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Abstract  An inventory was made of brackish to hypersaline 

groundwaters in the Netherlands down to 600 m below mean sea 

level, using all readily accessible hydrochemical data with Cl > 

150 mg/L (13,500 samples in total). Five types of non

anthropogenic, brackish to (hyper)saline groundwater are 

discerned in the upper 600 m of the dutch underground: 

(sub)recent, intruding North Sea water (NS); Holocene 

transgression water in a high energy environment like open 

marine, tidal gully or estuary (HOH); Holocene transgression 

water in a low energy environment like a lagoon (HOL); relict 

groundwater of Late Tertiary to Early Pleistocene age (LTEP); 

and Permian or Devonian halite leachate (HAL).  

Their recognition required the use of various available tracers 

like Cl/Br, 2H, 3H, 14C, 18O, SO4/Cl, SO4/HCO3, NH4/HCO3, 

I, Li, Sr and NO3. 

An algorithm is presented that uses data on Cl, Cl/Br and 18O 

to quantify the mixing ratio of ocean, rain and fluvial water, the 

concentration factor by evapo(transpi)ration losses of the 

recharge water, and the dissolution of halite. This algorithm is 

part of a mass balance calculation scheme, set in EXCEL spread 

sheet, to also estimate the contribution of the following 

hydrogeochemical processes to water quality: dissolution or 

precipitation of gypsum, carbonates (calcite, dolomite, siderite), 

silicates and iron(hydr)oxides, the oxidation of soil organic 

material, cation and anion exchange, and methane gas bubble 

migration from and to the aquifer sampled. The calculation 

scheme is briefly described. 

Two watertypes reveal, through their mass balance, signs of 

methane gas bubble migration: HOL water shows a strong 

methane depletion, and in LTEP water significant amounts of 

iron(hydr)oxides must have been reduced and transformed into 

siderite by ascending methane bubbles from deeper layers of the 

aquifer system. 

For desalination purposes we recommend the brackish 

exponents of relict HOH groundwater close to former river 

mouths (thus reducing clay and peat contact and salinity), and 

relict LTEP groundwater. These waters require less energy and 

reduce the risks on membrane scaling. 

Key words-Brackish and saline groundwater, tracers, mixing, 

chemical mass balance, hydrogeochemical reactions, gas 

migration 

 
Manuscript received September, 2006 
1Kiwa Water Research, PO Box 1072, 3430 BB Nieuwegein, Netherlands 

Email: pieter stuyfzand@kiwa.nl. 
2Free University, Dept. Hydrology & Geo-Environmental Sciences, 

FALW, Boelelaan 1085, 1081 HV Amsterdam, Netherlands; Email: 

pieter.stuyfzand@falw.vu.nl. 
3TNO, Princetonplein 6, PO Box 80015, 3508 TA Utrecht, Netherlands 

I.  INTRODUCTION 

 Brackish and saline groundwaters are steadily gaining in 

interest, because of both negative and positive impulses. The 

negative impulses are: 

• increased sea water intrusion, upconing and mixing with 

fresh groundwater bodies (due to overexploitation, sea level 

rise and land subsidence); and 

• increased seepage in coastal lowlands especially where 

land has been reclaimed or drained. Not only the salinity 

poses a problem (especially to agriculture) but also the 

eutrophic character. 

The positive impulses are: 

• an excellent quality, except for its salinity, total hardness 

and nutrients, by lack of organic pollutants and pathogenic 

micro-organisms; 

• developments and cost reductions in membrane 

technology enhance the possibilities to use brackish 

groundwaters as an unpolluted source of drinking or industrial 

water at decreasing costs (Kooiman et al., 2004); 

• taxes are imposed on fresh groundwater exploitation 

(Netherlands ca. 0.28 €/m3), but not on brackish and saline 

groundwater; and 

• environmental benefits of deep well disposal of 

membrane concentrate in brackish or saline aquifers. 

This increasing interest justifies new research efforts to 

more precisely determine the spatial distribution, origin, 

quality and chemical genesis of this heterogeneous group of 

groundwater types. 

In this contribution the focus is directed on brackish (Cl = 

150-10,000 mg/L), salt (Cl = 10,000-20,000 mg/L) and 

hypersaline (Cl > 20,000 mg/L) groundwaters in the upper 

600 meters of the Dutch subsoil which lack a continental or 

anthropogenic salt origin. These include: (sub)recent, 

intruding North Sea water ; Holocene transgression water (2 

types: high and low energy); groundwater of Late Tertiary to 

Early Pleistocene age; and halite leachate. 

II. MATERIALS AND METHODS 

Chemical data of groundwater with Cl concentrations > 150 

mg/L in the Netherlands were extracted from the national 

database DINO of TNO (www.tno.dino nl), regional project 

databases regarding the coastal dune area (Stuyfzand, 1993 
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with updates), the province of North-Holland (Reiniers, 

unpubl) and the province of Brabant (Stuurman et al., 2006). 

The whole data set contained 13,500 water samples, mainly 

from observation wells with well screens 0.5-2 m long, 

predominantly taken in the period 1960-2005. 

The extracted data were inserted into ‘HyCA’, a powerful and 

user friendly 4D tool for the management, presentation and 

analysis of water quality data (Mendizabal et al., 2006; 

www hyca nl). Programmed in Matlab (but running stand 

alone), HyCA presents facilities of Matlab, Menyanthes (Von 

Asmuth et al., 2000), CHEMCAL (Stuyfzand & Van der 

Kooij, 1986) and PHREEQC-2 (Parkhurst & Appelo, 2001). 

The most extensive analyses (20 main constituents, 10-50 

trace elements and 2-5 isotopes) on 100 samples of brackish to 

saline groundwaters scattered over the Netherlands were 

selected for detailed chemical characterization. They were 

grouped into the above-mentioned 5 types of origin, using 

appropriate tracers like À2H, À18O, Cl, 14C, ratios of Cl / Br, 

Cl/Li, (SO4 corrected for sea salt)/ HCO3 and NH4 / HCO3. 

Subsequently mineral equilibria were calculated for each 

sample using PHREEQC-2 in connection with HyCA, in order 

to identify potential solid phases that either dissolve from the 

aquifer matrix, or precipitate. Thus identified solid phases 

were given more weight in the last step, heading for the 

chemical mass balance. The mass balance calculations were 

performed using the relatively simple spreadsheet program 

REACTIONS+ version 5.0 (Stuyfzand, 2006) set in EXCEL. 

III. GLOBAL DISTRIBUTION OF BRACKISH TO (HYPER)SALINE 

WATER BODIES 

A. Chlorinitiy 

Brackish to (hyper)saline groundwaters abound in the dutch 

subsoil within the depth range of our study, extending from 

land surface down to 600 m below mean sea level (MSL). The 

presence of fresh groundwater (Cl < 150 mg/L) can be derived 

from a map (Fig.1) prepared by Stuurman & Oude Essink 

(2006). It shows the position of the 1,000 mg Cl/L interface as 

based on all available data anno 2006 (chemical analyses, 

geophysical bore logs and geophysical measurements). Fresh 

groundwater is present above this interface, down to the 

indicated depth minus ca. 10%. 

Fresh groundwater is present to greatest depth (ca. 500 m-

MSL) locally in the Central Graben area (Fig.1), to relatively 

great depth (150-350 m-MSL) in the more inland Pleistocene 

upland areas 1-3 (Fig.2) and to intermediate depth (50-125 m-

MSL) in the coastal dune areas 1-9 (Fig.1) and former high 

moor areas 10 and 11 (Fig.1). 

