account for the uncertainty in estimating a single lithology for a shelf 

complex. This gives minimum and maximum flux values which vary by ~an order of 

magnitude for each basin. 

4.4 CHEMICAL FLUXES 

To constrain the chemical impact of passive margins, the composition of 

discharging fluids must be defined. Compositions of different saline fluids observed in 

continental shelves with trends representative of various sedimentary environments were 

gathered from the literature and separated into four basic types, hereafter referred to as 

groundwater archetypes (Table 4.4).  

The first fluid archetype represents cold seeps, a global phenomenon of seepage 

of volatile elements and fluids from the seafloor. Cold seep fluids typically react with 

rocks at relatively low temperatures, below ~100°C. They vary in composition and flow 

pattern depending on the character of the sedimentary environment (Suess, 2014). We 

developed a representative composition for cold seeps based on brine pools observed in 

the Gulf of Mexico (GoM) (Aharon et al., 1992; Van Cappellen et al., 1998; Joye et al., 

2005). They are enriched in K+ and Na+, depleted in Ca2+ and Mg2+, and have a high 

chlorinity (103,000 mg/l) relative to seawater. These fluids differ from cold seeps 

observed in convergent margins, which are typically depleted in K+ via such reactions as 

the smectite-illite transition (Kastner, 1991). 

The second archetype represents fluids in basins dominated by clastic sediments. 

We averaged the concentrations of eight samples from the New Jersey continental shelf 

(IODP 313, Site M0027) and 14 samples from the San Joaquin Basin (Fisher and Boles, 

1990). These fluids show similar chemical trends, and we believe them to be 
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representative of fluids in clastic-dominated passive margins.   These fluids have low 

average chlorinities (~16000 mg/l), possibly due to dilution by fresh groundwater or 

illitization. They are enriched in Ca2+, and depleted in K+, Mg2+, and Na+. It is worthy to 

note that fluids sampled from the Nankai Trough (Taira et al., 1991; IODP 131, Hole 

808B), a convergent margin also dominated by clastics, showed similar trends in Mg2+ 

and K+ but were depleted in Ca2+. They were not included in this study as they are not 

representative of fluids from a coastal marine basin, although they are a potential 

representation of fluids discharging from active margins. 

The third fluid archetype was modeled after deep basinal CaCl2 brine fluids 

(Table 8 Hardie, 1991), also known as oil-field brines. These fluids are representative of 

high chlorinity (182,000 mg/l), high density, evaporite-derived fluids with long residence 

times at elevated temperatures (>80 °C). The composition of the archetype is an 

arithmetic average of samples from the GoM (Table 13 White et al., 1963; Carpenter et 

al., 1974), the Illinois Basin (Graf et al., 1966), the Michigan Basin (Graf et al., 1966), 

and the Dead Sea (Bentor, 1969). Fluids are enriched in Ca2+ and K+ and depleted in 

Mg2+ and Na+. Original fluid compositions can be found in Appendix D. 

The final fluid archetype was created by averaging ion concentrations of four 

samples (depths ~350-410 mbsf) from the Great Australian Bight (Feary et al., 2000). 

They are moderate chlorinity (55,300 mg/l) fluids enriched in Ca2+ and Na+ and depleted 

in Mg2+ and K+. Samples from shallower sections show the same trends. Salinities are 

~three times higher than seawater (~100,000 mg/l), suggesting evaporation or interaction 

with evaporite sequences. The trends for Ca2+, Mg2+, and K+ are consistent with those of 

warm spring samples from the Floridian platform (Fanning et al., 1981), though these 
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samples are slightly depleted in Na+ and have a salinity roughly equal to seawater. Based 

on the similar trends, we chose the Great Australian Bight samples to represent 

carbonate-derived fluids. 

 

Table 4.4 Groundwater compositions of seawater, rivers, MORs, and groundwater 

archetypes. 

 

Concentrations were modified from original sources according to the method of Spencer 

and Hardie (1990). 

a. Aharon et al. (1992); Van Cappellen et al. (1998); Joye et al. (2005) 

b. Table 8 in Hardie (1991). 
 

