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ABSTRACT

The Sand Motor is an innovative mega nourishment at the Dutch Coast. It is intended to it
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 (approximaty) four years, a mega
nourishment is thought to be less damaging for local ecosystems. Motivated by an initiative of
the Dutch government to reduce C£emissions, stakeholders involved in the construction of the
Sand Motor wished to know if the Sand Motocaptures CQ. Carbon can be sequestrated through
calcium carbonate dissolution in barren sandy calcareous soils. Although-Carbonate
dissolution is well researched in the laboratory, this is not the case for sandy soils in natural
settings. This reseach 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 @arbonate weathering.
Laboratory experiments were done to establish Gaarbonate dissolution rates. The unsaturated
zone was mimicked with an experiment that was flushed with C@ressures PCQ) varying
between 0.0004 atm and 0.005 atnand 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 temperatureD20°C) with 3.3 % calcite content.
Groundwater fluxes and calcite dissolution were modelled wittPHT3D and Modflow
(Processing Modflow was used as interface). Fieldwork indicated that calcite is the most
abundant Cacarbonate 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 attribted 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 othe 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 G@apturing. The model did not represent calcite
weathering on theSand Motor accurately yet and needs further research. The alkalinity
concentrations are translated to C@amounts captured and scaled up to the volume of the Sand
Motor to arrive at an estimation of 4.2*16 kg CQ captured a year and 8.3 Mkg Can 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 C@sequestered by the Sand Motor can, as ansequence, be regarded as
captured since the North Sea is an effective g€nk.



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 th@roblem definition, aim and research
guestions.

1.1 BACKGROUND

1.1.1 Building with Nature

2T UAT "1 OEATEO 7AO00I ET OOAO AT A 6AT /1T OA ET EOEAOQA
DOT COAT T Ao ET ¢nmy j$A 60EAT A O OAT +igtaEl COOAIT An
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 apstruction in the design face of the

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

O%AT OEAPAG xAO OAAI EOAA j$A 60EATA Q OAT +11ETCGC
European and Dutch authorithies), applied resarch institutes and other private parties benefit

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

"x. DPOIT EAAO EO OEA PEI T O bOI Enhdikishméhtialthe DdtchOOEA 3 AT
coast is intended to eforce 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 livebelow 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 duneghat 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
p @ p mi sanda yearalong the Dutch coat to maintain them to their 1990 conditions. They
renew their plans for coastal protection once every 4 years and decide which locations are
vulnerable andshould, therefore be nourished On a yearly basis, the council reviews the state of
the beaches sdhat interim adjustments can be made to the plans that will strengthen the more
vulnerable beaches (Rijkswaterstaat, 2014). This strategyill be referred to as traditional
nourishment in this paper, itmeans that every 45 years the ecosystems of erodingoastal 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 meganourishment, 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 @z p mti sand was formed Figure 3). Thesand of the

Sand Motor will graduallybe deposited alongthe coast through tidal motions, currents and wind
action (De Zandmotor, 2014a; Stive et al., 2013). Estimations are thattSand 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 namally 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 Zardmotor, 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 CQ board

Someofth OOAEAET 1 AROO ET O1T1 OAA ET OEA ,ADEOAdHh £ OEA
hosted by Ecoshape (participants listed ifable 1). The goal of the Cgboard is to design a tool

that indicates where CQ@emissions can be lessened in coastal enforcemenipects. They can

achieve financial benefits if theycanproof CQ reduction to the Dutch government. The Dutch

Ci OAOT T AT O ETECEAOAA A O OAAT AAAI 6 xEOE DOEOAOA
2013 in order to stimulate CQemissionreducéE i 1 08 4EAU DPOI OEAAA A EOAI Ax
DAOAEI Oif ATAA 1 AAAAOG6 A Crlehmibsdidis rankefl. Anially) a cbrhpar Ads U8 O # /
to indicate the net CQemissions of their practices which will put them on a certain rank at the

CQ performance ladder. If they can proof C&emissions reduction in a successive project, they

will move up the ladder, and are consequently rewarded witliax reductionsand a higher

chance to be selected to execute projects for the Dutch government (estatieladder, 2014).