An indication of the chlorinity levels in the brackish to 

(hyper)saline groundwater is given in Fig. 2 (distribution at 

50-100 m-MSL) and Fig.3 (depth graph showing all 13,500 

samples).  

It can be concluded from Figs.1-3 that chlorinities of 5,000-

17,000 abound in the coastal plain (areas P in Fig.2), down to 

a depth of 100-250 m-MSL. 

 
FIG. 1.   Position of the 1,000 mg Cl/L interface (in m + MSL) anno 2006 

according to Stuurman & Oude Essink (2006), with our indication of: the 

approximate landward limit of the brackish to salt Holocene transgression 

waters (Hol), relatively shallow occurences of marine deposits of Late Tertiary  

to Early Pleistocene age (LT), and shallow Permian rock Salt Diapirs (PSD). 

1-11  coastal fresh water lenses down to 50-125 m-MSL 

These areas are clearly connected with the Holocene 

transgression (Fig.1) and (sub)recent North Sea intrusion 

(Fig.2). The lower chlorinities are related there to the mouth 

of Rhine River tributaries (Fig.2), like the one in the present 

Lake Yssel (Fig.2), which was a brackish sea before 

completion of the closure dam in 1932. Higher chlorinities (up 

to ca. 40,000 mg/L; i.e. twice ocean water) in the coastal area 

are observed at relatively shallow depth in the tidal marshes 

on the inland side of the islands in the north and south-west 

(Figs.2 and 3). Their isotopic composition points at sea water 

evapo(trans)piration (Post, 2004). Chlorinities of 3,000-

12,000 mg/L occur at greater depth in the coastal area (>100 - 

>250 m-MSL), below Holocene transgression waters and 

intruded North Sea water, and in the inland areas at depths of 

50-600 m-MSL. These are mostly connected with marine, 

clayey deposits of Late Tertiary to Early Pleistocene age. 

They are present at relatively shallow depth in the areas LT1 

(<100 m-MSL), LT2 (<100 m-MSL) and LT3 (<200 m-MSL) 

indicated in Fig.1. The highest chlorinities (up to 80,000 

mg/L) are found in association with Permean rock salt diapirs 

in the area indicated as PSD in Fig.1.  
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Fig. 2.   Distribution of the Cl and HCO3 concentration in groundwater with Cl > 150 mg/L, at 50-100  m-MSL. Areas: 1- 4  Pleistocene sandy 

uplands; 5  mainly Cretaceous limestone; 6  fluvial plain of Rhine and Meuse Rivers; 7  (peri)marine coastal plain. Arrows indicate flow 

direction of surface water. 
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Fig. 3.   Chloride versus depth plot, for all groundwater samples in the Netherlands with Cl > 150 mg Cl/L (n  13,500). In upper left corner halite 

leachate at Nieuweschans. 
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The best studied one (Glasbergen, 1982) is near 

Nieuweschans (8D.34-582 in Fig.1). Other rock salt leachate 

is observed near Broekhuizervorst (52E.114 in Fig.1) and 

Maastricht (61F.296 in Fig.1; Glasbergen, 1985). This 

leachate probably derives from upward flows along faults 

from deeper halite beds in Devonian rock. 

B. Alkalinity (mainly as HCO3)

The alkalinity of brackish to (hyper)saline groundwaters is 

mainly dictated by the dissolution of calcium carbonate and 

oxidation of soil organic material (SOM). Hydrogencarbonate 

is the predominant constituent of alkalinity (>99%), and as 

such its concentrations are shown in Fig.2 (distribution at 50-

100 m-MSL) and Fig.4 (depth graph showing all 13,500 

samples). 

Normal levels (150-600 mg HCO3/L) are observed in all 

brackish to (hyper)saline groundwaters, except for 2 types: (1) 

contaminated groundwater in acidified systems (HCO3 <150 

mg/L); and (2) natural groundwater (HCO3 >600 mg/L) in the 

coastal plain behind the coastal dunes, in areas where peat 

bogs formed or heavy marine clays were deposited during the 

Holocene period. The higher levels (600-4,000 mg HCO3/L) 

are mostly associated with the passage of or residence in 

Holocene, heavy marine clays and eutrophic, low moor peat. 

Many of those waters appear to have infiltrated during the 

Holocene transgression in a lagoonal environment (Stuyfzand, 

1993; Post, 2004). The extreme values (>2,000 mg/L) are 

mostly associated with stagnant conditions within Holocene 

clay and peat layers. 

C. Discriminating between the various salt sources 

The groundwaters of our interest can be recognized from 

groundwaters with continental or anthropogenic salt sources 

by evaluating the Cl and NO3 concentrations, the SO4/Cl 

ratio, tritium activity and the presence of organic 

micropollutants. Groundwaters with an anthropogenic or 

continental salt source are clearly restricted to the upper 50-

100 m of the aquifer or above MSL, and may also show low 

HCO3 concentrations (see ad alkalinity). 

Table 1 offers some diagnostic tracer concentrations that 

help to discriminate between the various brackish to 

(hyper)saline groundwaters in the Netherlands. For further 

details reference is made to Stuyfzand & Stuurman (1994) and 

Stuyfzand (1996). 

D. Waterbodies in a NW SE section 

The global distribution of groundwater bodies is shown in a 

NW-SE cross section over the Netherlands (Fig.5). It also 

depicts various (hypothetical) changes during the past 1,000 

years, due to land reclamation, river endikements and 

declining water levels. The following can be deduced. 

Along the coast (sub)recent North Sea water has proceeded 

inland to a maximum of ca. 6 km, on its way to exfiltration in 

the deep polders behind the coastal dune belt. The maximum 

depth attained is ca. 250 m-MSL. Holocene transgression 

waters of the lagoonal type are slowly bleeding out in the 

polder area, by 3 advancing watertypes: polder water, North 

Sea water and upconing water from Late Tertiary and Early 

Pleistocene formations. The latter is also upconing locally in 

the fluvial plain of the Rhine and Meuse Rivers. 

IV.  CHEMICAL COMPOSITION AND MINERAL EQUILIBRIA OF 

SELECTED WATERTYPES 

The chemical composition of 18 water samples is listed in 

Table 2. They comprise: (a) the most relevant recharging 

(surface) waters (rain, Rhine and coastal North Sea; Atlantic 

Ocean given for comparison); (b) 4 examples of (sub)recent, 

intruding North Sea water; (c) 4 examples of Holocene 

transgression waters, with subdivision between the lagoonal 

type and the open marine, gully or estuarine type; (d) 3 

examples of groundwater of Late Tertiary to Early Pleistocene 

age; and (e) 3 examples of halite leachate. 

The location of all samples is shown in Fig.1, rain water 

and water from the Atlantic Ocean excluded. 

The following comments are given with respect to the 

brackish to (hyper)saline groundwaters. 

A. (Sub)recently intruded North Sea water 

Atlantic Ocean water is admixed with water from the rivers 

Rhine (ca 14.3%), Meuse (ca. 1.7%) and Scheldt plus other 

rivers (ca. 0.6%) along the dutch North Sea coast. Coastal 

North Sea water (sample 3 in Table 2) has, as a result, a lower 

salinity and higher concentrations mainly for nutrients, several 

trace elements and organic micropollutants. 

Infiltrated coastal North Sea water (age < 1,000 years) can 

be recognized by the tracer composition indicated in Table 1, 

and is represented by samples 5-6 in Table 2. The general 

chemical facies is unpolluted, calcareous, anoxic (without 

SO4 reduction) and without significant cation exchange. 