 

 We calculated net chemical fluxes for each input fluid based on the assumption 

that the net chloride flux is zero (Spencer and Hardie, 1990). We first adjusted the 

compositions of all input fluids to zero chloride by subtracting ions in proportion to the 

composition of modern seawater (Riley and Chester, 1971). This approach assumes that 

CONCENTRATIONS 

(mg/l) 
Ca2+ K+ Mg2+ Na+ Cl- Source 

Seawater 412 403 1300 1080 19400 
Riley and 

Chester (1971) 

Cold Seeps 1370 2580 685 60800 1.03E+5 Foot note a 

Clastic-Derived 1520 124 59.2 6520 11200 
Fisher and Boles 

(1990) 

Deep CaCl2 Brines 45300 8270 6680 48200 1.82E+5 Hardie (1991) b 

Carbonate-Derived 1760 1040 2763 32200 55300 
Feary et al. 

(2000) 

Modified Cold Seeps -153 86.3 -1170 717 0 - 

Modified Clastic-

Derived 

877 -134 -732 -550 0 
- 

Modified Deep CaCl2 

Brines 

4420 480 -582 -5650 0 
- 

Modified Carbonate-

Derived 

204 -37.7 -325 509 0 
- 

Modified MORs 1160 1100 -1280 -907 0 
Spencer and 

Hardie (1990) 

Modified Rivers 13.2 1.29 2.97 1.95 0 
Spencer and 

Hardie (1990) 
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seawater-derived salt aerosols dissolved in rainwater are the source of chloride in river 

waters (Spencer and Hardie, 1990), that seawater was the original source water for 

hydrothermal brines and for our groundwater archetypes. Details of this process are 

included in Appendix B. 

Net chemical fluxes from passive continental margins were calculated by 

multiplying the concentration of each archetype by the minimum and maximum 

groundwater flux estimates to generate a mass flux (kg/yr) for each ion. The mass fluxes 

generated using this method represent endmembers in a range of possible groundwater 

compositions, as they each assume total discharge is representative of only one archetype. 

River chemical mass fluxes were gathered from Spencer and Hardie (1990). MOR 

chemical mass fluxes were synthesized using a hydrothermal brine composition from 

borehole #8, Reykjanes, Iceland, given by Bjornson et al. (1972) (the same brine 

composition used by Spencer and Hardie, 1990). We chose the MOR axial fluid flux 

presented by Nielsen et al. (2006), as it fell in a range whose upper bounds agreed with 

the heat flow estimates of Mottl and Wheat (1994). Removal of ions due to precipitation 

of carbonates assumed a formula for high-Mg calcite of (Ca0.9,Mg0.1)CO3 (Althoff, 1977), 

and a total carbonate accumulation of 3 billion tons per year (Milliman, 1993). We have 

not included estimates for mass fluxes from MOR flanks as they are not well constrained; 

estimates for flank fluxes from various papers (compiled in Table 1 of Alt, 2003) predict 

values for individual ions which vary by up to three orders of magnitude. Mass fluxes 

from MOR flanks are likely significant for Mg2+ (Alt et al., 1996; Nielson, 2006), though 

fluxes of other major ions are unclear. 
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4.5 BOX MODEL OF MARINE CHEMISTRY 

A mass balance model was constructed to analyze ocean chemistry based on the 

following equation: 

 

𝑸𝒎𝒐𝒓𝑪𝒎𝒐𝒓 + 𝑸𝒓𝑪𝒓  + 𝑸𝒔𝑪𝒔 +  𝒎𝑪    =  𝟎    (3) 

 

where 𝑸𝒎𝒐𝒓 is the volumetric flux of hydrothermal fluid through MORs, 6.54e+9 m3/yr 

(Nielson et al., 2006), 𝑪𝒎𝒐𝒓 is the adjusted concentration of hydrothermal fluids (Spencer 

and Hardie, 1990), 𝑸𝒓 is the global volumetric river discharge, 3.75e+13 m3/yr (Spencer 

and Hardie, 1990), 𝑪𝒓 is the adjusted concentration of river water (Spencer and Hardie, 

1990), 𝑸𝒔 is the theoretical volumetric flux of groundwater from passive margins 

required to balance chemical input from rivers and MORs, 𝑪𝒔 is the archetypal 

composition of the discharging groundwater, and 𝒎𝑪 is the removal of calcium 

carbonate, -1.06E+12 kg/yr Ca2+ and -7.15E+10 kg/yr Mg2+ (based on Milliman, 1993). 

This approach assumes that ocean chemistry is at steady state. If groundwater 

composition can be estimated, Equation 3 can be rearranged to solve for 𝑸𝒔. 