The tool envisioned by the C&board will assess the C&emission of theequipment deployed,

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

government to rank their engineering projects at the C&performance ladder. The Céboard

splitted up the entire engineering process into five stages in the otprinting tool. These five
stageswere AAT 1 AA OAOOOT 1 06 AT A OEAU x Beénissichd\Figire AE OE A O/
1; Ecoshape, 2014a). Buttofour ofthe CQ&AI | OPOET OET ¢ OT 11 ,tis@sth@a Al 1 AA
part in which the net CQ sequestration ofa hourishmentis investigated The C@board wishes

to know the difference between a traditional and the megaourishment (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 , board

Name Sector Core business
Van Oord =\ E Dredging contractor

=l Ells Private Dredging contractor

Royal Haskoning DHV BROYEIE Engineering consultants
A\ecblis Private Engineering consultants

Witteveen en Bos BOVEIE Engineering consultants
bIEliclss . Private Applied research institute
Rijkswaterstaat Public Government agency
Wetlands international NGO Nature conservation

1. Equipment deployed

3. Project 4. Thesand pit

5. Ecosystem
Figure 1. The five buttons of the G@otprinting tool, aAdopted from Ecoshape (2014a).
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1.1.4 Social relevance

SOAOCEAEORDROEZEAI ARAA 1 AAAAOSG OET xO OEA AT CACAI Al
mitigating antrophogenic global warming Quurzaam 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 kmination 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 @sinks should bewelcomed.
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 8nd Motor, the nourishment technique
that sequesters the most C&ran be selected. Reduced net g€émissions of coastal enforcing
projects will result in financial benefits (CQ- performance ladder) for the stakeholders which

can be a positive incentive tdurther invest in sustainable practices.

The Sand Motor concerns a technique that protects Dutch assets and inhabitants. Due to the
foreseen advantages of a megaourishment over the traditional techniques, this pilot project
has gained worldwide interestfrom coastal countries. Increased scientific knowledge on GO
sequestration of the Sand Motor, could further enhance the attractiveness for worldwide
deployment of meganourishments 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 G&equestration. This research could
provide information for policy makers on the value of the Sand Motor as@sink.

1.1.5 State-of-the-art

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

identify CQ sinks in the biosphere. Knowledge on thes€sinks couldcontribute to mitigating

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

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

in fact captured by marine livingorganisms (Nellemen et al., 2009). G@hat is stored by marine

AT A AT AOOAI EAAEOAOO EO AAI 1 AA OAI OA AAOAT 188 5I
degrade in the coming two decades, while estimations reveal that restoring current degraded

marine eccsystems could lead to the 10% atmospheric G@eduction that is proposed to keep

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

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

AgAi b1 Ah OAT A AOT AOG xAOA AAAT AA OT Acli AAGAA AAT OC
appreciatedOT AEAOAT OAI1 OBlué catbon reSdardhbhanfted Aderifada@ssed on

ecosystems with vegetation present (such as mangrove forest or algae) sinceaptaring

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

context. Sand dunes and beaches are often scarcely e&ged and are therefore not a main topic

in C capturing research, although some research has been done atdbast 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 Banarshes at the coast of UK has been estimated by
Beaumont et al. (2014). They found a 0-8.4 % C content in the soil of sand dunes and 4535%
C content in the soil of salt marshes. With these values @stocks were estimated (with 2000 as



