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ABSTRACT 
The Sand Motor is an innovative mega nourishment at the Dutch Coast. It is intended to protect 

the hinterland from floods in the next twenty years by slowly depositing sand upon the beach 

through wave and wind action. Since the traditional nourishment techniques entail that a 

vulnerable beach is nourished with a reoccurrence time of  (approximately) four years, a mega 

nourishment is thought to be less damaging for local ecosystems. Motivated by an initiative of 

the Dutch government to reduce CO2 emissions, stakeholders involved in the construction of the 

Sand Motor wished to know if the Sand Motor captures CO2. Carbon can be sequestrated through 

calcium carbonate dissolution in barren sandy calcareous soils. Although Ca-carbonate 

dissolution is well researched in the laboratory, this is not the case for sandy soils in natural 

settings. This research aims to estimate the C sequestration capacity of the Sand Motor with 

fieldwork, laboratory experiments and a groundwater model. Groundwater and soil samples 

were collected at the Sand Motor to characterise the intensity of Ca-carbonate weathering. 

Laboratory experiments were done to establish Ca-carbonate dissolution rates. The unsaturated 

zone was mimicked with an experiment that was flushed with CO2 pressures (PCO2) varying 

between 0.0004 atm and 0.005 atm and soil with calcite concentrations of 0.6 % (low) and 3.3 % 

(average) content. The saturated zone experiment was executed with atmospheric pressures at 

two different temperatures: at 4°C and room temperature (Ḑ20°C) with  3.3 % calcite content. 

Groundwater fluxes and calcite dissolution were modelled with PHT3D and Modflow  

(Processing Modflow  was used as interface). Fieldwork indicated that calcite is the most 

abundant Ca-carbonate and confirmed that calcite dissolution occurs at the Sand Motor 

predominately at the higher grounds, where rain water infiltration happens. The Ca an alkalinity 

reaction products of the experiments showed that there is significant inhibition of the calcite 

dissolution rate in respect to literature values, which can be attributed to the presence of foreign 

ions. An experiment with average calcite (3.3 % calcite, 50 g) at room temperature reached 

saturation in 2 days, while experiments with less calcite and the cooled experiment needed more 

time (probably 3-5 days). Analyses of the C isotopes in the alkalinity from experiments and the 

Sand Motor, revealed that the C captured is inorganic. This justifies the assumption that the 

alkalinity produced can be seen as CO2 capturing. The model did not represent calcite 

weathering on the Sand Motor accurately yet and needs further research. The alkalinity 

concentrations are translated to CO2 amounts captured and scaled up to the volume of the Sand 

Motor to arrive at an estimation of 4.2*105 kg CO2 captured a year and 8.3 Mkg CO2 in twenty 

years. After inspection of the groundwater fluxes modelled for the Sand Motor, it can be viewed 

as a hydrologically isolated system from which all groundwater will be lost to the North Sea in 

twenty years. The CO2 sequestered by the Sand Motor can, as a consequence, be regarded as 

captured since the North Sea is an effective CO2 sink.    
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1. INTRODUCTION 
The origin of the Sand Motor, the stakeholders in this research and the state of the art will be 

discussed in this chapter. It will be concluded with the problem definition, aim and research 

questions. 

1.1 BACKGROUND 

1.1.1 Building with Nature  

2ÏÙÁÌ "ÏÓËÁÌÉÓ 7ÅÓÔÍÉÎÓÔÅÒ ÁÎÄ 6ÁÎ /ÏÒÄ ÉÎÉÔÉÁÔÅÄ ÔÈÅ Ȱ"ÕÉÌÄÉÎÇ ×ÉÔÈ .ÁÔÕÒÅ ɉ"×.Ɋ ÉÎÎÏÖÁÔÉÏÎ 

ÐÒÏÇÒÁÍÍÅȱ ÉÎ ςππψ ɉ$Å 6ÒÉÅÎÄ Ǫ ÖÁÎ +ÏÎÉÎÇÓÖÅÌÄȟ ςπρςɊȢ 4ÈÅÙ ÅÎÖÉÓÉÏÎÅÄ Á ÍÏÒÅ ÉÎÔÅgral  

approach for engineering that enhances ecosystems, recreation and involves the local residents 

in the process of fulfilling their assignments. Ecosystems, for example,  can be enhanced if the 

local natural processes are seen as asset rather than an obstruction in the design face of the 

engineering project. To put their BwN visions into action, a consortium under the name 

Ȱ%ÃÏÓÈÁÐÅȱ ×ÁÓ ÒÅÁÌÉÓÅÄ ɉ$Å 6ÒÉÅÎÄ Ǫ ÖÁÎ +ÏÎÉÎÇÓÖÅÌÄȟ ςπρςɊȢ 'ÏÖÅÒÎÍÅÎÔ ÁÇÅÎÃÉÅÓ ɉÂÏÔÈ 

European and Dutch authorithies), applied research institutes and other private parties benefit 

from shared knowledge and expertise under this umbrella (Ecoshape, 2014). An example of a 

"×. ÐÒÏÊÅÃÔ ÉÓ ÔÈÅ ÐÉÌÏÔ ÐÒÏÊÅÃÔ ÃÁÌÌÅÄ ȰÔÈÅ 3ÁÎÄ -ÏÔÏÒȱȢ 4ÈÉÓ ÍÅÇÁ-nourishment at the Dutch 

coast is intended to enforce the coast for a period of 20 years  through the natural processes of 

wave and wind action that are inherent to the local ecosystem (De Vriend & van Koningsveld, 

2012).  

1.1.2 The origin and history of the Sand Motor in context of Dutch coastal 

protection  

In the Netherlands 60 % of the inhabitants live below sea level and approximately 65% of the 

gross national product is accomplished in the coastal zones (Zeenivea, 2014; Stive et al., 2013). 