Quality changes with respect to the surface water consist of 

a complete elimination of O2 and NO3, a decrease of pH, F 

and K, an increase of HCO3, PO4, Ca, NH4, Fe, Mn, SiO2 and 

Ba. Changes in Na, Mg and SO4 are insignificant. The 

changes are related to the oxidation of Soil Organic Material 

(SOM), dissolution of shell fragments, ironhydroxides, 

manganous oxides and biogenic opal, desorption of Ba, and 

adsorption of F and K (Stuyfzand,1992). Strong cation 

exchange reactions prevail at the intrusion front with coastal 

dune water, not in samples 5-6. 

A hypersaline variety of (sub)recently intruded North Sea 

water (Cl = 20,000 – 38,400 mg/L; Fig.3) has been observed 

in tidal flat areas of the Waddenzee and in Zeeland (Post, 

2004). Samples 7-8 (Table 2) represent this variety. 

Evaporation and a more reduced environment explain most of 

the differences with samples 5-6. 
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Fig..  4.   Plot of HCO3 versus depth (m above Mean Sea Level), for all 13,500 groundwater samples in the Netherlands with Cl > 150 mg/L. 

Encircled fields are indicative: Anth  Anthropogenic salt;  Halite  NaCl leachate;  Hol Lag  Holocene transgression, lagoonal 

environment;  Hol, open  Holocene transgression, open marine or tidal gully environment;  LTEP  Late Tertiary - Early Pleistocene; NS  

intruded North Sea. 

Water type Cl Cl/Br 14C 
18

O SO4/Cl HCO3 NH4 PO4 Other

mg/L (mg/L) pmc o/oo (mg/L) mg/L mg/L mg/L Anomalies

0 ANTHROPOGENIC <600 50-800 70-95 -5 to -10 >0.3 0-500 0.01-10 0.01-5 NO3, 3H, OMP

1-4 NON-ANTHROPOGENIC

North Sea water: (sub)recent
1A     - coastal 14,000-18,000 270-300 45-90? -1 to -3 0.14-0.15 180-300 4-10 0.5-3

1B     - tidal marsh, evaporated 20,000-38,000 270-300 40-90? -0.7 to -3 0.07-0.14 400-900 10-20 3-4 2H/18O

Relict Holocene transgression
2A     - open marine / gully type 5,000-15,000 270-300 40-80? 0.1-0.14 300-600 5-12 0.2-2

2B     - lagoonal type 2,000-10,000 180-250 30-70 0.02-0.05 600-4000 25-170 8-65 I

3 Connate LTEP 3,000-12,000 200-300 0 0-0.1 200-450 30-75 0.1-6 HCO3/SO4*, HCO3/NH4

4 Halite leachate 12,500-80,000 =700 0-10 -3 to -6 <0.04 160-520 20-40 =1 Mg, Li/Cl, Ca/Sr

SO4* = (SO4)M - 0.14(Cl)M     with (X)M = measured conc [mg/L] OMP = Organic MicroPollutants

TABLE  1.   OVERVIEW OF USEFUL TRACERS FOR RECOGNIZING BRACKISH TO (HYPER)SALINE GROUNDWATERS 

 

FIG. 5.   Changes in spatial distribution of various groundwater bodies due to reclamation of lakes, river endikement and lowered water 
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Depth EC T pH Cl SO4 HCO3 NO3 PO4 Na K Ca Mg NH4 Fe Mn SiO2 DOC O2