baseline year) asoz p mton C in sand dunes and z p 1tton C in salt marshes (Beaumont et al.,
2014). The estimations were based on @accumulation rate of 582E @ E A U O in dry dune
and 730E @ E A U O in wet dune habitats, as established through field resealncof Jones et al.
(2008). Beaumont et al. (2014), consequently, concluded that these coastal habitats have a
significant impact in terms of C@sequestration and storage if they are kept unharmed. Everard
et al. (2010) do not share this opinion: they concided that there are relatively few coastal
habitats were CQ sequestration rates can be deemed high. However, Beaumont et al. (2014)
calculated that the soil C stock of mobile/semfixed dunes (a category that fits the Sand Motor)
is negligible which isassocated to the lack of vegetatiolhere 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 researgdince 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 (Bima, 1968). C@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 &fegassing into the atmosphere.
Calcium carbonates can consigif aragonite, dolomite and magnesiuntalcites, but the most
common form is calcite ¢ A/# .Calcite dissolution is enhanced in the presence of dissolved
CQ-. The gas pressure of G@n groundwater (0 ) is almost two orders of magnitude higher

than that of atmospheric C@(0.03 vol %), caused by the infiltration of in rainwater dissolved
CQ (Hanson et al., 2000, Appelo & Postma, 2005). Even in sandy soils (with low vegetation
density ), the CQpressure is nearly an order of magnitude higher than thatmospheric
pressure. Therefore, the residence time of C in sail is short (41D0 years) and the drop of C®
concentrations in the top layer indicates that most of it escapes to the atmosphere (Lee 1997,
Appelo & Postma, 2005). Groundwater distributes dsolved carbon. It is estimated that globally
the amount of dissolved carbonate moving down with infiltrating groundwater is exceeded by
the CQrelease back into the atmosphere from exfiltrating groundwaterf{ux in; 0.2 andflux out;
77Gt Clyr, Kessler & AOOA UK ¢ mtmp qSand Nofor abe(refativelythigh, theHiis
between 7.3 and 8.8 in the pore water from unsaturated zonghich is consistent with calcite
weathering (I.R. Pit, personal communication, December 2014t could be hypothesised tha
the high pH values of the &d Motor indicate that it isindeed a calcium carbonate riclsoil,
which would be optimal for calcium carbonate weathering.The mobility of dunes plays a role in
CQ sequestration since fixed dunes store more C than mobitkines(Beaumont et al., 2014)
This could indicate low C sequestration valueof the Sand Motor since it is mobileA seasonal
variation in calcite weathering is anticipated since Cadissolves better with lower
temperatures. Therefore, the reaction prodats of calcite weathering are expected to increase
with decreasing temperatures as well as increasinBCQ (Van der Perk, 2013).



Organic carbon fluxes

There is little vegetation present at the Sand Motor at the moment butis 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 G@hat plants fixatein
their photosynthesis process is distributed in the soil veritally with their roots as soil organic
carbon (SOC). The absolute amount of SOC is dependent on climate, but how deep and how
much CQis distributed vertically depends primarily on vegetation type (Jobbagy & Jackson,
2000, 2004). Ecosystems with low decomposition rates can store theCin the soil through
vegetation litter. Because theClimitation is reached early in these ecosystems, SOC
concentrations are high (Bosatta & Berendse,1984; Kooijman & Besse , 2002). Along these lines
sea grass can be respontdie for carbonated sand in the sparse vegetated fore dunes (Cardona &
Garcia, 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,€Qissons.
There can be seasonal fluctuations in soil GQressure due to vegetation. The fluctuations are
caused by the winter stop of biological C&equestration and, consequently, groundwater
degassing into the atmosphere (in unsaturated sand). While in timmer, when biological C®
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 s&nd

photosynthesis instead of atmospheric CJAppelo & Postma, 2005). C{zan furthermore be
released from the soil by heterotrophic (microbes, soil fauna) and autotrophic (root) respiration,
the oxidation of (dissolved) organic carbon and decomposing dayrganic 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 C@sequestation 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 sedimentddowever, an accurate translation from
laboratory results to that of specific €osystems has not yet been made. One of tteasons is

that there arevoids in the comprehension of thenhibition 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 applicableto natural consitions (Morse and Arvidson,
2002). Field studies on calcite dissolution are often aimed at aquifers or carbonate rocks. Carbon
stocks and C@sequestering on the tidal plains, the beach and at the fore dunes have been little
investigated (Jores et al., 2008; Beaumont et al., 2014Most 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 r&erdona &
Garcia, 2008; Kooijman & Besse, 2002; Jones et al., 2008).