Therefore, it is crucial that the dunes that protect the Netherlands from flooding, are not eroding 

and can withstand future sea level rise (Centre for Climate Adaptation. 2014). To prevent coastal 

erosion, Rijkswaterstaat (RWS, a Dutch government agency) deposits approximately 

ρςzρπ Í  sand a year along the Dutch coast to maintain them to their 1990 conditions. They 

renew their plans for coastal protection once every 4 years and decide which locations are 

vulnerable and should, therefore be nourished. On a yearly basis, the council reviews the state of 

the beaches so that interim adjustments can be made to the plans that will strengthen the more 

vulnerable beaches (Rijkswaterstaat, 2014). This strategy will be referred to as traditional 

nourishment in this paper, it means that every 4-5 years the ecosystems of eroding coastal areas 

can be disturbed with sand nourishments. 

Ecoshape developed a new coastal maintenance strategy to lessen the damage to these coastal 

habitats (De Zandmotor, 2014). A mega-nourishment, called the Sand Motor, was realised in 

2011 at the Dutch coast between Kijkduin and Ter Heijde (De Zandmotor, 2014). With almost 

twice the amount of sand that the Dutch government usually distributes over all beaches on a 

yearly basis, the distinct shape of ςρȢυz ρπ Í  sand was formed (Figure 3). The sand of the 

Sand Motor will gradually be deposited along the coast through tidal motions, currents and wind 

action (De Zandmotor, 2014a; Stive et al., 2013). Estimations are that the Sand Motor will be 

able to protect the adjacent 10 km of coastline for at least 20 years from erosion. This is a benefit 

for the local ecosystems since they are left undisturbed in this timespan, as the sand will be 

deposited naturally, while they are normally disturbed once every five years (De Zandmotor, 

2014; Centre for Climate Adaptation. 2014; Stive et al., 2013). This form of soft engineering is, 
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thereby, thought to be more cost effective and more efficient that the traditional nourishments, 

(De Zandmotor, 2014; Stive et al., 2013). Since the Sand Motor is a pilot project, it is closely 

monitored by scientists from multiple universities, private companies and Dutch government 

agencies (Nature Coast, 2014; De Zandmotor, 2014). 

1.1.3 The CO2 board  

Some of thÅ ÓÔÁËÅÈÏÌÄÅÒÓ ÉÎÖÏÌÖÅÄ ÉÎ ÔÈÅ ÂÕÉÌÄ ÏÆ ÔÈÅ 3ÁÎÄ -ÏÔÏÒ ÁÌÓÏ ÊÏÉÎÅÄ Á Ȱ#/2 ÂÏÁÒÄȱȟ 

hosted by Ecoshape (participants listed in Table 1). The goal of the CO2 board is to design a tool 

that indicates where CO2 emissions can be lessened in coastal enforcement projects. They can 

achieve financial benefits if they can proof CO2 reduction to the Dutch government. The Dutch 

ÇÏÖÅÒÎÍÅÎÔ ÉÎÉÔÉÁÔÅÄ Á Ȱ'ÒÅÅÎ ÄÅÁÌȱ ×ÉÔÈ ÐÒÉÖÁÔÅ ÐÁÒÔÉÅÓ ÉÎ ÔÈÅ $ÕÔÃÈ ÃÉÖÉÌ ÅÎÇÉÎÅÅÒÉÎÇ ÓÅÃÔÏÒ ÉÎ 

2013 in order to stimulate CO2 emission reductÉÏÎÓȢ 4ÈÅÙ ÐÒÏÖÉÄÅÄ Á ÆÒÁÍÅ×ÏÒË ÃÁÌÌÅÄ ÔÈÅ Ȱ#/2- 

ÐÅÒÆÏÒÍÁÎÃÅ ÌÁÄÄÅÒȱ ÁÇÁÉÎÓÔ ×ÈÉÃÈ Á ÃÏÍÐÁÎÙȭÓ #/2 emission is ranked. Initially, a company has 

to indicate the net CO2 emissions of their practices which will put them on a certain rank at the 

CO2 performance ladder. If they can proof CO2 emissions reduction in a successive project, they 

will move up the ladder, and are consequently rewarded with tax reductions and a higher 

chance to be selected to execute projects for the Dutch government (CO2-Prestatieladder, 2014). 

The tool envisioned by the CO2 board will assess the CO2 emission of the equipment deployed, 

the execution and the nourishment itself (Figure 1). This  can be presented to the Dutch 

government to rank their engineering projects at the CO2 performance ladder. The CO2 board 

split ted up the entire  engineering process into five stages in the CO2 footprinting tool. These five 

stages were ÃÁÌÌÅÄ ȰÂÕÔÔÏÎÓȱ ÁÎÄ ÔÈÅÙ ×ÉÌÌ ÂÅ ÉÎÄÉÖÉÄÕÁÌÌÙ ÉÎÖÅÓÔÉÇÁÔÅÄ ÆÏÒ #/2 emissions (Figure 

1; Ecoshape, 2014a). Button four of the CO2 ÆÏÏÔÐÒÉÎÔÉÎÇ ÔÏÏÌ ÉÓ ÃÁÌÌÅÄ  ȰÔÈÅ ÓÁÎÄ ÐÉÔȱ, this is the 

part in which the net CO2 sequestration of a nourishment is investigated. The CO2 board wishes 

to know the difference between a traditional and the mega-nourishment (the Sand Motor) in 

carbon (C) sequestration capacity to indicate the emissions in button four. If such a difference 

were to be found, engineers could select the nourishment type with the highest net C 

sequestration capacity in an early designing stage (Ecoshape, 2014a). 

Table 1: Stakeholders involved in the CO 2 board  

 

 

 

 

 

 

 

 

 

Figure 1. The five buttons of the CO2 footprinting tool, aAdopted from Ecoshape (2014a). 