No. code m+MSL uS/cm oC

INFILTRATION WATER

1 Rain # 4.0 79 10.0 5.3 25 4 0.1 0.1 0.01 14 0.5 0.5 1.7 0.04 0.01 0.00 0.2 0.3 11.3

2 Rhine # 10.0 330 9.5 7.7 12 35 160 3.0 0.10 5 5 50 10 0.05 0.20 0.25 6.0 11.5

3 North Sea @ -0.1 39000 10.5 8.1 16800 2355 160 3.0 0.51 9350 346 350 1122 0.40 0.10 0.05 0.9 2.4 9.4

4 Atl. Ocean -0.1 45150 10.0 8.1 19805 2775 145 0.3 0.06 11020 408 422 1322 0.00 0.00 0.01 4.4 10.0

(SUB)RECENT NORTH SEA

5 24H.259 -104.6 40700 11.5 7.2 16300 2294 253 <0.5 2.78 9208 330 357 1080 6.1 6.40 0.46 10.5 4.9 0.1

6 19A.328 -116.6 40600 11.6 7.0 15896 2220 187 0.0 1.01 8700 192 476 1114 8.9 21.43 1.24 14.8 5.8 0.0

7 9B.045 -18.8 54820 11.6 7.2 23810 3284 859 0.0 13400 493 460 1570 12.9 0.42 0.48 21.8 0.0

8 1H.097 -37.1 75600 10.5 7.1 38415 2695 478 <2 3.10 20500 635 1263 2627 18.3 3.08 0.02 18.0 0.0

HOLOCENE TRANSGRESSION, OPEN/GULLY

9 25C.183 -70.2 16380 12.3 7.2 6016 603 424 0.0 0.16 2625 118 792 277 8.1 9.66 0.28 10.4 0.0

10 7C.101 -61.5 23927 11.0 6.6 8781 892 525 0.0 0.48 4320 23 905 292 7.2 0.40 1.47 0.0

HOLOCENE TRANSGRESSION, LAGOONAL

11 19A.182 -30.0 7450 10.5 7.7 1765 41 2458 <0.1 37.00 1395 84 81 215 123.0 5.40 0.53 65.0 0.0

12 19B.109 -16.0 38900 11.0 7.1 14262 780 3752 <0.1 62.70 8317 256 343 1131 164.0 1.20 0.56 57.6 71.1 0.1

LATE TERTIARY - EARLY PLEISTOCENE

13 19A.259 -323.4 29670 16.0 7.4 11000 840 461 <0.1 6.20 6000 100 310 630 75.3 4.10 0.52 13.9 3.5 0.1

14 44F.146 -370.0 23700 12.8 7.1 8960 18 311 0.0 0.02 5221 174 193 378 2.40 1.38 13.2 0.0

15 31E.176 -277.0 9834 14.0 7.5 2925 0 309 0.0 1.10 1959 24 26 68 43.7 0.60 0.05 18.1 0.0

HALITE LEACHATE

16 52E.114 -524.0 29400 21.0 6.6 12939 230 514 <0.5 7200 185 610 290 22.6 3.30 0.41 28.3 0.0

17 8D.034 -582.0 103000 22.0 6.5 73867 1740 163 <0.5 0.56 43000 290 2200 870 36.1 9.90 1.20 20.3 70 0.0

18 61F.296 -420.0 15400 7.1 5810 354 921 0.0 0.02 3910 117 181 95 6.6 1.60 0.20 0.0

# = unpolluted (before 1900 AD) @ = in the 1980s

Ba Br F I Li Sr 2H 3H 13C 14C 18O cal- dolo- side- rhodo gyp- ba- vivia- OH-

No. code o/oo TU o/oo pmc o/oo cite mite rite chrosite sum rite nite apatite

INFILTRATION WATER

1 Rain # 1 85 2 0.1 0.2 7 -62.0 4.0 -8.0 100.0 -7.5 -7.17 -13.73 -6.66 -7.07 -6.24 -4.00 -17.23 -29.22

2 Rhine # 90 42 116 0.1 5 -68.0 4.0 -12.0 100.0 -9.8 -0.07 -0.72 -0.63 0.03 -2.09 0.27 -4.26 -1.54

3 North Sea @+A 40 56000 1200 55 160 7100 25.0 -1.4 0.48 1.66 -2.02 -1.04 -0.65 0.38 -8.44 1.69

4 Atl. Ocean 30 67300 1300 60 170 8100 0.0 1.0 95.0 0.0 0.49 1.66 -3.44 -2.13 -0.54 0.28 -14.45 -0.91

(SUB)RECENT NORTH SEA

5 24H.259 120 58000 240 73 175 7000 -1.5 -1.5 -0.16 0.37 0.24 -0.71 -0.65 0.83 -0.03 0.45

6 19A.328 178 58571 108 5570 -0.36 -0.15 0.45 -0.60 -0.54 0.99 0.23 -1.17

7 9B.045 -19.9 -1.7 0.39 1.52 -0.58 -0.34 -0.50

8 1H.097 0.48 1.51 -0.12 -2.17 -0.25 -2.00 2.20

HOLOCENE TRANSGRESSION, OPEN/GULLY

9 25C.183 0.56 0.86 0.79 -0.50 -0.59 -1.35 -0.61

10 7C.101 1.7 -13.8 57.1 -5.2 0.09 -0.13 -1.08 -0.33 -0.45 -6.03 -1.93

HOLOCENE TRANSGRESSION, LAGOONAL

11 19A.182 17 9400 420 2590 52 2100 -1.0 12.0 -6.4 0.94 2.43 1.47 0.76 -2.5 -1.05 3.08 4.58

12 19B.109 120 63000 290 3550 155 7000 0.0 0.88 2.46 0.32 0.23 -1.14 0.44 -0.48 3.9

LATE TERTIARY - EARLY PLEISTOCENE

13 19A.259 180 55000 100 2 97 6500 0.0 0.38 1.34 0.57 -0.05 -1.02 0.67 0.69 2.97

14 44F.146 1255 35133 271 5239 <5.0 -0.30 -0.11 -0.05 -0.08 -2.76 0.08 -5.16 -6.78

15 31E.176 730 -2.6 -10.4 4.9 -7.2 -0.53 -0.43 -0.17 -0.86 -1.97 -2.34

HALITE LEACHATE

16 52E.114 20200 -44.5 -0.7 1.0 -6.5 -0.10 -0.36 -0.25 -0.94 -1.25

17 8D.034 600 113000 50 3700 4600 147000 -25.6 -0.5 9.1 -3.2 -0.23 -0.61 -0.74 -1.62 -0.16 1.06 -3.54 -0.82

18 61F.296 160 8600 203 6160 14230 -56.2 0 -4.78 3.0 -8.2 0.09 0.04 0.11 -0.54 -1.36 0.66

Sample

Sample

mg/L

ug/L

 

TABLE  2.   LISTING OF CHEMICAL COMPOSITION AND SELECTED MINERAL EQUILIBRIA FOR 17 SAMPLES, INCLUDING INFILTRATION WATERS AND 

MARINE BRACKISH TO HYPERSALINE GROUNDWATERS. SAMPLE LOCATION IN FIG.1. 

SATURATION INDEX SI  LOG([IAP]/KSO) WITH IAP  ION ACTIVITY PRODUCT, KSO  SOLUBILITY CONSTANT  OF MINERAL 
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B. Relict Holocene transgression water, open marine, 

estuarine or tidal gully type 

These unpolluted, calcareous, anoxic palaeowaters must 

have infiltrated in between 3,800 BC and 1,000 AD, in high 

energy areas more open to the sea, with a sandy floor limiting 

contact with (peri)marine clays and peat. This is reflected in a 

relatively low alkalinity and a high similarity to (sub)recently 

intruded North Sea water (Table 1). Differences with the latter 

are probably mainly composed of a lower salinity and 14C 

activity (Stuyfzand, 1993). Typical examples are samples 9-10 

in Table 2. They also show cation exchange phenomena due 

to salinization. 

C. Relict Holocene transgression water, lagoonal type 

Contrary to the previous type, this unpolluted, calcareous, 

deep anoxic variety must have infiltrated in low energy areas 

protected from direct sea incursions, like lagoons, allowing 

abundant contact with (peri)marine clays and peat. This results 

in a lower salinity, and – most strikingly – an extremely high 

alkalinity (Fig.4; samples 11-12 in Table 2). The latter 

combines with extremes in sulphate reduction, methane 

production, nutrient concentrations (NH4, PO4, I) and a Cl/Br-

ratio lower than normal (Tables 1-2). The 2 most important 

reactions behind the extremely high concentrations of HCO3, 

CH4, nutrients and Br are sulphate reduction (Eq.1) and 

methanogenesis (Eq.2) as a result of interaction with high 

amounts of labile Soil Organic material (SOM) in Holocene 

clay and peat: 

 

2 SO4
2- + 3.5 CH2O(NH3)x(H3PO4)yIzBra+ Fe2+   � (1) 

 FeS2 + (2+3.5x) HCO3
- + (1.5-3.5x) CO2 + 3.5x NH4

+ + 

3.5y H3PO4 + z I- + a Br-  

 

CO2 + 2 CH2O(NH3)x(H3PO4)yIzBra + 2x H2O   �  (2) 

 CH4 + (2-2x) CO2 + 2x HCO3
- + 2x NH4

+ + 2y H3PO4 + 

2z I- + 2a Br- 

 

SOM is represented here as CH2O(NH3)x(H3PO4)yIzBra with 

default values x = 0.151 and y = 0.0091 in accordance with 

Froelich et al. (1979), or x = 0.075 and y = 0.0045 in 

accordance with Hartmann et al. (1973) and z = 0.0002 in 

accordance with Ullman & Aller (1985). Data in Stuyfzand 

(2007) result in a preliminary value for a = 0.00037. 

We deduce from detailed geological reconstructions of the 

Holocene period, that this palaeowater infiltrated in between 

6,000 BC and 1,000 AD. Sample 11 in Table 2 clearly shows 

cation exhange by freshening as a result of advancing coastal 

dune groundwater. 

 

D. Relict water of Late Tertiary to Early Pleistocene age 

These unpolluted, calcareous, deep anoxic palaeowaters are 

observed in and above marine, clayey deposits of Late 

Tertiary and Early Pleistocene (LTEP) age. The lack of 14C 

activity (<5%) points at an age of >30,000 years and clearly 

distinguishes LTEP-water from relict Holocene transgression 

waters (Table 1). We assume these waters to be of LTEP age, 

because of (a) their association with aquitards that formed 

during that period, and (b) lack of better alternatives. 

LTEP-water is deep anoxic, thus showing very significant 

SO4-reduction. This is deduced from the strongly negative 

concentration of SO4 corrected for marine contributions 

(SO4
C) using: 

 

 SO4
C = SO4 – 0.14 Cl [mg/L] [3] 

 

The term 0.14 is the SO4/Cl-ratio (mg/L basis) in ocean 

water.  

The only other explanation for a strongly negative SO4
C 

concentration is the dissolution of halite as a source of the 

chloride. The near-normal marine Cl/Br-, Li/Cl- and Sr/Cl 

ratios (samples 13-15 in Table 2) allow for a maximum of 3% 

of the chlorinity to derive from halite. But that is not enough 

to explain the very low SO4
C values. So a strong SO4 

reduction remains highly probably.  

However, then a curious anomaly arises with respect to the 

relict Holocene transgression groundwaters: HCO3 is 

exceptionally low for groundwater strongly depleted in SO4 

(Fig.6), while NH4 shows the normal raised concentrations 

(Table 2) as a result of reactions 1 and 2. The best explanation 

is offered by the precipitation of CaCO3 or other carbonates. 

Other anomalies consist of relatively low Mg 

concentrations (evident when corrected for marine 

contributions; MgC = Mg – 0.067Cl), and high contents of Sb. 

The first can be explained by the precipitation of dolomite or a 

Mg-rich calcite. 