Summarizing the mechanisms addressed above, | expect that calcite weathering occurs at the
Sand Motor at the higher parts in the centre where rainwater infiltrates. | anticipate that higer
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 dissolotn kinetics
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unique to its sand and thegroundwater fluxes. The groundwater of the Sand Motorwill be
sampled to to prove C sequestration. Therefore, this researahill 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 amnique mega nourishment that is thought to captue C through calcite
dissolution. How much C will be captured depends on the local conditions that can influence
calcite dissolution rate.

1.3 AmMm

The capacity of the Sand Mototo store Cthrough calcite dissolution will be researchedThe
influence on calcite dissolution rateof seasonaldifferencesin temperatures, the variation of CQ
pressureand calciteconcentrationswill be analysed. The saturated and unsaturated zone will be
investigated separately and the groundwater fluxes will bestudied to determine whether the
Sand Motor sequesters (O'his research will combine the results of fieldwork, laboratory
experiments and modelling to derive the C sequestration capacity of the Sakibtor.

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

a. What is theCacarbonate contentof the Sand Motor?

b. What is the net C@sequestration rateof the Sand Motor?

c. Is the CQsequestrationcapacity of theSand Motorpositively associated with Ca
carbonateconcentrations?

d. What is the effect olow temperatures(4°C)at the Sand Motoron the Ca
carbonate dissolution rate?

e. Doesthe Sand Motor increase Gequestration in comparison totraditional
nourishments?

f.  Will the development ofthe calcite concentration athe Sand Motor influence the
C sequesteringwithin the twenty year life span of the Sand Motor?

10



2. CHEMICAL PREESSES

This research focusses orhe dissolution of calcium carbonates such as; aragonite, dolomite
and calcite. Inthe Netherlands the beaches north of Bergen are calcium carbonateor (less
than 0.5 %), howeversouth 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 adjate
dunes due to lag deposits. Sand samples of the Sand Motor contain.® % calcite (appendix
O. Just two ofthe 39 locations in appendix @lo not exceed the 0.5 % calcite threshold and
can, therefore, be called Gaalcium poor (Eisma, 1968). On averaghe sand samples

contain 4% calcite, which indicates that the Sand Motor is Gaalcium rich. Calcite weathers
when it is in contact with dissolved CQ (reactionl), it results in calcium and the production

of alkalinity (( # MAbanades & Alvarez, 2003juvekar & Sharmal973; Appelo & Postma,
2005). Reaction 1 is a simplification of several chemical reactions, which are listed in
Table 2.1. Galcite dissolution is controlled by the availability of water and C@(Kaufmann &
Dreybrodt, 2007). Water is needed for calcite weathering since the dry reaction needs
temperatures above 823 K (Abanades & Alvarez, 2003; Juvekar & Sharma, 1973).
ConsideringCQ dissolves in water (reaction 2&,b), rainwater is a direct source for C@input
into soils (Appelo & Postna, 2005).