Name Sector Core business 

Van Oord Private  Dredging contractor 
Boskalis  Private Dredging contractor 

Royal Haskoning DHV Private Engineering consultants 
Arcadis  Private Engineering consultants 

Witteveen en  Bos Private Engineering consultants 
Deltares  Private Applied research institute 

Rijkswaterstaat  Public Government agency 
Wetlands international  NGO Nature conservation 

 

1. Equipment deployed 

2. Execution 

5. Ecosystem 

3. Project 4. The sand pit  



7 
 

 

1.1.4 Social relevance  

3ÕÂÓÉÄÉÓÉÎÇ ÔÈÅ Ȱ#/2-ÐÅÒÆÏÒÍÁÎÃÅ ÌÁÄÄÅÒȱ ÓÈÏ×Ó ÔÈÅ ÅÎÇÁÇÅÍÅÎÔ ÏÆ ÔÈÅ $ÕÔÃÈ ÇÏÖÅÒÎÍÅÎÔ ÉÎ 

mitigating antrophogenic global warming (Duurzaam GWW, 2014). From an environmental 

ethics perspective, this approach can still be seen as anthropogenic since the cause of the 

problem ( fossil fuel emission) is not completely eliminated but it is only lessened (Curry, 2011). 

However, a complete elimination of fossil fuels is not a realistic expectation on the short term for 

the dredging industry while coastal protection is a necessity in the Netherlands. Therefore, 

every attempt to cut back emissions and increase the knowledge on C sinks should be welcomed. 

The Sand Motor is thought to be a sustainable nourishment technique, although this hypotheses 

still needs to be scientifically confirmed in the next ± 17 years. If significant differences are 

discovered between traditional nourishments and the Sand Motor, the nourishment technique 

that sequesters the most CO2 can be selected. Reduced net CO2 emissions of coastal enforcing 

projects will result in financial benefits (CO2- performance ladder) for the stakeholders which 

can be a positive incentive to further invest in sustainable practices. 

The Sand Motor concerns a technique that protects Dutch assets and inhabitants. Due to the 

foreseen advantages of a mega-nourishment over the traditional techniques, this pilot project 

has gained worldwide interest from coastal countries. Increased scientific knowledge on CO2 

sequestration of the Sand Motor, could further enhance the attractiveness for worldwide 

deployment of mega-nourishments that is thought to inflict less damage to ecosystems than 

traditional nourishment techniques. Furthermore, Beaumont et al. (2014) advocates the 

importance to inform policy makers on the value of their coastal ecosystems as C stocks to 

stimulate coastal defence management that improves CO2 sequestration. This research could 

provide information for policy makers on the value of the Sand Motor as a C sink. 

1.1.5 State-of-the-art  

The continuously rising anthropogenic CO2 levels in the atmosphere result in an interest to 

identify CO2 sinks in the biosphere. Knowledge on these C sinks could contribute to mitigating 

global warming and increase the understanding (and modelling) of the C cycle (IPCC, 2014). The 

C sinks are often associated with terrestrial vegetation although half (55% ) of the biological C is 

in fact captured by marine living organisms (Nellemen et al., 2009). CO2 that is stored by marine 

ÁÎÄ ÃÏÁÓÔÁÌ ÈÁÂÉÔÁÔÓ ÉÓ ÃÁÌÌÅÄ ȬÂÌÕÅ ÃÁÒÂÏÎȭȢ 5ÎÆÏÒÔÕÎÁÔÅÌÙȟ ÂÌÕÅ ÃÁÒÂÏÎ ÅÃÏÓÙÓÔÅÍÓ ÁÒÅ ÔÈÏÕÇÈÔ ÔÏ 

degrade in the coming two decades, while estimations reveal that restoring current degraded 

marine ecosystems could lead to the 10% atmospheric CO2 reduction that is proposed to keep 

the CO2 levels in the atmosphere below 450 ppm (Nellemen et al., 2009). Everard et al. (2010) 

demonstrated that the importance of blue carbon is underestimated by policy makers. For 

ÅØÁÍÐÌÅȟ ÓÁÎÄ ÄÕÎÅÓ ×ÅÒÅ ÄÅÅÍÅÄ ȰÎÅÇÌÅÃÔÅÄ ÅÃÏÓÙÓÔÅÍÓ ÏÆ ÓÉÇÎÉÆÉÃÁÎÔ ÁÎÄ ÏÆÔÅÎ ÕÎÄÅÒ-

appreciated ÓÏÃÉÅÔÁÌ ÖÁÌÕÅȱ ÉÎ ÔÈÅÉÒ ÐÁÐÅÒȢ Blue carbon research has often been focussed on 

ecosystems with vegetation present (such as mangrove forest or algae) since C capturing 

through photosynthesis in plants is one of the main mechanisms that is thought of in this 

context. Sand dunes and beaches are often scarcely vegetated and are therefore not a main topic 

in  C capturing research, although some research has been done at the coast of the United 

Kingdom (UK; Jones et al., 2008; Beaumont et al., 2014; Everard et al., 2010) .  

The blue carbon stored in sand dunes and salt marshes at the coast of UK has been estimated by 

Beaumont et al. (2014). They found a 0.3-4.4 % C content in the soil of sand dunes and 4.3-5.5% 

C content in the soil of salt marshes. With these values UK C stocks were estimated (with 2000 as 
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baseline year) as σz ρπ ton C in sand dunes and υz ρπ ton C in salt marshes (Beaumont et al., 

2014). The estimations were based on a C accumulation rate of 582 ËÇ # ÈÁÙÒ in dry dune 

and 730 ËÇ # ÈÁÙÒ in wet dune habitats, as established through field research of Jones et al. 

(2008). Beaumont et al. (2014), consequently, concluded that these coastal habitats have a 

significant impact in terms of CO2 sequestration and storage if they are kept unharmed. Everard 

et al. (2010) do not share this opinion: they concluded  that there are relatively few coastal 

habitats were CO2 sequestration rates can be deemed high.  However, Beaumont et al. (2014) 

calculated that the soil C stock of mobile/semi-fixed dunes (a category that fits the Sand Motor) 

is negligible which is associated to the lack of vegetation.There are multiple mechanisms that 

can result into C storage in sand dunes and salt marshes. Two main partakers(relevant for 

beaches and sand dunes) will be discussed subsequently: 1) calcium carbonates and 2) 

vegetation. Both calcium carbonate weathering and the photosynthesis/root respiration of 

vegetation can result in either C capturing or C release. They can interact in areas where soils 

containing calcium carbonates and vegetation are present. 