 

E. Halite leachate 

The leachate of halite (NaCl) is characterized by (Table 1): 

a high salinity, Cl/Br-ratio, relatively low 18O content 

testifying of a significant contribution of rain or fluvial water, 

relatively high Li/Cl- and Sr/Cl-ratios, and a Na/Cl-ratio close 

to 1 (provided cation exchange did not disturb this). In 

addition the SO4 and Mg concentrations are relatively low, 

unless gypsum (SO4) and dolomite (Mg) dissolved as well 

(from the cap rock). 

Sample 17 in Table 2 derives from the north-eastern 

Netherlands where Permian salt diapirs occur, and samples 16 

and 18 derive from the southern Netherlands where Devonian 

rock salt is found at relatively shallow depth (200 – 1,000 m). 

F. Mineral equilibria 

In Table 2 only those mineral saturation indices are 

presented that are likely to be relevant and accurate. Equilibria 

with sulphur containing minerals like pyrite could not be 

calculated by lack of H2S data. For the minerals not listed in 

Table 2, we can mention the following. All samples are 
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undersaturated with respect to halite, fluorite and opal. Sample 

17 approaches halite equilibrium (SI = -1.2), which is 

consistent with local halite leaching, and samples 11 and 12 

approach opal equilibrium (SI = -0.1), which is explained by 

stagnant conditions in clayey marine deposits with high 

diatom contents. All groundwater samples are supersaturated 

(SI = 0.5-10) with respect to most silicate minerals (clay 

minerals, quartz, albite and K-feldspar). This probably 

indicates that these minerals play a minor role in dictating 

hydrochemistry of brackish to (hyper)saline waters at low 

temperatures, because of kinetic problems. 

Most groundwaters are close to equilibrium with calcite due 

to abundant calcitic and aragonitic shell fragments in most 

marine formations. Minor deviations (-0.3 to +0.3) occur due 

to errors in pH-measurement, and the cases of clear 

supersaturation (0.5-0.9) can be related to high concentrations 

of fulvic acids which complex Ca (samples 11-12) and of PO4 

and Mg which inhibit crystallization. The SIs for dolomite 

(CaMg(CO3)2) may attain significant supersaturation (1-2.5) 

without evidence of dolomite being actually present in the 

system. This can be explained by an extremely sluggish 

crystallization, and dominant Mg sources from ocean water 

and cation exchange processes. 

Equilibrium and supersaturation with respect to siderite 

(FeCO3) and rhodochrosite (MnCO3) may likewise suffer 

from inaccuracies in pH measurement, unaccounted 

complexation of resp. Fe2+ and Mn2+ by fulvic acids, and from 

kinetic hindrances. Nevertheless the presence of manganous 

siderite has been noted in various aquifers and its dissolution 

or precipitation may be important, for instance in samples 9 

and 11. All waters are aggressive towards gypsum 

(CaSO4.2H2O), which is explained by its proven absence in all 

cases except where halite is dissolved (notably sample 17). 

Barite (BaSO4) has been demonstrated in geochemical 

surveys and shows supersaturation (0.3-1.1) in most cases. 

This may indicate its relevance and the role of unaccounted 

complexation by fulvic acids and kinetic hindrances. 

The situation with respect to phosphate minerals like 

vivianite (Fe3(PO4)2.8H2O) and hydroxi-apatite 

(Ca5(PO4)3OH) is even more speculative because of stronger 

impacts of analytical inaccuracies (pH, inorganic versus 

organic PO4) and variations in mineral composition and 

degree of crystallization. Apatites seem to be rather abundant 

in marine formations, however, and may be relevant 

especially in high PO4 samples without strong redox reactions 

with organic matter (samples 5 and 6). 

We conclude that the interpretation of mineral equilibria 

alone is not sufficient, and needs support from geochemical 

and hydrochemical indications. 

 

G. Fitness for drinking water preparation 

Constraints on the chemical composition of brackish to 

saline groundwaters for a sustainable use as drinking or 

industrial water supply are the following: (a) chloride content 

must be favorable for optimum membrane purification at 

reduced costs (<8000 mg/L); (b) the concentration of ions less 

soluble than Na, K, Mg and Cl, should be favorable 

concerning risks on scaling of membranes with for instance 

silicate (SiO2 nH2O, MgSi2(OH)6), sulfate (BaSO4, 

CaSO4.2H2O), carbonate (CaCO3, CaMg(CO3)2, FeCO3), or 

phosphate (Ca5(PO4)3OH) minerals; and (c) the abstraction 

should not result in salinization or freshening of the aquifer, 

well clogging or corrosion of well and transport mains. 

Another point of concern is the concentration of uncharged 

dissolved species with a small size, like B (H3BO3) which can 

attain rather high concentrations in brackish groundwater and, 

by passing membranes, B may superate the drinking water 

standard of 500 μg/L. 

When we take into account these drawbacks and look at the 

chemical composition of the various brackish groundwaters in 

Table 2, then samples 9 and 15 form the best choice. So we 

prefer the brackish exponents of relict groundwaters formed 

during the Holocene transgression in tidal or estuarine gully 

environment close to former river mouths (reducing clay or 

peat contact and salinity), and during the Late Tertiary – Early 

Pleistocene period. 

V. INVERSE MODELING USING MASS BALANCES 

A. Introduction 

The purpose here is to first quantify the mixing ratio of 

oceanic and continental (meteoric and fluvial) water and then 

the nature and extent of all reactions of the mixed input water 

with the aquifer system, for each individual groundwater 

sample. The latter is done by applying the mass balance 

approach, a technique also referred to as 'inverse modelling' 

(Plummer, 1984; Domenico & Schwartz, 1998). Chemical 

mass balances are drawn up by using a set of linear reaction 

equations and summing up all resulting mass transfers 

between an arbitrary starting and ending point in a flow 

system, here resp. the calculated mixed input and the analyzed 

groundwater sample (the output). 

Mass balances were drawn up with the spread-sheet code 

REACTIONS+ version 5.0 (Stuyfzand, 2006), in 4 

consecutive steps (see below). The reason not to use more 

advanced codes like BALANCE (Parkhurts et al., 1983) or 

PHREEQ-C2 (Parkhurts & Appelo, 1999), is that using spread 

sheets seems an interesting, more direct and transparant route 

with more degrees of freedom (but perhaps more 

uncertainties). At this stage our approach has not been 

compared yet with the above mentioned codes. 

B. Step 1: determination of input from ocean and fresh 

continental water(s) 

The first step consists of the following: (a) converting the 

units of chemical analysis of the groundwater sample from 

mg/L to μmol/L; (b) distributing the difference between the 
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sum of cations and anions in a proportional way over all ions; 

(c) determining the mixing ratio of the uncontaminated end-

members ‘pure ocean water’ and ‘fresh continental (meteoric 

or fluvial) water’, with a fixed chemical composition (Table 

2); (d) checking for halite dissolution and evaporation effects 

on the input; and (e) mixing the contributing end-members 

back to form the input composition, being the water sample 

without any geochemical reaction (see example in Fig.7). 