We first tested our model to ensure that it could replicate the results of Spencer 

and Hardie (1990). Thereafter we updated the model to use an updated volumetric 

hydrothermal fluid flux through MORs (Nielsen et al., 2006) and used Equation 3 to 

calculate 𝑸𝒔 for each ion from each archetypal composition. Unit conversions were 

performed assuming a fluid density of 1100 kg/m3. Some of the possible net ion 

concentrations have a sign that increases the budget deficit for that ion, so a “theoretical 

required flux” cannot be calculated for those concentrations. 
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We compared our globally extrapolated independent estimates to those calculated 

using Equation 3 using the following equation: 

 

𝑸𝒇 =
𝑸𝒊

𝑸𝒔
      (4) 

 

where 𝑸𝒇 is the flux ratio (Table 6.1) and 𝑸𝒊 is our globally extrapolated independent 

volumetric groundwater discharge estimate. 

 We also calculated a theoretical groundwater composition (Table 5.2) which 

would balance the input from MORs and rivers using our global independent volumetric 

estimates: 

 

𝑪𝒕𝒉 =  
(𝑸𝒎𝒐𝒓𝑪𝒎𝒐𝒓)+(𝑸𝒓𝑪𝒓) 

𝑸𝒊
     (5) 

 

where 𝑪𝒕𝒉 is the theoretical average groundwater composition in passive margins 

expressed as the modified net addition/subtraction to seawater in mg/l, as in (Table 4.4). 

This calculation was repeated for each ion.
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CHAPTER 5 

RESULTS 

Volumetric groundwater fluxes calculated for individual overpressured basins 

ranged from as low as 1.38E+6 m3/yr to 2.28E+8 m3/yr (Figure 5.1). The fluxes varied 

between basins according to the areal extent of the offshore area, age, and the percent 

shale component of the sedimentary record. For example, the area of the GoM is slightly 

smaller than that of the North Sea (Table 4.2) yet has a much higher estimated volumetric 

flux due to its higher shale component. The Nam Con Son Basin has a relatively low 

shale component but has been actively compacting throughout its short (Table 4.2) 

history. 

 

Figure 5.1. Calculations of groundwater flux from individual basins using the 

decompaction method. 
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Estimates for volumetric discharge due to geothermal convection in individual 

basins ranged from 7.26E+06 m3/yr to 3.57E+09 m3/yr (Figure 5.2). Fluxes varied 

predictably according to the dominant sediment type and length of the coastline, though 

the former was far more impactful on the result. The maximum estimate for each basin is 

about ~20x higher than the corresponding minimum. 

 

Figure 5.2 Calculations of groundwater flux (m3/yr) from individual basins assuming 

geothermal convection as the driving force. 

 

The total minimum volumetric flux due to geothermal convection (5.55E+08 

m3/yr) was ~20x larger than the minimum flux for compaction (2.97E+07 m3/yr), and the 

total maximum flux of geothermal convection (1.39E+10 m3/yr) was ~2x larger than the 

maximum for compaction driven flow (4.75E+08 m3/yr). The total globally extrapolated 

volumetric flux from passive margins (𝑸𝒊) ranges from 5.85E+08 m3/yr to 1.44E+10 

m3/yr. Estimated volumetric fluxes of axial MOR convection (6.54E+9 m3/yr) (Nielson et 
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al., 2006) falls within this range. Estimated river discharge (3.75E+13 m3/yr) (Spencer 

and Hardie, 1990) is much larger than our estimates. 

The mass flux calculations revealed maximum fluxes that exceed MOR 

contributions for most ions (Table 5.1). Different archetypes show the potential for 

positive and negative mass fluxes of each ion with the exception of Mg2+, which shows a 

negative mass flux for every archetype. The combined input from rivers, MORs, and 

CaCO3 precipitation gives a net positive mass flux of all ions except Ca2+. Therefore, 

positive archetypal concentration values for Mg2+, Na+, and K+ cannot close the budget, 

regardless of the magnitude of volumetric flux from passive continental margins. The 

same is true for the single negative concentration value of Ca2+. 

 

Table 5.1 Estimated global upper bound ionic mass fluxes for the four fluid archetypes 

from passive continental margins and ionic mass fluxes of MORs, rivers, and 

accumulation of CaCO3 (kg/yr). 

 

Lower-bound global estimates can be found in Appendix C. 