Calcium carbonate wea thering  

Calcium carbonate weathering will be the main focus of this research, since the Sand Motor does 

not have significant vegetation at the moment. Calcium carbonate dissolution or weathering is a 

possibility at lime rich beaches in the Netherlands (Eisma, 1968). CO2 can be sequestered by 

calcium carbonates in a dissolution reaction (reaction 1 in chapter 2; Appelo & Postma, 2005). 

Nonetheless, the reaction can also be reversed leading to CO2 degassing into the atmosphere. 

Calcium carbonates can consist of aragonite, dolomite and magnesium-calcites, but the most 

common form is calcite (#Á#/ . Calcite dissolution is enhanced in the presence of dissolved 

CO2=. The gas pressure of CO2 in groundwater (ὖ ) is almost two orders of magnitude higher 

than that of atmospheric CO2 (0.03 vol %), caused by the infiltration of in rainwater dissolved 

CO2 (Hanson et al., 2000, Appelo & Postma, 2005). Even in sandy soils (with low vegetation 

density ), the CO2 pressure is nearly an order of magnitude higher than the atmospheric 

pressure. Therefore, the residence time of C in soil is short (10-100 years) and the drop of CO2 

concentrations in the top layer indicates that most of it escapes to the atmosphere (Lee 1997; 

Appelo & Postma, 2005). Groundwater distributes dissolved carbon. It is estimated that globally 

the amount of dissolved carbonate moving down with infiltrating groundwater is exceeded by 

the CO2 release back into the atmosphere from exfiltrating groundwater (flux in; 0.2 and flux out; 

77Gt C/yr, Kessler & (ÁÒÖÅÙȟ ςππρɊȢ 4ÈÅ Ð(ȭÓ ÁÔ ÔÈÅ Sand Motor are relatively high, the pH is 

between 7.3 and 8.8 in the pore water from unsaturated zone which is consistent with calcite 

weathering (I.R. Pit, personal communication, December 2014). It could be hypothesised that 

the high pH values of the Sand Motor indicate that it is indeed a calcium carbonate rich soil, 

which would be optimal for calcium carbonate weathering. The mobility of dunes plays a role in 

CO2 sequestration since fixed dunes store more C than mobile dunes (Beaumont et al., 2014). 

This could indicate low C sequestration values for the Sand Motor since it is mobile. A seasonal 

variation in calcite weathering is anticipated since CO2 dissolves better with lower 

temperatures. Therefore, the reaction products of calcite weathering are expected to increase 

with decreasing temperatures as well as increasing PCO2 (Van der Perk, 2013).  

  



9 
 

Organic carbon fluxes  

There is little vegetation present at the Sand Motor at the moment but  this could change in the 

futur e. Beaumont et al. (2014) demonstrated that C stocks in coastal habitats correlate positively 

with vegetation densities. Studies on terrestrial vegetation show that the CO2 that plants fixate in 

their photosynthesis process is distributed in the soil vertically with their roots as soil organic 

carbon (SOC). The absolute amount of SOC is dependent on climate, but how deep and how 

much CO2 is distributed vertically depends primarily on vegetation type (Jobbagy & Jackson, 

2000, 2004). Ecosystems with low decomposition rates can store the C in the soil through 

vegetation litter. Because the C limitation is reached early in these ecosystems, SOC 

concentrations are high (Bosatta & Berendse,1984; Kooijman & Besse , 2002). Along these lines 

sea grass can be responsible for carbonated sand in the sparse vegetated fore dunes (Cardona & 

García, 2008). Spiteri et al. (2008) discovered that at the wedge of groundwater and salt water, 

the (marine derived) dissolved organic carbon (DOC) degrades, which can lead to CO2 emissions. 

There can be seasonal fluctuations in soil CO2 pressure due to vegetation. The fluctuations are 

caused by the winter stop of biological CO2 sequestration and, consequently, groundwater 

degassing into the atmosphere (in unsaturated sand). While in the summer, when biological CO2 

production is high, C is sequestered in the deeper soil layers from where it cannot easily diffuse 

back into the atmosphere (Reardon et al., 1997). 

Calcite precipitates when vegetation uses the dissolved carbonates in the sand for 

photosynthesis instead of atmospheric CO2 (Appelo & Postma, 2005). CO2 can furthermore be 

released from the soil by heterotrophic (microbes, soil fauna) and autotrophic (root) respiration, 

the oxidation of (dissolved) organic carbon and decomposing soil organic matter (SOM) (Hanson 

et al., 2000; Keller & Bacon, 1998; Appelo & Postma, 2005; Schlesinger, 1977).  This could 

indicate that the presence of SOM in the soil, that was used to build the Sand Motor, can have a 

significant impact on the CO2 sequestration rates. 

 

Knowledge gap and expectation for the Sand Motor  

Calcite dissolution kinetics have been studied extensively in laboratory settings since it is an 

abundant mineral (Morse and Arvidson., 2002).  Understanding its reaction is a key to many 

natural phenomena such as degradation of monuments (build with calcium carbonates) and the 

accumulation of carbonates in marine sediments. However, an accurate translation from 

laboratory results to that of specific ecosystems has not yet been made. One of the reasons is 

that there are voids in the comprehension of the inhibition of foreign ions on the calcite 

dissolution rate.  Therefore, laboratory results can potentially be used as a benchmark for field 

conditions, but they will not be directly applicable to natural consitions (Morse and Arvidson., 

2002). Field studies on calcite dissolution are often aimed at aquifers or carbonate rocks. Carbon 

stocks and CO2 sequestering on the tidal plains, the beach and at the fore dunes have been little 

investigated (Jones et al., 2008; Beaumont et al., 2014). Most of the above cited information is 

from papers that investigate nitrogen (N) content in coastal soils and that mention C content 

briefly , sometimes even estimated as 50 % of the SOM, to calculate the N:C ratio (Cardona & 

García, 2008; Kooijman & Besse, 2002; Jones et al., 2008).  