#N#  # (/1 O#A ¢ (H#
#/1 O #/ H

# | (/0 (# H

Plummer et al.(1978) investigated the dissolution kinetics ofpure calcite in deionised water
with temperatures between 560 °C andPO;: 0-1 atm, They demonstratedthat reactions 3f,
3g and3h from Table 2.1 canoccur simultaneously.They indicated three pH regions with
different mechanism that influence kinetics. In the first region (pH .5) the reaction is
transport controlled and, consequently, the stirring rde of an laboratory experiment can
influence the calcite dissolution rate. In the second region (pH 3%&5) there is a transition
from transport controlled to surface controlled kinetics, which is the dominant mechanism
in the third region (pH > 5.5). Inthe third region the calcite dissolution reaches equilibrium,
the pH at which the equilibrium is reached, depends on theCQ (Plummer et al.,1978;
Morse and Arvidson, 2002) The carbonate species of dissolved G@Iso depend on pH. From
pH 3-6.3( #/ is most abundant, followed by ( # from pH 6.3-10.3. A pH higher than
10.3 results in#/  as the most dundant carbonate speciegAppelo & Postma, 2005) The
distribution of carbonate species is the main reason that the reaction ihable2.1 depend on
pH. Temperature also has an significant effect on calcite dissolution. €dissolves better
with lower temperatures wile calcite dissolution happens faster with increasing
temperatures ( Plummer et al.,1978; Van der Perk, 2013figure 2 depicts thetemperature
dependency ofthe calcite dissolution rate and dissolved CQwith a PCQ= 0.004 atm. The
dissolved CQin Figure 2 was calculatedn PHREEQ®ith demi water, which results in a pH
below 5 and, consequently( #/ is the most abundant carbonate specie3he 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 isdolomite or magnesiumrich calcite (Mg-calcite) presenton 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 calcit&herefore, Mg
produced with a time lag relative to Candicates the presence oflolomite, while Mg
produced simultaneously with Ca will most probably be result of Mgcalcite 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 v ( +0O( Water dissociationinto
hydrogen- ad hydroxyl-ions
(3b) (O g #/ CQ dissolution in water
(3¢) #/ +( O ¢ (d v ( +HCU Carbon conversion into
hydrogen and bicarbonate*
(3d) #1 /( 2] (# Carbon conversion into
bicarbonate*
(3e) (# g ( #/ Bicarbonate dissolution into
) hydrogen andcarbonate ions
(31) #A#!l ( v #A (# Dissolution of calcite*
Bg) #A#I (# v #A (M Dissolution of calcite*
#A#1 (1 v #A # (/ Dissolution of calcite*
(3h) v #A (# /( Dissolution of calcite*
(3i) #A#1lv #A # Dissolution of calcitet
= )
E 0.30 3
()
0025 & 5 ., B
2 0.20 ¥ § 5 #H2CO3
S ¢ - -5 50
@ b’ S L mHCO3
2 0.15 ? S =
= O
3} . T= ACO3
- 010 £ £ xTotal CO2
O | @ ® -7 £
Q 0.05 % @rate
T 000 M n__n n R Bl -
4 9 14 19
T(C)

Figure 2. The dissolution of G@h demi waterand thelog of thecalcite dissolution ratgblack
dot) dependent on temperatureRCQ= 0.004 atm)
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Carbon isotopes
When CQdissolves into water, it produces four main carbon specie#; / R #

( # AT A hwhich will be indicates as dissolvednorganic carbon (DIC; Clark and Fritz,
1997). The 13C /12C { 13C) isotope ratio of C atoms in DIC variate significantly between
organic sources and inorganic and, consequently, can indicate the sources of thEdC.
example,) 13Cfound in dissolved inorganic CQis-8p while dissolved organic C@713C =
24.Table28 ¢ CEOAO AT 1 O A Galuksshe valiatien i0 BIC AsGidpéssd
seawater is dependenton location, season and depth (Mook and Tan, 199There is a