 

 The theoretical average concentration of groundwater in passive margins 𝑪𝒕𝒉, 

calculated by Equation 5, predicts negative concentrations of K+, Mg2+, and Na+ and a 

          Ca2+        K+        Mg2+         Na+ 

Cold Seeps -1.10E+10 6.19E+09 -8.37E+10 5.14E+10 

Clastic-Derived 6.30E+10 -9.62E+09 -5.25E+10 -3.95E+10 

Deep CaCl2 Brines 3.17E+11 3.45E+10 -4.18E+10 -4.06E+11 

Carbonate-Derived 1.47E+10 -2.70E+09 -2.34E+10 3.66E+10 

MORs 7.60E+09 7.19E+09 -8.37E+09 -5.90E+09 

Rivers 4.98E+11 4.84E+10 1.11E+11 7.33E+10 

CaCO3 -1.06E+12 0 -7.15E+10 0 
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positive concentration of Ca2+ (Table 5.2). These values are calculated using our 

estimates for volumetric discharge of groundwater from passive margins and assume that 

there are no unidentified sources or sinks of chemical input which contribute to marine 

chemistry. The result does not explicitly include chlorinity, as per limitations of the 

methods used to adjust the original compositions of fluids, though the method implies a 

Cl- equal to seawater. 

 

Table 5.2 Estimated theoretical average concentration of groundwater discharging from 

passive continental margins expressed as a net difference from its adjusted original 

source (mg/l). 

 

 Ca2+ K+ Mg2+ Na+ 

Max Estimate 1.9E+05 -1.9E+04 -1.1E+04 -2.3E+04 

Min Estimate 7800 -770 -440 -940 
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CHAPTER 6 

DISCUSSION 

Our results suggest that groundwater flow through passive continental margins 

has a significant impact on the major ion chemistry of the ocean. Based on our estimated 

volumetric discharge rates and archetypal compositions of groundwater likely to be 

observed in passive margins, the magnitude of the geochemical flux from passive 

continental margins compares to that of axial fluid circulation through MORs for all 

considered ions. 

 

Table 6.1 Volumetric flux (m3/yr) required to balance riverine and MOR chemical input 

for each groundwater archetype based on equation 3. 

  
Cold 

Seeps 

Clastic- 

Derived 

CaCl2 

Brines 

Carbonate-

Derived   
REQUIRED FLUX 

  

1 – Na+ - 1.2E+11 1.2E+10 - 

2 – Mg2+ 2.7E+10 4.3E+10 5.4E+10 9.6E+10 

3 – Ca2+ - 6.3E+11 1.3E+11 2.7E+12 

4 – K+ - 4.2E+11 - 1.5E+12   
FLUX RATIO a 

  

5 – Na+ - 1.71 0.17 - 

6 – Mg2+ 0.37 0.60 0.76 1.3 

7 – Ca2+ - 8.8 1.8 38 

8 – K+ - 5.8 - 21 

a. Ratio (Equation 4) of the maximum global volumetric flux estimate from independent 

basin analyses (7.2E+10 m3/yr) to the volumetric flux for each archetype calculated by 

the mass balance model (Lines 1—4). Flux Ratios for the minimum global volumetric 

estimate (2.9E+09 m3/yr) can be found in Appendix C. 

Dashed cells indicate an ion concentration that cannot close the budget.
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Three groundwater archetypes may close the Mg2+ budget assuming a volumetric flux 

within the range of our estimates (Table 6.1), and the fourth (Carbonate-Derived Fluid) 

gives a required volumetric flux which is within ~30% of our maximum. Keeping in 

mind that these are only endmember compositions, and that the average composition of 

groundwater is likely more similar to the concentration presented in Table 5.2, it is 

encouraging that Mg2+ trends negatively in all of the fluids presented. The intriguing 

similarity of this average global composition to chemical trends given for the Clastic-

Derived Fluids, suggests that the flux from clastic-dominated margins may be more 

significant than that from carbonate platforms on a global scale. We note, however, that 

we have only analyzed five major ions in this study. Other common ions in groundwater 

such as SO4
2- and HCO3

- may not correlate as closely.  