Summarizing the mechanisms addressed above, I expect that calcite weathering occurs at the 

Sand Motor at the higher parts in the centre where rainwater infiltrates. I anticipate that higher 

C sequestration will be achieved in winter time due to the colder conditions. Proving C 

sequestration at the Sand Motor will, therefore, entail knowledge on calcite dissolution kinetics 
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unique to its sand and the groundwater fluxes. The groundwater  of the Sand Motor will be 

sampled to to prove C sequestration. Therefore, this research  will be a combination of 

fieldwork, laboratory research and modelling, resulting in a C sequestration estimate of the Sand 

Motor. 

1.2 PROBLEM DEFINITION 
The Sand Motor is an unique mega nourishment that is thought to capture C through calcite 

dissolution. How much C will be captured depends on the local conditions that can influence 

calcite dissolution rate.    

1.3 AIM 
The capacity of the Sand Motor to store C through calcite dissolution will be researched. The 

influence on calcite dissolution rate of seasonal differences in temperatures,  the variation of CO2 

pressure and calcite concentrations will be analysed. The saturated and unsaturated zone will be 

investigated separately and the groundwater fluxes  will be studied to determine whether the 

Sand Motor sequesters C. This research  will combine the results of fieldwork, laboratory 

experiments and modelling to derive the C sequestration capacity of the Sand Motor. 

1.4 RESEARCH QUESTION 
1. What is the C sequestration capacity of the Sand Motor? 

a. What is the Ca-carbonate content of the Sand Motor? 

b. What is the net CO2 sequestration rate of the Sand Motor? 

c. Is the CO2 sequestration capacity of the Sand Motor positively associated with Ca-

carbonate concentrations? 

d. What is the effect of low  temperatures (4°C) at the Sand Motor on the Ca-

carbonate dissolution rate? 

e. Does the Sand Motor increase C sequestration in comparison to traditional 

nourishments? 

f. Will the development of the calcite concentration at the Sand Motor influence the 

C sequestering within the twenty year life span of the Sand Motor?  
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2. CHEMICAL PROCESSES 
This research focusses on  the dissolution of calcium carbonates such as; aragonite, dolomite 

and calcite. In the Netherlands the beaches north of Bergen are calcium carbonate poor (less 

than 0.5 %), however, south of Bergen calcite concentration on beaches can reach up to 12% 

(Eisma, 1968). Even higher concentrations (up to 25% calcite) can be found in the adjacent 

dunes due to lag deposits. Sand samples of the Sand Motor contain 0-7.8 % calcite (appendix 

C). Just two of the 39 locations in appendix C do not exceed the 0.5 % calcite threshold and 

can, therefore, be called Ca-calcium poor (Eisma, 1968). On average the sand samples 

contain 4% calcite, which indicates that the Sand Motor is Ca-calcium rich. Calcite weathers 

when it is in contact with dissolved CO2 (reaction1), it results in calcium and the production 

of alkalinity ((#/Ƞ Abanades & Alvarez, 2003; Juvekar & Sharma, 1973; Appelo & Postma, 

2005).  Reaction 1 is a simplification of  several chemical reactions, which are listed in  

Table 2.1. Calcite dissolution is controlled by the availability of water and CO2 (Kaufmann & 

Dreybrodt, 2007). Water is needed for calcite weathering since the dry reaction needs 

temperatures above 823 K (Abanades & Alvarez, 2003; Juvekar & Sharma, 1973). 

Considering CO2  dissolves in water (reaction 2a,b), rainwater is a direct source for CO2 input 

into soils (Appelo & Postma, 2005).  

 

#Á#/  #/ (/ᴼ#Á ς(#/  

 

#/ ᴼ#/  Ἡ 

 

#/ (/ᴼ(#/ Ἢ 

 

Plummer et al. (1978) investigated the dissolution kinetics of pure calcite in deionised water 

with temperatures between 5-60 °C and PO2: 0-1 atm. They demonstrated that reactions 3f, 

3g and 3h from Table 2.1 can occur simultaneously. They indicated three  pH regions with 

different mechanism that influence kinetics. In the first region (pH 0-3.5) the reaction is 

transport controlled and, consequently, the stirring rate of an laboratory experiment can 

influence the calcite dissolution rate. In the second region (pH  3.5-5.5) there is a transition 

from transport controlled to surface controlled kinetics, which is the dominant mechanism 

in the third region (pH > 5.5). In the third region the calcite dissolution reaches equilibrium, 

the pH at which the equilibrium is reached, depends on the PCO2 (Plummer et al.,1978; 

Morse and Arvidson, 2002). The carbonate species of dissolved CO2 also depend on pH. From 

pH 3-6.3 (#/   is most abundant, followed by ς(#/  from pH 6.3-10.3. A pH higher than 

10.3 results in #/  as the most abundant carbonate species (Appelo & Postma, 2005). The 

distribution of carbonate species is the main reason that the reaction in Table 2.1 depend on 

pH. Temperature also has an significant effect on calcite dissolution. CO2 dissolves better 

with lower temperatures wile calcite dissolution happens faster with increasing 

temperatures ( Plummer et al.,1978; Van der Perk, 2013). Figure 2 depicts the temperature 

dependency of the calcite dissolution rate and  dissolved CO2 with a PCO2= 0.004 atm. The 

dissolved CO2 in Figure 2 was calculated in PHREEQC with  demi water, which results in a pH 

below 5 and, consequently, (#/    is the most abundant carbonate species. The log of the 

calcite dissolution rate increases a little. However, it not much on the calcite dissolution log 

scale of -3 to -8 that has been measured in experiments by Plummer et al. (1978). 
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It is possible that there is dolomite or magnesium-rich calcite (Mg-calcite) present on the 

Sand Motor. Dolomite can be identified since it weathers slower than calcite (Engesgaard & 

Kipp, 1992). Mg-calcite, on the other hand, weathers alongside with calcite. Therefore, Mg 

produced with a time lag relative to Ca indicates the presence of dolomite, while Mg 

produced simultaneously with Ca will most probably be a result of Mg-calcite dissolution 

(Appelo & Postma, 2005).  