The mixing ratio is determined by using measured Cl-, Br-, 

À2H and À18O as conservative tracers (which is a 

simplification), in the following equations.In case of 2 end 

members, one oceanic (O) and one continental (C; pluvial or 

fluvial water): 

 

 fC,O18 = (18OM – 18OO) / (18OC – 18OO) (4A) 

 

 fC,Cl = {(1 – fH) ClM – ClO} / (ClC – ClO) (4B) 

 

 fO = 1 – fC,O18  or fO = 1 – fC,Cl   (5) 

 

 fH = 0 if 18OM and BrM lacking, and if ClM ¼ 1.05 ClO

 (6A) 

 

 fH = 0 if 18OM lacking, and if ClM / BrM ¼ 320 (6B) 

 

 fH = (ClM – ClO) / ClM if 18OM and BrM lacking, and if 

ClM > 1.05 ClO (6C) 

 

 fH = (ClM - ClO) / (BrH [Cl/Br]H – ClO) (BrH [Cl/Br]H / 

ClM) if 18OM lacking (6D) 

 

 with: BrH = {ClO - BrO (ClM - ClO) / (BrM– BrO)} / 

{[Cl/Br]H - (ClM - ClO) / (BrM – BrO)} 

 

 fH = {ClM – fC,O18 ClP – (1 - fC,O18 ) ClO} / ClM  (6E) 

 

with: 

fC,Cl = fraction of continental water (pluvial and/or fluvial) 

in mix, based on Cl [-]; 

fC,O18 = fraction of continental water (pluvial and/or fluvial) 

in mix, mainly based on 18O [-]; 

fH = fraction of halite dissolution contributing to ClM [-]; 

fO = fraction of oceanic water in mix [-]; 

XC = concentration of X (Cl or Br) in standard Continental 

water = sample 1 in Table 2 [mg/L]; 

XM = concentration of X (Cl or Br) in Mix  = sample 

[mg/L]; 

XO = concentration of X (Cl or Br) in standard Ocean water 

= sample 4 in Table 2 [mg/L]; 
18OM = oxygen-18 in Mix  = sample [‰ SMOW]; 
18OC = oxygen-18 in Continental water [‰ SMOW]; 
18OR = oxygen-18 in standard River water [‰ SMOW]; 
18OO = oxygen-18 in standard Ocean water = 0 [‰ 

SMOW]; 

[Cl/Br]H = Cl/Br ratio [kg/kg] in Halite, default at 1,000. 

 

The continental fraction can be further subdivided into a 

pluvial (fP) and fluvial fraction (fR), if relevant, by taking: 

 

fP = {(18OR – 18OM – fO (18OR – 18OO)} / (18OR – 18OP) (7) 

fR = fC – fP (8) 

 

The situation of 3 end-members is very relevant to the 

North Sea coastal area, where infiltrated or synsedimented 

North Sea water is composed of a mix of ocean and fluvial 

water (mainly Rhine River; Table 3). In case of 3 end-

members Eq.4B can still be applied under the assumption of a 

nearly equal Cl-concentration for the pluvial and fluvial 

fraction as compared to the saline end-member. 

Equation 4A is preferred over 4B, and in calculating fH , 

which is also needed for step 2, the preference is in the order 

of 6E > 6D > 6C > 6B > 6A.  

The selection depends on the availability of 18O and Br- 

analyses.It should be realized that there may be significant 

uncertainties in the À18O-value of the continental water 

member(s) due to changes in climate, distance to the coast line 

and open water evaporation (Post, 2004). This also holds, but 

to a smaller extent, for the Cl-concentration of the continental 

water, which is in addition more depending on vegetation 

(Stuyfzand, 1993). Some typical values of À18O and Cl for 3 

input waters are given in Table 3. Obviously, knowledge of 

the spatial and chronological position of a water sample in the 

appropriate hydrochemical system is needed to obtain accurate 

results with the mass balance approach. 

If the water sample has not dissolved halite (fH = 0) and its 

chlorinity superates the expected value for the input water 

(ClM > (fO ClO + fC ClC)), then evaporation should have taken 

place. This can also be deduced from the À2H-À18O relation of 

the water sample (Post, 2004). The evaporation factor (fE) for 

all constituents (gases excluded) of the expected input water 

then becomes: 

fE = ClM / (ClO + ClC) (9)
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FIG.  6.   Plot of alkalinity (as HCO3) versus sulfate corrected for a marine contribution (SO4C; see Eq.3) for all 13,500 

brackish to (hyper)saline groundwater samples in the Netherlands. Groundwaters of Late Tertiary and Early Pleistoce age 

(LTEP) and halite leachate both plot in the lower lefthand corner. 

No. REACTION EQUATION Occurrence COMMENTS

1 O2+CH2O --> CO2 + H2O CCC Additional CO2-inputs by respiration and oxidation of SOM

2 O2+CH2O --> CO2+H2O CCC Oxidation SOM in aquifer and/or sludge

3 4NO3+5CH2O --> 2N2+CO2+4HCO3+3H2O CCC Normal denitrification

4 MnO2+0,5CH2O+1,5CO2+0,5H2O --> Mn+2HCO3 CCC Reduction of manganese oxides

5 Fe(OH)3+0,25CH2O+1,75CO2 --> Fe+2HCO3+0,75H2O CCC Dissolution of iron(hydr)oxide (often coatings on grains)

6 2SO4+3.5CH2O+Fe2+ --> FeS2+2HCO3+1.5CO2+2.5H2O CCC S-reduction with pyrite formation (enough SO4)

7 CO2+2CH2O --> CH4+2CO2 CCC Methanogenesis

8 CH4+8Fe(OH)3+15CO2 -> 8Fe+16HCO3+6H2O CC Reduction of iron(hydr)oxides by methane gas

9 CaCO3+CO2+H2O <--> Ca+2HCO3 CCC Calcite/aragonite dissolution / precipitation

10 CaMg(CO3)2+2CO2+2H2O <--> Ca+Mg+4HCO3 C Dolomite dissolution / precipitation

11 Fe1-XMnXCO3 + CO2 + H2O <--> 1-X Fe + XMn + 2HCO3 C Manganous siderite dissolution / precipitation (X often 0.05)

12 Fe3(PO4)2.8H2O + 4CO2 <--> 3Fe+2H2PO4+4HCO3+4H2O C Vivianite dissolution / precipitation 

13 Ca5(PO4)3OH+7CO2+6H2O <--> 5Ca+3H2PO4+7HCO3 C Apatite dissolution / precipitation (strongly supersaturated)

14 SiO2(.nH2O)+2H2O <--> H4SiO4 (+nH2O) CCC Quartz + Opal dissolution; opal (diatoms etc.) more soluble

15 CaAl2Si2O8+2CO2+8H2O <--> Ca+2HCO3+2H4SiO4+2Al(OH)3 R Dissolution of anorthite

16 CaSO4.2H2O <--> Ca + SO4 RR In the Netherlands only relevant close to salt diapirs

17 NaCl  <-->  Na + Cl R Halite dissolution

18 KCl  <--> K + Cl RR Sylvite dissolution

19 [Cations-X]-EXCH+Cations-Y <--> [Cations-Y]-EXCH+Cations-X CCC Especially Na, K, Ca, Mg, NH4, Fe and Mn (any combination)

20 [Anions-X]-EXCH+Anions-Y <--> [Anions-Y]-EXCH+Anions-X CCC Especially F, PO4, DOC, OH and HCO3 (any combination)

21 CH2O > Hum            (DOC) CCC Dissolution of humic substances (DOC)

22 CH4 dissolved > CH4 in gas bubbles CCC Methane losses by gas bubble migration 

CCC  very Common;   CC  Common;   C  rather Common;  R  Rare;   RR  very Rare

Exchange and other reactions

Other redox reactions

Stoichiometric dissolution / precipitation

Unsaturated zone

Normal redox sequence due to oxidizing SOM NH4, PO4 neglected in CH2O

 

TABLE  4.   LIST OF THE MOST RELEVANT CHEMICAL REACTIONS FOR AN INFILTRATING MIX OF OCEAN AND CONTINENTAL 

WATER IN THE NETHERLANDS, WITH AN INDICATION OF THEIR RELATIVE FREQUENCY OF OCCURRENCE. 
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TABLE  3.   TRACER CONCENTRATIONS FOR INPUT WATERS: THE 

CONTINENTAL END-MEMBERS RAIN WATER, RHINE AND MEUSE RIVER 

WATERS, AND COASTAL NORTH SEA WATER. THE LATTER IS A MIX OF MAINLY 

OCEAN WATER (83.3%), RHINE RIVER WATER (14.3%), MEUSE RIVER WATER 

(1.7%) AND OTHER RIVER WATERS (0.6%). 