A E £/EA O AC Valde ofthe DIC, betweesystems that are in open contact with C£and
systems that have a constarPCQ. The unsaturated zone at the San Motor is an op £O
system while the saturated zone is a system with constaRCQ, the latter will be referred to
as a closed C&xystem. In the closed C&systeml expect a 50/50 contibution of C isotopes
from dissolved (inorganic) CQ and marine calcite. Two molecule¢ # are created in the
calcite dissolution reaction (reaction 1).0One of the( # molecules will get a C atom from
the CQ moleculewhile the other ( # receives the C from the calcite molecul&his
means that q 3Cbetween-3 and-t  psinge0.5*[ -8+ 0 or 2] =-3 or -4) is expected for
CQ sequestrationin a closed syt¢Appelo & Postma, 2005)In the openCQ system,the
carbonate speciesn the solution are important to establish the 13C. In this case the C®
isotopes will be more abundant than any of the marine calcite isotopedrgce the gas
exchange with water is quick and therés an unlimited supply of CQ. CQ dissolved in water
has three different isotope signaturedor dissolvedCQgqq), ( # and#/ (Table2.2).
Therefore, the ratioof the carbonate speciesn the sample will determine the finaly 13Cvalue
of an open C@experiment.

Table 2.2. An overview | AE13C vplues relevant for this research.

183%  § pQq Reference
Dissolved inorganic CQ -8 Appelo & Postma, 2005
( # (inorganic origin) 2 Appelo & Postma, 2005
#/  (inorganic origin) 1 Appelo & Postma, 2005
Dissolved organic C® -24 Appelo &Postma, 2005
( # (organic origin) -14 Appelo & Postma, 2005
#/  (organic origin) -15 Appelo & Postma, 2005
Average atmospheric C® | -7 Mook 1986
Average oceanic DIC 15 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. THESAND MOTOR

The fieldwork described in this paper has been conducted at the Sand Motdhis mega
nourishment was realisedin 2011 at the Dutch coast between Kijkduin and Ter Heijdtor
coastal defence purposeéDe Zandmotor, 2014). The sand used for the construction was
excavated in a sand pitdcated 10 km from the shorelingDe Zandmotor, 2014). A distinct
shape (Figure 3) of 21.5 * 1® m3 sand was formedwhich is almost twice the amount of
sand that the Dutch gvernment usually distributes over all beaches on a yearly basis (De
Zandmotor, 2014). The meganourishment will gradually deposit the sand at thecoast
through tidal motions, currents and wind actionduring the next 20 years(De Zandmotor,
2014a; Stive eftal., 2013).This will strengthen the coastline and protet the hinterland from
flooding. An advantage is that the locadcosystemsare left undisturbed for twenty years
while traditional nourishment techniques disturb the ecosystems approximately oncevery
five years.

The Sand Motor is a pilot projet. Therefore, it is closely monitored by scientists fromseveral
universities, applied research institutes private companies and Dutch governmet agencies
(Nature Coast, 2014De Zandmotor, 2014)lts geochemicalcomposition is currently being
analysedby the PhD student Iris Pitand an overview ofthe preliminary data (that are of
significance for this research) samplect the locations depicted inFigure 3 are listed in
appendix C(l.R. Pit, personacommunication, February2015) The average pH found is
around 8, average calciteantent is 4% (0-7.8%), average alkalinity is 3.3 mM (1.2 mM)
and thePCQin the soilranges from 0.00030.0126 atm (all above atmospheric CO
pressures).The groundwater ofthe Sand Motor consists of &esh layer of rainwater on top
of seawater. The Sand Motocan be regarded as an isolated system, since all the rainwater
that infiltrates will, eventually, end up in theNorth Sea after a certain periodpersonal
contact Selastian Huizer, May 2015)

[ s
Data'SIO, NOAA, U.S: Navy, NGA ,GEBE

S gnste f Google earth
/ :

Fechas'de imagenes: 7/8/2013 31 U 581205.63 m E 5767775.42 m N elevacion =~ 0m  alt. ojo  3.77 km