 

Table 2.1  Reactions associated with calcite dissolution. All reactions with a (*)  are 

dependent on pH (  Table adapted from Kaufmann & Dreybrodt, 2007; Appelo & 

Postma, 2005 ). 

(3a)   (O  ᵾ (  + O(  Water dissociation into 
hydrogen- ad hydroxyl-ions 

(3b) C/ȟ   ᵾ #/ CO2 dissolution in water 

(3c) #/ + (O ᵾ (C/  ᵾ ( + HC/  Carbon conversion into 
hydrogen and bicarbonate* 

(3d) #/ /(   ᵾ (#/  Carbon conversion into 
bicarbonate* 

(3e) (#/  ᵾ (  #/  Bicarbonate dissolution into 
hydrogen and carbonate ions 

(3f)  #Á#/(  ᵾ #Á (#/  Dissolution of calcite* 

(3g) #Á#/(#/  ᵾ #Á ς(#/  Dissolution of calcite* 

 #Á#/(/   ᵾ #Á #/  (/  Dissolution of calcite* 

(3h)  ᵾ #Á  (#/  /(  Dissolution of calcite* 

(3i)  #Á#/ ᵾ #Á  #/  Dissolution of calcite* 

 

 

 

Figure 2. The dissolution of CO2 in demi water and the log of the calcite dissolution rate (black 

dot) dependent on temperature (PCO2 = 0.004 atm). 
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Carbon isotopes 

When CO2 dissolves into water, it produces four main carbon species; #/ ȟ(#/  , 

(#/ ÁÎÄ   #/ ȟ  which will be indicates as dissolved inorganic carbon (DIC; Clark and Fritz, 

1997). The 13C /12C (ɿ13C) isotope ratio of C atoms in DIC  variate significantly between 

organic sources and inorganic and, consequently, can indicate the sources of  the C. For 

example, ɿ13C found in dissolved inorganic CO2 is -8ϸ  while dissolved organic CO2  ɿ13C =-

24. Table 2Ȣς ÇÉÖÅÓ ÁÎ ÏÖÅÒÖÉÅ×  ÏÆ ÒÅÌÅÖÁÎÔ ɿ13C  values, the variation in DIC  isotopes of 

seawater is dependent  on location, season and depth (Mook and Tan, 1991). There is a 

ÄÉÆÆÅÒÅÎÃÅ ÉÎ ɿ13C value of the DIC,  between systems that are in open contact with CO2 and 

systems that have a constant PCO2. The unsaturated zone at the San Motor is an op CO2 

system while the saturated zone is a system with constant PCO2, the latter will be referred to 

as a closed CO2 system. In the closed CO2 system I expect  a 50/50 contribution of C isotopes 

from dissolved (inorganic) CO2 and marine calcite. Two molecules (#/   are created in the 

calcite dissolution reaction (reaction 1). One of the (#/   molecules will get a C atom from 

the CO2 molecule while the other  (#/    receives the C from the calcite molecule. This 

means that  a ɿ13C between -3 and -τ ϸ ɉsince 0.5*[ -8+ 0 or 2] = -3 or -4) is expected for 

CO2 sequestration in a closed syte(Appelo & Postma, 2005). In the open CO2 system, the 

carbonate species in the solution are important to establish the ɿ13C. In this case the CO2 

isotopes will be more abundant than any of the marine calcite isotopes since the gas 

exchange with water is quick and there is an unlimited supply of CO2. CO2 dissolved in water 

has three different isotope signatures for dissolved CO2(aq), (#/  and #/  (Table 2.2). 

Therefore, the ratio of the carbonate species in the sample will determine the final ɿ13C value 

of an open CO2 experiment. 

 

Table 2.2. An overview  ÏÆ  ɿ13C values relevant for this research.  

 ɿ13# ɉϸɊ Reference 

Dissolved inorganic CO2 -8  Appelo & Postma, 2005 

(#/  (inorganic origin)  2 Appelo & Postma, 2005 

#/  (inorganic origin)  1 Appelo & Postma, 2005 

Dissolved organic CO2 -24 Appelo & Postma, 2005 

(#/  (organic origin) -14 Appelo & Postma, 2005 

#/  (organic origin) -15 Appelo & Postma, 2005 

Average atmospheric CO2 -7 Mook 1986 

Average oceanic DIC 1.5 Mook 1986 

Calcite of marine origin between 0 and 2 Mook 1986 

DIC seawater between 0 and 2 Mook and Tan, 1991 
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3. THE SAND MOTOR 
The fieldwork described in this paper has been conducted at the Sand Motor. This mega-

nourishment was realised in 2011 at the Dutch coast between Kijkduin and Ter Heijde for 

coastal defence purposes (De Zandmotor, 2014). The sand used for the construction was 

excavated in a sand pit located 10 km from the shoreline (De Zandmotor, 2014). A distinct 

shape ( Figure 3) of 21.5 * 106 m3 sand was formed, which is almost twice the amount of 

sand that the Dutch government usually distributes over all beaches on a yearly basis (De 

Zandmotor, 2014). The mega-nourishment will gradually deposit the sand at the coast 

through tidal motions, currents and wind action during the next 20 years (De Zandmotor, 

2014a; Stive et al., 2013). This will strengthen the coastline and protect the hinterland from 

flooding. An advantage is that the local ecosystems are left undisturbed for twenty years 

while traditional nourishment techniques disturb the ecosystems approximately once every 

five years. 