Sample Site specific Age Cl Br 
18

O

code Conditions year mg/L ug/L o/oo

RAIN WATER IN NETHERLANDS

Coastal dunes $ 1-5 km # <100 25 87 -7.1

Coastal dunes, dense veg 1-5 km # <100 100 346 -7.5

Coastal dunes $ 1-5 km # 150-600 25 87 -6.5

Central Netherlands $ 75 km # <100 15 52 -7.5

Eastern Netherlands $ 200 km # <100 12 42 -7.7

Marshes and lakes 40 km # <100 50 173 -4.0

Glacial period, Netherlands $ >10,000 5 17 -9.0

MEUSE RIVER WATER IN NETHERLANDS

Current (2000s AD) Eijsden 0-5 40 95 -7.4

Recent (1960-1990 AD) Eijsden 15-45 45 102 -7.4

Old (before 1900 AD) Eijsden 125-1250 19 66 -7.4

RHINE RIVER WATER IN NETHERLANDS

Current (2000s AD) Lobith 0-5 95 159 -9.5

Recent (1960-1990 AD) Lobith 15-45 170 265 -9.8

Old (before 1900 AD) Lobith 125-1250 12 41 -9.8

NORTH SEA ALONG DUTCH COAST

Close to River mouth Hoek v Holland 15-45 14000 47493 -2.8

50 km NE of mouth Zandvoort 15-45 16525 56108 -1.6

50 km NE of mouth Zandvoort 125-1250 16500 56069 -1.6

100 km NE of mouth Callantsoog 15-45 17000 57729 -1.4

$ = sand, scanty vegetation                      # = distance to high water line North Sea coast

C. Step 2: Selecting the most plausible reactions 

First of all those solid phases and their reactions with water 

were included in the general list of relevant reaction equations 

(Table 4), that are well known from extensive geochemical 

and hydrochemical analyses of the various dutch aquifer 

systems. In addition, mineral equilibria were calculated for 

each sample using PHREEQC-2 in connection with HyCA, in 

order to identify potential solid phases from the list that either 

dissolve from the aquifer matrix, or precipitate. Thus 

identified solid phases were given more weight in the reaction 

scheme for the inherent sample. Several reactions were 

excluded from Table 4 as they are considered negligible: the 

oxidation of NH4 and DOC in the input, the oxidation of iron 

sulfides and siderite in the aquifer (an important assumption), 

and the dissolution of minerals by strong acids (only CO2 

being active). The reason to exclude mineral oxidation and 

strong acids, is that most brackish to saline groundwaters are 

relatively old and thus lack anthropogenic influences like 

sudden drawdowns of the groundwater table as well as 

significant atmosferic HNO3 and H2SO4 inputs.Soil Organic 

Material (SOM) is represented in Table 4 as CH2O. However, 

in the mass balance calculations SOM is addressed as 

indicated in Eq.1 with default values as indicated there. 

D. Step 3: Autobalancing and default settings 

For each water sample the previous steps are automatically 

taken care of, as is the 3rd step. In the spreadsheet many 

reactions are automatically quantified (autobalanced) by 

directly taking the difference between the in- and output. This 

only holds for those reactions where at least one dissolved 

component is only dictated by that one reaction, like NO3 

which is only consumed by oxidation of SOM (reaction 3 in 

Table 4). When complications arise due to more than one 

reaction having an unknown impact, default settings are 

needed with subsequent calibration in step 4. An example is 

SO4, which can be involved in pyrite formation by SOM 

oxidation (reaction 6 in Table 4) and in gypsum dissolution 

(reaction 16 in Table 4). In most cases the dissolution of 

gypsum can be ignored (default setting 0), which is then 

confirmed by strong undersaturation as calculated by 

PHREEQ-C2 in step 2. 

The example in Fig.7 offers further explanations. 

E. Step 4: Calibration 

The best mass balance, with the best distribution over the 

various reactions, is obtained when the result, the simulated 

water quality after interaction with the aquifer, closely 

approximates, in this case, the observed water quality as 

sampled from the monitoring well. The only final calibration 

terms in the mass balance are: (a) HCO3
-, À13C and À34S, 

because they are not autobalanced (see step 3) but result from 

balancing the other parameters; and (b) the term CO2-input 

which is autobalanced by respiration (should be Ä 0 within 

logical limits depending amongst others on vegetation, depth 

to groundwater table, soil CaCO3 content and climate: 100 – 

6000 μmol/L).If the simulated transformation of water prior to 

infiltration into the observed groundwater succeeds well, we 

may have confidence in the mass balance and we have 

quantified the relative contribution of each mixing end-

member and each reaction. Such a simulation approach is, 

however, never unequivocal and requires further independent 

evidence from isotopes, geochemical inspection and 

laboratory experiments  

F. Results: 6 different watertypes as an example 

The results of mass balance calculations are presented in 

Table 5 for 6 observation wells in different hydrochemical 

environments, with omission of the reactions that did not 

(significantly) contribute. In order to present the results in a 

very concise form we did the following: (1) added up all 

reactions pertaining to each mineral phase, SOM, cation and 

anion exchange; and (2) separately expressed all 

dissolved/precipitated minerals, all oxidized SOM, and all 

exchanged cations in mmol/L.The results in Table 5 allow to 

compare the extent of the principal reactions diagnosed. It can 

be concluded from Table 5, that the principal 

hydrogeochemical reactions for all samples are: (a) oxidation 

of SOM from the aquifer (by successively O2, NO3, MnO2, 

Fe(OH)3, SO4 and CO2); (b) calcite dissolution; (c) cation 

exchange; (d) reductive dissolution of ironhydroxides (by 

SOM and methane); (e) pyrite formation; (f) dissolution of 

SiO2 containing phases; and (g) CO2 respiration.The 

dissolution or precipitation of other phases like rhodochrosite, 

barite and vivianite could not be identified with the mass 

balance approach, although their presence is not contradicted 

by mineral equilibrium calculations. 
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mmol/L Na Cl SO4 Ca HCO3 K Mg

Calculated Input 294.07 342.71 17.72 6.46 1.46 6.40 33.37

SO4-reduction 0 0 -7.72 0 15.45 0 0

CaSO4.2H2O-dissolution 0 0 0 0 0 0 0

CaCO3-dissolution 0 0 0 4.14 8.27 0 0

CaMg(CO3)2-dissolution 0 0 0 0 0 0 0

(Na,K,Mg)-Ca exchange -12.07 0 0 10.40 0 -2.00 -3.37

NaCl-dissolution 0 0 0 0 0 0 0

Sum Output 282.00 342.71 10.00 21.00 25.18 4.40 30.00

Measured sample 282.00 342.71 10.00 21.00 25.70 4.40 30.00

342.71 = autobalanced + def C+O 10.40 = reaction controled

-7.72 = autobalanced 17.72  = calculated via C+O

0 = default setting 21.00  = measured

0 = calc via Cl/Br, 
2
H, 

18
O 25.18 = calibration term  

 

FIG.  7.   Simplified example showing how to calculate the mass balance for a salt groundwater sample composed of 61.3% ocean water (O) and 

38.7% rain water (C). Mixing ratio and input composition calculated from Cl-concentration of sample using Eq.4B (with fH  0) and end member 

composition as given in Table 2 (samples 1 and 4). 