Although the results of the mass balance model suggest that passive margins 

likely hold significance in the marine chemical budget, we do not suggest that it is the 

“final piece” of this global puzzle. There are very likely other undiscovered or 

underestimated sources of chemical flux. K+ is not well-balanced by our model; flux 

ratios range from ~5—500, suggesting that one or more additional sinks are necessary to 

close the K+ budget. Low temperature alteration of seafloor basalts on ridge flanks has 

been suggested (Hart and Staudigel, 1982; Alt, et al., 1996; Alt, 2003), but the magnitude 

of this impact on a global scale is still poorly defined. The possibility that both processes 

may play an important role complements the results of Hart and Staudigel (1982), who 

suggested that K+ not removed from the oceans by alteration of the seafloor was likely 

removed by continental shelf sediments. The calcium budget is also difficult to balance 

without assuming a very high average concentration in groundwater (Table 5.2) and our 
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maximum volumetric estimates from passive margins. Echoing the conclusions of 

Milliman (1993), this could suggest either other Ca2+ sources in the established literature 

are underestimated, the massive sink of CaCO3 accumulation (~2x riverine input of Ca2+) 

is overestimated, there are additional sources of Ca2+ we have not considered, or marine 

chemistry is not steady state. 

The formatting of marine chemical mass-balance models to fit a steady state 

process is a potentially erroneous assumption which has been adopted by many studies in 

addition to our own. It is not unreasonable to suggest that there is a net loss or gain of any 

ion in the oceans over geologic time. This idea has been the studied extensively over the 

last few decades (Hardie, 1996; 2003; Müller et al., 2013). Precisely quantifying the 

fluxes that would be needed to create a comprehensive transient box model of ocean 

chemistry is not currently feasible, but the results of our study provide an interesting 

development in the process of determining the cause and rate of change of marine 

chemistry. 

Some basins in this study are undoubtedly more complex than presented here, 

which, upon closer examination, may result in much lower (or higher) volumetric fluxes 

than we have predicted with our relatively simple, globally averaged models. If the true 

measure of volumetric groundwater flux through continental margins is closer to our 

minimum estimate, we may conclude that the chemical impact is relatively insignificant 

compared to the established sources (rivers, MORs, CaCO3 production). However, we 

believe the magnitude of our maximum estimates are significant enough to warrant 

further inquiry into the subject.  
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Future case studies on specific basins may result in better physical constraints on 

volumetric flux for both driving forces presented in this study, in addition to the 

accumulation of data that may support analyses of basins that host similar sedimentary 

features.
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CHAPTER 7 

CONCLUSIONS 

Passive continental margins have the potential to significantly influence marine 

chemistry. The calculated global volumetric fluxes combined with the archetypes chosen 

to represent fluids in passive margins produce a range of mass fluxes, the upper range of 

which compare to or exceed the magnitude of thermally driven seawater circulation at 

MOR axes for all considered ions. The groundwater flux estimates determined via our 

steady-state mass balance model and fluid archetypes compared to our independent 

global volumetric estimates in varying degrees. Notably consistent are the Flux Ratios 

presented for Mg2+, which suggest that the flux of Mg2+ required to balance the budget 

falls within our predicted range for three out of four fluid archetypes. Budgets for Ca2+ 

and K+ may only be partially balanced using our models, suggesting that either the 

sources of chemical input are inaccurate, there are unconsidered sources of chemical 

input, or that marine chemistry is not a steady-state system. 

The groundwater archetypes considered, while modeled after field samples, are 

not comprehensive examples of the possible ion concentrations that exist in nature. The 

average global concentration of groundwater discharging from passive continental 

margins could potentially match chemical trends for the Clastic-Derived Fluid archetype. 

Our results are intended as a first-order global estimate for the chemical impact of passive 

continental margins and consequently include a significant amount of uncertainty. 
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However, if the true value of global mass flux through passive margins reflects the upper 

range of our estimates, then these fluxes are significant to the marine chemical budget 

and should be included in future studies. 
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APPENDIX A 

EXAMPLE BRINE FLUID CONCENTRATIONS 

Table A.1 Example Brine Fluid Concentrations 

Salinity = ‰. 

Other ions = mM 

 