 
The Sand Motor is a pilot project. Therefore, it is closely monitored by scientists from several 

universities, applied research institutes, private companies and Dutch government agencies 

(Nature Coast, 2014; De Zandmotor, 2014). Its geochemical composition is currently being 

analysed by the PhD student Iris Pit and an overview of the preliminary data (that are of 

significance for this research) sampled at the locations depicted in Figure 3 are listed in 

appendix C (I.R. Pit, personal communication, February2015). The average pH found is 

around 8, average calcite content is 4% (0-7.8%), average alkalinity is 3.3 mM (1.5-9 mM) 

and the PCO2 in the soil ranges from 0.0003-0.0126 atm (all above atmospheric CO2 

pressures). The groundwater of the Sand Motor consists of a fresh layer of rainwater on top 

of seawater. The Sand Motor can be regarded as an isolated system, since all the rainwater 

that infiltrates will, eventually, end up in the North Sea after a certain period (personal 

contact Sebastian Huizer, May 2015). 

 

 

Figure 3. The distinct shape of the mega nourishment the Sand Motor. The sampling grid of 250 

x 250m  that was used for the results described in appendix C and the fieldwork in this research 

(section 4.1). 
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4. METHODS 
The research questions will be answered with laboratory experiments, fieldwork and modelling. 

Two different experimental setups have been used to mimic an open CO2 system (bioreactor, 

section 4.2.2) and  a closed CO2 system (closed CO2 experiments, section 4.2.3). The recipe for 

the rainwater imitation that was used in the experiment is in section 4.2.1. PHREEQC 

calculations have been made to interpreter the results of the experiments (section 4.3.1). 

Fieldwork at the Sand Motor has been done to collect sand samples for the experiments and to 

investigate the calcite dissolution at the Sand Motor with  groundwater samples (section 4.1).  

The calcite dissolution in groundwater fluxes have been modelled with Modflow and PHT3D in 

purpose of a C sequestration estimation (section 4.3.2). 

4.1 SAMPLES 

4.1.1 Field work   

Sand samples 
At the Sand Motor, locations A10, C8 and B7 (Figure 3) were sampled in January 2015 and 

location D8 was sampled in April 2015. Location A10 was selected to explore conditions at the 

beach, location C8 was chosen for its central position at the Sand Motor, location B7 for its 

proximity to the lake and location D8 because of its low calcite concentration. The surface at the 

locations A10 and C8 was densely covered with  shells , location B7 was wet in comparison to the 

other two locations (Figure 4.1.1a,b). It bordered a section near the lake that was closed by 

authorities due to quicksand. The soil at locations A10 and C8  was frozen at approximately 3 cm 

depth and at location B7 at 1-2 cm depth. The frozen soil made it more difficult to  obtain 

samples. Location D8 was at the tidal plains and the soil was not frozen on this field trip. The 

centre of a grid point, and 4 points at 1m distance from the centre, were sampled. At each of 

these five points, two sand samples were collected and put into a bucket. The sand was stored in 

a plastic bag and subsequently mixed by hand. Six bags of sand (Ḑ1 kg) were retrieved  at 

locations A10, C8 and B7. At location D8 three bags of approximately 1 kg were collected. Since a 

layer of sand was removed when a bag was filled, the next bag of sand was sampled at increased 

depth. Therefore, the first bag of each location contained more shells than the other bags and, as 

a consequence, the first bag is not used in experiments. Some of the sand in bag number 3 of 

location D8 was in contact with sea foam before sampling. 

a 

 

b 

 
 Figure 4.1.1. a) Location C8 and b) location B7 sampled at 23-1-2015 
 



16 
 

 

Groundwater samples 
At the Sand Motor, locations  B7, D8, C8, B8, A8, C10 and C13 (Figure 3) were sampled in 

February 2015. At each location a hole was augered with a Edelman hand drill until the 

saturated zone was reached. A piezometer, with a filter sock at the end, was installed into the 

hole. Groundwater was extracted with a peristaltic pump using a polyethylene tube. When the 

groundwater became clear, a minimum of 1litre was extracted  after which the samples were 

taken. Temperature and pH were measured immediately in the field and 5 bottles (specifications 

in Table 4.1.1) were filled with groundwater for further lab analysis after filtration through a 

πȢτυ ʈÍ ÆÉÌÔÅÒ. 

 

 

  

Table 4.1.1. Specification of the groundwater sampling done at the Sand Motor and in 
experiments. Sample bottles intended for isotope analysis w ere filled completely to avoid 
interaction with remaining CO2. Acid was added to the sample intended for the ICP -
MS/OES at the same day. All bottles were fil tered  ÔÈÒÏÕÇÈ Á πȢτυʈÍ ÆÉÌÔÅÒȢ 
Number 
of 
samples  

Volume 
samples 
field work 

Volume 
samples 
experiment 
bioreactor 

Volume 
samples 
experiment 
bottles 

Type of 
bottle 

Intended 
for 

Particulars 

1 2ml 2ml 2ml glass IC filled up to ¾ 
of the bottle 

2 2ml 2ml 2ml glass isotope 
analyses 

no air in 
bottle 

1 15-30ml 10/5ml  5ml glass alkalinity   

1 60ml 10/5ml  5ml PE vial ICP-
MS/OES 

φππ ʈ, (./σ 
added 

1 - - 5ml glass pH  

1 - - 10ml glass Ca test  
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4.1.2 Laboratory protocol  for the samples 

Sand samples 
The samples were stored in a cooled storage room (4-5 °C). To prepare the sand for an 

ÅØÐÅÒÉÍÅÎÔȟ Á ÂÁÇ ÏÆ ÓÁÎÄ ɉІρ ËÇɊ ×ÁÓ ÐÕÔ ÉÎ ÁÎ ÁÌÕÍÉÎÉÕÍ ÔÒÁÙ ÁÎÄ ÄÒÉÅÄ ÉÎ ÔÈÅ ÏÖÅÎ ÆÏÒ ÁÔ ÌÅÁÓÔ 

24 hours at 105 °C.  The sand was sieved with a 2 mm sieve, to remove large shells, and 

subsequently put in a preserving glass jar. When starting an experiment, the required amount of 

sand was taken from the jar. A sand sample for an experiment was obtained by means of a 

sandsplitter and, subsequently, weighed to get the required amount.  Generally, samples were 

put into the bioreactor immediately after weighing, otherwise thy were kept in a plastic 

container with lid. 