Type Reaction unit NS, coastal NS, evap Hol, gully Hol, Lag LTEP Halite

Sample No. Table 2 Table 4 5 7 10 12 14 17

f-Ocean (fO) % 82 85 44 72 45 66

f-Fresh  (fC) % 18 15 56 28 55 34

Evap factor  (fE) - 1.00 1.41 1.00 1.00 1.00 1.00

CH2O 2-7 mmol/L -1.47 -7.76 -10.97 -90.60 -24.69 -3.37

FeS2 6 mmol/L 0.00 0.34 1.75 6.44 6.60 0.64

CaCO3 9 mmol/L -0.77 -4.54 0.39 -10.47 11.00 1.35

CaMg(CO3)2 10 mmol/L 0.00 0.00 0.00 0.00 1.50 0.00

FeCO3 11 mmol/L 0.00 0.00 0.00 0.00 8.00 0.00

Fe(OH)3 5, 8 mmol/L -0.10 -0.35 -1.75 -6.40 -16.80 -0.90

SiO2-minerals 14-15 mmol/L -0.10 -0.25 0.06 -0.88 -0.13 -0.27

Ca5(PO4)3OH 13 mmol/L -0.009 0.003 0.009 0.060 0.035 0.003

CaSO4.2H2O 16 mmol/L 0 0 0 0 0 0

NaCl 17 mmol/L 0 0 0 0 0 1685

Exchanged Cations 19 mmol/L 2.57 9.35 22.90 16.66 13.13 77.89

CH4-flux mmol/L 0.00 0.00 0.00 -30.00 2.10 0.00

HCO3-measured mmol/L 4.16 14.02 8.34 61.98 6.60 2.63

HCO3-calculated mmol/L 4.13 14.05 8.42 62.14 6.86 2.64

CO2-respiration 1 mmol/L 1.24 6.29 3.93 1.44 1.13 0.45  

TABLE  5.   COMPARISON OF THE MIXING RATIOS (FO, FC) , CONCENTRATION FACTOR (FE) BY EVAPO(TRANSPI)RATION, AND THE TOTAL HYDROGEOCHEMICAL 

REACTION SCHEME FOR 6 DIFFERING, BRACKISH TO (HYPER)SALINE GROUNDWATERS. REACTIONS WITH AQUIFER SYSTEM IN MMOL/L (+  FORMATION, 

SOLUTION DEPLETED; -  LOSS OF PHASE, SOLUTION ENRICHED 

CH2O  Soil Organic Material from aquifer; 

SiO2 minerals  mainly opal (biogenic SiO2.nH2O), also various silicate minerals like anorthite; 

Exchanged Cations   sum of all cations involved in cation exchange divided by 2; 

CH4 flux  methane lost (<0) or gained (>0) by resp. evading and invading gas bubbles. 
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Sample 7 deviates by evaporation effects and a high CO2 

respiration in a tidal marsh environment. Sample 12 shows 

extremes in SOM oxidation, dissolution of CaCO3 and SiO2, 

apatite precipitation, and negative CH4-flux. The latter means 

that CH4 bubbles must have escaped from the environment 

sampled, leading to too low analytical results for methane (39 

mg/L) to explain the anomalously high HCO3, NH4, PO4 and I 

concentrations. 

Sample 14 is number one in the precipitation of pyrite and 

carbonates (calcite, dolomite and siderite), the dissolution of 

iron(hydr)oxides, and a positive CH4-flux. The latter signifies 

that methane bubbles must have invaded the environment 

sampled, probably from great depth where Miocene peat 

layers occur. This methane, however, is not present anymore 

because of reaction with abundant iron(hydr)oxides (reaction 

8 in Table 4).  

Finally, sample 17 has the lead in the dissolution of halite 

and cation exchange. 

The mass balance approach thus reveals some specific 

processes, that are otherwise easily overlooked. Such 

neglected processes often involve reactive gasses (Stuyfzand 

et al., 2006), as demonstrated also here. In sample 12 

additional CO2 inputs by methanogenesis were needed to 

explain the very high Ca and HCO3 concentrations, and the 

extreme NH4, PO4 and I levels. In sample 14 a CO2 

consuming reaction was needed in the mass balance, and the 

only possibilty was found in an external source of CH4 

reducing iron(hydr)oxides on site. In both cases gas bubbles 

must been the vector for CH4: in sample 12 leaving the 

paragenetic CO2 (see reaction 7 in Table 4) on site to react 

with calcite, and in sample 14 leaving the CO2 in deeper 

layers of the aquifer system to react there. 

VI.  CONCLUSIONS 

Our hydrochemical survey resulted in the recognition, 

preliminary mapping and chemical characterization of 5 types 

of non-anthropogenic, brackish to (hyper)saline groundwater 

in the upper 600 m of the dutch underground: (sub)recent, 

intruding North Sea water (NS); Holocene transgression water 

in a high energy environment like open marine, tidal gully or 

estuary (HOH); Holocene transgression water in a low energy 

environment like a lagoon (HOL); relict groundwater of Late 

Tertiary to Early Pleistocene age (LTEP); and Permian or 

Devonian halite leachate (HAL). Their recognition required 

the use of various available tracers like Cl/Br, 2H, 3H, 14C, 18O, 

SO4/Cl, HCO3/SO4, HCO3/NH4, I, Li, Sr and NO3. 

With the mass balance approach as proposed here and set in 

EXCEL spread sheet, the following characteristics of a 

brackish to (hyper)saline groundwater sample can be 

quantified: the mixing ratio of ocean water, rain water and 

fluvial water, the concentration factor by evapo(transpi)ration 

losses of the recharge water, and losses and gains by 

hydrogeochemical processes. These processes include: the 

dissolution or precipitation of halite, gypsum, carbonates 

(calcite, dolomite, siderite), silicates and iron(hydr)oxides, the 

oxidation of soil organic material, cation and anion exchange, 

and gas migration from and to the aquifer sampled. The latter 

is of particular interest because it is rarely recognized.  

The mass balance revealed methane gas bubble migration to 

be important in two watertypes: HOL water should have been 

depleted in methane by evading bubbles because its extreme 

concentrations of HCO3, NH4, PO4 and I strongly superate the 

observed CH4 concentrations resulting from fermentation in a 

calcareous environment. In LTEP water ascending methane 

bubbles (depleted in CO2) must have reduced significant 

amounts of iron(hydr)oxides, while all the other reaction 

products of fermentation in a calcareous environment 

remained in the deeper layers of the aquifer system from 

which the methane originated. 

Uncertainties in this mass balance approach mainly arise 

when data on methane, trace elements like Br, and isotopes 

like À2H, À13C and À18O are lacking, and when the original 

composition of the recharge water is not exactly known. In the 

Netherlands the recharge water is nearly always a mixture of 

North Sea water, Rhine River water and rain water. Most 

disturbing are the uncertainties in the À18O-value of the 

continental water member(s) due to changes in climate, 

distance to the coast line and open water evaporation. 

Obviously, knowledge of the spatial and chronological 

position of a water sample in the appropriate hydrochemical 

system is needed to obtain accurate results with the mass 

balance approach. 

One of the incentives to this study was to indicate brackish 

groundwaters fit for drinking water preparation using reversed 

osmosis. The best groundwaters to this purpose are the 

brackish exponents of relict HOH water formed close to 

former river mouths (thus reducing clay and peat contact and 

salinity), and LTEP water. They are present in various 

Pleistocene and Tertiary sandy aquifers, especially in the mid-

western (HOH  and LTEP) and southern Netherlands (LTEP). 
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