Figure 3. The distinct shape of the mega nourishment the Sand Motor. Emepding grid of 250
x 250m that was used for the resultdescribed in appendiand 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 setupshave beenused to mimic an open Cg&system (bioreactor,
section 4.2.2) anda closed C@system (closed CQexperiments, sectiond.2.3).The recipe for
the rainwater imitation that was used in the experiment is in section 4.2. PHREEQC
calculations have been made to interpreter the results of the experimen{section 4.3.1)
Fieldwork at the Sand Motothas been done to collect sahsamples for the experiments and to
investigate the calcite dissolution at the Sand Motawith groundwater samples (section 4.1).
The calcite dissolution in groundwater fluxeshave beenmodelled with Modflow and PHT3Din
purpose of aC sequestration estination (section 4.3.2)

4.1 SAMPLES

4.1.1 Field work
Sand samples
At the Sand Motor, locations A10, C8 and B7Higure 3) were sampledin January 2015and
location D8 was sampled in April 2015Location A10 was selected texplore conditions at the
beach, location C8 was chosen for its central position at ti8and Motor, location B7 forits
proximity to the lake and location D8 because of its low calcite concentratiohe surfaceat the
locations A10 and C8wvas densely coveredwith 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 & locations A10 and C8 was frozen approximately 3 cm
depth and at location B7 atl-2 cmdepth. The frozen soil made it more difficult to obtain
samples. Locaion D8 was at the tidalplains and the soil was not frozen on this field trip.The
centre of agrid point, and 4 points at 1m distance from the centre, wersampled. At each of
these five points, two sand samples werecollected and put into a bucket. The sand was stored
a plastic bag andsubsequentlymixed by hand.Sixbagsof sand(D1 kg) were retrieved at
locations A10, C8 and BAt location D8 three bas of approximately 1 kg were collectedSince a
layer of sand was removed when a bag was filled, the next bafgsand was sampled at increased
depth. Therefore, the first bag of each location containadore shells than he other bags and, as
a consequencethe first bagis not used in experimentsSome of the sand in bag number 3 of
location D8 was in contact with sea foam before sampling.
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Groundwater samples

At the SandMotor, locations B7, D8, C8, B8, A8.10 and C13Figure 3) were sampled in
February 2015. At each location a hole was augered with a Edelman hand drill until the
saturated zone was reached. piezometer, with a filter sock at the end, wa#stalled into the
hole. Groundwater was extracted with a peristaltic pumpsing a polyethylene tube. When the
groundwater became clear, a minimum of llitre was extracted after which the samples were
taken. Temperature and pH were measureiinmediately in the field and 5bottles (specifications
in Table4.1.1)were filled with groundwater for further lab analysisafter filtration through a
n8dtuv (.0 £EI OAO

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 CQ. Acid was added to the sample intended for the ICP -
MS/OES at the same day. All bottleswere filtered OEOT OCE A mn8tvuvt i AEI

Number | Volume Volume Volume Type of Intended Particulars

of samples samples samples bottle for

samples | field work | experiment experiment

bioreactor bottles
1 2ml 2ml 2ml glass IC filled up to %
of the bottle

2 2ml 2ml 2ml glass isotope no air in
analyses bottle

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

1 60ml 10/5ml 5ml PEvial ICR emm {,
MS/OES 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 roord-6 °C).To prepare the sand for an
AZPbAOEI AT Oh A AAC T &£ OATA j1p Ecq xAO BPOO ET Al
24 hours at 105 °C.The sand was sieved with a thm sieve to remove large shellsand
subsequently put in a preserving glass jakVhen startingan experiment, therequired amount of
sand was taken from the jar. Aandsamplefor an experiment was dtained by means ofa
sandsplitter and, subsequently, weighed to get the required amounGenerally, amples were
put into the bioreactor immediately after weighing, otherwise thy were kept in a plastic
container with lid.