Groundwater samples 
All the samples were stored in a fridge at 4-5 °C prior to the lab analyses. Alkalinity was 

measured at the sampling day or at least the following day. Alkalinity was manually established 

with the GRAN method  at room temperature (Sarazin and Prevot, 1999). The bottles of 

alkalinity samples taken during the bottle experiments were filled completely to avoid further 

interaction with the CO2. Samples destined for ICP-OES and ICP-MS were acidified with suprapur 

HNO3 ɉρπ ʈÌ ÐÅÒ ÍÌ ÓÁÍÐÌÅɊ ÁÎÄ ÓÔÏÒÅÄ ÉÎ Á ÒÅÆÒÉÇÅÒÁÔÏÒ ɉτ-5 °C) until the analyses. The IC 

samples were analysed once a month and the ICP samples after the experimental fase. The 

isotope samples were measured using an IR-MS to determine dissolved inorganic carbon 13C/12C 

ratio (DIC, ɿ13C). To prepare for the IR-MS, glass tubes with 3 drops of phosphoric acid were 

filled with helium and sealed with a lid. Each tube was subsequently injected with 0.7 ml sample. 

The groundwater samples from fieldwork were analysed with the IR-MS two days after. The 

samples obtained during experiments were analysed the day after or at the least two weeks 

after an experiment. The data of samples that contained an noticeable air bubble when 

preparing for the IR-MS, were excluded from further interpretation . 
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4.2 EXPERIMENTS 
In this section the rainwater imitation will be discussed, followed by the experimental setups of 

the open CO2 system (bioreactor) and  a closed CO2 system (bottle experiments). Table 4.2 is an 

overview of all experiments and their settings. The experiments will identified with their (code 

in column 2) in the result and discussion chapters (Chapter 5 and 6).  

Table 4.2. Specifications of calcite dissolution experiments.  

Date 

 

Code 

Location 

sand 

Calcite 

(%) 

Sand 

(g) 

PCO2 

(atm) 

T  

(°C) 

Type 

 

5-3-2015 1lP C8N4 3.3 50 0.0004 20 Bioreactor 

11-3-2015 2hP C8N4 3.3 50 0.0050 20 Bioreactor 

18-3-2015 3 C8N4 3.3 50 0.0040 20 Bioreactor 

19-3-2015 4lPlc C8N4 3.3 5 0.0004 20 Bioreactor 

25-3-2015 5lP C8N4 3.3 50 0.0004 20 Bottle 

26-3-2015 6lP C8N4 3.3 50 0.0004 4 Bottle 

7-4-2015 7 C8N4 3.3 50 0.0040 20 Bioreactor 

9-4-2015 8lc D8N1 0.6 50 0.0040 20 Bioreactor 

13-4-2015 9lc D8N1 0.6 5 0.0040 20 Bioreactor 

14-4-2015 10 blank blank blank 0.0004 20 Bioreactor 

16-4-2015 11 blank blank blank 0.0040 20 Bioreactor 

 

4.2.1 Rainwater  imitation  

For the experimental setup, data on the composition of rainwater of monitoring station De Zilk  

was used to imitate rainwater (RIVM, 2014).  De Zilk was chosen for the proximity to the North 

Sea. The elements in the RIVM (2014) dataset that were below detection levels of the equipment, 

were deemed insignificant and were not used in the rainwater stock. Calcium and magnesium 

were left out on purpose to ensure that all detected Ca and Mg are reaction products. The 

average values over the year 2012 of the elements that are selected from the dataset and their  

standard deviation are in Table 4.2.1.  Sodiumchloride,  ammoniumsulfate and 

ammoniumnitrate were mixed with demi water to create an imitated rainwater stock, 

furthermore, all experiments reported in this paper were done with a single stock. Table 4.2.1). 

Table 4.2.1  Recipe for rainwater . The stock in the last column  is 1000 times the 

concentration needed for 1 L of imitated rainwater, adding up to 500 ml.  

Measurements at the Zilk Labaratory rainwater stock 

Elements Average 2012 
ɉʈÍÏÌ/L)  

Standard deviation 
ɉʈÍÏÌȾ,Ɋ 

Chemicals mg/l  

NH4 49 36 (NH4)2SO4 2.64 

NO3 35 17 NH4NO3 2.80 

Na 120 82 NaCl 6.43 
Cl 139 97   
SO4 19 6   
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4.2.2 Bioreactor experiment ( open CO2 system) 

For this experiment an Applikon 2L jacketed bioreactor was used. Continues pH measurements 

were conducted with a Metrohm Synthrode 368mm and Tinet 2.4 software, the pH 

measurements were saved with a time interval of 10, 20 or 60 seconds. A Bronkhortst HI-TEC 

mass airflow controller was used to add and mix CO2 and compressed air (CA) and the solution 

was stirred using an Applikon Stirrer Controler p100. The pH electrode was calibrated before an 

experiment with a pH 7 and pH 4 buffer. Subsequently, the bioreactor was filled with 1.5 litre  

demi water (WDI) and 1.5 ml rainwater stock was added. Next the bioreactor was put on its 

frame and closed with the lid  (Figure 4.2.2, the experimental setup). The solution was stirred 

with 400 rounds per minute (rpm) and the continuous pH measurements were started. The sand 

was added after the pH of the solution was settled and, subsequently, the required mixture of 

gasses was switched on to achieve a certain PCO2 (Flow calibrations in Appendix B). The 

bioreactor was sampled at regular time intervals (commonly with an hour interval), the type 

and number of samples can be found in Table 4.1.1. The variables in this experiment were: PCO2, 

and calcite concentration. Sand from location C08 (3.3 % calcite) and D08 (0.6 % calcite ) were 

used in the experiments. Experiments were done with atmospheric PCO2 (0.0004 atm), ten times 

atmospheric pressures  (0.004 atm) and a CO2 pressure of PCO2 = 0.005 atm. 

 

 

 

 

 
Figure 4.2.2. The experimental setup with the bioreactor for open CO2 
system experiments. 

 

  














































