 Salinity  [Cl-] [Na+] [K+] [Ca2+] [Mg2+] Reference 

Gulf of Mexico        

Bottom Water  34 564 462 43 11 11 Joye, 2005 

GC233  121 2090 1751 22 36 9.7 Joye, 2005 

GB425  130 2110 1790 89 59 8.7 Joye, 2005 

Orca Basin  258 5000 n.d n.d 32 n.d 

Shokes et al, 

1977 

Orca Basin  250 4450 4240 17.2 29 42.4 

Van 

Cappellen et 

al., 1998 

Mediterranean        

Bottom Water  35 600 492 11.2 11 56 

Charlou et al., 

2003 

Urania basin  200 2830 n.d n.d 34 n.d 

Sass et al., 

2001 

Libeccio Basin  321 5333 n.d n.d 21  

Sass et al., 

2001 

Tyro basin  n.d 5350 n.d n.d 34 n.d 

Sass et al., 

2001 

Napoli  82 1380 1347 8.1 8.4 33.9 

Charlou et al., 

2003 

Nadir  120 1979 1884 7.2 22.2 27.9 

Charlou et al., 

2003 

Urania  70 1075 922 26.6 16.8 82.3 

Charlou et al., 

2003 

Red Sea        

Shaban Deep #3  242 4358 4408 44 20 77 

Eder et al., 

2002 

Shaban Deep 

#12  220 4361 3953 39 19 74 

Eder et al., 

2002 
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APPENDIX B 

FLUID COMPOSITION ADJUSTMENT 

Table B.1 Fluid Composition Adjustment Process 

 

1 — Original Type 3 brine fluid (meq/l) 

2 — Adjust to Seawater Cl- 

3 — Seawater 

4 — Net Fluid Flux 

5 — Net Flux in (mmol/l) 

6 — MOR composition (meq/l) 

7 — Adjust to Seawater Cl- 

8 — Seawater 

9 — Net MOR Flux 

10 — Net Flux in (mmol/l) 

 The table above details the step-by-step calculations for adjusting fluid compositions 

using the method of Spencer and Hardie (1990), using the examples of MOR 

hydrothermal fluid and our Type 3 brine. The ion concentrations are converted to meq/l 

initially, then adjusted to seawater chlorinity and the concentrations of seawater are 

subtracted out. Concentrations are converted to mmol/l in the final step.

 Ca2+ K+ Mg2+ Na+ Cl- 

        Type 3   

1 2260.8 211.6 549.7 2097.6 5132.8 

2 241.3 22.6 58.7 223.9 547.9 

3 20.6 10.3 106.6 469.7 547.9 

4 220.7 12.3 -48.0 -245.8 0 

5 110.4 12.3 -24.0 -245.8 0 
      

   MOR   

6 76.3 37.3 1.3 418 532.3 

7 78.5 38.39314 1.3 430.3 547.9 

8 20.6 10.3 106.6 469.7 547.9 

9 57.9 28.1 -105.2 -39.4 0 

10 29.0 28.1 -52.6 -39.4 0 
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APPENDIX C 

LOWER-BOUND GLOBAL MASS FLUXES AND FLUX RATIOS 

Table C.1 Lower-Bound Global Mass Fluxes and Flux Ratios 

 

1—4 minimum mass flux estimates (kg/yr); 5—8 volumetric flux ratios assuming the 

minimum global independent volumetric flux from passive margins (5.8E+08) 

   Ca2+ K+    Mg2+    Na+ 

1 —  Cold Seeps -4.47E+08 2.52E+08 -3.41E+09 2.10E+09 

2 —  Clastic-Derived 2.57E+09 -3.92E+08 -2.14E+09 -1.61E+09 

3 —  CaCl2 Brines 1.29E+10 1.40E+09 -1.70E+09 -1.65E+10 

4 —  Carbonate-Derived 5.97E+08 -1.10E+08 -9.53E+08 1.49E+09 

5 —  Cold Seeps - 42 4.1 - 

6 —  Clastic-Derived 9.2 15 18 33 

7 —  CaCl2 Brines - 220 43 930 

8 —  Carbonate-Derived - 140 - 500 
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APPENDIX D 

 

ORIGINAL COMPOSITIONS OF DEEP CaCl2 BASINAL BRINES 

 

Table D.1 Original Compositions of Deep CaCl2 Basinal Brines 

[1] Carpenter et al. (1974), [2] Table 13 in White et al. (1963), [3] Graf et al. (1966), [4] 

Bentor (1969) 

All data collected from Table 8, (Hardie, 1991) 

 [Ca2+] [K+] [Mg2+] [Na+] [Cl-] Reference 

GoM 36400 538 1730 59500 158200 [1] 

 34000 7080 3920 79000 198700 [1] 

 10600 1000 1232 73550 142725 [2] 

Michigan 70100 13200 6970 21900 188000 [3] 

 94900 12100 14700 21300 256000 [3] 

Illinois 11100 2160 2300 61000 122000 [3] 

 22400 1380 2840 49000 125000 [3] 

Dead Sea 82865 28730 19765 20515 265150 [4] 
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