Groundwater samples

All the samples were stoed in a fridge at 45 °C prior to thelab analysesAlkalinity was

measured at the sampling day or at least the following gaAlkalinity was manually established
with the GRAN method at room temperaturéSarazin and Prevot, 1999) The bottles of

alkalinity samples taken during the bottle experiments werdilled completely to avoid further
interaction with the CG,. Samples detined for ICROES and ICRMS were acidified with suprapur
HNGj pmt t 1 PAO 11 OAI I AQ AS°@) undidhe avdlyses.The A OA EOECA
samples were analysed once a month and the ICP samples after the experimental fake.

isotope samples wee measuredusing an IR-MSto determine dissolved inorganic carbort3C/12C
ratio (DIC,)13C). To prepare for thelR-MS dass tubes with 3 drops of phosphoric acidwere

filled with helium and sealed with a lid. Each tube was subsequently injected with 0.7 ml sample.
The groundwater samplesfrom fieldwork were analysedwith the IR-MStwo days after. The
samples obtained during experiments were analysethe day after or at the least two weeks

after an experiment The data of samples that contained an noticeable air bubblghen

preparing for the IRRMS were excludedfrom further interpretation .
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4.2 EXPERIMEN'S
In this section the rainwater imitation will be discussedfollowed by the experimental setups of
the open CQ@system (bioreactor) and a closed CGQystem (bottle experiments).Table4.2 is an
overview of all experiments and their settingsThe experiments will identified with their (code
in column 2) in the resut and discussion chapters (Chapter 5 and 6).

Table 4.2. Specifications of calcite dissolution experiments.

Location Calcite Sand PCQ T Type
Date Code sand (%) (9) (atm) (°C)
5-3-2015 1IP 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 4IPlc C8N4 3.3 5 0.0004 20 Bioreactor
25-3-2015 5IP C8N4 3.3 50 0.0004 20 Bottle
26-3-2015 6IP 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 setupdata onthe composition of ranwater of monitoring station De Zilk
was used to imitate rainwater (RIVM, 2014). De Zilk was chosen for theroximity to the North
SeaThe elementsin the RIVM (2014)dataset that were below detection levels of the equipment
were deemed insignificant andwvere not used in the rainwater stock Calcium and magnesium
were left out on purposeto ensure that all detected Ca and Mg are reaction produci&he
average values over the year 2012 of thelements that are selected from the datasetand their
standard deviationare in Table4.2.1 Sodiumchloride, ammoniumsulfate and
ammoniumnitrate were mixed with demi water to create animitated rainwater stock,
furthermore, all experiments reportedin this paper weredone with a singlestock. Table4.2.1).

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 Standard deviation Chemicals mg/I
ft /)l ftl 11 7,q

NH4 49 36 (NH4)2s04 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 CQO; system)
For this experiment an Applikon 2L jacketedioreactor was used. Continues plheasurements
were conducted witha Metrohm Synthrode 368mm and TineR.4 software, the pH
measurements weresavedwith a time interval of 10, 20 or60 secondsA Bronkhortst HI-TEC
mass airflow controller was used to add and mix G@nd compressed air (CAand the solution
was stirred using an Applikon Stirrer Controler p100. The pH electrode was calibrated beforan
experiment with a pH 7 andpH 4 buffer. Subsequently,hie bioreactor was filled with 1.5litre
demi water (WDI) and 15 ml rainwater stock was addedNext the bioreactor wasput on its
frame and closedwith the lid (Figure 4.2.2, the experimental setup) The solution was stirred
with 400 rounds per minute (rpm) and the continuous pH meastements were started.The sand
was added dter the pH of the solution was settledand, subsequentlythe required mixture of
gasses was switched oto achieve a certairPCQ (Flow calibrations in Appendix B). The
bioreactor was sampledat regular time intervals (commonly with an hour interval), the type
and number of samples can be found ihable4.1.1 The variables in this experimentwere: PCQ,
and calcite concentrationSand from location C08 (3.3 % calcite) and D08 (0.6 % calcite ) were
usedin the experiments. Experiments were done with atmosphericPCQ (0.0004 atm),ten times
atmospheric pressures(0.004 atm) and aCQ pressure of PCQ = 0.005 atm.

Figure4.2.2. The experimental setup with the bioreactor for opern, CO
system experiments.
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